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FOREWORD

Accurate, precise, sensitive, and rapid analytical determinations are as essential in food
science and technology as in chemistry, biochemistry, and other physical and
biological sciences. In many cases, the same methodologies are used. How does one,
especially a young scientist, select the best methods to use? A review of original
publications in a given field indicates that some methods are cited repeatedly by many
noted researchers and analysts, but with some modifications adapting them to the specific
material analyzed. Official analytical methods have been adopted by some professional
societies, such as the Official Methods of Analysis (Association of Official Analytical
Chemists), Official Methods and Recommendation Practices (American Oil Chemists’
Society), and Official Methods of Analysis (American Association of Cereal Chemists).

The objective of Current Protocols in Food Analytical Chemistry is to provide the type
of detailed instructions and comments that an expert would pass on to a competent
technician or graduate student who needs to learn and use an unfamiliar analytical
procedure, but one that is routine in the lab of an expert or in the field.

What factors can be used to predetermine the quality and utility of a method? An analyst
must consider the following questions: Do I need a proximate analytical method that will
determine all the protein, or carbohydrate, or lipid, or nucleic acid in a biological material?
Or do I need to determine one specific chemical compound among the thousands of
compounds found in a food? Do I need to determine one or more physical properties of
afood? How do I obtain a representative sample? What size sample should I collect? How
do I store my samples until analysis? What is the precision (reproducibility) and accuracy
of the method or what other compounds and conditions could interfere with the analysis?
How do I determine whether the results are correct, as well as the precision and accuracy
of a method? How do I know that my standard curves are correct? What blanks, controls
and internal standards must be used? How do I convert instrumental values (such as
absorbance) to molar concentrations? How many times should I repeat the analysis? And
how do I report my results with appropriate standard deviation and to the correct number
of significant digits? Is a rate of change method (i.e., velocity as in enzymatic assays) or
a static method (independent of time) needed?

Current Protocols in Food Analytical Chemistry will provide answers to these questions.
Analytical instrumentation has evolved very rapidly during the last 20 years as physicists,
chemists, and engineers have invented highly sensitive spectrophotometers, polarometers,
balances, etc. Chemical analyses can now be made using milligram, microgram,
nanogram, or picogram amounts of materials within a few minutes, rather than previously
when grams or kilograms of materials were required by multistep methods requiring hours
or days of preparation and analysis. Current Protocols in Food Analytical Chemistry
provides state-of-the-art methods to take advantage of the major advances in sensitivity,
precision, and accuracy of current instrumentation.

How do chemical analyses of foods differ from analyses used in chemistry, biochemistry
and biology? The same methods and techniques are often used; only the purpose of the
analysis may differ. But foods are to be used by people. Therefore, methodology to
determine safety (presence of dangerous microbes, pesticides, and toxicants), accept-
ability (flavor, odor, color, texture), and nutritional quality (essential vitamins, minerals,
amino acids, and lipids) are essential analyses. Current Protocols in Food Analytical
Chemistry is designed to meet all these requirements.

John Whitaker
Davis, California
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PREFACE

Accurate and state-of-the-art analysis of food composition is of interest and concern
to a divergent clientele including research workers in academic, government, and
industrial settings, regulatory scientists, analysts in private commercial laboratories, and
quality control professionals in small and large companies. Some methods are empirical,
some commodity specific, and many have been widely accepted as standard methods for
years. Others are at the cutting edge of new analytical methodology and are rapidly
changing. A common denominator within this diverse group of methods is the desire for
detailed descriptions of how to carry out analytical procedures. A frustration of many
authors and readers of peer-reviewed journals is the brevity of most Materials and
Methods sections. There is editorial pressure to minimize description of experimental
details and eliminate advisory comments. When one needs to undertake an analytical
procedure with which one is unfamiliar, it is prudent to communicate first-hand with one
experienced with the methodology. This may require a personal visit to another laboratory
and/or electronic or phone communication with someone who has expertise in the
procedure. An objective of Current Protocols in Food Analytical Chemistry is to provide
exactly this kind of detailed information which personal contact would provide. Authors
are instructed to present the kind of details and advisory comments they would give to a
graduate student or technician who has competent laboratory skills and who has come to
them to learn how to carry out an analytical procedure for which the author has expertise.

Some basic food analytical methods such as determination of Brix, pH, titratable acidity,
total proteins, and total lipids are basic to food analysis and grounded in procedures which
have had wide-spread acceptance for a long time. Such methods cannot be ignored and
are included in this manual. Others, such as analysis of cell-wall polysaccharides (Chapter
E3), analysis of aroma volatiles (Chapter G1), and compressive measurement of solids
and semisolids (Chapter H2), require use of advanced chemical and physical methods and
sophisticated instrumentation. These methods are particularly prone to rapid change and
evolution. Current Protocols capitalizes on today’s electronic communication technolo-
gies and provides a mechanism for updates, additions, and revisions. The publication is
available in loose-leaf binder, CD-ROM, or Online formats. Supplements are published
quarterly. Users have the opportunity to provide feedback so that individual units can be
clarified, modified, and expanded. Thus Current Protocols in Food Analytical Chemistry
should be viewed as a dynamic resource which will be constantly up-dated.

In organizing Currrent Protocols in Food Analytical Chemistry we chose to categorize
on a disciplinary rather than a commodity basis. Included are chapters on water, proteins,
enzymes, lipids, carbohydrates, colors, flavors, and textural components. We have made
an effort to select methods which are applicable to all commodities. However, it is
impossible to address the unique and special criteria required for analysis of all commodi-
ties and all processed forms. There are several professional and trade organizations which
focus on their specific commodities, e.g., cereals, wines, lipids, fisheries, and meats. Their
methods manuals and professional journals should be consulted, particularly for special-
ized, commodity-specific analyses.

With respect to our Editorial Board, we have selected scientists who are widely regarded
as being authorities in their field. Their research productivity is impressive, and they are
all professors who are experienced in training undergraduate and graduate students,
technicians, post-doctoral students, and visiting scientists in analytical procedures. This
common experience provides insight regarding the types of experimental details needed
to clarify how procedures are to be conducted.
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HOW TO USE THIS MANUAL

Format and Organization

This publication is available in looseleaf, CD-ROM, and Online formats. For loose-leaf
purchasers, a binder is provided to accommodate the growth of the manual via the
quarterly update service. The looseleaf format of the binder allows easy insertion of new
pages, units, and chapters that are added. The index and table of contents are updated with
each supplement. Purchasers of the CD-ROM and Intranet versions receive a completely
new disc every quarter and should dispose of their outdated discs. The material covered
in all versions is identical.

Subjects in this manual are organized by sections and chapters, and protocols are
contained in units. Units generally describe a method and include one or more protocols
with listings of materials, steps and annotations, recipes for unique reagents and solutions,
and commentaries on the “hows” and “whys” of the method; there are also “overview”
units containing theoretical discussions that lay the foundation for subsequent protocols.
Page numbering in the looseleaf version reflects the modular arrangement by unit; for
example, page D2.1.1 refers to Section D (Lipids), Chapter D2 (Lipid Oxidation/Stabil-
ity), unir p2.1 (Measurement of Primary Lipid Oxidation Products), page 1 of that
particular unit.

Many reagents and procedures are employed repeatedly throughout the manual. Instead
of duplicating this information, cross-references among units are used extensively.
Cross-referencing helps to ensure that lengthy and complex protocols are not overbur-
dened with steps describing auxiliary procedures needed to prepare raw materials and
analyze results.

Certain units that describe commonly used techniques and recipes are cross-referenced
in other units that describe their application.

Introductory and Explanatory Information

Because this publication is first and foremost a compilation of laboratory techniques in
food analytical chemistry, we have not offered extensive instructive material. We have,
however, included explanatory information where required to help readers gain an
intuitive grasp of the procedures. Some chapters begin with overview units that describe
the state of the art of the topic matter and provide a context for the procedures that follow.
Section and unit introductions describe how the protocols that follow connect to one
another, and annotations to the actual protocol steps describe what is happening as a
procedure is carried out. Finally, the Commentary that closes each protocol unit describes
background information regarding the historical and theoretical development of the
method, as well as alternative approaches, critical parameters, troubleshooting guidelines,
anticipated results, and time considerations. All units contain cited references and many
indicate key references to inform users of particularly useful background reading, original
descriptions, or applications of a technique.

Protocols

Many units in the manual contain groups of protocols, each presented with a series of
steps. The Basic Protocol is presented first in each unit and is generally the recommended
or most universally applicable approach. Alternate Protocols are given where different
equipment or reagents can be employed to achieve similar ends, where the starting
material requires a variation in approach, or where requirements for the end product differ
from those in the Basic Protocol. Support Protocols describe additional steps that are
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required to perform the Basic or Alternate Protocols; these steps are separated from the
core protocol because they might be applicable to other uses in the manual, or because
they are performed in a time frame separate from the Basic Protocol steps.

Reagents and Solutions

Reagents required for a protocol are itemized in the materials list before the procedure
begins. Many are common stock solutions, others are commonly used buffers or media,
whereas others are solutions unique to a particular protocol. Recipes for the latter
solutions are supplied in each unit, following the protocols (and before the commentary)
under the heading Reagents and Solutions. It is important to note that the names of some
of these special solutions might be similar from unit to unit (e.g., SDS sample buffer)
while the recipes differ; thus, make certain that reagents are prepared from the proper
recipes. On the other hand, recipes for commonly used stock solutions and buffers are
listed once in APPENDIX 24. These universal recipes are cross-referenced parenthetically in
the materials lists rather than repeated with every usage.

Commercial Suppliers

In some instances throughout the manual, we have recommended commercial suppliers
of chemicals, biological materials, or equipment. This has been avoided wherever
possible, because preference for a specific brand is subjective and is generally not based
on extensive comparison testing. Our guidelines for recommending a supplier are that (1)
the particular brand has actually been found to be of superior quality, or (2) the item is
difficult to find in the marketplace. The purity of chemical reagents frequently varies with
supplier. Generally reagent grade chemicals are preferred. Special care must be paid to
procedures that require dry solvents. Different suppliers provide special anhydrous grade
solvents which may vary in water content depending on the supplier. Addresses, phone
numbers, facsimile numbers, and web addresses of all suppliers mentioned in this manual
are provided in the SUPPLIERS APPENDIX.

Safety Considerations

Anyone carrying out these protocols will encounter hazardous or potentially hazardous
materials including toxic chemicals and carcinogenic or teratogenic reagents. Most
governments regulate the use of these materials; it is essential that they be used in strict
accordance with local and national regulations. Cautionary notes are included in many
instances throughout the manual, but we emphasize that users must proceed with the
prudence and precaution associated with good laboratory practice, and that all materials
be used in strict accordance with local and national regulations.

Reader Response

Most of the protocols included in this manual are used routinely in our own laboratories.
These protocols work for us; to make them work for you we have annotated critical steps
and included critical parameters and troubleshooting guides in the commentaries to most
units. However, the successful evolution of this manual depends upon readers’ observa-
tions and suggestions. Consequently, a self-mailing reader-response survey can be found
at the back of the manual (and is included with each supplement); we encourage readers
to send in their comments.
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Gravimetric Determination of Water by
Drying and Weighing

Water (moisture) in a sample is measured gravimetrically by determining the weight loss
in a sample after it has been placed in an appropriate oven (convection, vacuum, or
microwave) for a given time. In addition, there are automatic moisture analyzers available
that utilize infrared lamps as a heat source. These types of moisture analyzers are fast but
many times are matrix dependent, which requires some trial-and-error testing to deter-
mine the correct settings (power and time). Water and moisture are used interchangeably
in the description of these protocols. In addition, it is assumed in the gravimetric method
that only water is removed in the drying process, when in fact there may be volatile loss
in some samples.

Although the measurement of weight loss due to evaporation of water is frequently used
to calculate moisture content, it should be pointed out that the value obtained may not be
a true measure of water content. In some samples, only a proportion of the water present
is lost at the drying temperature. The balance (bound water) is difficult to remove
completely. In addition, the water lost may actually increase as the temperature is raised.
Some samples with high fat content may exhibit volatile oil loss at drying temperatures
of 100°C. Weight loss may also be dependent on such factors as particle size, weight of
samples used, type of dish used, and temperature variations in the oven from shelf to shelf.
Thus, it is important to compare results obtained using the same drying conditions.

This unit provides three protocols for which there are established procedures for various
matrices. The Basic Protocol describes water removal and quantitation after a sample is
placed in a convection oven. It is probably the method of choice when one does not know
which method to choose when dealing with an unknown matrix, or when one looks at
samples that foam excessively in the vacuum oven method or “react,” such as popcorn
under vacuum. Alternate Protocol 1 describes water removal and quantitation after a
sample is placed in a vacuum oven. Because it is at reduced pressure, drying times are
slightly reduced compared to the convection method. In addition, drying temperatures
<100°C are possible, which is important for samples that may decompose at higher drying
temperatures. Alternate Protocol 2 describes water removal using a microwave source
where such analyzers measure and calculate loss automatically.

MEASURING MOISTURE USING A CONVECTION OVEN

Water is measured in a sample by determining the loss in weight for the sample after it
has been dried in a convection oven. The method requires only a small amount of
homogeneous sample and can measure an effective range of 0.01% to 99.99% water.

Materials

Homogeneous sample

Convection oven capable of maintaining a temperature of 103° = 2°C
Aluminum weighing dishes (with or without covers)

Desiccator with desiccant

Balance capable of measuring £0.1 mg

1. Set the temperature of a convection oven to 105°C.

2. Dry an aluminum weighing dish (and cover, if used) =1 hr at 105°C. Cool and store
dried dish in a desiccator. Cool 230 min before using.

Covered weighing dishes are useful when analyzing samples that splatter. Weighing dishes
without covers may otherwise be preferred, as they are disposable.

UNIT Al.1

BASIC
PROTOCOL

Gravimetric
Measurements of
Water

Contributed by Rennie P. Ruiz
Current Protocols in Food Analytical Chemistry (2001) A1.1.1-A1.1.6
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ALTERNATE
PROTOCOL 1

Gravimetric
Determination of
Water by Drying

and Weighing

Al.1.2

3. Weigh empty, dried dish (with cover, if used) to nearest 0.1 mg.

b

Add 3 to 10 g homogeneous sample to dish and weigh (with cover, if used) to nearest
0.1 mg.

Place dish with sample into oven and dry 4 hr.
Remove dish with dried sample and cool 30 min in a desiccator.
Weigh cooled dish with dried sample.

Return dish with sample to oven, dry for another hour, cool, and reweigh.

S AR

If weight has not changed, test is done. If weight is lower, continue drying for 1-hr
periods and reweighing until constant weight is achieved.

Depending on the sample, drying times can be 216 hr.

10. Calculate moisture as the percent loss in weight after drying.

MEASURING MOISTURE USING A VACUUM OVEN

Water is measured in a sample by determining the loss in weight for the sample after it
has been dried in a vacuum oven. The method requires only a small amount of homoge-
neous sample and can measure an effective range of 0.01% to 99.99% water. As indicated
earlier, the vacuum oven method allows one to dry samples at temperatures <100°C. Some
matrices may require drying at 70°C (Table A1.1.1), but the following procedure addresses
a drying temperature between 95° and 100°C.

Additional Materials (also see Basic Protocol)

Sulfuric acid

Vacuum oven capable of withstanding vacuum <100 mmHg and maintaining
temperature of 95° to 100°C

Vacuum pump capable of maintaining a vacuum <100 mmHg

500-ml gas washing bottle

CAUTION: Sulfuric acid is hazardous, causing severe burns, and must be handled and
disposed of accordingly. See Safety Appendix (APPENDIX 2B).

1. Set up a vacuum oven by connecting the oven air outlet to a vacuum pump. Connect
the oven air inlet to a 500-ml gas washing bottle that contains sulfuric acid. Set oven
temperature to 95° to 100°C.

The sulfuric acid is used to dry the air that is admitted during drying.

2. Dry an aluminum weighing dish (and cover, if used) =1 hr at 100°C. Cool and store
dried dish in a desiccator. Cool 230 min before using.

Covered weighing dishes are useful when analyzing samples that splatter. Weighing dishes
without covers may otherwise be preferred, as they are disposable.

3. Weigh empty, dried dish (with cover, if used) to nearest 0.1 mg.

4. Add 3 to 10 g homogeneous sample to dish and weigh (with cover, if used) to nearest
0.1 mg.

5. Place dish with samples into vacuum oven and close oven door.

6. Close both air inlet and outlet valves to oven. Start vacuum pump and slowly evacuate
air from inside the oven by opening the oven outlet valve. Once pressure is <100
mmHg, open oven air inlet slightly so that air is drawn into the gas washing bottle,

Current Protocols in Food Analytical Chemistry



Table A1.1.1 Recommended Moisture Protocols

Matrix Recommended oven type Conditions

Animal feeds Vacuum 2 hr at 95°-100°C

Ice cream/frozen desserts Convection 3.5 hr at 100°C

Cheese Vacuum 4 hr at 100°C

Dried milk Vacuum 5 hr at 100°C

Seafood Convection 4 hr at 100°C

Meat Convection 16-18 hr at 100°C

Meat and poultry products Microwave Mode 2

Dried eggs Convection 5 hr at 98°-100°C
Frozen french-fried potatoes Convection 16 hr at 103°C
Tomato/tomato products Microwave Mode 1, 4 min

Canned vegetables Vacuum Constant weight at 70°C
Dried fruits Vacuum 6 hr at 70°C

Fruit/fruit products Vacuum Constant weight at 70°C
Nuts/nut products Vacuum 5 hr at 95°-100°C

Flour Vacuum 5 hr at 98°-100°C
Sugars Convection 3 hr at 70°C

Sugars Vacuum 3 hr at 100°C

through the sulfuric acid, and into the oven at a rate of ~2 bubbles/sec. Dry sample
4 hr.

7. Isolate vacuum pump by closing oven outlet valve and carefully admitting dried air
into oven (by slowly opening air inlet valve fully), increasing the pressure inside oven
until the door can be easily opened. Remove drying dish with sample and cool 30
min in a desiccator.

8. Weigh cooled dish with sample.
9. Repeat steps 5 to 8, except dry for 1 hr.

10. If weight has not changed, test is done. If weight is lower, continue drying for 1-hr
periods and reweighing until constant weight is achieved.

Most samples take ~4 hr to dry.

11. Calculate moisture as the percent loss in weight after drying.

MEASURING MOISTURE USING A MICROWAVE MOISTURE ANALYZER

Water is measured in a sample using a microwave moisture analyzer that uses microwave
energy to remove water. The instrument weighs the sample both before and after drying
and calculates the percent moisture automatically. The analyzer can measure an effective
range of 0.1% to 99.9% water, but may have problems at the lower range due to burning
or scorching, especially if there is a high sugar content.

The microwave moisture analyzer allows one to dry a sample by two modes. Mode 1 dries
a sample at a specific power setting for a given time period. Mode 2 dries a sample at a
specific power setting using a time period that is determined by the analyzer itself, ending
the run when no weight change is achieved within a preset time interval criterion. This
protocol looks only at Mode 1 operation.

Current Protocols in Food Analytical Chemistry
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Gravimetric
Determination of
Water by Drying

and Weighing

Al.14

Materials

Homogeneous sample
Microwave moisture analyzer (e.g., AVC-80, CEM Corp.)
Fiberglass sample pads

. Turn on a microwave analyzer and let warm up 30 min.

. Set analyzer for Mode 1 operation, setting power to 100%, display to % moisture,

and drying time interval to 4 min.

. Dry two fiberglass sample pads by placing them on the balance ring, dropping cover

over pads, and closing analyzer door.

. Press “tare,” wait for reading to stabilize, then press “run” to start drying program.

. When drying is done, press “tare,” wait for reading to stabilize, and then remove

fiberglass pads.

. Deposit ~1 to 2 g sample onto the rough side of one fiberglass pad. If sample is a

liquid, use a pipet to cover as much of the pad as possible. If a semisolid, use a spatula
to spread as evenly as possible. Avoid lumps. Apply sample as quickly as possible to
avoid loss of moisture during application.

. Place second pad, rough side down, on top of sample and place pads and sample on

balance ring in analyzer.

. Drop cover over sample, close analyzer door, wait for displayed weight to stabilize,

and then start the drying process by pressing “run.”

Program ends after 4 min and calculates percent moisture automatically.

. Remove pads and inspect dried sample for areas of scorching, burning, or wetness.

If these conditions exist, repeat test, being careful to spread the sample as evenly as

possible onto pad.

Scorching and burning may indicate that the power setting is too high, and wetness may

indicate improper spreading of the sample.

When running many samples, several sets of pads can be placed inside the analyzer so that
they may dry while samples are actually being run. This way, separate sets of pads do not
have to be dried individually, and it is possible to begin at step 5 to tare the dried pads

before use.

COMMENTARY

Background Information

Moisture analyses are important because
samples contain water either as chemically
combined hydrates or as occluded surface-ad-
sorbed moisture. Water is an inherent part of
most biological substances and constitutes
>90% of the fresh weight of some plant mate-
rials. To afford reproducible analytical results,
samples are usually dried before analysis and
the percentage composition of the sample is
then calculated on a dry basis.

Gravimetric analyses for moisture are prob-
ably the easiest procedures to use, as there are
no chemicals to prepare. Manpower is at a
minimum, requiring only a weighing step be-

fore and after heating in an appropriate oven.
As an example, ~29 of the 35 moisture methods
recognized by the Association of Official Ana-
Iytical Chemists (AOAC) for nutritional label-
ing are gravimetric methods using some sort of
a drying oven (Sullivan and Carpenter, 1993).
The only concern with gravimetric methods,
using either a vacuum or convection oven, is
the amount of time required for drying. Most
samples take ~4 hr in a vacuum oven. Use of a
convection oven, at 1 atm and slightly higher
temperature, could add as much as 16 hr de-
pending on the sample (e.g., unpopped corn
kernels). Because of the long drying times,
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analyzing as many samples as possible at one
time can maximize sample throughout.

Microwave moisture analyzers are the next
step in gravimetric analyses by focusing on
much shorter drying times. Currently there are
only a few matrices recognized by the AOAC
for use in the microwave drying method (Sul-
livan and Carpenter, 1993). Although there
hasn’t been a collaborative study for AOAC
approval to support other matrices, the micro-
wave moisture analyzer has been used success-
fully in such matrices as grains (Okabe et al.,
1973) and flours (Davis and Lai, 1984).

The choice of which protocol to use will
depend on what type of matrix is being tested.
As a first suggestion, Table A1.1.1 is provided
based on the matrices and methodologies cur-
rently recognized by the AOAC (Sullivan and
Carpenter, 1993). As one can see, many matri-
ces can be run by more than one gravimetric
technique. The method used will depend on the
matrix or on the end use of the dried sample.
For a general review of all methods, Karmas
(1980) has written an evaluation with emphasis
on food matrices.

Critical Parameters and
Troubleshooting

All gravimetric methods require only a very
small amount of sample (between 1 and 10 g
depending on the moisture level). Therefore,
sample homogeneity is very critical and special
care must be given to sample blending before
subsampling for analysis. The method used for
homogenization will depend on the type of
sample being analyzed. Blenders, homogeniz-
ers, mincers, food processors, and graters are
currently available for dry, moist, and very wet
samples. Because these devices produce heat,
it is very important not to overhomogenize,
which causes moisture to be lost. Once asample
has been properly homogenized, it is important
to either run the sample for moisture as soon as
possible or transfer it to either a dry glass or
plastic container with a well-fitting closure or
seal.

In the gravimetric method, low-moisture
samples will only produce a very small loss of
weight upon drying. It is important not to con-
taminate the samples when drying them or
transferring them to the oven or desiccator. Do
not handle dishes with bare hands; use tongs or
Kimwipes. Assuming that good weighing tech-
niques are used, the other source of problems
stems from the drying portion of the test. Sam-
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ples that foam excessively or splatter when
heated require the use of covered weighing
dishes. Covers also prevent cross-contamina-
tion to neighboring samples in the oven should
splattering occur. Very high-moisture samples
can also be dried, after initial weighing, in a
convection oven to reduce the volume before
drying in a vacuum oven. This may help with
samples that foam and spill over the sides of
the weighing dish. For the microwave oven
method, how the sample is placed on the fiber-
glass pad is critical. Samples must be spread
out as smoothly as possible with the spatula.
Lumps and thick areas of sample on the pad
may not be completely dried at the end of the
test. Improper spreading of the sample, or two
high of a power setting, may also lead to areas
of scorching or burning on the pad.

Anticipated Results

The concentration range for gravimetric
analyses of moisture is between 0.01% and
99.99%. Relative standard deviations of +1%
are achievable.
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Karl Fischer Titration

Unlike gravimetric measurements (UNITAL 1), which are indirect methods that assume that
all volatiles removed are water, the Karl Fischer titration is a direct method that is almost
specific for water. The method is especially useful for low moisture levels (<1%), and
levels <0.01% are achievable. The Karl Fischer titration method is especially useful for
samples that may be high in sugar, or high in both reducing sugar and protein, which may
decompose in the gravimetric methods. The method is a titration of water with an
anhydrous methanol solution containing iodine, sulfur dioxide and excess pyridine. The
titration is based on the reaction between iodine and sulfur dioxide that will occur only
if water is present:

L-Pyr + SO,-Pyr + Pyr + H,O — SO;-Pyr + 2PyrH*T™

where Pyr represents pyridine. The product, SO;-Pyr reacts further with the methanol to
form the methylsulfate anion:

SO,-Pyr + CH;OH — PyrH*CH,SO,~

From these equations it can be seen that each mole of water requires one mole of I,. In a
visual endpoint Karl Fischer titration, a sample is titrated with the Karl Fischer reagent
until a permanent iodine color (indicating that all water has been reacted) is observed.
Because of other reaction products, the color change is usually from a yellow to a brownish
color, which may be difficult to detect visually. Highly colored samples may affect the
visual end point as well. A much sharper end point, known as the “dead stop” end point,
can be obtained if the titration is done electrometrically. Here, two small platinum
electrodes dip into the titration cell, a small constant voltage is impressed across these
electrodes, and any current that flows is measured with a galvanometer. At the end point
of the titration the current either goes to a minimum or else increases suddenly from nearly
zero. Commercially available Karl Fischer instruments incorporate semiautomatic mi-
croprocessors based on this principle.

Only the volumetric Karl Fischer titration (see Basic Protocol) will be discussed in this
unit. In addition, it is assumed that the sample being tested is a low-moisture solid, where
it is necessary to weigh out the sample, add it to a sealable flask of anhydrous methanol
to “extract” the water, and measure the amount of extracted water.

Materials

Karl Fischer reagent (e.g., Sigma)

Water standard

Karl Fischer solvent: anhydrous methanol (dried using molecular sieves)
Sample for analysis, homogeneous

Karl Fischer titration assembly, automatic (Metrohm 701 or 758, Brinkmann or
equivalent)

1-ml syringes (or 10-ml for low-moisture samples)

Dried, clean 10- and 50-ml volumetric flasks

Balance capable of measuring £0.1 mg

Standardize Karl Fischer reagent
1. Set up titration assembly per manufacturer’s instructions.

Most titrators have a sealed titration vessel where liquid samples are injected and the
titrator adds the Karl Fischer reagent until a stable endpoint is achieved. This protocol

UNIT Al1.2

BASIC
PROTOCOL

Gravimetric
Measurements of
Water

Contributed by Rennie P. Ruiz
Current Protocols in Food Analytical Chemistry (2001) A1.2.1-A1.2.4
Copyright © 2001 by John Wiley & Sons, Inc.

Al.2.1



Karl Fischer
Titration

Al1.2.2

assumes such a case where the endpoint is indicated as that volume of Karl Fischer reagent
required to react with all water present. No matter which volumetric titration instrument
is used, it is necessary to standardize the Karl Fischer reagent and run blanks on the Karl
Fischer solvent (methanol).

Commercially available Karl Fischer reagent is stabilized and can be obtained free of
pyridine, which is toxic. It can also be prepared in the laboratory, however, this requires
the use of SO,, a poisonous, liquified gas.

Add dried Karl Fischer solvent to the titration assembly vessel so that electrodes are
submerged, and seal vessel.

Remember to reseal the container containing the Karl Fischer solvent immediately after
removing the amount needed. The vessel will allow many titrations before it has to be
emptied, cleaned, dried and reassembled.

. Run titrator, without adding any sample, to neutralize any water from the Karl Fischer

solvent or moisture in vessel.

Accurately weigh 125 mg of water and dilute to volume in a dried, clean 10-ml
volumetric flask with dried Karl Fischer solvent.

Draw up and discard an aliquot of water standard in a syringe to remove any moisture
in the syringe. Repeat.

Remember to reseal flask immediately upon removing any sample.

Inject 1-ml aliquot of the water standard into the vessel and titrate to determine
conversion factor.

This standard must be run daily or whenever a new batch of Karl Fischer reagent or solvent
is being used.

Draw up and discard an aliquot of the Karl Fischer solvent to remove any moisture
in the syringe. Repeat.

Inject a 1-ml aliquot of dried Karl Fischer solvent into the vessel of the titration
assembly and titrate to determine blank correction.

Duplicates are recommended.

. Using measured blank result, correct readings for Karl Fischer solvent and determine

standardization concentration for the Karl Fischer reagent (mg H,O/ml Karl Fischer
reagent).

Most commercial Karl Fischer reagents run ~5 mg H,O/ml reagent.

Extract and measure sample moisture

10.

11.
12.

13.

Weigh, to the nearest 0.1 mg, a quantity of the homogeneous sample containing ~100
mg water into a dried, 50-ml volumetric flask. Dilute to volume with dried Karl
Fischer solvent.

Add a small stir bar, seal flask, and stir for 10 min. Let sample settle.

After solids have settled out, draw up and discard an aliquot of the solvent containing
the extracted water, to remove any extraneous moisture from the syringe. Repeat.

Inject a 1-ml aliquot of the solvent containing the extracted water into the vessel and
start titration.

Use larger syringe to inject larger volumes for low moisture samples. Duplicates are
recommended.
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14. Calculate percent moisture using the equation:

9% Moisture = [(M — B)(C/1000/W) x 50] x 100

where M is ml of Karl Fischer titrant from the 1-ml injection in step 13, B is ml of
Karl Fischer titrant for the blank in step 8, and C is the standardization amount (mg
H,0O/ml Karl Fischer titrant) in step 6, W is the weight of sample in grams in step 10,
1000 converts mg to g, 50 is a dilution factor (50 ml total volume, 1 ml aliquot used),

and 100 converts to percentage.

COMMENTARY

Background Information

The Karl Fischer titration, nearly specific for
water, is very important when looking at very
low levels of moisture. It is especially useful
for the determination of water in organic com-
pounds and for some samples that are partially
decomposed at temperatures used in the gravi-
metric methods (unir A1.7). Unlike gravimetric
methods, the Karl Fischer titration does not
provide a dried sample that may be used for
further tests. Because it is a sensitive method,
contact with any moisture, even from the sur-
rounding environment, must be eliminated as
much as possible. Commercial instruments are
available with all-glass joints and seals, which
keep moisture contamination to a minimum. In
addition, these instruments can be fitted with
openings into the reaction vessel where sam-
ples can be added directly. The disadvantage of
“direct” addition of samples is the presence of
particulates and decomposition materials in the
reaction vessel, which eventually will have to
be removed more frequently.

Commercial instruments can be classified
into either coulometric or volumetric Karl Fis-
cher titrators. In coulometric Karl Fischer
measurements, one measures the amount of
water that will undergo a reaction at an elec-
trode with 100% efficiency by measuring the
amount of electricity (in coulombs) necessary
to effect complete reaction (in this case, be-
tween water and the Karl Fischer reagent). The
advantage is that standard solutions are unnec-
essary here. Sensitivity is very high (~10 ug
water) and is very useful for trace level deter-
minations. In the volumetric Karl Fischer titra-
tion, the analysis is based on the measurement
of the volume of a standard solution (Karl
Fischer reagent) that must be added to react
with the water present. From the volume of the
reagent of known concentration that has been
added to reach the end point, the concentration
of water may be determined. Volumetric Karl
Fischer titrators require that the Karl Fischer
reagent be standardized, but moisture levels
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from 10 ppm up to 100% can be measured.
Which type of titrator to choose depends on
individual needs (trace or high-level measure-
ments) and budget as coulometric Karl Fischer
titrators generally cost more than volumetric
Karl Fischer titrators. Though not as sensitive
at very low amounts of moisture compared to
coulometric Karl Fischer titrators, volumetric
Karl Fischer titrations allow one a larger dy-
namic range to measure.

Though the protocol was written for a dry
solid, it should also be mentioned that liquid
samples can also be run (Firestone, 1998). Lig-
uid samples can be added directly to the vessel
itself or can be treated as a solid with an extrac-
tion step in the Karl Fischer solvent as pre-
sented in the protocol. The preference for mois-
ture analyses is the gravimetric method (unir
a1.1) largely due the higher costs of equipment
and the use of chemicals in the Karl Fischer
method. Currently one observes very few ap-
plications of the Karl Fischer method on food
products published by the AOAC for nutritional
labeling purposes. In particular, these food
products are cocoa, cocoa products, confec-
tionery coatings, and molasses (Sullivan and
Carpenter, 1993).

Critical Parameters and
Troubleshooting

Like the gravimetric methods, the Karl Fis-
cher titration method requires only a very small
amount of sample (between 1 and 10 g depend-
ing on the moisture level). Therefore, sample
homogeneity is very critical and special care
must be given to sample blending before sub-
sampling for analysis. The method used for
homogenization will depend on the type of
sample being analyzed. Blenders, homogeniz-
ers, mincers, food processors, and graters are
currently available for dry, moist, and very wet
samples. Because these devices produce heat,
it is very important not to overhomogenize,
thereby causing moisture to be lost. Once a
sample has been properly homogenized, it is
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important to either run the sample for moisture
as soon as possible or transfer to either a dry
glass or plastic container with a well fitting
closure or seal.

Dried glassware (volumetric flasks, reaction
vessel, syringes) and reagents are essential in
this test. Seals on the titration vessel must be
checked as moisture from the atmosphere may
affect titration results. Drying tubes should al-
ways be used and checked frequently. All bot-
tles and flasks should be resealed immediately
after opening whenever sample aliquots are
taken. Samples should be weighed quickly in
the flask, Karl Fischer solvent added immedi-
ately, and the flask sealed quickly to prevent
any possible moisture pickup. Care must be
taken in choosing the appropriate size of sample
to test. Too large a weight of a high-moisture
sample will exceed the volume limits of the
titrator used. Too small a weight of a low-mois-
ture sample may not be measurable with the
titrator used.

The Karl Fischer reagent is not very stable
and must be standardized frequently. The com-
mercially available Karl Fischer reagent can be
purchased as a single solution and is more
stable.

Interferences may occur with samples that
contain iodine-reducing components. Samples
that contain high levels of ketones or aldehydes,
especially where low moisture levels are to be
measured, may present a problem as these com-
pounds may generate water.

Anticipated Results

Levels of moisture <0.01% are measurable
and one can expect arelative standard deviation
of £1%.

Time Considerations

The Karl Fischer titration requires ~20 to 45
min (depending on sample being tested) to
complete calibration, blank determination,
sample equilibration (extraction in Karl Fischer
solvent), and final testing.

Literature Cited

Firestone, D. (ed.) 1998. Official Methods and Rec-
ommended Practices of the AOCS, 5th ed.
American Oil Chemists’ Society, Champaign, 1.

Sullivan, D.M. and Carpenter, D.E. (ed.) 1993.
Methods of Analysis for Nutritional Labeling.
AOAC International, Arlington, Va.

Key References

Cunniff, P. (ed.) 1998. Official Methods of Analysis
of the Association of Official Analytical Chem-
ists, 16th ed., 4threv. AOAC International, Gaith-
ersburg, Md.

Current methodologies for use on foods and non-
food products recognized by the AOAC including
moisture analyses based on Karl Fischer titrations.

Mitchell, J. and Smith, D.M. 1977. Aquametry, Part
I. John Wiley & Sons, New York.

Textbook devoted largely to analytical applications
of the Karl Fischer method.

Contributed by Rennie P. Ruiz
Hunt-Wesson, Inc.
Fullerton, California

Current Protocols in Food Analytical Chemistry



Application of Low-Resolution NMR for
Simultaneous Moisture and Oil
Determination in Food (Oilseeds)

There are many instances in the agriculture and food industry when commercial transac-
tions, process and quality control decisions, or plant-breeding selection rely on the
determination of moisture and oil levels. Accurate and precise simultaneous measurement
of moisture and oil can be performed reliably, routinely, and rapidly (e.g., <30 sec) on
mature seeds, grains, and nuts using an affordable benchtop pulsed NMR analyzer. The
method is based on the detection of hydrogen that is present in the moisture and oil
contained in the sample and on the different properties of hydrogen depending on its
physical state or environment. Analysis by NMR is totally nondestructive, and therefore
can be repeated any number of times on the same sample. Since both moisture and oil are
determined for the same sample at the same time, errors due to separate sample handling
and result recording are eliminated. In the case of oilseeds, the commercial value of the
product depends mainly on the oil content as long as moisture levels are not so high as to
cause spoilage. If the total moisture is measured at the same time as oil determination,
the oil can be reported on an “as is” weight basis, or corrected by computer to dry weight
or any another standard moisture level common to the particular industry or country.

This NMR protocol for simultaneous moisture and oil determination in oilseeds, grains,
and nuts has been standardized internationally in International Standard Organization
(ISO) 10565 (1999). This applies to mature seeds with preservation-level moisture content
(e.g., <10% for canola and sunflower seed, <14% for soybean).

STRATEGIC PLANNING

A prerequisite for this method is mature samples (e.g., seeds, grains, nuts) that are not
physically wet. It is known that oilseeds with the normal hydration content at levels
suitable for seed storage are appropriate. All moisture must be in association with starches
and other solids in the matrix in order for the standard NMR measurement to be applicable.
In this state, the NMR T, relaxation time is on the order of tens of microseconds, whereas
the oil is on the order of hundreds of milliseconds. If present, free moisture contributes
to the oil signal when measured by the standard spin echo pulse sequence and therefore
causes an error in measured moisture and oil values. The upper range for moisture content
in certain oilseeds that still allow accurate NMR results has been published (Rubel, 1994).
For example, canola and sunflower seed must have <10% and soybean <14% total
moisture; otherwise, samples must be dried of surface water, excess absorbed moisture,
or cytoplasmic moisture, as would be present in immature seeds, cereals, and nuts. Free
moisture can be removed and quantified in the process, by measuring weight loss upon
drying for a short period (i.e., 1 hr at 103°C in a drying oven).

Calibration for Percent Moisture and Oil

Calibration for percent moisture and oil in oilseeds is best done with real samples (i.e.,
seed, nuts, and grains) that have known moisture and oil contents as determined by
appropriate reference methods (see below). The set of standards must have moisture and
oil contents that at least span the range of all moisture contents likely to be encountered
in unknown samples. Extrapolation of the calibration line, in order to measure samples
that apparently fall outside the range of calibration values, is not recommended. Reference
samples for moisture do not need to have known oil contents. Conversely, reference
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samples for oil do not need to have known moisture contents, as long as the moisture
content does not exceed the limits discussed above (see Commentary for an explanation
of the NMR measurement). Reference values for moisture content are commonly deter-
mined by Karl Fischer titration (UNIT A1.2) or weight-loss on drying by various methods
(e.g. UNITALT), and each has inherent advantages and disadvantages. The accuracy of the
reference method ultimately limits the accuracy of the secondary NMR calibration line.
Precision of the NMR method is the same regardless of calibration method and is limited
by the stability and signal-to-noise of the NMR instrument.

Calibration for percentage oil can actually take two forms: primary calibration by use of
weighed quantities of oil isolated from the oilseed of interest, or secondary calibration
using oilseeds of known oil content, as determined by a reference method and typically
solvent (hexane) extraction. One of these strategies must be selected prior to beginning a
program of measuring unknown samples. This unit includes a series of alternate steps for
either primary (see Basic Protocol, steps 10a to 14a) or secondary (steps 10b to 14b)
calibration. Each has its advantages and disadvantages.

Primary calibration with increasing weights of oil is the most accessible, because new
calibration standards can easily be reproduced as long as representative seed oil is
available; however, this calibration does not take into consideration the effect of the seed
matrix on the NMR signal of the oil, and therefore may not be entirely accurate. Also, the
stability of extracted oil may be somewhat more poor than in the intact oilseed. Freshly
extracted oil should be used to ensure a representative sample.

Secondary calibration using oilseeds of known oil content has the advantage that the
matrix effect is accounted for in the offset of a linear X-Y correlation of observed NMR
signal/gram versus known oil content by a reference method. Disadvantages include the
difficulty of obtaining a series of oilseed samples with a suitable range of oil content to
generate a calibration line, and the fact that the accuracy of the chosen reference method
still limits the accuracy of the secondary calibration line. Precision of the NMR method
is the same regardless of calibration method, as in the case of moisture measurements.

Instrument Considerations

It is necessary to use a benchtop NMR instrument that is suited for the necessary sample
volume. If limited seed quantity is typical (e.g., in breeding programs when single seeds
or seeds from a single plant or pod should be measured), it is advisable to use an instrument
with the highest NMR frequency possible, that can still accommodate the sample, to
ensure optimum signal-to-noise. When screening bulk seeds by NMR, sample quantity
is generally not limited. In this case, the sample size should be as large as possible to
ensure a representative sample, yet not so large as to cause poor NMR amplitude
uniformity across the filling volume and from top to bottom. In the case of sunflower
measurements, the size recommended by the USDA GIPSA (1999) is 50-mm diameter
tubes filled to a maximum of 6 cm; therefore, the NMR instrument must be able to
accommodate 50-mm tubes. For other large oilseeds (e.g., soybean or corn), typical
sample tube size is 40-mm diameter or greater. Small oilseeds (e.g., canola, flax,
cottonseed) can be measured in 18-mm diameter tubes or greater.
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SIMULTANEOUS MOISTURE AND OIL DETERMINATION IN OIL SEEDS
BY NMR

This rapid method for the determination of moisture and oil contents uses a benchtop
pulsed NMR spectrometer and the Hahn echo pulse sequence (Rance and Byrd, 1983;
Davis, 1989). A test sample is inserted into the static magnetic field of the spectrometer.
Interaction of the field with the hydrogen in the sample causes a small magnetization to
develop in the sample. The instrument reads the magnetization by a series of timed events.
First, the sample is exposed to a short intense radio frequency (RF) pulse, which excites
the hydrogen nuclei. The duration of the pulse is suitable to cause a 90° degree rotation
of the sample’s magnetization into the plane orthogonal to the static magnetic field (known
as the X-Y plane). Next the instrument records the NMR signal (known as a Free Induction
Decay or FID) in the X-Y plane for a period of milliseconds. During this time, some parts
of the sample undergo NMR relaxation and return to the original state. The signal
amplitude at 50 to 60 microseconds following the first RF pulse is proportional to the
total hydrogen from moisture and oil components of the samples. At 3.5 milliseconds, a
180° RF pulse is applied, followed by a second period when the instrument records the
NMR signal. The 180° RF pulse causes a refocusing of remaining X-Y magnetization,
producing an echo signal at 7 msec (2 x 3.5 msec). The amplitude of the echo optimized
in this way is proportional to the oil phase, hence the oil content of the sample. The
difference between the amplitude recorded following the 90° RF pulse and the amplitude
recorded at the spin-echo is proportional to the moisture content.

Materials

Uniform seed sample from a well-mixed lot, dry

Benchtop pulsed NMR analyzer (e.g., Bruker minispec) with sample compartment
designed for absolute measurements

Sample tubes and caps

Balance with accuracy of at least the expected sample weight divided by 1,000
(optional)

Kimwipes

Temperature conditioning block (optional; see Critical Parameters)

Additional equipment and reagents for reference method (e.g., UNITAL.1 or UNIT Al.2).

Generate calibration standards and reference data
1. Obtain a uniform seed sample from a well-mixed lot and split it into parts, so that
one part can be used for moisture determination by the reference method (the
reference percent moisture) and the other part for NMR calibration.

In order to obtain reference samples that have an appropriate range of known moisture
and oil contents, it is first necessary to select the seed. It may be necessary to blend seed
of high- and low-moisture content in order to obtain a suitable range for the calibration
line. Samples must not be physically wet (see Strategic Planning).

If calibration of percent oil by a secondary method is to be used (see Strategic Planning),
then an additional part is needed for oil determination by the reference method (the
reference percent oil).

When sample quantity is absolutely limited, the NMR measurements can be made first,
followed by moisture determination by the reference method on one part of the sample and
oil determination on the other. Later; the reference moisture and oil values can be entered
into the calibration file for correlating NMR signal/gram to the observed moisture and oil
by the reference method.

2. Use the reference method (e.g., UNITAL 1 or UNITAL2) to determine the moisture content
of each reference sample. Label each corresponding NMR reference sample from the
split lot with the values to be used as reference values.
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Calibrate the NMR instrument
3. Prepare the NMR instrument for measurements by equilibrating to stable operating
conditions and tuning to correct 90° and 180° pulse lengths and resonance condition
using the sample and procedure recommended by the manufacturer.

The NMR analyzer should have a sample compartment that provides a uniform NMR
amplitude response throughout the normal filling height and a sample capacity that is
appropriate for the oilseed size.

4. From the user interface of the benchtop NMR instrument, load the application for
simultaneous determination of moisture and oil in oilseeds.

This may take various forms, depending on the instrument type and software version;
therefore, consult the manufacturer.

5. Prepare the spin echo application with appropriate acquisition parameters. Typically,
90° to 180° pulse separation: 3.5 msec, moisture plus oil sample window: 0.05 to
0.06 msec, oil sample window: 7 msec, number of scans: 16, recycle delay: 2 sec,
detection mode: “magnitude”, and phase cycling (if available): “ON”.

Calibrate for moisture
6. Prepare a reference sample of known weight for NMR measurement by placing the
empty sample tube on a balance, taring, and then adding sample to the recommended
filling height. Record the sample mass and immediately cap the tube to seal from
atmospheric moisture. Label and repeat for all samples.

7. Once all samples are prepared, select the one with the highest combined moisture
plus oil content to set the gain on the NMR instrument. Be sure to “save” the final
parameters into the application.

8. Measure each sample using the “Calibrate” function. For each reference sample, enter
the requested sample mass (step 6) in order to normalize the NMR signal. Enter the
requested assigned moisture content (i.e., reference percent moisture; see step 2) for
each sample.

9. After the last sample has been measured, terminate the calibrate measurement loop
and examine the calibration data. Continue on to the oil calibration routine by
accepting the moisture calibration data.

Correlation between NMR signal/gram and reference percent moisture is normally near
0.98.

Calibrate for oil by primary method

10a. Prepare asample from typical oilseed (as if it was to be used for NMR measurement),
by filling a sample tube to the recommended filling height. Weigh the sample and
record this weight as the reference mass.

The recommended filling height may be 3 to 6 cm, depending on the NMR instrument
specifications.

The reference mass is assumed to be the typical weight of all oil standards.

11a. Place dry Kimwipe(s) in each tube to serve as an absorbent surface. Tare the balance
with the tube plus Kimwipe.

The Kimwipes should occupy approximately the entire filling height as discussed above,
but not over.
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12a.

13a.

14a.

Using a Pasteur pipette, drop a small amount of oil (e.g., if the reference mass was
20 g, use 0.100 g) onto the Kimwipe, being careful not to get it on the wall of the
tube above the Kimwipe. Record the weight to four significant digits.

The oil should be absorbed into the paper thereby distributing the oil in the measuring
volume.

This sample represents the nearly zero sample (i.e., virtually no oil), which is used to
establish an accurate intercept.

Prepare 3 or more samples with increasing oil weights so that sample mass/reference
mass X 100 is a percentage (the prepared percent oil ) that spans the range of interest
and extends to nearly zero oil.

As an example, for canola the percent oil should be from 60% to nearly zero.

Measure each sample using the “Calibrate” function following the completion of
the moisture calibration (from step 10). For each sample, enter the reference mass
when weight is requested in order to normalize the NMR signal. Enter the prepared
percent oil when the assigned oil content is requested. After the last sample has been
measured, terminate the calibrate measurement loop and examine the calibration
data. Complete the calibrate routine by accepting the calibration data, so that the
data is saved to the hard disk.

Correlation between NMR signal/gram and prepared percent oil is normally near 1 (e.g.,
0.999).

Calibrate oil content by secondary method

10b.

11b.

12b.

13b.
14b.

Use the reference method to determine the oil content of each reference sample (i.e.,
reference percent oil). Label each corresponding NMR reference sample from the
split lot with the values to be used as reference values.

Each reference sample should have a moisture and oil determination on the same or a split
sample used for NMR.

NOTE: If all reference samples used in the moisture calibration (steps 6 to 9) also have
known oil content spanning an appropriate range, there is no need to prepare more samples
for the oil calibration; however, it may be desirable to extend the oil calibration by use of
additional oil samples that have well-known oil content, even if these same samples do not
have known moisture values. If this is the case, prepare the extra oil reference samples in
the same way as in step 6 above.

Measure each sample using the “Calibrate” function. Enter the actual sample mass
(step 7) when requested in order to normalize the NMR signal. Also enter the
requested assigned oil content (i.e., the reference percent oil).

After the last sample has been measured, terminate the calibration measurement
loop and examine the oil calibration data.

Complete the calibration routine by accepting the oil calibration data.
Save the moisture and oil calibration data to the hard disk.

Correlation between NMR signal/gram and reference percent oil is normally near 0.98.

Measurements of unknown samples

15.

For samples with higher moisture than normal preservation level (optional): Dry the
samples at 103°C for 1 hr prior to the NMR analysis of the dried sample.

Examples of higher moisture than normal preservation level: >10% for canola and
sunflower, >14% for soybean. Total water content is the residual moisture obtained by
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NMR plus the moisture loss upon drying. Please refer to details in ISO 10565 (1999) for

more details.

All moisture must be in association wi

th starches and other solids in the matrix in order

for the standard NMR measurement to be applicable. As in the case of calibration, samples

must not be physically wet.

16. Obtain a uniform seed sample from a

well-mixed lot.

Reduction of the sample from bulk to a size that can be measured by NMR must be done
according to the appropriate method for the sample of interest.

17. Place the empty sample tube on a bala

nce and tare. Add sample to the recommended

filling height and record the actual sample mass. Cap tightly to seal the sample from

atmospheric moisture.

18. Measure each sample using the “Measure” routine. For all samples, enter the actual
sample mass as determined above when requested in order to normalize the NMR

signal.

Use the spin echo application that wa

s previously prepared and calibrated for moisture

and oil with appropriate parameters. Instrument parameters must remain exactly the same

as used at the time of calibration.

COMMENTARY

Background Information

Agricultural products are often subjected to
dehydration to improve storage stability;
grains, and seeds are typical examples. Critical
moisture contents must be achieved so that
these products can be stored safely. This is
closely related to the economic value of crops

such as peanuts where size, weight, and pres-
ence of aflatoxin are of critical importance.
Accurate measurement of moisture content is
important to effect an efficient drying system
as a part of quality control. Furthermore, mois-
ture can affect the processing of the grains.
Wheat for instance must be tempered to critical

water and oil

Intensity

4— total hydrogen: solid, moisture, and oil

Time (msec)

Figure A1.3.1 Free Induction Decay (FID) after a 90° pulse showing a three-component system.
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moisture content before it can be properly
milled and rice-hulling losses are at the mini-
mum when hulled at 15% moisture content. In
oil seeds, an accurate measurement of the seed
moisture content is important to the economic
value since oil content determination requires
knowledge of the moisture content. Rapid
methods for moisture and oil determination of
all commercial oilseeds are necessary to assess
the quality of a large pool of oilseeds available
globally.

Pulsed nuclear magnetic resonance (NMR)
has been used for such analyses due to the
speed, repeatability, and nondestructive nature
of the measurement. Additionally, the method
requires no solvents, an important considera-
tion for environment friendliness. Modern
benchtop NMR systems are highly automated
and computerized, which allows unskilled per-
sonnel to be trained to run the measurements.

This procedure is based on the unique re-
sponse of the hydrogen nuclei (protons) present
in bound moisture versus free oil. The physical
state of the moisture and oil is a critical factor
in experiment design. Since the oil in typical
oilseeds is present in a liquid state and moisture
is bound under conditions in a mature seed, a
simple spin echo pulse sequence can determine
the quantities separately.

In the current method, the signal intensity
of the hydrogen nuclei present in the entire
sample is recorded at particular times in the
NMR signal decay, and is expressed per unit
sample weight. The free induction decay (FID)
has a maximum intensity when all the spins of
the hydrogen nuclei have been rotated 90° re-
spective to the permanent magnetic field (B,).
This intensity is directly proportional to the
total number of hydrogen nuclei present (Fig.
A1.3.1). Hydrogen nuclei in different physical
or chemical environments decay at different
rates and thus the resulting FID initially has the
contribution from solids, bound moisture, and
oil. During the first 0.05 msec following the 90°
pulse, the signal contributed from the solids
decays to zero and only the signals from mois-
ture and oil components remain.

In this procedure, the signal generated dur-
ing a Hahn Echo (also called Spin Echo) pulse
sequence is analyzed rather than the signal
following a simple 90° pulse. A schematic
drawing of the experimentis provided in Figure
A1.3.2, and an actual example of the NMR
signal from oilseed is given in Figure A1.3.3.
The experiment begins with a 90° radio fre-
quency pulse (as indicated by a narrow rectan-
gle in Figure A1.3.2) to produce X-Y magneti-
zation, followed by an initial data sampling
period over a time interval called T, after which

90°
44— total hydrogen: solid, moisture, and oil
4——— A1: water and oil
- 180° A2: oil
:‘5
c
[0]
IS
echo
T 21
Time (msec)

Figure A1.3.2 Hahn Echo (Spin Echo) pulse sequence and schematic NMR signal from an
oilseed. Label A1 indicates the position of the water plus oil sampling window. The label A2 indicates

the oil-only sampling window.
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Figure A1.3.3 Hahn Echo NMR signal of canola at 20 MHz obtained by a minispec mqg20.

Aecho

0 5 10 15 20

Tmsec

Figure A1.3.4 Semi-log plot of Spin Echo amplitude with changing Hahn Echo experiment
interval, T, for an oilseed containing excess moisture (therefore some is free) and oil. Extrapolation
of the fitted lines (dashed) to T = 0 gives amplitudes for excess (free) moisture (A, and oil A;
modified from Schmidt, 1991).
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a 180° radio frequency pulse is used to cause a
refocusing of the remaining X-Y magnetiza-
tion, and a second data sampling period records
the resulting “echo” over an interval twice as
long (therefore equal to 27) as the first data
sampling period. The interval T must be long
enough to allow the moisture signal to decay to
zero intensity prior to the 180° refocusing
pulse. In this method 7 is set to 3.5 msec. This
refocusing part of the experiment is useful for
recovering the entire remaining oil signal at the
echo independent of the signal from solids and
bound moisture. From the data, two signal
amplitudes are evaluated and normalized by
sample weight. The signal amplitude per gram
from 50 to 60 msec following the 90° pulse is
proportional to the moisture plus oil content of
the sample, while the amplitude per gram at the
peak of the echo (at a time corresponding to 2t
where 7T is 3.5 msec) is proportional to the oil
content of the sample. Note that for the first
evaluated window from 50 to 60 usec, the
moisture signal amplitude is calculated by sub-
tracting the NMR signal amplitude contributed

Table A1.3.1

by oil, and the difference, normalized by
weight, is proportional to percent moisture.

The methodology described in this proce-
dure is limited to systems that do not contain
free moisture. In cases when both oil and water
signals are refocused after the second pulse
(e.g., when free water is present), the spin-echo
decay curve can be collected over varying T
values. Log of the echo amplitudes versus T can
be further analyzed to deconvolute the contri-
bution of various components, in this example
water and oil would result in a biexponential
decay curve. Extrapolating each decay curve to
7 =0 gives the signals amplitudes due to the oil
and the water fractions (A, and Ay; Fig.
Al1.3.4).

Critical Parameters

Sample temperature can be important for
two reasons. If the oil is not completely liquid
at the measurement temperature, then a lower
NMR signal/gram will be obtained than is nor-
mal; therefore, to avoid errors due to the state
of oil, samples should be measured at a tem-
perature above the melting point of the oil.

Typical Results for Percent Moisture in Soybean by

Benchtop NMR and Comparison to Reference Method Values

Sample 1 2 3
Analyzed weight (g) 21.4200 21.2784 21.6552
Trial 1 moisture (%) 10.64 12.33 10.87
Trial 2 moisture? (%) 10.67 12.38 10.87
Trial 3 moisture? (%) 10.67 12.34 10.86
NMR average (%) 10.66 12.35 10.87
Given moisture? 10.45£-0.01 12.29+£-0.03 11.1610.14
Std dev 0.0173 0.0265 0.0058
Relative std dev (%) 0.162 0.214 0.053
“Determined by NMR.

bDetermined by weight loss upon drying.

Table A1.3.2 Typical Percent Oil in Soybean by Benchtop NMR
and Comparison to Reference Method Values

Sample 1 2 3
Analyzed weight (g) 21.4200 21.2784 21.6552
Trial 1 oil” (%) 20.01 19.66 20.07
Trial 2 oil* (%) 19.99 19.68 20.08
Trial 3 oil* (%) 20.03 19.69 20.09
NMR Average % 20.01 19.68 20.08
Given oil (%) 19.86 £ 0/07 19.04+0.11 19.82+0.14
Std dev 0.200 0.0153 0.0100
Relative std dev (%) 0.100 0.078 0.050
“Determined by NMR.
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Table A1.3.3 Soybean Sampling Variation?

Average

Sample no.¢ Average oil” (%) moisture? (%)
Sample 1A 20.10 10.66
Sample 1B 10.96 10.57
Sample 2A 19.68 12.35
Sample 2B 19.86 12.22
Sample 3A 20.08 10.87
Sample 3B 19.99 10.81

4A and B refer to two different NMR samples taken from the same

soybean type.

bAverage is determined from three different measurements on the

same soybean NMR sample.

In addition, NMR signal amplitude for all
parts of the sample (moisture, oil, and other)
depends on temperature due to the effect tem-
perature has on the population differences
(Boltzman’s distribution) between the lower
energy and higher energy spin states. As tem-
perature increases, the population difference
decreases, causing less of an energy separation
between allowed nuclear spin states, and there-
fore less NMR signal per hydrogen nucleus. If
room temperature varies significantly (e.g., by
more than 2°C), samples should be conditioned
to a standard temperature in an aluminum block
prior to measurement or anumber of calibration
lines can be prepared at intervals of 2°C, so the
correct line can be selected to suit the tempera-
ture at the time of actual measurement.

The reproducibility is improved if test por-
tions are maintained at a constant volume. It is
recommended to consistently check the cali-
bration for moisture and oil contents against
standards.

Anticipated Results

Typical moisture content results for soybean
samples are shown in Table A1.3.1. Three sam-
ples were prepared and each was measured
three times in the same minispec analyzer. The
NMR percentage moisture was found to be very
reproducible (standard deviation for three
measurements was typically better than 0.03)
and agreement of NMR with the reference
method was typically 0.15% moisture or bet-
ter.

Typical oil content results for soybean sam-
ples are shownin Table A1.3.2. Inthis case three
samples were prepared and each was measured
three times in the same minispec analyzer. The
NMR percentage oil was again found to be very

reproducible (standard deviation for three
measurements was typically 0.02 and better)
and agreement of NMR with the reference
method was typically 20.3% oil or better.

Subsampling variation for soybean samples
were found to be £0.1% (for oil and moisture)
as shown in Table A1.3.3.

Time Considerations

The benchtop NMR instrument should be
turned on for areasonable time (2 to 3 hr) before
sample analysis. Actual analysis takes only a
few minutes, but the instrument should be at
equilibrium. It is a common practice to have a
standard sample to occasionally test the general
performance of the instrument.
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Traditional Indirect Methods for Estimation
of Water Content: Measurement of °Brix

Most measures of water content are indirect,
estimating water content as the difference be-
tween the total mass of a sample and the mass
of the same sample in the absence of water. Two
primary strategies exist. The first is to perform
actual weight determinations upon the sam-
ple—i.e., before and after drying (uwnir Ai.1).
Here the assumption is that the only material
lost in the drying process is water. The second
strategy is to somehow determine the concen-
tration of solute within the sample. Note that
two assumptions have to be made in order to
estimate water content. First, it must be as-
sumed that the property measured has a repeat-
able dependence upon the solute concentration,
stated in appropriate units. Second, it must be
assumed that this concentration, in such units,
can be accurately converted to a concentration
stated on a weight basis. It is important, when
considering the use of any indirect determina-
tion of water content, to be aware of these
inherent assumptions, and to consider to what
extent these assumptions will hold in the real
system of interest.

The use of drying as a method of determin-
ing water content has been described in uniT
Al1.1. In the current discussion, indirect methods
which depend upon the estimation of solute
concentration will be considered. This estima-
tion will utilize some form of calibration curve
which correlates a measured property with the
concentration. Many traditional methods exist,
since water content—or solute (solids) con-
tent—is an important measure to describe the
state of a system. It is a particularly important
measure in commerce, where either the solute
content or the water content may be an impor-
tant indicator of quality or value.

Two long-established methods for the esti-
mation of solute content are based upon the
observations that both the solution density and
the refractive index of a solution change as the
solute concentration of the solution changes.
The methods that have been developed for
estimating solution concentrations based upon
these properties, and the underlying assump-
tions and limitations of these methods, can be
best demonstrated by looking separately athow
each method can be used to estimate the sugar
content of solutions, and hence, by difference,
their moisture content.

In both cases, an appropriate concentration
unit to characterize the solution is termed °Brix.
This is a measure of concentration equivalent
to grams sucrose per 100 grams solution.
Hence, to describe a solution as having a con-
centration of 10 °Brix means thatitis a solution
in which 10 g sucrose are contained in 100 g
solution. Assuming the solvent to be water and
the solute to be sucrose, the water content of
100 g of a solution is (100 — °Brix).

Correlation curves can be drawn by plotting
either solution density or refractive index
against °Brix. The accurate estimation of solu-
tion water content would appear to be a trivial
second step. However, this is so only if the
solute is pure sucrose. Also, since both density
and refractive index are dependent upon tem-
perature, the temperature of measurement must
be known, and a calibration curve valid for that
temperature must be available.

Solutes other than sucrose also cause there
to be both density and refractive index changes
as their concentrations increase. These changes
can be interpreted as reflecting solute concen-
trations expressed in °Brix; however, this con-
centration scale now becomes a scale that indi-
cates the concentration of a sucrose solution
which has the same density (or refractive index)
as that of the unknown solution. Only in the
case where the weight concentration of the
solute in this unknown is the same as the weight
concentration of the equivalent sucrose solu-
tion can subtraction give a reliable estimate of
water content. Nonetheless, °Brix still gives a
useful comparative scale for solutions where
the composition of the solute is unchanged in
the different solutions. Alternatively, if a corre-
lation exists between apparent °Brix for the
solution of interest and the actual percent-
weight concentration of that solution, an esti-
mate of both solids and water content can be
made.

Bearing in mind, from the discussion above,
that °Brix really only allows estimation of rela-
tive water content in a series of related systems,
this measure is used sufficiently frequently to
require that the procedures be outlined. The
sections below describe the use of the refrac-
tometer and the hydrometer for determining
water concentration. These instruments are
readily available from a number of sources
including Brannan and ERTCO Precision (for
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hydrometers), ATAGO, MISCO, Reichert, and
Topac (for refractometers), or general suppliers
such as Fisher and Cole Parmer.

CONCENTRATION ESTIMATION
BY REFRACTOMETER

Refractive index is a consequence of the
changing velocity of light in different media. It
is equal to the ratio of the wave velocity of light
in a vacuum to the wave velocity of light in a
specific medium. Iflightin a vacuum is incident
upon a plane surface boundary with the me-
dium, the index of refraction is also the ratio of
the sine of the angle of incidence of the ray of
light in a vacuum to the sine of the angle of
refraction in the medium.

As a practical matter, air is usually used as
the reference medium rather than a vacuum. As
the index of refraction of air at 1 atmosphere
pressure and 25°C is 1.00027, this value can be
used as a multiplier to arrive at the true index
of refraction of the system.

The refractive index is a physical property
of the medium that depends upon the wave-
length of the light and the temperature of meas-
urement. It can be determined by identifying
the critical angle of reflection, which is the
angle of incidence to a boundary surface of a
light ray within the medium at which the angle
of refraction is 90°. Any light ray within the
medium incident upon the surface with an angle

of incidence greater than the critical angle will
experience total internal reflection.

In practice, the critical angle of reflection is
measured at the boundary of a liquid with a
glass prism of known refractive index, rather
than at the liquid/air boundary. A commonly
available instrument is the Abbe Refractometer,
which, by use of compensating prisms known
as Amici prisms, allows the refractive index for
light of the wavelength of the sodium D line to
be measured using white light. This is conven-
ient, as a source of white light is more readily
available than is a sodium D source, and hence
portable refractometers are feasible.

The basic method is to use a manual Abbe
refractometer to determine refractive index.
Various automated or electronic instruments
exist which automatically perform some of the
steps of the manual procedure. The firstrequire-
ment is that the sample be a solution. In some
instruments, the solution is placed between two
prisms, and the image of the critical ray bound-
ary is adjusted to meet a reference mark; for
this adjustment, the refractive index and
equivalent °Brix can be read from a scale. The
sample temperature must be known, or the
instrument must have temperature compensa-
tion. Some automatic digital refractometers use
the same methodology of sample presentation,
but automate the matching of the critical bound-
ary to the reference marker.
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Figure A1.4.1

Concentration dependence of refractive indices of sucrose, ethanol, and citric acid

solutions at 20°C. Data based on tables in Handbook of Chemistry and Physics, 6 15t Ediition (Weast,

1980).
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Other automatic instruments do not require
the sample to be inserted between two prisms.
These require the sample to be placed on a glass
surface, and detection is of the critical reflec-
tion internal to the glass. In this type of instru-
ment, the detection is electronic, and tempera-
ture compensation can be programmed into the
operational procedure.

The type of refractometer used depends
upon the precision needed, and also the re-
sources available. A simple hand-held refrac-
tometer provides adequate results for quality
control in the field. A more complex manual
instrument provides good data, but throughput
can be limited. Electronic instruments provide
arapid method and a wide range of sensitivities.

In all cases, the initial measurement is of a
refractive index which is correlated to the re-
fractive indices of a series of standard solutions
of known concentration, with °Brix being the
most common standard set. Figures A1.4.1 and
A1.4.2 illustrate the dependence of refractive
index on concentration for a range of solutions.

CONCENTRATION ESTIMATION
BY HYDROMETER

A hydrometer is used to determine the den-
sity or specific gravity of a liquid using the
principles of buoyancy. Buoyancy results from
the upthrust on any object immersed or partially
immersed in a liquid. Upthrust is developed as
a consequence of the weight of the displaced
liquid. At the point of partial immersion at

which this upthrust just equals the weight of the
hydrometer, the hydrometer will float. The lig-
uid level can be measured against a scale etched
on the hydrometer. The density is simply the
weight of the hydrometer divided by the vol-
ume of liquid displaced as it floats.

The hydrometer is designed with a wide
bulbous base and a narrow tube-shaped top.
Assuming that the liquid level is within the tube
section, the volume of liquid displaced is that
of the bulb plus that equivalent to the position
of the liquid level on the stem. As the bulb
volume is large in contrast to the stem, a small
change in density will result in a large shift in
level on the stem. The levels corresponding to
different displaced volumes (and hence densi-
ties) are marked on the stem. These levels can
be labeled as density values or as equivalent
sugar solution concentrations (°Brix). The rela-
tive sizes of the bulb and stem determine the
density/specific gravity range for the hydrome-
ter.

Hydrometers are precalibrated by the manu-
facturer. The calibrations are valid only for a
particular temperature. It is prudent to verify
the calibration using known sugar solutions.
Different hydrometers vary in the ratio of main
bulb volume to measuring stem volume and
also differ in mass. Hence the immersion level
is in the stem region for different density/spe-
cific gravity ranges. Also, the sensitivity is
increased by having a relatively thin stem, but
at the same time this decreases the range.
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Figure A1.4.2 Concentration dependence of refractive indices of carbohydrate solutions at 20°C.
Data based on tables in Handbook of Chemistry and Physics, 615t Edition (Weast, 1980).
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To use a hydrometer, simply float it in the
solution to be evaluated and note the level.
Temperature control is imperative. Also, the
hydrometer must be cleaned and dried prior to
immersion, so as to avoid contamination of the
sample.

INHERENT ERRORS IN
HYDROMETERY AND
REFRACTROMETRY FOR WATER
ESTIMATION

Given that “equivalent °Brix” can readily be
determined, how reliable are interpretations in
terms of water content? Figures A1.4.1 through
A1.4.4 show the relationship between solution
concentration (percent weight; wt%) and either
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Figure A1.4.3 Concentration dependence of densities of sucrose, citric acid, and ethanol
solutions at 20°C. Data based on tables in Handbook of Chemistry and Physics, 615 Edition (Weast,

1980).
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Figure A1.4.4 Concentration dependence of densities of carbohydrate solutions at 20°C. Data
based on tables in Handbook of Chemistry and Physics, 615t Edition (Weast, 1980).
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refractive index or density for several solutes.
By examination, if a solution is made of su-
crose, a °Brix reading using arefractometer will
be correct. If it is citric acid, however, a °Brix
reading will underestimate the true percent-
weight concentration. Solutions of glucose,
fructose, or dextran will also give a smaller
°Brix reading than the true concentration. For
many purposes, the errors are sufficiently small
to be ignored. If more precision is needed, a
calibration of refractive index against actual
percent-weight concentration for the particular
composition of solute must be performed. For
fruit juices, if the acid concentration is known,
the °Brix reading can be adjusted by assuming
that each 1.2 wt% acid causes a °Brix contri-
bution of 1.0. By subtraction from the measured
°Brix, the sugar content in °Brix can then be
estimated.

Similar comments apply to the apparent
°Brix and true percent-weight concentrations
determined by density/specific gravity meas-
urement. Assuming the percent-weight concen-
tration is accurate, for a concentration of x
(wt%), moisture content is (100 — x)%.

Clearly, the calculation of moisture content
by difference, whether using hydrometry or
refractometry to obtain estimates of solute con-
centration, is an approximate method. Its utility
depends upon there being a repeatable correla-
tion between either density or refractive index
and the true percent weight concentration of the
solution. This repeatability is dependent upon
the exact composition of the solute system.

Current Protocols in Food Analytical Chemistry

In addition to the tables in the Handbook of
Chemistry and Physics (Weast, 1980) used to
construct Figures A1.4.1to A1.4.4, many tables
exist in the literature that pertain to specific
products. For example, an appendix in Nagy et
al. (1993) gives data for sucrose solutions, and
table C1 in Downing (1989) gives data for a
range of solutions.
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Factors to Consider When Estimating Water

Vapor Pressure

Under equilibrium conditions, the partial
vapor pressure of water above an aqueous sam-
ple is defined by thermodynamic parameters.
The measurement of vapor pressure, therefore,
is linked to thermodynamic principles, though
in a real system, which may or may not be at
equilibrium, the vapor pressure is not necessar-
ily that which is to be expected at equilibrium.
In order to select a methodology for determin-
ing vapor pressure or related properties, the
limitations imposed by any requirement for
equilibrium and the consequences of a depar-
ture from equilibrium must be understood. The
purpose of this commentary is to clarify the
generic constraints that exist when one attempts
to determine the water vapor pressure of a
sample.

As indicated above, the equilibrium partial
vapor pressure of water defines its thermody-
namic state. The thermodynamic state is usu-
ally described by use of the water activity con-
cept, which defines water activity as:

Ay = [pw/pWO]T

where ay, is the water activity, p,, is the vapor
pressure of water in equilibrium with the food
sample, and p,0 is the vapor pressure of pure
water at the same temperature, 7. Water activity
is related to other thermodynamic descriptors
by standard relationships, which can be found
in any chemistry textbook.

It is important to note the constraints im-
posed by the definition of activity. These are
(1) that the system be at equilibrium and (2)
that the comparison be an isothermal compari-

testing enclosure

...........................

sensor

...........................

...........................

...........................

|

Figure A2.1.1

A representation of a vapor-pressure-evaluating system. Region A includes the

sample and its environment. Region B is a vapor transfer path to the sensor region, C, which includes
the sensor and its environment. T, and T¢ are the temperatures in regions A and C, respectively.
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son (i.e., the pure water reference is at the same
temperature as the sample).

The consequences of these constraints can
be considered when examining real measure-
ment systems. The generic process for evalu-
ation of p,, utilizes a system shown schemati-
callyinFigure A2.1.1. This depicts ameasuring
cell for the estimation of the partial pressure of
water vapor in steady state with a sample. Re-
gion A consists of the sample and its immediate
environment. Region B is a vapor transfer path
to the sensor region. Region C is the sensor and
its immediate environment.

The requirement for equilibrium should be
considered first. It is necessary that region C be
truly at equilibrium. Unless this region is at
equilibrium, the relationship between the sen-
sor and its immediate environment is not
uniquely defined. Hence, for sensor measure-
ments to be definitive, equilibrium must exist
inregion C. Forregion A, in areal measurement
situation, equilibrium is not required to be es-
tablished. It is sufficient that the p,, of the
immediate environment (p) be in a steady state
relationship with the sample, unchanging on a
time scale defined by the investigator.

The temperature requirement should also be
considered. Region C must be at a uniform,
known temperature, 7¢. This follows from the
requirement for equilibrium. Region A should

also be at a uniform, known temperature, 7'a,
because the state of the sample must be defined.
It is not necessary that region A and region C
be at the same temperature; indeed, in a dew-
point cell they are at very different tempera-
tures.

It is important that no part of the system be
at a temperature below that of the dew point,
which corresponds to py,; should this be the
case, condensation will occur, removing water
from the atmosphere until the p,, of the system
reaches a lower value that corresponds to a dew
point equal to the lower temperature. When a
measurement is taken, the partial pressure of
water vapor should be uniform throughout the
measuring chamber. In this case, p,, should be
equal to pa, pg, and pc.

The sensitivity of the sample or the sensor
to vapor transfer must also be considered. Here,
the quantity of material represented by the
sample or by the sensor is important. Vapor
pressure is established by the presence of a
particular number of molecules in a defined
volume of space. The transfer of water mole-
cules into the vapor phase may cause a meas-
urable change in the gravimetric water contents
of the sample and sensor. It is necessary that the
sample water content (or the initial sample
weight) be known. It may also be necessary to
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Figure A2.1.2 Effect of temperature on vapor pressure measurement. The upper curve is the
vapor pressure of pure water, pwo. The lower curve is a system whose partial water vapor pressure,
Pw, is always a constant fraction of the vapor pressure of pure water. See text for details.
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know the sensor water content, depending upon
the operating principle of the sensor.

In one operational mode, the system p,, is
established by a large sample and is charac-
terized by the sensor. The amount of moisture
transfer from the sample does not significantly
change its moisture content. The sensor is que-
ried to identify its condition, and the result is
converted into an estimation of py,.

In another mode, the sensor becomes the
controlling source that establishes the system
Pw- and the condition of the sample is identified
once it has reached steady state.

The influence of temperature on the meas-
urement is best illustrated by referring to Figure
A2.1.2. Here, the upper curve represents the
vapor pressure of pure water, p,,°, as a function
of temperature, and the lower curve represents
a system whose partial water vapor pressure is
always a constant fraction, o, of the vapor
pressure of pure water. The points E and G
represent p,,0 at temperatures T and T, respec-
tively. The points F and H represent p,, at
temperatures 7 and T,, respectively. At both T}
and T, the ratio of the vapor pressures [py/py 0l 7
is o (i.e., the ratios of the lines BF/BE and the
lines DH/DG are both equal to o).

The line EH represents constant partial
water vapor pressure, as should exist in the
system of Figure A2.1.1. The point E at T is
the dew point for the sample with vapor pres-
sure represented by the point H at 7,. Any point

Current Protocols in Food Analytical Chemistry

on the line EH and its extension to higher
temperatures represents the uniform vapor
pressure in the system. At different tempera-
tures, the reference vapor pressure, [py°]z, is
obtained from the upper curve. Clearly, though
the partial vapor pressure, py, in the cell re-
mains unchanged, [p,,/p,,’]r depends upon the
temperature, being 1 at 7', ocat T,, and decreas-
ing further as T increases.

Unless the temperature of the sample is
known, the relative humidity in the sample
region is unknown. Unless the sensor tempera-
ture is known, the relative humidity indicated
by the sensor cannot be converted into areliable
estimate of the vapor pressure throughout the
system. Without careful control and measure-
ment of temperatures in the regions occupied
by sample and by sensor, no meaningful data
can be collected.

KEY REFERENCES

Leung, H.K. 1986. Water activity and other colliga-
tive properties of foods. In Physical and Chemi-
cal Properties of Foods (M.R. Okos, ed.) pp.
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This presents a good summary of the thermody-
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Dew-Point Method for the Determination of
Water Activity

The single most important property of water in food systems is water activity (ay; Taoukis
et al., 1988). Throughout history the importance of controlling water in food by drying,
freezing, or addition of sugar or salt was recognized for preserving and controlling food
quality. Water activity is a measure of the energy status of the water in a system (or the
degree to which the water is “bound”), and hence of its availability to act as a solvent and
participate in chemical or biochemical reactions and growth of microorganisms. It is an
important property that can be used to predict the stability and safety of food with respect
to microbial growth, rates of deteriorative reactions, and chemical or physical properties
(Figure A2.2.1). The water activity principle has been incorporated by various regulatory
agencies (e.g., Food and Drug Administration Code of Federal Regulations Title 21) in
defining safety regulations regarding growth and proliferation of undesirable microor-
ganisms, potentially hazardous foods, standards of several preserved foods, and packag-
ing requirements (Fontana, 1998).

The Basic Protocol describes the determination of water activity of a product using a
chilled mirror dew-point water activity meter. Dew point is a primary measurement of
vapor pressure that has been in use for decades (Harris, 1995). Dew-point instruments are
accurate, fast, simple to use, and precise (Richard and Labuza, 1990; Snavely et al., 1990;
Roa and Tapia de Daza, 1991). In a dew-point instrument, water activity is measured by
equilibrating the liquid-phase water in the food sample with the vapor-phase water in the
headspace, and then measuring the vapor pressure of the headspace. The basic principle
involved in dew-point determinations of vapor pressure in air is that air may be cooled
without change in water content until it saturates. The dew-point temperature is the
temperature at which the air reaches saturation. It is determined in practice by measuring

Moisture content or
relative reaction rate
’l
©
N

ure So\’p“On
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Water activity

Figure A2.2.1 Water activity stability map (adapted form Labuza, 1970). A representation of a
typical sorption isotherm for food materials and of the effects of water activity on the relative reaction
rates of several chemical processes, as well as the growth of microorganisms, in foods are shown.
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Figure A2.2.2 Arepresentation of a modern dew-point chamber consisting of (1) mirror, (2) optical
sensor, (3) infrared thermometer, (4) internal chamber fan, and (5) sample cup with sample.

the temperature of a chilled mirror when condensation starts. The water activity of the
sample is the ratio of the saturation vapor pressure at dew-point temperature to the
saturation vapor pressure at the sample temperature.

In a modern dew-point instrument, a sample is equilibrated within the headspace of a
sealed chamber containing a mirror, an optical sensor, an internal fan, and an infrared
thermometer (Figure A2.2.2). At equilibrium, the relative humidity of the air in the
chamber is the same as the water activity of the sample. A thermoelectric (Peltier) cooler
precisely controls the mirror temperature. An optical reflectance sensor detects the exact
point at which condensation first appears; a beam of infrared light is directed onto the
mirror and reflected back to a photodetector, which detects the change in reflectance when
condensation occurs on the mirror. A thermocouple attached to the mirror accurately
measures the dew-point temperature. The internal fan is for air circulation to reduce vapor
equilibrium time and to control the boundary layer conductance of the mirror surface
(Campbell and Lewis, 1998). Additionally, an infrared thermometer measures the sample
surface temperature. Both the dew-point and sample temperatures are then used to
determine the water activity. The range of a commercially available dew-point meter is
0.030to 1.000 a,,, with aresolution of £0.001 a,, and accuracy of £0.003 a,,. Measurement
time is typically less than 5 min. The performance of the instrument should be routinely
verified as described in the Support Protocol.

USING A DEW-POINT INSTRUMENT

Dew-point measurement is a primary method based on fundamental thermodynamics
principles and as such does not require calibration. However, the instrument performance
needs to be verified using salt standards and distilled water before sampling (see Support
Protocol). To obtain accurate and reproducible water activity results with a dew-point
instrument, temperature, sensor cleanliness, and sample preparation must be considered.
Equipment should be used and maintained in accordance with the manufacturer’s instruc-
tion manual and with good laboratory practice. If there are any concerns, the manufacturer
of the instrument should be consulted. Guidelines common to dew-point instruments for
proper water activity determinations are described in this protocol. The manufacturer’s
instructions should be referred to for specifics.
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The type (e.g., liquid, solid, powder, gel, syrup, emulsion, granule) and range of food
samples (raw ingredients to final products) for water activity measurement are immense.
The amount of sample required for measurement is typically 5 to 10 ml. A homogeneous
and representative sample should be prepared and placed into the sample cup. For the
majority of samples, no preparation is necessary; the sample is simply placed into the
cup. Multicomponent (e.g., muffin with raisins or pizza) and coated samples (e.g., breaded
foods or chocolate-covered bar) may have to be sliced, crushed, or ground in order to
obtain a representative sample. If sample preparation is necessary, then a consistent
technique must be used with each sample to ensure reproducible results.

Materials

Sample

Dew-point water activity instrument (e.g., AqualLab Series 3, Decagon Devices)

Disposable sample cups (and optional lids; available from the instrument
manufacturer)

1. Place a dew-point water activity instrument on a level surface and in a relatively
temperature-stable environment. Allow instrument to warm up for =15 min after
turning on for optimal performance.

Performance verification should be conducted before sampling at least once per day, at
each shift, or if readings become unstable (see Support Protocol).

2. Prepare a sample (e.g., liquid, solid, powder, gel, syrup, emulsion, granule) that is
homogeneous and representative of the entire product.
For detailed instructions on samples requiring special handling, see Critical Parameters

and Troubleshooting, discussion of sample preparation.

3. Place sample (5 to 10 ml) in a disposable sample cup, completely covering the bottom
of the cup, if possible. Place sample into sample cup in a timely manner to minimize
moisture loss or gain during handling. If sample is not to be tested immediately, place
a sample cup lid on the cup to prevent moisture transfer with the room atmosphere.

Do not fill the sample cup more than half full. Overfilled cups will contaminate the sensors
in the sampling chamber.

4. Wipe the cup rim with a lint-free tissue (e.g., Kimwipe), making sure that the rim and
outside of the sample cup are clean and free of any sample material.

5. Place sample cup into the instrument. Check top lip of the cup to make sure no sample
is protruding above its rim.
Remember, an overfilled sample cup will contaminate the chamber’s sensors.
6. Seal the measurement chamber, being especially careful not to splash or spill the
sample and contaminate the chamber.
7. Start water activity measurement.

This will start the read cycle, in which the dew-point temperature is repeatedly measured
until vapor equilibrium is reached. The dew-point instrument will signal the operator when
vapor equilibrium is achieved, and will display the final water activity and sample
temperature on its screen.

Length of read times may vary depending on temperature differences between the chamber
and the sample, and on the properties of the sample.

8. Remove sample from instrument after measuring water activity.

Never leave samples inside the chamber overnight or for extended periods of time, as this
can contribute to contamination of the chamber.
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PERFORMANCE VERIFICATION FOR DEW-POINT WATER ACTIVITY
INSTRUMENT

Performance verification should be conducted before sampling at least once per day, at
each shift, or if readings become unstable. Performance of the instrument is verified using
salt standards that have known water activities. Either saturated or unsaturated salt
solutions are suitable for verifying instrument performance. The choice of using saturated
or unsaturated salt solutions is dependent upon the water activity range of the samples,
temperature variability, cost, and ease of use. Saturated salt slurries have specific water
activity values depending upon the chosen salt and the temperature. Some salts are
hazardous and may not be appropriate in a food-testing laboratory. On the other hand,
unsaturated salt solutions can be easily made to any water activity value desired.
Unsaturated salt solutions (sodium chloride and lithium chloride) are much less tempera-
ture dependent than saturated salt slurries, and are thus stable over a wide temperature
range. Instrument manufacturers provide certified unsaturated salt solutions at various
water activity levels in individual prepackaged vials.

Additional Materials (also see Basic Protocol)

Saturated or unsaturated salt standards (see recipes)

Set up instrument
1. Place a dew-point water activity instrument on a level surface and in a relatively
temperature-stable environment. Allow instrument to warm up for =15 min after
turning on for optimal performance.

2. Choose a salt standard with a water activity level that is slightly below the water
activity of sample to be measured. Make sure that salt standard is at ambient
temperature before loading it into the instrument.

3. Fill a sample cup half full (~7 ml) with selected salt standard. Place sample into
sample cup in a timely manner to minimize moisture loss or gain during handling.

Do notfill the sample cup more than half full. Overfilled cups will contaminate the sensors
in the sampling chamber:

4. Wipe the cup rim with a lint-free tissue, making sure that the rim and outside of the
sample cup are clean and free of any sample material.

5. Place sample cup into the instrument. Check top lip of the cup to make sure no sample
is protruding above its rim.

6. Seal the measurement chamber, being careful not to splash or spill the solution and
contaminate the chamber.

Measure performance
7. Start the water activity measurement (see Basic Protocol, steps 7 and 8). Make two
measurements.

The water activity readings should be within +0.003 a,, of the given value of the salt
standard. If they are, proceed to step 10. If they are not, proceed to step 8.

8. If the readings are consistently outside the stated water activity values by more than
+0.003 a,,, the sensor chamber is contaminated. Clean chamber according to manu-
facturer’s instructions.

9. Repeatstep 7. If after cleaning, the readings are still outside of the stated water activity
value by more than +0.003 a,, a calibration offset has probably occurred. Adjust the
reading of a salt solution to its correct value according to manufacturer’s instructions,
then repeat step 7 again.
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10.

11.

Prepare a sample cup half full of distilled water and make two readings.

The second water activity reading should be 1.000 £ 0.003 a,,. If it is, the instrument is
ready for use (see Basic Protocol). If it is not, proceed to step 11.

If the salt reading is correct and distilled water is not, it is probably due to slight
contamination of the sensor chamber. Clean chamber according to manufacturer’s
instructions, then repeat step 7.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Saturated salt standards

Start with a salt and add water in small increments, stirring well with a spatula after
each addition. Continue until the salt can absorb no more water, as evidenced by
free liquid (where it will take on the shape of the container but will not easily pour).
Store indefinitely at room temperature in a manner to prevent substantial moisture
gain or evaporation losses.

When a salt standard is prepared so that it consists mostly of liquid with a few crystals in
the bottom, it can result in a layer of less-than-saturated solution at the surface, which will
produce a higher reading than anticipated. Conversely, solid crystals protruding above the
surface of the liquid can lower the readings.

Table A2.2.1 lists the water activity of various salt slurries at 20° and 25°C (Greenspan,
1977). Greenspan provides additional information on these and other salts over a wider
temperature range.

Saturated salt solutions in the form of salt slurries can be prepared by several other methods
(see Stoloff, 1978; Mulvaney, 1995).

Unsaturated salt standards

Prepare salt solution at desired concentration (see Table A2.2.2 for NaCl or LiCl).
Store indefinitely at room temperature in a manner to prevent substantial moisture
gain or evaporation losses.

Unsaturated salt solutions of different concentrations make excellent standards. These
solutions are easily made and are relatively unaffected by temperature over a wide range of
concentrations (Chirife and Resnik, 1984). Table A2.2.2 lists the water activity of various
sodium chloride and lithium chloride solutions according to Robinson and Stokes (1965).
The data in Robinson and Stokes can be used to compute the a,, for other unsaturated salt
solutions.

Dew-point instrument manufacturers also provide certified unsaturated salt solutions at
various water activity levels in individual prepackaged vials.

Table A2.2.1 Water Activity of Selected Saturated Salt
Standards®

Salt ay, at 20°C ay, at 25°C
LiCl 0.113 £0.003 0.113 £0.003
MgCl 0.331 £0.002 0.328 £ 0.002
K,CO, 0.432 £ 0.003 0.432 +£0.004
Mg(NO3), 0.544 £ 0.002 0.529 +0.002
NaCl 0.755 £ 0.001 0.753 £0.001
KCl 0.851 £0.003 0.843 £0.003
K,S0O, 0.976 £ 0.005 0.973 £0.005

“Adapted from Greenspan (1977). Numbers rounded to nearest thousandth.

Current Protocols in Food Analytical Chemistry

Vapor Pressure

Measurements of

Water

A2.2.5



Dew-Point
Method for the
Determination of
Water Activity

A2.2.6

Table A2.2.2 Water Activity of Unsaturated Sodium Chloride and Lithium

Chloride Solutions at 25°C“

Sodium chloride Lithium chloride
Molality Ay Molality ay
0.1 0.996 0.1 0.997
0.2 0.993 0.5 0.983
0.3 0.990 1.0 0.964
0.4 0.986 1.4 0.948
0.5 0.983 2.0 0.921
0.6 0.980 2.5 0.897
0.7 0.976 3.0 0.870
0.8 0.973 3.5 0.842
0.9 0.970 4.0 0.812
1.0 0.966 4.5 0.780
1.2 0.960 5.0 0.747
1.4 0.953 5.5 0.713
1.6 0.946 6.0 0.679
1.8 0.938 7.0 0.609
2.0 0.931 8.0 0.539
2.2 0.924 9.0 0.473
24 0916 10.0 0412
2.6 0.908 11.0 0.356
2.8 0.901 12.0 0.307
3.0 0.893 13.0 0.266
3.2 0.885 14.0 0.230
34 0.876 15.0 0.200
3.6 0.868 16.0 0.175
3.8 0.860 17.0 0.155
4.0 0.851 18.0 0.138
5.0 0.807 19.0 0.123
6.0 0.760 20.0 0.110

4Adapted from Robinson and Stokes (1965).

COMMENTARY

Background Information

Water activity (ay) is an important property
for food safety. It predicts food safety and
stability with respect to microbial growth,
chemical or biochemical reaction rates, and
physical properties (Figure A2.2.1). By meas-
uring the water activity of foodstuffs, it is pos-
sible to predict which microorganisms will be
potential sources of spoilage and infection.
Controlling water activity is also an important
way to maintain the chemical stability of foods.
Water may influence chemical reactivity in dif-
ferent ways. It may act as a solvent or reactant,
or change the mobility of the reactants by af-
fecting the viscosity of the food system (Leung,
1987). Water activity influences nonenzymatic
browning, lipid oxidation, degradation of vita-

mins, enzymatic reactions, protein denatura-
tion, starch gelatinization, and starch retrogra-
dation. Finally, a, plays a significant role in the
physical properties of foods, such as texture and
shelf life. Water activity is the driving force for
moisture migration within a food sample.
Reliable laboratory instrumentation is re-
quired to guarantee the safety of food products
and enforce government regulations. Two main
types of commercial instruments are available.
One uses chilled mirror dew-point technology,
while the other measures relative humidity with
sensors that detect changes in electrical resis-
tance or capacitance. Each has advantages and
disadvantages. The methods vary in accuracy,
repeatability, speed of measurement, stability
in calibration, linearity, and convenience of use.
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Water activity is derived from fundamental
principles of thermodynamics and physical
chemistry. It is defined from the equilibrium
state:

W= o + RT X In[fff, )

where | is the chemical potential of the
system, i.e., thermodynamic activity or energy
per mole of substance; Ly is the chemical po-
tential of the pure material at the temperature
T; R is the gas constant; f'is the fugacity or the
escaping tendency of a substance; and f; is the
escaping tendency of pure material (van den
Berg and Bruin, 1981). The activity of a species
is defined as a = f/fy,. When dealing with water,
a subscript is designated for the substance, ay,
= flfo, where ay, is activity of water, or the
escaping tendency of water in a system divided
by the escaping tendency of pure substance
with no radius of curvature. For practical pur-
poses, under most conditions in which foods
are found, the fugacity is closely approximated
by the vapor pressure (f = p):

ay =flfo = plpo
Equilibrium is obtained in a system when L is
the same everywhere in the system. Equilib-
rium between the liquid and the vapor phases
implies that | is the same in both phases. It is
this fact that allows the measurement of the
vapor phase to determine the water activity of
the sample.

The water activity of a food describes the
energy status of water in a food and, hence, its
availability to act as a solvent and participate
in chemical or biochemical reactions (Labuza,
1977). Figure A2.2.1 is a global stability map
of foods, showing stability as a function of ay,
(Labuza, 1970). Water’s ability to act as a sol-
vent, medium, and reactant increases with in-
creasing water activity (Labuza, 1975).

Critical Parameters and
Troubleshooting

To obtain accurate and reproducible water
activity results with a dew-pointinstrument, the
temperature, sensor cleanliness, and sample
preparation must be considered. Temperature
influences water activity measurements in two
ways; one is its effect on the water activity in
the sample and the second is the effect on the
dew-point measurement.

Temperature effect on sample water activity
Water activity is temperature dependent.
Temperature changes water activity due to
changes in water binding, dissociation of water,
solubility of solutes in water, or the state of the
matrix. Although solubility of solutes can be a
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controlling factor, control is usually from the
state of the matrix. Since the state of the matrix
(glassy versus rubbery) is dependent on tem-
perature, one should not be surprised that tem-
perature affects the water activity of the food.
The effect of temperature on the water activity
of a food is product specific. Some products
increase a,, with temperature, others decrease
ay, with increasing temperature, while most
high-moisture foods have negligible change
with temperature. Therefore, one cannot pre-
dict even the direction of the change of water
activity with temperature, since it depends on
how temperature affects the factors that control
water activity in the food.

The importance of temperature control is
significant for laboratory comparisons, accel-
erated shelf-life studies, and packaging require-
ments. Also, temperature may be essential
when measuring a,, levels near critical values,
especially for government regulations or criti-
cal control points. The precision required in
water activity applications will determine the
need for temperature control. Several reasons
for sample temperature control are:

Research purposes. These include studies
that examine the effects of temperature on the
a,, of a sample or follow accelerated shelf life
conditions, as well as those that compare the
a,, of different samples independent of tem-
perature. There are many shelf life, packaging,
and isotherm studies in which the added feature
of temperature control would be very benefi-
cial.

To comply with government or internal regu-
lations for specific products. Though the ay, of
most products varies by less than +0.002 a,, per
°C, some regulations require measurement at a
specific temperature. The most common speci-
fication is 25°C, though 20°C is sometimes
indicated.

To minimize extreme ambient temperature
fluctuations. If the laboratory and dew-point
instrument temperatures fluctuate by as much
as +5°C daily, water activity readings may vary
by +0.01ay. Often, this much uncertainty in
sample ay, is unacceptable, so there is a need
for a temperature-controlled model.

Chilled mirror dew-point instruments are
available in a variety of temperature-controlled
models from the manufacturer.

Temperature effect on dew-point
measurement

Temperature must be defined for water ac-
tivity measurements. Changes in sample tem-
perature will cause the water activity readings

Vapor Pressure
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Water
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to change until the sample temperature stabi-
lizes. When the sample temperature stabilizes
within one or two degrees of the chamber tem-
perature, then accurate and rapid measurements
are made. Samples that are 4°C colder or
warmer than the instrument will need to equili-
brate to the instrument temperature before ac-
curate readings can be made. If a sample is
frozen or refrigerated before testing, it needs to
be brought back to ambient temperature so that
condensation moisture can be reabsorbed into
the product. Samples with high water activity
that are above the chamber temperature can
cause condensation within the chamber, which
will adversely affect subsequent readings.
Some instruments display a warning message
if the sample temperature is above the chamber
temperature.

Sensor performance

The accuracy of a dew-point instrument is
vitally dependent on keeping the instrument
clean. Commercial dew-point instruments will
provide accurate water activity measurements
as long as their internal sensors are not contami-
nated by improperly prepared samples. If the
sensors are contaminated, they must be
cleaned. Careful preparation and loading of
samples will lengthen the time between clean-
ings. The rim and outside of the sample cup
should be kept clean. Any excess sample mate-
rial should be wiped from the rim of the cup
with a clean lint-free tissue. The rim of the cup
must be able to form a vapor seal with the sensor
block when the water activity measurement is
started. Any sample material left on the cup rim
will be transferred to the chamber block, pre-
venting this seal and contaminating future sam-
ples. The sample cup should not be filled more
than half full, as overfilled cups are likely to
result in spilled sample and contamination of
the sensors in the chamber. When measuring
liquid samples, it is important to be gentle when
inserting the sample so as not to spill the solu-
tion out of the dish. If the drawer is pushed or
pulled too quickly, the solution will spill and
contaminate the chamber. Sensor performance
and cleanliness is verified by using salt stand-
ards and distilled water (see Support Protocol).

Sample preparation

For most foods, water activity is an impor-
tant property of stability and safety. Thus, sam-
ples ranging from raw ingredients to finished
goods should be analyzed for water activity.
The sample to be tested must be representative
of the entire product. Most samples do not need

any further preparation; they can simply be
placed in the cup and measured for water activ-
ity. Some precautions should be taken for mul-
ticomponent and coated samples to ensure that
a representative and homogeneous sample is
tested.

For multicomponent and coated samples
there are two methods of preparation, depend-
ing on the purpose of the water activity analysis.
The first method is to obtain a representative
sample of the entire product by crushing or
grinding the sample. If the sample is to be
crushed or ground, then a consistent technique
is necessary to ensure reproducible results. For
example, if one sample is ground for 15 sec and
a second sample is ground for 1 min, then the
second sample will have smaller particles with
more surface area and a greater chance of gain-
ing or losing moisture to the environment. In
addition, the time between grinding and the
water activity measurement should be consis-
tent, or additional precautions should be taken
to prevent moisture exchange with the room air.

The second method is to separate the com-
ponents and measure each individually. Since
water activity is a driving force for moisture
migration, it might be necessary to know the
water activity values for the individual compo-
nents. For example, in a flake cereal with fruit
pieces, it might be important to know the indi-
vidual component water activities. The water
activity of the cereal flakes and fruit pieces
should be as close as possible to prevent mois-
ture migration, which would cause the flakes
to become soggy and the fruit pieces to become
hard and brittle.

In addition to equilibrium between the lig-
uid-phase water in the sample and the vapor
phase, the internal moisture equilibrium of the
sample is important. If a systemis not at internal
moisture equilibrium, one might measure a
steady vapor pressure (over the period of meas-
urement) that is not the true water activity of
the system. An example of this might be abaked
good or a multicomponent food. Initially out of
the oven, a baked good is not at internal equi-
librium; the outer surface is at a lower water
activity than the center of the baked good. One
must wait a period of time in order for the water
to migrate and the system to come to internal
equilibrium. Itis therefore important to remem-
ber the restriction of the definition of water
activity to equilibrium.

Limitations
Chilled mirror dew-point instruments have
limitations with certain volatile compounds
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that co-condense on the mirror surface with
water vapor. Samples with high levels of pro-
pylene glycol require special sampling proce-
dures to obtain accurate readings. Samples that
contain propylene glycol in concentrations
>10% will not damage the instrument, but a,,
values for consecutive samples will not be ac-
curate. Propylene glycol condenses on the mir-
ror during the reading process, but does not
evaporate from the mirror as water does. As a
result, the very first reading will be somewhat
accurate, but subsequent readings will not be
accurate unless propylene glycol is cleared
from the chamber after each measurement.
Running a sample consisting of activated char-
coal after each sample containing propylene
glycol accomplishes this. Dew-point instru-
ments will give accurate readings on most sam-
ples containing alcohols, except those contain-
ing ethanol. Samples containing ethanol will
yield elevated water activity results.

Anticipated Results

Commercial water activity instruments that
use the chilled mirror dew-point method de-
scribed above measure water activity values
between 0.030 and 1.000 a,,. They attain a
precision of 0.001 a, with an accuracy of
+0.003 a, and a resolution of 0.001 a,.

Time Considerations

Measuring both the dew point and sample
temperature eliminates the need for complete
thermal equilibrium and reduces measurement
times to <5 min for most samples. Because
water activity is an equilibrium measurement,
multicomponent samples, samples that have
outside coatings, or high-fat samples may take
longer to equilibrate. In addition, some ex-
tremely dry samples, dehydrated samples,
highly viscous samples, or glassy compositions
may have increased read times due to their
moisture sorption characteristics. Samples like
these may take >5 min to give an accurate
reading or may require multiple readings. To
reduce the time needed to take an a,, reading
for coated, dried, or glassy samples, one can
crush, slice, or grind the sample before placing
it in the sample cup. This increases the surface
area of the sample, thus increasing the equili-
bration rate. When samples are crushed,
ground, or sliced, the method should be consis-
tent in order to ensure reproducible results.
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Measurement of Water Activity Using
Isopiestic Method

Water is an important constituent of all foods. In the middle of the twentieth century,
scientists began to discover the existence of a relationship between the water contained
in a food and its relative tendency to spoil. They also began to realize that the chemical
potential of water is related to its vapor pressure relative to that of pure water (i.e., the
relative vapor pressure; RVP). This RVP was termed “water activity” or a,,. Scott (1957)
clearly stated that the a,, of a medium correlated with the deterioration of food stability
due to the growth of microorganisms. Thus, it is possible to develop generalized rules or
limits for the stability of foods using a,,. Food scientists, therefore, started to emphasize
a,, along with water content. Since then, the scientific community has explored the great
significance of a,, in determining the physical characteristics, processes, shelf life, and
sensory properties of foods. Recently, Rahman and Labuza (1999) have presented a
detailed review on this aspect of a,,. Details of the various measurement techniques are
presented by Labuza et al. (1976), Rizvi (1995), Rahman (1995), and Bell and Labuza
(2000).

Water activity, a thermodynamic property, is defined as the ratio of the vapor pressure of
water in a system to the vapor pressure of pure water at equal temperature, or the
equilibrium relative humidity of the air surrounding the system at equal temperature.
Thus, a,, can be expressed as follows:

(%)

a, =—=ERH
(),

Equation A2.3.1

where a,, is water activity (0.0<a,<1.0), (E}),, is the vapor pressure of water in the system
(Rahman, 1995), (P"),, is the vapor pressure of pure water, and ERH is equilibrium relative
humidity of air, all of which are specific for a given temperature.

Isopiestic determination is one of the most commonly used methods for measuring food
a,,. In this method a sample of known mass is stored in a closed chamber and allowed to
reach equilibrium with an atmosphere of known ERH (or equilibrate with a standard of
known a,). In the first protocol (see Basic Protocol), a standard salt solution, for which
a,, is well established, is used to control this atmosphere. The a,, of the sample is then
determined by equilibration with the resulting atmosphere. In the second protocol (see
Alternate Protocol), the isopiestic determination of a,, is accomplished by equilibration
of the sample with a reference material, for which the relationship between water content
and a,, is known. The condition of equilibrium is determined by reweighing the sample
at intervals until constant mass is reached. The moisture content of the sample is then
determined either directly or by calculation from the reference material’s original mois-
ture content and change in mass. Unsaturated salt solutions of known ERH can also be
used to equilibrate the samples; however, this requires estimation of the ERH of the jars
at the end of the equilibration by measuring the exact concentration of the salt solution,
which may be tedious.

In the isopiestic method, often the purpose is to characterize how the a,, of a sample
depends upon its gravimetric water content. This curve, which relates a,, and water
content, is known as the “sorption isotherm.” Knowledge of the sorption isotherm allows
estimation of a,, if a samples’ moisture content is known. This is useful, as it is often easier
and more rapid to determine moisture content than a,, (Rahman, 1995).

UNIT A2.3
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ISOPIESTIC DETERMINATION OF WATER ACTIVITY (aw) BY
EQUILIBRATION WITH SATURATED SALTS

In this method of measuring sample a,,, a preweighed sample is placed in a closed chamber
and maintained at constant temperature at a known a,, (ERH) controlled by a saturated
salt solution. Equilibrium is established between the environment and the sample, as
determined by reweighing the sample at intervals until constant mass is established. The
moisture content of the sample is then determined by drying (unir A1.7) or Karl Fischer
titration (unIT A1.2). Measurements are made with different saturated salt solutions, and a
graph is prepared of water content versus a,,. Microcrystalline cellulose (Avicel; FMC)
can be selected for the reference material to evaluate the precision of the method.
Advantages of MCC as a reference material are identified by Spiess and Wolf (1987). It
is stable in its crystalline structure in a temperature range of —18° to 80°C, with minimal
changes in its sorption characteristics; however, when exposed to temperatures above
100°C, the sorption properties may change and thermal degradation is expected to begin
at temperatures above 120°C. MCC is stable in its sorption properties after two to three
repeated adsorption and desorption cycles. Other details can be found in Bell and Labuza
(2000).

Materials

Saturated salt solution (Table A2.3.1 and Table A2.3.2)
1to 2 g sample
Tolulene, sodium azide, or thymol in a test tube or small bottle (optional)

Closed chamber (e.g., desiccator, tropical fish tank with lid, glass jars; Fig. A2.3.1)

Mechanism for maintaining temperature (e.g., thermostatted cabinet, room, or
water bath)

Petri dish or weighing bottle

Glass jar or support plate

Additional reagents and equipment for gravimetric determination of water content
by drying (unitT A1.1) or Karl Fischer titration (UNIT A1.2)

Prepare salt solutions and chamber
1. Prepare different saturated salt solutions with distilled water in jars (to create different
relative humidities) at a temperature (~10°C) higher than that used for equilibration.
Place the jar in a closed chamber (e.g., dessicator, tropical fish tank with lid; Fig.
A2.3.1).

Table A2.3.1 Water Activities (aw) of Selected Saturated Salt Solutions at Various

Temperatures®?

Salts 5°C  10°C 20°C 25°C 30°C 40°C 50°C
Ammonium sulfate ((NH,],SO,) 0.824 0.821 0.813 0.810 0.806 0.799 0.792
Lithium chloride (LiCl) 0.113 0.113 0.113 0.113 0.113 0.112 0.111

Magnesium chloride (MgCl,) 0.336 0.335 0.331 0.328 0.324 0.316 0.305
Magnesium nitrate (Mg[NO3],)  0.589 0.574 0.544 0.529 0.514 0.484 0.454

Potassium acetate (KC,H50,) — 0.234 0.231 0.225 0216 — —
Potassium carbonate (K,CO5) 0.431 0.431 0.432 0432 0432 — —
Potassium chloride (KCI) 0.877 0.868 0.851 0.843 0.836 0.823 0.812
Potassium iodide (KI) 0.733 0.721 0.699 0.689 0.679 0.661 0.645
Potassium nitrate (KNO3) 0.963 0.960 0.946 0.936 0.923 0.891 0.848
Potassium sulfate (K,SO,4) 0.985 0.982 0.976 0.973 0.970 0.964 0.958
Sodium chloride (NaCl) 0.757 0.757 0.755 0.753 0.751 0.747 0.744

“Source is Greenspan (1971).
bDashes indicate that data is not available.
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Maintain a layer of solid salts in the slurries during the whole period of equilibration to
confirm that the solutions always remain saturated. Generally, the solutions should be
slushes with ~4 mm of solution over the crystal layer. At each equilibration temperature
used, the a,, (ERH) of the atmosphere above the saturated solution will be different (Table
A2.3.1 and Table A2.3.2).

Solutions are made at a higher temperature than equilibration to insure that they are
saturated slurries when cooled (see Critical Parameters).

Table A2.3.2 Regression Equations for aw of Selected Saturated Salt Solutions

at Different Temperatures®

Salts Regression equation? 12

Lithium chloride (LiCl) In (a,) = (500.95 x 1/T) — 3.85 0.976
Magnesium chloride (MgCl,) In (ay) = (303.35 x 1/T) - 2.13 0.995
Magnesium nitrate (MgNO3) In (a,,) = (356.60 x 1/T) — 1.82 0.987
Potassium acetate (KC,H;0,) In (a,) = (861.39 x 1/T) — 4.33 0.965
Potassium carbonate (K,CO3) In (a,) = (145.00 x 1/T) — 1.30 0.967
Potassium chloride (KCl) In (ay,) = (367.58 x 1/T) — 1.39 0.967
Sodium chloride (NaCl) In (a,,) = (228.92 x 1/T) — 1.04 0.961
Sodium nitrate (NaNO,) In (a,,) = (435.96 x 1/T) — 1.88 0.974

4Source: Labuza et al. (1985).
b Temperature (7) is in degrees Kelvin.

2——( D

4

Figure A2.3.1 Standardized sorption apparatus: (1) locking clamp; (2) glass lid; (3) rubber seal
ring; (4) sorption container, glass; (5) weighing bottle with ground-in stopper; (6) petri dish on trivet;
(7) saturated salt solution. Adapted from Spiess and Wolf (1987) courtesy of Marcel Dekker.
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. Equilibrate the closed chamber to a constant temperature (e.g., by storing it in a

thermostatted cabinet, room, or water bath).

The saturation of the solution is temperature dependent, therefore, a,, (the parameter being
controlled) is temperature dependent. Thus, temperature must be both precisely known and
constant.

. Weigh the sample (1 to 2 g) in a Petri dish or weighing bottle and place in the jar and

transfer the jar to the chamber.

In some cases, one or a number of weighing bottles are placed on a petri dish and then the
petri dish is placed in the jar (Fig. A2.3.1).

The sample can also be hung (Fig. A2.3.2), to facilitate weighing without removal.

. (Optional) Prevent microbial growth by placing a test tube or small bottle containing

toluene, sodium azide, phenyl acetate, or thymol (for non-fatty products) inside the
closed chamber to prevent mold growth on the sample at a,,>0.75.
CAUTION: Sodium azide (NaN;) and phenyl acetate are poisonous. Toluene is not

recommended since it is carcinogenic. Take appropriate precautions when using any of
these chemicals. See APPENDIX 2B for more information.

. Seal the jars and close the chamber/cabinet.

Rubber seal rings are used in the case of jars, while silicon grease is used in the case of
desiccators. Be sure that the sealing is tight enough to prevent leakage of gas from the
chamber. It may be difficult to prevent leakage or damage of the glass container at high
temperature; instead, metal cells with lids and gaskets can be used.

Several jars can be placed in the same cabinet. Equilibration at different temperatures
requires separate samples and cabinets.

|\v/| Controlled temperature
water bath

|./ \JI Sample dish

Fan

Saturated
salt solution

Figure A2.3.2 An apparatus with circulated air chamber and in situ weighting system for meas-
urement of water activity (a,,). Adapted from with permission Igbeka and Blaisdell (1982).
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Establish equilibrium
6. Establish that equilibrium has occurred by weighing the sample at intervals until there
is no change in mass.

Samples are weighed at 2 to 3 day intervals until equilibration. Usually this takes ~10 days
ata,< 0.75 or ~21 days at a,>0.75.

7. Measure moisture content of the equilibrated sample by weighing before and after
drying either in an air or vacuum oven as described in uniT al.1 or by Karl Fischer
titration (UNIT A1.2).

Air drying at 105°C or vacuum drying at 70°C for more than 18 hr is usually used to
determine the solids mass in the sample (UNIT Al.1); however, Karl Fischer titration is
recommended, due to possible temperature abuse in the oven method (refer to UNIT Al.2).

The infrared moisture analyser may also be used for quick determination of water content
although it gives a value that is different than the other two methods (subject of a future
unit on NIR). This may be useful if a rapid IR method is used in a production line so one
can correlate line moisture with true moisture.

Determine a,,
8. Determine the a,, of the sample, as found in Table A2.3.1 and Table A2.3.2.

The a,, of the sample is equal to the a,, of the saturated salt solution at equilibrium.

9. Determine the moisture content of equilibrated food samples from several jars with
different saturated salt solutions (and therefore different a,).

Approximately 8 determinations are required to generate a valid sorption isotherm.

The experiments are performed at different temperatures by repeating the above procedure
(steps 1 to 8) or multiple chambers are set at different temperatures in parallel (usually at
least three temperatures ranging from 10° to 60°C).

10. Plot sorption isotherms relating a,, versus moisture content.

The BET (Eq. A2.3.4) or GAB (Eq. A2.3.5) equations relating water content of the sample
and a,, can be used to model isotherms. The constants in BET equations have to be
determined for each temperature while GAB equation can accommodate the temperature
effect as well (see Anticipated Results). Any commercial software (e.g., SAS, Statistica,
S-plus, Minitab) with nonlinear regression feature can be used to determine constants in
the BET or GAB equations.

ISOPIESTIC DETERMINATION WATER ACTIVITY BY EQUILIBRATION
WITH STANDARDS OF KNOWN WATER ACTIVITY (aw)

This method involves preparation of a standard curve by equilibration of a specific amount
of dry standard material in duplicate or triplicate over different saturated salt solutions.
The standard curve is a plot of a, versus water content of the standard material. The
standard must be stable during reuse of the material, and the chamber used should be
exactly the same as will be used later. For the measurement, the size of each standard
should be in a controlled narrow range, (e.g., ~1.6 = 0.1 g). Once the standard curve is
made, dry aliquots of the same mass of standard are equilibrated over a large quantity of
the food material (~10 to 20 g). The moisture content of the standard material is then
measured (e.g., by mass gain) and a,, is estimated from the standard curve (Vos and
Labuza, 1974). This method avoids preparation or storing of saturated salts for each
determination; moreover, use of a standard shortens the equilibration, thus requiring less
time for measurement, and less abuse of temperature for sample as well as standard.
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This method uses the same materials and apparatus as described above (see Basic Protocol
1). In addition a standard material, such as microcrystalline cellulose (MCC), starch, filter
paper, glycerol, or polyethylene glycol is needed for this protocol. The standard material
is selected based on the commercial availability of a material with high purity and
consistency over time, moreover, the standard must be stable during reuse of the material.
Thus, MCC is recommended (Spiess and Wolf, 1987). Once the standard is chosen, it is
used as a replacement for the sample in the procedure described above (see Basic Protocol
1), while the sample replaces the salt.

Additional Materials (also see Basic Protocol)

Adsorbent: phosphorus pentoxide (P,0s) or calcium chloride (CaCl,)
~1.6 £ 0.1 g standard material (e.g., MCC, starch, filter paper, glycerol,
polyethylene glycol)

1. Dry the weighing bottles together with ~1.6 = 0.1 g standard in a vacuum oven at
70°C for 18 hr using phosphorus pentoxide (P,Os) or calcium chloride (CaCl,) as
adsorbent. Record the mass.

Since the a,, of saturated salt solutions is temperature dependent, it is important to maintain
a constant temperature during experiments.

2. Equilibrate the standard at known temperature with a range of saturated salt solutions
to establish different relative humidities as described (see Basic Protocol).

Samples are weighed at 20 to 3 day intervals until equilibration. Usually this takes ~10
days at a,,< 0.75 or ~21 days at a,>0.75.

3. After equilibration reweigh the standard and determine moisture content using any
drying methods (uniral.1). Plot water content values of the standard against a,, values
of the saturated salt solutions.

The nonlinear standard curve generated can be modeled using the GAB equation (Bell and
Labuza, 2000).

4. Place a large excess of the food sample (at least 10 g food/1 g standard) into a closed
chamber as the source of water. Also place dry standard of the same mass as that
weighed in step 1.

The relative amounts of sample and standard material have to be different because the
moisture transferred from the food sample to the standard (characterized by the mass gain
of the standard) must not result in a significant change in the vapor pressure maintained
by the sample. Essentially, the sample replaces the salt solution in the Basic Protocol to
create constant a,, in the closed chamber.

The standard is weighed to an exact amount similar to the amount used in the isotherm
determination (step 1). The standard is placed into the closed chamber which contains the
unknown sample as the a,, source and is equilibrated at a constant temperature. The key
point is that equilibrium does not take as much time as the procedure using equilibration
with saturated salt solutions (see Basic Protocol); i.e., the mass change can be determined
in 24 hrifthe calibration curve is also done with the same mass of standard and equilibrated
for the same amount of time (step 3).

5. Determine the a, of the food sample, under the conditions of measurement, by
estimating from the standard curve (step 3) based on the change in moisture content.

The a,, of the food sample is equal to the a,, of the standard, assuming equilibrium (or near
equilibrium) is achieved.
Measurement of
Water
ActivityUsing
Isopiestic Method

A2.3.6
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Background Information

Water sorption isotherm

The water sorption isotherm shows the de-
pendence of water content on the a, of a given
sample at a specified temperature. It is usually
presented in graphical form or as an equation.
The difference in the equilibrium water content
between the adsorption and desorption curves
is called hysteresis and is shown in Figure
A2.3.3. In foods, a variety of hysteresis loop
shapes can be observed, depending on the type
of food and the temperature. The principal
factors affecting hysteresis are composition of
the product, isotherm temperature, storage time
before isotherm measurement, pretreatments,
drying temperature, and the number of succes-
sive adsorption and desorption cycles. It should
be noted that the occurrence of hysteresis indi-
cates that either the adsorption or desorption
curve is not at true equilibrium or that some
material in the product changed state in the
process (e.g., the crystallization of sugars dur-
ing adsorption).

Water activity shift and break in isotherm
Typical a,, shifts with temperature are
shown in Figure A2.3.4. The a,, shift by tem-
perature is mainly due to the change in the
excess enthalpy of water binding, dissociation

of water, physical state of water, or increase in
solubility of solute in water as temperature
increases. It is widely accepted that an increase
in temperature results in a decreased equilib-
rium moisture content in foods. In some prod-
ucts, ata,,>0.5, there is an inversion of the effect
of temperature (i.e., equilibrium moisture con-
tent increased with temperature) mainly due to
an increase in solubility of sugars in water.

The isotherm shift due to temperature at a
constant moisture content can usually be esti-
mated by the well-known Clausius-Clapeyron-
equation as:

luu[i 1]

(a,), R |7, T,
Equation A2.3.2

The slope of a plot of In(ay,) versus 1/T should

give:
slope =
P R

Equation A2.3.3

where T is the temperature in Kelvin, g is the
excess heat of sorption in kilojoules per kilo-
gram, A,, is the latent heat of vaporization for
water in kilojoules per kilogram, and R is the
ideal gas constant (0.4619 kJ kg~' K-1). In a

Water Content

desorption

L

/

absorption

Water Activity

Figure A2.3.3 Sorption isotherm for typical food product showing hysteresis. Reprinted from
Rahman and Labuza (1999), courtesy of Marcel Dekker.
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A2.3.8

pure component isotherm, the change of solute
from the amorphous to a crystal state affects the
isotherm. A break is also observed in the iso-
therm. In some foods one part of the solute (salt
and sugar) is bound to a polymer (protein and
starch) and the other part is crystalline or amor-
phous. The change of solute from an amor-
phous to a crystalline state or loss of solute
bound to polymer also causes a break in the
isotherm.

The main disadvantages of the methods dis-
cussed above are the slowness of the equilib-
rium (due to lower diffusion and the loss of
conditioned atmosphere each time the chamber
is opened to remove the sample for weighing)
and the potential for this delay to lead to mold
or bacterial growth on the samples and conse-
quent invalidation of the results (Rahman,
1995).

Improvement to enhance the equilibrium
time can be achieved by creating a vacuum in
the desiccator (as was done by Fett, 1973);
however, one has to be careful not to cause the
salt solution to spatter during this process or to
blow the sample out of the weighing dish when
the vacuum is released. Other methods include
circulating the atmosphere with a fan or pump
(again caution is needed to prevent entrainment
of salts into the air, which can deposit on the
sample), or increasing the surface area of the
sample by slicing or breaking it into pieces and
spreading in a thin layer over a large surface
area. The loss of a controlled ERH atmosphere
during weighing can be avoided by weighing
the sample in situ by a scale attached to the
sample holder. Such an apparatus (Fig. A2.3.2)
consists of a magnetic stirrer unit, equilibrium

chamber in a constant temperature bath, and a
sensitive weighing balance; however, initial
evacuation or vacuum is the most effective
method for enhancing equilibration. Systems
are commercially available for the fast meas-
urements by the isopiestic method. The Sor-
bostat and Sorbostate de Luxe from Chemcotec
AG consists of a small desiccator in which a
perforated aluminum disk carrying up to 8§ to
16 weighing bottles is inserted together with a
small magnetically operated ventilator. The
electrolyte solution is accommodated in the
bottom of the desiccator and can be stirred by
means of a magnetic stirrer driven by a low-
voltage synchronous type motor. The main fea-
tures of this device are the magnetically oper-
ated opening and closing mechanism for the
weighing bottles inside the closed desiccator
and the ability to handle many samples concur-
rently. An integrated microbalance system by
VTICorporation, Autosorp by Biosystems, and
Dynamic Vapour Sorption (DVS) by Surface
Measurement Systems are also commercially
available for fast measurements. The main fea-
tures of these systems are insulated chambers
with controlled-humidity air circulation over
the sample, and a built-in electronic precision
balance. All the systems commercially avail-
able have the computer software facilities for
data analysis and the interpretation of results.

Critical Parameters

The salt solutions should be prepared with
hot distilled water, continually adding more salt
with stirring until no more dissolves. Excess
should then be added to make the solution a
slurry. The final solution is cooled and allowed

A B
L: Low temperature L: Low temperature
‘qc: H: High temperature ‘q:: H: High temperature L
5 5 &
O L o Inversion point
5 5 T
o H kS
= = L
H
Water Activity Water Activity

Figure A2.3.4 Effect of temperature on water sorption isotherm. (A) Shift without intersection. (B)
Shift showing the point of intersection. Reprinted from Rahman and Labuza (1999), courtesy of

Marcel Dekker.
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to stand a few days at the desired temperature
in closed conditions. The slurry should be
stirred briefly once a day unless this disturbs
equilibrium too much. It is important to keep
the solution as a slurry during the entire period
of equilibration. Crystals of salts may be pre-
sent at the beginning of experiment, but may
be dissolved when water from the sample is
condensed in the solution. This can be over-
come by adding salts in the solution when the
chamber is opened for weighing the sample or
better by using a large excess of slurry to
amount of sample. Since only the a,, of the
saturated solution is known, it is important that
undissolved crystals of the salts are present
during and after equilibration, as this is the only
clear indicator of saturation. The relative hu-
midity of the solution after saturation does not
change significantly.

Microbial growth at high a,, can be avoided
by using sodium azide in a special support.

It is important to make sure there is no
leakage of gas from the chamber.

Sample size is important for the time of
equilibration. The sample size usually used is
<Seg.

Anticipated Results

Factors affecting ay, are the types of compo-
nents in food, the physicochemical state of
components, porous structure, temperature, to-
tal pressure, and surface tension (Rahman,
1995; Rizvi, 1995; Bell and Labuza, 2000);
however, the effect of surface tension is very

slight. Brunauer et al. (1940) classified adsorp-
tion isotherms of materials into five general
types (Fig. A2.3.5). If water-soluble crystalline
components are present in foods (e.g., sugars
or salts), the isotherm appears as concave shape
type III. Most other foods containing higher
molecular weight solute result in sigmoid iso-
therm type II. Type I is indicative of a non-
swelling porous solid, such as silicate anticak-
ing agents. Types II and III are closely related
to types IV and V, except that maximum ad-
sorption occurs at some pressure lower than the
vapor pressure of sample.

For most practical purposes, the isotherm
can be modeled by an empirical (Brunauer,
Emmett and Teller; BET) or theoretical (Gug-
genheim, Anderson, and DeBoer; GAB) equa-
tion (see below); however, none of the isotherm
models in the literature is valid over the entire
ay, range of 0 to 1. The GAB model is one of
the most widely accepted models for foods over
a wide range of ay, (from 0.10 to 0.90). The
details of the different isotherm models with
their parameters have been compiled by
Rahman (1995). The BET (Eq. A2.3.4) and
GAB (Eq. A2.3.5) equations are given as fol-
lows:

M = M _Ba,
Y (1-a[1+(B-1)a,])

Equation A2.3.4
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Figure A2.3.5 Five types of van der Waals adsorption isotherms proposed by Brunauer et al.

(1940).
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v o M, YKa,
" (1-Ka, )(1-Ka,, +YKa,)

Equation A2.3.5

AH |
Y=Y exp
RT

Equation A2.3.6

AH ¢
K =K_ exp
RT

Equation A2.3.7

where M, is the BET or GAB monolayer mois-
ture (kilogram water/kilogram dry solid), Bis a
constant related to the net heat of sorption, AH
and AHy are heat of sorption functions. The
most popular BET isotherm usually holds only
water activities from ~0.05 to 0.45, but this gives
a value of monolayer moisture content.

Time Considerations

Basic protocol

The salt solutions should be allowed to stand
for a few days at the desired temperature before
use. Several days, weeks, or even months may
berequired to establish equilibrium under static
air conditions. Equilibrium can be enhanced
with proper modification in the apparatus as
discussed above.

Alternate protocol

This method is normally faster than the other
one (see Basic Protocol) and usually takes 24
to 45 hr to reach equilibrium between salt and
standard, or standard and sample.

Literature Cited

Bell, L.N. and Labuza, T.P. 2000. Moisture sorp-
tions: Practical aspects of isotherm measurement
and use. Eagan Press AACC, Eagan, Minn.

Brunauer, S., Deming, L.S., Deming, W.E., and
Teller, E. 1940. On a theory of the van der Waals
adsorption of gases. Am. Chem. Soc. J. 62:1723.

Fett, H.M. 1973. Water activity determination in
foods in the range 0.80 to 0.99. J. Food Sci.
38:1097-1098.

Greenspan, L. 1971. Humidity fixed points of binary
saturated aqueous solutions. J. Res. Natl. Bur.
Stand. A Phys. Chem. 81A:89.

Igbeka, J.C. and Blaisdell, J.L. 1982. Moisture iso-
therm of a processed meat product—bologna. J.
Food Technol. 17:37.

Labuza, T.P.,, Acott, K., Tatini, S.R., Lee, R.Y., Flink,
J., and McCall, W. 1976. Water activity determi-
nation: A colloborative study of different meth-
ods. J. Food Sci. 41:910.

Labuza, T.P., Kaanane, A., and Chen, J.Y. 1985.
Effect of temperature on the moisture sorption
isotherms and water activity shift of two dehy-
drated foods. J. Food Sci. 50:385.

Rahman, S. 1995. Handbook of Food Properties.
CRC Press, Boca Raton, Fla.

Rahman, M.S. and Labuza, T.P. 1999. Water activity
and food preservation. /n Handbook of Food
Preservation (M.S. Rahman, ed.) pp. 339-382.
Mercel Dekker, New York.

Rizvi, S.S.H. 1995. Thermodynamic properties of
foods in dehydration. /n Engineering Properties
of Foods, 2nd ed. (M.A. Rao and S.S.H. Rizvi,
eds) p. 123. Mercel Dekker, New York.

Scott, W.J. 1957. Water relations of food spoilage
microorganisms. Adv. Food Res. 72:83.

Spiess, W.E.L. and Wolf, W. 1987. Water activity. In
Theory and Applications to Food (L.B. Rockland
and L.R. Beuchat, eds.) pp. 215-233. Marcel
Dekker, New York.

Vos, P. and Labuza, T.P. 1974. A technique for
measurement of water activity in the high aw
range. J. Agric. Food Chem. 22:326-327.

Contributed by Shyam S. Sablani and
M. Shafiur Rahman

Sultan Qaboos University

Muscat, Sultanate of Oman

Theodore P. Labuza
University of Minnesota
St. Paul, Minnesota

Current Protocols in Food Analytical Chemistry



Direct Manometric Determination of Vapor
Pressure

Water activity (a,,) is the ratio of the partial vapor pressure of water above a solution to
that of pure water at the same specific temperature. It plays an important role in evaluating
the microbial, chemical, and physical stability of foods during storage and processing.
The vapor pressure in the headspace of a food sample can be measured directly by a
manometer. A manometer has one or two transparent tubes and two liquid surfaces where
pressure applied to the surface of one tube causes an elevation of the liquid surface in the
other tube. The amount of elevation is read from a scale that is usually calibrated to read
directly in pressure units. Makower and Myers (1943) were the first to use this method
to measure vapor pressure exerted by food. Later, the method was improved, in terms of
design features of the apparatus, by various scientists (Taylor, 1961; Labuza et al., 1972;
Lewicki, 1987). Troller (1983), Lewicki (1989), and Zanoni et al. (1999) used a capaci-
tance manometer instead of a U-tube manometer for the measurement of vapor pressure.
Lewicki et al. (1978) showed that the precision and reproducibility of the method can be
improved by the simultaneous measurement of the water vapor pressure and temperature
of the food sample. The method is reviewed in detail by Rizvi (1995) and Rahman (1995).

Two procedures for measuring vapor pressure of a given sample are described in this unit.
The Basic Protocol directly measures the vapor pressure above the sample inside the flask.
The Alternate Protocol improves the measurements by incorporating the correction factor
due to the change in volume that occurs when water vapor is eliminated from the air/water
vapor mixture during desiccation.

DETERMINATION OF WATER ACTIVITY IN FOOD SAMPLES BY
MANOMETRIC VAPOR PRESSURE MEASUREMENTS

The water activity of food samples can be estimated by direct measurement of the partial
vapor pressure of water using a manometer. A simple schematic diagram is shown in
Figure A2.4.1. A sample of unknown water activity is placed in the sample flask and sealed
onto the apparatus. The air space in the apparatus is evacuated with the sample flask
excluded from the system. The sample flask is connected with the evacuated air space
and the space in the sample flask is evacuated. The stopcock across the manometer is
closed and temperatures are read. The equilibrium manometer reading is recorded (/).
The stopcock over the sample is closed and the air space is connected with the desiccant
flask. The manometer reading in the legs is read to give /,. The water activity of the sample
is then calculated (Labuza et al., 1976) as:

_ [~ —h,Ipg
PV

w

a

w

Equation A2.4.1

where P}, is vapor pressure (in Pa) of pure water at 7°C, p is the density (kg/m?) of
manometric fluid, g is acceleration due to gravity (in m/sec?), and &, and h, are manometer
readings (height of the fluid in m).

UNIT A2.4
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Materials

10 to 50 g food sample

10 to 15 g desiccant (CaSO, or silica gel)

Vapor pressure manometer apparatus consisting, e.g., of sample flask, desiccant
flask, U-tube, manometric fluid (such as Apiezon B, from Sigma), and vacuum
pump (Fig. A2.4.1) or similar apparatus with capacitance manometer

Additional reagents and equipment for gravimetric (UniT A1.1) or Karl Fischer (unir

A1.2) determination of water

1. Place 10 to 50 g of sample in the sample flask and seal the flask onto the apparatus.

2. Fill another flask with 10 to 15 g CaSO, or silica gel desiccant.

The advantage of silica gel is that it changes color from blue (dry state) to red (wet state).

3. Isolate the sample flask by closing stopcock 5 (refer to Fig. A2.4.1). Evacuate the
system to a pressure <200 mmHg. Next, open stopcock 5 to evacuate the sample for

1 to 2 min.

The lower the final pressure, the faster the equilibration time, and the more precise the

estimation of a,,.

temp. control vacuum gauge voltmeter
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Figure A2.4.1
Reprinted from Rizvi (1995) with permission from Marcel Dekker.
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4. Isolate the vacuum source and desiccant flask by closing stopcocks 1 and 4 (Fig.
A2.4.1).

5. Allow the sample to equilibrate for 30 to 50 min, and then record the difference in
manometer oil height (4, in m).

This is the pressure in the headspace of the sample.

6. Exclude the sample flask by closing stopcock 5 and opening stopcock 4 of the
desiccant flask.

7. After the water vapor is removed by sorption onto the desiccant, record the difference
in manometer oil height (%, in m).

This is the pressure exerted by volatiles and gases in the system.

8. Calculate the water activity, a,,, of the sample from /4, and #, values using Equation
A2.4.1.

9. If the temperature of the sample (7 in K) and of the vapor space in the manometer
(T,,in K) are different, then correct water activity using the following equation (Rizvi,
1995).

a = [ —hlpg T,
’ Fo T

Equation A2.4.2

10. Measure the moisture content of the sample gravimetrically in an air or vacuum oven
(unir A1.1) or by Karl Fischer titration (UNITA1.2).

Air drying at 105°C or vacuum drying at 70°C for >18 hr is usually used to determine the
solid mass in the sample. The Karl Fisher technique is generally recommended, due to
temperature abuse in the oven method. However, the oven method is widely used due to its
simplicity and availability in most laboratories. The infrared moisture analyzer may also
be used for quick determination of water content although it gives a different value from
that obtained by the other two methods.

DETERMINATION OF WATER ACTIVITY CORRECTED FOR CHANGE IN
VOLUME OF SYSTEM THAT OCCURS DURING DESICCATION

This refined protocol uses a correction for the change in volume that occurs when water
vapor is eliminated from the air/water vapor mixture when the desiccant flask is opened
during desiccation. The precision and accuracy of the Basic Protocol can be significantly
improved by taking this correction into account.

Additional Materials (also see Basic Protocol)
10 to 15 g P,Os

1. Place 10 to 15 g of P,Os in both sample and desiccant flasks.
2. Open stopcocks 1, 3, and 5. Close stopcock 4 and evacuate the sample flask.
Refer to Figure A2.4.1 for the location of all stopcocks and other features of the manometer.
3. Close stopcock 3 and note the manometric reading (h’,).
4. Close stopcock 5, open stopcock 4, and obtain the manometric reading (h",).

5. Take manometric measurements (4, and /,) of the sample (see Basic Protocol, steps
1to7).
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6. Measure the void volumes V, and Vi corresponding to the desiccant and the sample

flasks.

V; is the volume of the vapor pressure manometer between valves and the manometer liquid

at zero reading.

7. Calculate a,, using the following equation, which takes into account the change in
volume (Nunes et al., 1985; Lewicki, 1987):

_ [ —ChyJpgn

w

PV

w

Equation A2.4.3

where:

C:V3+V4+bh;

V, + bh]
Equation A2.4.4

and

2731547,
273.15+T,,

Equation A2.4.5

and

b

_nd®
80

Equation A2.4.6

where d is the inner diameter of the glass tube (cm), and 7 and T}, are the temperatures

of sample and manometer in °C.

8. Measure the moisture content of the sample (see Basic Protocol, step 10)

COMMENTARY

Background Information

The pressure exerted at equilibrium by the
vapor above a liquid (or moist solid) contained
in a closed system at a given temperature is
known as the saturated or equilibrium vapor
pressure. At equilibrium, the rate of liquid
molecules evaporating and entering the vapor
phase is considered to be equal to the rate of
vapor molecules condensing into the liquid
phase. The vapor pressure increases with the
increase in temperature.

Water activity of food can be estimated by
measuring the vapor pressure directly over it.
Water activity is an extremely valuable tool for
food scientists because of its usefulness in pre-
dicting food stability during storage, i.e., its
tendency toward microbial, chemical, and
physical deterioration. Most foods have a criti-

cal water activity below which the rate of qual-
ity loss is negligible.

The vapor pressure manometer (VPM) pro-
vides a means for rapid determination of water
activity. The method was suggested by Mak-
ower and Myers (1943) to measure water vapor
pressure exerted by food. This method was
improved by Taylor (1961), Labuza et al.
(1972), and Troller (1983). Sood and Heldman
(1974), Labuza et al. (1976), and Lewicki et al.
(1978) studied design features, accuracy, and
precision of the VPM. Troller (1983) and Zan-
oni et al. (1999) discussed the design and setup
of a water vapor pressure capacitance manome-
ter.

The U-tube manometer has two transparent
tubes connected together to form a U shape.
Pressure is applied to one side of the tube, and
the other side of the tube is normally open to
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the atmosphere so that the amount of elevation
can be read from a pressure scale engraved on
the (later side of the) tube. In the capacitance
type of manometer, a capacitor, consisting of
two metal plates or conductors separated by an
insulating material (dielectric), is used. The
change in capacitance is calibrated with the
pressure. The U-tube required is much larger in
size than the capacitor used as a pressure sensor.

The accuracy of VPM measurements may
depend upon the range of water activity being
measured. Acott and Labuza (1975) gave an
accuracy of 0.005 unit of ay, for a,, < 0.85 using
this method. Athigher values of ay, the accuracy
is no better than 0.02 units of a,, because of
temperature fluctuation (Labuza et al., 1976).

Lewicki et al. (1978) have shown that the
accuracy of the measurement can be improved
by taking into account differences between
sample and headspace temperature. Troller
(1983) and Nunes et al. (1985) showed that both
accuracy and precision of the VPM improved
significantly: 0.009 units of a,, in the a,, range
0.75t0 0.97. Lewicki (1987) demonstrated that
design features of the VPM could also affect
the accuracy and precision of the measured
value. Although used as the standard method,
the VPM is not suitable for materials that either
contain large amounts of volatiles and bacteria
or mold, or that are undergoing respiration
processes (Rizvi, 1994).

Critical Parameters and
Troubleshooting

The whole system should be maintained at
a constant temperature. This can be achieved
by immersing the sample holder in a constant-
temperature water bath or by placing the whole
system in a thermostatted cabinet. A correction
factor needs to be used for the first case.

The ratio of the sample volume to headspace
volume should be large enough (close to 0.5)
to minimize changes in water activity due to
loss of water by vaporization. In samples of
higher water content the ratio of sample to
headspace volume could be lower.

A low-density and low-vapor-pressure oil
should be used as manometric fluid. Apiezon
B (e.g., Sigma) manometric oil of density 866
kg/m? is generally recommended as manomet-
ric fluid.

The oil in the manometer may become con-
taminated with volatile compounds, and needs
to be replaced from time to time (e.g., once
every 2 months).

If the temperature of sample and the vapor
space in the manometer are different, then water
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activity should be corrected (see Basic Proto-
col, step 9).

The desiccant should be replaced or regen-
erated by drying in an air/vacuum oven after
each experiment.

Care should be taken to avoid foaming under
vacuum. If excessive foam develops, this
method may not be suitable.

Calibration must be done with a certain
amount (10 to 15 g) of P,O5 placed in the
sample flask, and the volume of food sample
placed in the sample flask must be as close as
possible to that of the P,Os.

Calibration needs to be done with same mass
of desiccant P,Os. When desiccant is replaced,
the mass of new desiccant (CaSO, or silica gel)
must be the same as that used for calibration.

Anticipated Results

The experimental results provide water ac-
tivity of a given sample at a specified tempera-
ture. The water activity measurements may
range from 0.05 to 0.99. Isotherms can also be
obtained by plotting water activity of a sample
against its corresponding moisture content. The
resultant isotherms can be modeled by empiri-
cal or theoretical equations as described in uniT
A23.

Time Considerations

The measurement of a,, (Basic Protocol)
requires ~1 hr of equilibration time and does
not require internal calibration. The calibration
procedure (see Alternate Protocol) is also sim-
ple and straightforward, and can be done in 2
to 3 hr. The equilibration time in this protocol
usually takes 1 hr.
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Measurement of Water Activity by Electronic
Sensors

Water activity of foods is an important thermodynamic property affecting stability with
respect to physical, chemical and microbiological changes. Water activity, a,, is the ratio
of the vapor pressure of water in a system, (Py),, to the vapor pressure of pure water,
(PY),, at the same temperature. It is equal to the equilibrium relative humidity (ERH)
established in the surrounding air. Thus:

a,, = (P})y/(P"), = ERH

Several instruments based on electronic sensors are commercially available for direct
determination of water activity. This type of equipment is based on the measurement of
the characteristic response of an electronic sensor in equilibrium with the air in a small
chamber containing the sample in a plastic cup (usually with a volume of 15 ml). A
schematic diagram of typical equipment is shown in Figure A2.5.1. Different types of
sensor are commercially available (Rahman, 1995). Currently, most food laboratories are
using sensor-type instruments, especially immobilized salt solution sensors.

In electrical resistance- or capacitance-type sensors, the conductivity or capacitance of a
salt solution (usually lithium chloride) in equilibrium with the air is measured. The
electrolytic sensor consists of a small hollow cylinder covered with a glass fiber tape
impregnated with saturated lithium chloride solution. A spiral bifilar electrode is wound
over the tape and a temperature sensor is mounted at the center of the cylinder. An
alternating voltage is applied to the electrodes and a current is allowed to pass through
the electrolyte. The resulting rise in temperature opposes the absorption of moisture by
the lithium chloride, and the sensor rapidly reaches an equilibrium temperature at which
the vapor pressure of the salt solution equals that of the air. Temperature is determined
by a sensor at the core of the cylinder and a calibration chart is used to convert this to
relative humidity. Hygroscopic organic polymer films are sometimes used instead of
lithium chloride salt. Another type of sensor is the anodized aluminum sensor. This sensor

sensor water activity display
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Figure A2.5.1 Schematic diagram of setup for water activity measurement by electronic sensor.
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consists of an aluminum strip that is anodized by a process that forms a porous oxide
layer. A very thin coating of gold is then evaporated over this structure. The aluminum
base and the gold layer form the two electrodes of what is essentially an aluminum oxide
capacitor (Smith, 1971; ASHRAE, 1993; Rahman, 1995).

A multilaboratory, multi-instrument study of the use of electronic sensors applied to a
cross-section of commodities and reference standards demonstrated that measurements
of water activity by the described method (with instruments using immobilized salt
solution sensors) can be made with an accuracy and precision within £0.01 water activity
unit, provided there are no interactions between the instrument and the commodity under
investigation (Stoloff, 1978). Commodity-instrument interactions did exist with a number
of products, especially those containing highly volatile compounds.

Materials

10 g saturated salt solution (Table A2.3.1 and Table A2.3.2) or standard supplied
with the equipment from the manufacturer

5 g sample from bulk food, retaining its original state (e.g., solid with original
structure liquid, or ground sample)

Instrumentation for measuring water activity by electronic sensors (American
Instrument Company, Beckman Instruments, Nova Sina AG, and Rotronic AG)

Plastic sample holder with lid (diameter ~4.0 cm; height ~1.0 cm; usually supplied
with instrument)

Calibrate instrument
1. Turn on the instrument and set it at a specified temperature (that at which water
activity of sample needs to be measured), and then keep it at that temperature for at
least 20 to 30 min to allow stabilization.

Commercial equipment is usually available for measurements between 25° and 80°C.
Calibration standards and samples must be measured at the same known temperature.

2. To prepare a calibration curve, choose at least five different saturated salt solutions
that have water activities spread over the range of 0.11 to 0.99 at the temperature
chosen for the sample.

Calibration is performed by measuring the water activities of various saturated salt
solutions and comparing them to values in the literature or values calculated from Table
A2.3.2. Literature values at a range of temperatures are found in Table A2.3.1. Values at
intermediate temperatures can be predicted from the equations in Table A2.3.2.

Saturated salt solutions should contain excess salt (i.e., a saturated salt slurry) to ensure
that the solution is completely saturated.

3. Place 10 g of each saturated salt solution in a plastic container (usually supplied with
the equipment).

4. Place the plastic containers with salt solution in the equipment chamber one at a time
for equilibration. Record instrument response at ¢ = 0.

Calibration should be done at the temperature selected in step 1.

5. Continue taking instrument readings of the samples, staggering them so that each is
measured at 15-min intervals. Continue until equilibrium is reached (up to 120 min,
if necessary).

Two consecutive readings at 15-min intervals that vary by <0.01 a,, unit are evidence of
adequate equilibration.
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6. Record the water activity displayed by the equipment and calculate the correction
factor by using the value given in Table A2.3.1 for the solution.

This is the correction factor for the specific instrument.

7. Prepare a calibration curve by plotting the instrument readouts for the five (or more)
saturated salt solutions against their actual water activities given in Table A2.3.1.

It is good to calibrate the equipment frequently, for example, every week. If the test sample
contains high volatile content, it is preferable that calibration be performed after each
experiment. Make all measurements within the range of calibration points, and do not
extrapolate the calibration line. Make all measurements in the same direction of change
(i.e., from lower to higher water activity or higher to lower water activity).

Measure water activity

8. Place 5 g of sample in a plastic container and then place the plastic container with
sample in the equipment chamber for equilibration.

9. Wait until the reading does not change by more than 0.01 a,, unit.

Equilibration usually takes 15 to 30 min depending on the type of food and the measurement

temperature.

10. Record the water activity reading. Remove the plastic container from the chamber
and keep it sealed with its plastic lid until moisture content is measured.

11. Determine the moisture content by gravimetric or other methods (UNITSA1.1 & A1.2).

COMMENTARY

Background Information

The isopiestic and manometric methods
(uNiTS A2.3 & A2.4) for determination of water
activity have the limitation of being dependent
on fixed laboratory equipment. The electronic-
type sensors have advantages of portability,
speed, and simplicity of measurement. The
characteristics of a sensor depend upon the
manufacturer and each instrument must be cali-
brated separately. The anodized sensors have
advantages of ruggedness, small dimensions,
and fastresponse, as well as freedom from large
temperature coefficients and less susceptibility
to contamination of the lithium chloride con-
ductivity sensors (Smith, 1971).

Equipment based on the change in electrical
conductivity of immobilized salt solution is
available from American Instrument Company,
Beckman Instruments, Nova Sina AG, and Ro-
tronic AG. Equipment based on change in elec-
trical capacitance of polymer thin films is avail-
able from WeatherMeasure and General East-
ern Corporation. The approximate price range
for water activity measurement instruments
based on electronic sensors is $6000 to $8000.

Critical Parameters
Specific problems arising from the use of a
sensor for water activity measurement are
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equilibration time, the calibration of the sen-
sors, and the influence of nonuniform tempera-
ture on the values measured in saturated salt
solutions and food products. Each sensor must
be calibrated separately. The performance of a
sensor is subject to change on aging and con-
tamination of the element by foreign particles.
The contamination of the sensor by volatile
components can cause erroneous results, and
thus calibration is important. A mechanical or
chemical filter is available to protect the sensor
from contamination. The Sina-scope sensor
(Nova Sina AG) is equipped with a mechanical
filter to protect it from dust, oil, and water vapor
condensation. A chemical filter can also be used
to protect the sensor from chlorine, formalde-
hyde, ammonia, sulfur dioxide, hydrogen sul-
fide, amino acids, hydrocarbons, and oil drop-
lets (Labuza et al., 1976). Large differences in
temperature between sample and sensor should
always be avoided because of possible conden-
sation. Sample temperature must be known.
Long-term use of a sensor at higher tempera-
tures damages or reduces the life of the sensor
by reducing its precision and accuracy. Thus, a
large number of measurements at high tempera-
ture should be avoided, to increase the life of
the sensor. Itis difficult to find a sensor that will
operate at both very low and very high tempera-
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tures (e.g., both below 0°C and above 100°C;
Wiederhold, 1987).

Equilibrium times obtained in measurement
on various food products have ranged from a
minute to several hours. Longer equilibration
time is required for lower water activity meas-
urement, especially water activity below 0.7;
however, very long equilibration time (e.g.,
more than 1 hr) for water activity higher than
0.9 can cause saturation of the sensor. A satu-
rated sensor always gives water activity equal
to 1.0. In this case, small sample size is pre-
ferred. Stekelenburg and Labots (1991) found
that the equilibration time required for various
products to reach a constant water activity value
(a change of <0.01 unit) increased at higher
water activity, and mentioned that the following
precautions must be taken for reliable measure-
ment: (1) the water activity value should be
taken when the reading (0.001 unit) has been
constant for 10 min, (2) the humidity sensors
should be calibrated regularly to compensate
for drift, (3) a separate calibration curve should
be made for each sensor, and (4) sensors should
be calibrated at the same temperature at which
the samples are measured. Differences in tem-
perature between sample and sensor should be
avoided because of possible formation of con-
densate on the sensor. Labuza et al. (1976)
found that the equilibration time varied from
20 min to 24 hr depending on the humidity
range and food materials. They found that read-
ings did not change significantly after 20 or 30
min; therefore, 30-min readings were recom-
mended.

Anticipated Results

Water activity measurement by electronic
sensor gives the water activity value within the
range O to 1 (up to three decimal points) as a
function of sample water content and measure-
ment temperature (25° to 50°C).

Time Considerations

In this method, time is required for preparing
the saturated salt slurry (1 hr) and the sample
(30 min), as well as for temperature equilibra-
tion (30 min) and determining the moisture
content (30 min). Once standard saturated salt

slurries are prepared, they can be used for at
least a month unless microflora growth is ob-
served. A saturated salt solution is indicated by
the presence of a salt crystal layer at the bottom
of the cup. Usually, 30 min equilibrium time is
found to be adequate for a sample; however, in
some cases, a couple of hours may be needed.
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The Colorimetric Detection and Quantitation
of Total Protein

Protein quantification is an important step for handling protein samples for isolation and
characterization, and is a prerequisite step before submitting proteins for chroma-
tographic, electrophoretic, or immunochemical analysis and separation. The methods
included in this unit are colorimetric measurements, whose procedures are faster, simpler,
and less laborious than those based on estimation of total nitrogen content (UNIT B1.2).

This unit describes four of the most commonly used total protein assay methods. Three
of the four are copper-based assays to quantitate total protein: the Lowry method (see
Basic Protocol 1 and Alternate Protocols 1 and 2), the bicinchoninic acid assay (BCA;
see Basic Protocol 2 and Alternate Protocols 3 and 4), and the biuret method (see Basic
Protocol 3 and Alternate Protocol 5). The fourth is the Coomassie dye binding or Bradford
assay (see Basic Protocol 4 and Alternate Protocols 6 and 7), which is included as a simple
and sensitive assay, although it sometimes gives a variable response depending on how
well or how poorly the protein binds the dye in acidic pH. A protein assay method should
be chosen based on the sensitivity and accuracy of method as well as the condition of the
sample to be analyzed.

STRATEGIC PLANNING

Colorimetric Protein Assays

The four colorimetric methods for the detection and quantitation presented in this unit
have withstood the test of time. They are all well-characterized robust assays that
consistently work well. The methods were introduced over the past 15 to 50 years. They
collectively represent the state of the art for colorimetric detection and quantitation of
total proteins in the microgram to milligram range.

When confronted with the need to determine the total protein concentration of a sample,
one of the first issues to consider is selection of a protein assay method. The choice among
the available protein assays usually is made based upon consideration of the compatibility
of the method with the samples to be assayed. The objective is to select a method that
requires the least manipulation or pretreatment of the samples due to the presence of
substances that may interfere. If the total protein concentration in the samples is high (i.e.,
in the range of 5 to 160 mg/ml), the biuret total protein reagent is the best choice. If the
total protein concentration in the samples is low (i.e., in the range of 1 to 2000 pg/ml),
then any one of the other three (i.e., the Lowry, the Coomassie plus, or the BCA method)
would be suitable. If the sample contains reducing agents or copper-chelating reagents,
the Coomassie Plus Protein Assay Reagent (Pierce) would be the best choice. If the sample
contains one or more detergents (at concentrations up to 5%), the BCA protein assay
reagent is the best choice.

Sometimes the sample contains substances that make it incompatible with any of the
protein assay methods. In those cases, some pretreatment of the sample is necessary.

Each method has its advantages and disadvantages. No one method can be considered to
be the ideal or best protein assay method. Because of this, most researchers keep more
than one type of protein assay reagent available in their lab.

UNIT Bl1.1

Measurement of
Protein Content
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B1.1.2

Selection of the Protein Standard

The selection of a protein standard is potentially the greatest source of error in any protein
assay. Of course, the best choice for a standard is a highly purified version of the
predominate protein found in the samples. This is not always possible nor always
necessary. In some cases, all that is needed is a rough estimate of the total protein
concentration in the sample. For example, in the early stages of purifying a protein,
identifying which fractions contain the most protein may be all that is required. If a highly
purified version of the protein of interest is not available or it is too expensive to use as
the standard, the alternative is to choose a protein that will produce a very similar color
response curve with the selected protein assay method.

For general protein assay work, bovine serum albumin (BSA) works well as the choice
for a protein standard, because it is widely available in high purity and relatively
inexpensive. Although it is a mixture containing several immunoglobulins, bovine gamma
globulin (BGG) is also a good choice for a standard when determining the concentration
of antibodies, since BGG produces a color response curve that is very similar to that of
immunoglobulin G (IgG).

For greatest accuracy of the estimates of the total protein concentration in unknown
samples, it is essential to include a standard curve in each run. This is particularly true
for the protein assay methods that produce nonlinear standard curves (e.g., Lowry method,
Coomassie dye-binding method). The decision about the number of standards used to
define the standard curve and the number of replicates to be done on each standard depends
upon the degree of nonlinearity in the standard curve and the degree of accuracy required
of the results. In general, fewer points are needed to construct a standard curve if the color
response curve is linear. For assays done in test tubes, duplicates are sufficient; however,
triplicates are recommended for assays performed in microtiter plates due to the increased
error associated with microtiter plates and microtiter plate readers.

Preparation of the Samples

Before a sample can be analyzed for total protein content, it must be solubilized, usually
in a buffered aqueous solution. The entire process is usually done in the cold, with
additional precautions taken to inhibit microbial growth or to avoid casual contamination
of the sample by foreign debris such as hair, skin, or body oils. When working with tissues,
cells, or solids such as food products, the first step of the solubilization process is usually
disruption of the sample’s cellular structure by grinding and/or sonication, or by the use
of specially designed reagents containing surfactants to lyse the cells (i.e., the “POP-
PERS” line of products, available from Pierce). This is done in a cold aqueous buffer
containing one or more surfactants (to aid the solubilization of the membrane-bound
proteins), one or more biocides (to prevent microbial growth), and protease inhibitors (to
minimize or prevent digestion of the proteins into peptide fragments by endogenous
proteases). After filtration or centrifugation (to remove the cellular debris), additional
steps such as sterile filtration, removal of lipids, or further purification of the protein of
interest from the other sample components may be necessary.

Calculation of the Results

If calculating the protein concentrations manually, it is best to use point-to-point interpo-
lation. This is especially true if the standard curve is nonlinear. Point-to-point interpola-
tion refers to a method of calculating the results for each sample using the equation for a
linear regression line obtained from just two points on the standard curve. The first point
is the standard that has an absorbance just below that of the sample and the second point
is the standard that has an absorbance just above that of the sample. In this way, the
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Figure B1.1.1 The reaction schematic for the Lowry Protein Assay.

concentration of each sample is calculated from the most appropriate section of the whole
standard curve. The average total protein concentration for each sample is determined
from the average of its replicates. If multiple dilutions of each sample have been run, the
results for the dilutions that fall within the most linear portion of the working range are
averaged.

If using a computer program, use a quadratic curve fit for the nonlinear standard curve to
calculate the protein concentration of the samples. If the standard curve is linear or if the
absorbance readings for the samples fall within the linear portion of the standard curve,
the total protein concentrations of the samples can be estimated using the linear regression
equation.

Most software programs will allow the experimenter to construct and print a graph of the
standard curve as well as calculate the protein concentration for each sample and display
statistics for the replicates. Typically, the statistics displayed will include the average of
the absorbance readings (or the average of the calculated protein concentrations), the
standard deviation (SD), and the coefficient of variation (CV) for each standard or sample.
If multiple dilutions of each sample have been run, average the results for the dilutions
that fall in the most linear portion of the working range.

THE LOWRY PROTEIN ASSAY FOR DETERMINATION OF TOTAL
PROTEINS

In 1951, Oliver H. Lowry introduced this colorimetric total protein assay method. It
offered a significant improvement over previous protein assays, and his paper became one
of the most cited references in the life-science literature (Lowry, 1951). The Lowry assay
is easy to perform, since the incubations are done at room temperature and the assay is
sensitive enough to allow the detection of total protein in the low microgram per milliliter
range. It is one of three copper chelation chemistry—based methods presented in this unit.
Essentially, the Lowry protein assay is an enhanced biuret assay (see Basic Protocol 3).
After a short incubation, Lowry’s reagent C (Folin phenol) is added for enhanced color
development (Fig. B1.1.1). The Lowry assay requires fresh (daily) preparation of two
reagents and a meticulously timed incubation step. The two reagents are combined just
before use to make a buffered alkaline cupric sulfate working solution. The addition of
sodium dodecyl sulfate (SDS) to Lowry’s reagent D (i.e., Lowry’s reagent D”) allows the
method to be used with samples that contain detergents.
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B1.14

Materials

Standard protein: 2 mg/ml BSA (see recipe)
Sample buffer or solvent

Protein sample(s)

Lowry’s reagents C and D or D’ (see recipes)

1. Dispense 0 to 100 pl standard protein to appropriately labeled tubes and bring the
total volume to 100 pl with sample buffer or solvent to prepare a dilution series from
10 to 100 pg.

These concentrations of albumin should produce A5, readings from ~0.10 to 1.0 AU in
1-cm cuvettes.

2. Dispense <100 pl protein sample(s) to separate labeled tubes and adjust the final
volume to 100 pl using the same buffer or solvent used to prepare the sample.

3. Add 1 ml reagent D (or reagent D) to each of the standards and unknown samples.
Vortex the tubes immediately to develop optimum color. Incubate for precisely 10
min at room temperature.

If samples contain detergent, use reagent D’ to eliminate the interference associated with
up to 1% of various detergents. If a precipitate forms in reagent D', warm the reagent and
vortex before addition.

4. While mixing, add 0.1 ml reagent C. Vortex the tubes immediately. Incubate for 30
min at room temperature.

5. Measure the color at 750 nm (A,5,) on a spectrophotometer zeroed with deionized
water.

NOTE: Read samples within 10 min, as samples continue to develop color. Samples
incubated longer than 60 min should be discarded.

If the absorbance reading of the sample is higher than that of the highest concentration of
standard, dilute the sample with buffer and repeat the procedure on the diluted sample.

6. Plot a standard curve by graphing the average net or blank-corrected A5, values for
each standard versus its protein concentration in milligrams per milliliter.

7. Determine sample protein concentration by interpolating from the standard curve (see
Strategic Planning).

MODIFIED LOWRY PROTEIN ASSAY FOR DETERMINATION OF TOTAL
PROTEINS

Preformulated, stabilized, modified versions of the Lowry reagent are now commercially
available from Pierce (the Modified Lowry Protein Assay Reagent) or from Bio-Rad (the
DC Protein Assay). The assay can be performed in test tubes or a microtiter plate (see
Alternate Protocol 2). The working range of this assay is 1 to 1500 pg/ml if the Pierce
reagent is used, or 200 to 1400 pg/ml if the Bio-Rad reagent is used. Table B1.1.1 is a
brief troubleshooting guide for this technique.

Additional Materials (also see Basic Protocol 1)

Modified Lowry Protein Assay Kit (Pierce) containing:
2 mg/ml BSA in 0.9% (w/v) NaCl/0.05% (w/v) sodium azide
2 N Folin-Ciocalteu reagent: dilute fresh to 1 N
Modified Lowry’s Reagent
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Table B1.1.1 Troubleshooting Guide for the Modified Lowry Protein Assay

Problem

Possible cause

Solution

No color in any tubes

Blank A5 is normal, but standards
show less color than expected

Precipitate forms in all tubes

All tubes (including the blank) are
dark purple

Need to read color at a different
wavelength

Sample contains a chelating agent (e.g.,

EDTA, EGTA)

Sample changed the pH of the reagent

Color measured at the wrong wavelength
Sample contains a surfactant (detergent)

Sample contains potassium ions

Sample contains a reducing agent

Sample contains a thiol

Colorimeter does not have 750-nm filter

Dialyze or dilute the sample

Precipitate the protein with TCA and
dissolve the pellet in modified Lowry
reagent

Dialyze or dilute the sample

Measure the color at 750 nm
Dialyze or dilute the sample

Precipitate the protein with TCA,
dissolve the pellet in Modified
Lowry Reagent

Dialyze or dilute the sample

Precipitate the protein with TCA,
dissolve pellet in Modified Lowry
Reagent

Color may be read at any wavelength
between 650 nm and 750 nm

1. Prepare a dilution series of 2 mg/ml BSA (e.g., the standard provided in the Modified
Lowry Protein Assay Kit) in buffer to cover the range 2.0 to 1500 pg/ml.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock

BSA standard that was used with the samples.

2. Induplicate, add 200 ul diluted standard, sample, or buffer (blank) into appropriately

labeled test tubes.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock

BSA standard that was used with the samples.

3. At15-secintervals, add 1.0 ml Modified Lowry’s Reagent to each of the tubes. Vortex
2 to 3 sec to mix the contents of the tube and incubate at room temperature for exactly

10 min.

4. At the end of the first tube’s 10-min incubation, add 100 pl freshly diluted 1 N
Folin-Ciocalteu reagent (freshly diluted from a 2 N stock). Immediately vortex the
tube for 2 to 3 sec. Continue to maintain the 15-sec intervals from step 3 for addition

of the reagent to the remaining tubes.

5. Allow each of the tubes to incubate at room temperature for 30 min.

6. Measure the color at 750 nm (A;s,) on a spectrophotometer zeroed with deionized

water.

7. Plot a standard curve by graphing the average net or blank-corrected A5, values for
each BSA standard versus its concentration in micrograms per milliliter.

Example color response curves for BSA and BGG are shown in Figure Bl.1.2.

8. Determine the sample concentration by interpolating from the plot (see Strategic
Planning). Determine the average total protein concentration for each sample from

the average of its replicates.
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Figure B1.1.2 Graph of the color response curves obtained with Pierce’s Modified Lowry Protein
Assay Reagent using bovine serum albumin (BSA) and bovine gamma globulin (BGG). The
standard tube protocol was performed and the color was measured at 750 nm in a Hitachi U-2000
spectrophotometer.

MICROTITER PLATE MODIFIED LOWRY ASSAY

The modified Lowry assay can also be done in a 96-well microtiter plate format. The
assay has a working range of 1 to 1500 pg/ml.

Additional Materials (also see Alternate Protocol 1)

Microtiter plate and cover or tape seals
200-ul multichannel pipettor
Microtiter plate reader for 750 nm

1. Draw a template for placement of samples and standards on the microtiter plate.

2. Add 40 pl of each diluted BSA standard (see Alternate Protocol 1, step 1), sample,
or diluent (blank) to the appropriate wells of a 96-well plate.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock
BSA standard that was used with the samples.

3. Using a multichannel pipettor, quickly add 200 pl Modified Lowry’s Reagent to each
of the wells. Mix immediately on a plate mixer for 30 sec.

4. Allow the plate to incubate at room temperature for exactly 10 min.

5. Using a multichannel pipettor, quickly add 20 pl freshly diluted 1 N Folin-Ciocalteu
reagent to each well. Immediately mix on a plate mixer for 30 sec.

6. Cover the plate (to prevent evaporation) and incubate 30 min at room temperature.

7. Mix the plate again and measure the color (absorbance) of each well in a microtiter
plate reader at 750 nm.

8. Plot a standard curve by graphing the average net or blank-corrected A5, values for
each standard versus its protein concentration in micrograms per milliliter.

9. Determine the sample concentration by interpolating from the plot (see Strategic
Planning). Calculate the average total protein concentration for each sample from the
average of its replicates.
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THE BICINCHONINIC ACID (BCA) FOR DETERMINATION OF TOTAL
PROTEIN

Smith et al. (1985) introduced the bicinchoninic acid (BCA) protein assay reagent. In one
sense, it is a modification of the Lowry protein assay reagent. The mechanism of color
formation with protein for the BCA protein assay reagent is similar to that of the Lowry
reagent, but there are several significant differences. The BCA protein assay reagent
combines the reduction of Cu?* to Cu* by protein in an alkaline medium (i.e., the biuret
reaction; see Basic Protocol 3) with the highly sensitive and selective colorimetric
detection of the cuprous cation (Cu*) by bicinchoninic acid. The purple-colored reaction
product of this method is formed by the chelation of two molecules of BCA with one
cuprous ion (Fig. B1.1.3). The BCA/copper complex is water-soluble and exhibits a strong
linear absorbance at 562 nm with increasing protein concentrations. The primary advan-
tage of the BCA protein assay reagent is that most surfactants, even if present in the sample
at concentrations up to 5% (v/v), are compatible with this method. Table B1.1.2 is a brief
troubleshooting guide for this technique.

Materials

Protein standard: 2 mg/ml BSA (see recipe)

Sample buffer or solvent

Protein sample

BCA working reagent: mix 100 parts BCA reagent A with 2 parts reagent B (see
recipes for each reagent)

1. Prepare a dilution series of 2 mg/ml BSA in sample buffer or diluent to cover a range
from 125 to 2000 pg/ml.

2. Add 100 pl sample, diluted standard, or buffer (blank) into appropriately labeled
tubes.

3. Add 2 ml BCA working reagent mix to each tube. Vortex immediately.
4. Incubate samples and standards for 30 min at 37°C, then cool to room temperature.

5. Measure the color at 562 nm (Ass,) on a spectrophotometer zeroed with deionized

water.
O .
step 1: protein + Cu¢t —— Cu*
~—00C N N COO~
| ?@ . ©>%
step 2: Cut+2 BCA ———> Cu+
VAN
ooc—i@ N NQi—COO
BCA Cu*
complex

Figure B1.1.3 The reaction schematic for the BCA Protein Assay.
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Table B1.1.2 Troubleshooting Guide for BCA Protein Assay

Problem

Possible cause

Solution

No color in any tubes

Sample contains a copper chelating

Dialyze or dilute the sample

agent
Increase the copper concentration in
the working reagent (use 48 parts
reagent A and 2 parts reagent B)

Blank Asg, is normal, but standards
and samples show less color than
expected

Strong acid or alkaline buffer, alters
working reagent pH

Dialyze or dilute the sample

Color measured at the wrong wavelength Measure the color at 562 nm
Color of samples appear darker than Dilute the sample

expected

Protein concentration is too high

Add 2% (w/v) SDS to the sample to
eliminate interference from lipids

Sample contains lipids or lipoproteins

All tubes (including the blank) are
dark purple

Sample contains a reducing agent Dialyze or dilute the sample

Sample contains a thiol Precipitate the protein with
trichloroacetic acid (TCA) and
deoxycholate (DOC), dissolve pellet

in BCA working reagent

Sample contains biogenic amines
(catecholamines)

Treat the sample with iodoacetamide
(for thiols)

Color may be read at any wavelength
between 550 nm and 570 nm

Need to read color at a different Colorimeter does not have 562-nm filter

wavelength

3.0
4
2.5
2.0+
[sV]
©
w0
< 1.51
©
bz
1.0+
0.5 —> BSA
-o- BGG
O-O T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000
Protein concentration (ug/ml)
The Colorimetric Figure B1.1.4 Graph of the color response curves obtained with Pierce’s BCA Protein Assay
Detection and Reagent using bovine serum albumin (BSA) and bovine gamma globulin (BGG). The standard tube
Quantitation of protocol was performed and the color was measured at 562 nm in a Hitachi U-2000 spectro-
Total Protein photometer.

B1.1.8
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6.

7.

Plot a standard curve by graphing the average net or blank-corrected A5, values for
the standards versus protein concentration in micrograms per milliliter.

Example color response curves for BSA and BGG are shown in Figure Bl.1.4.

Determine the protein concentration of the sample by interpolation from the plot (see
Strategic Planning).

USING KITS FOR BCA MEASUREMENTS OF TOTAL PROTEIN

Preformulated versions of the BCA reagent are now commercially available from Pierce
(BCA Protein Assay Reagent) or Sigma (Bicinchoninic Acid Kit for Protein Determina-
tion). This assay can be performed in test tubes or microtiter plates (see Alternate Protocol
4), and has a working range of 20 to 2000 pg/ml.

Additional Materials

Sa.
5b.

BCA Protein Assay Reagent Kit (Pierce) or Bicinchoninic Acid Kit (Sigma)
containing:
2 mg/ml BSA in 0.9% NaCl/0.05% sodium azide (also see recipe)
BCA reagent A (also see recipe)
BCA reagent B (also see recipe)
37°C water bath

. Prepare a dilution series of BSA standard in buffer to cover the range 125 to 2000

pg/ml.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock
BSA standard that was used with the samples.

Prepare sufficient BCA working reagent (a minimum of 2 ml/tube or 20 ml/96-well
microtiter plate) by adding 2 parts BCA reagent B to 100 parts of BCA reagent A.

After mixing, the BCA working reagent is clear and apple green in color.

. Induplicate, add 100 pl standard, sample, or buffer (blank) into appropriately labeled

test tubes.

Add 2.0 ml BCA working reagent to each tube. Mix well by vortexing each tube 2
to 3 sec.

Standard tube protocol: Incubate all tubes in a 37°C water bath for 30 min.

Enhanced assay protocol: Alternatively, incubate all tubes in a 60°C water bath for
30 min.

Increasing the incubation temperature to 60°C lowers the minimum detection level to 5
ug/ml and narrows the working range of the assay to a maximum of 250 ug/ml. This is
known as the enhanced BCA assay.

After incubation, cool all tubes to room temperature.

NOTE: Since the BCA reagent does not reach a true end point, color development will
continue even after cooling to room temperature; however, the rate of color development
is very slow after cooling to room temperature, so no significant error is introduced if the
A, readings of all the tubes can be read within ~10 min.

Before reading, mix each tube again and measure the amount of color produced in
each tube with a spectrophotometer at 562 nm (Asq,) versus deionized water.

. Plot a standard curve by graphing the average net or blank-corrected As, values for

the standards versus protein concentration in micrograms per milliliter.
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9. Determine the sample concentration by interpolating from the plot (see Strategic
Planning). Calculate the average sample concentration from its replicates.

MICROTITER PLATE ASSAY FOR BCA MEASUREMENT OF TOTAL
PROTEIN

BCA assays can be run in 96-well microtiter plates. The assay has a working range of 125
to 2000 pg/ml.

Additional Materials (also see Alternate Protocol 3)

96-well microtiter plate with cover or tape seal
200-ul multichannel pipettor

Microtiter plate shaker

37°C dry-heat incubator

Microtiter plate reader

1. Draw a template for planning samples and standards on a microtiter plate.
Blanks, standards, and samples should be prepared in triplicate.

2. Add 10 pl of each diluted BSA standard (see Alternate Protocol 3, step 1), sample,
or diluent (blank) to the appropriate wells.

3. Using a multichannel pipettor, add 200 ul BCA working reagent (see Alternate
Protocol 3, step 2) to each well. Mix well on a microtiter plate shaker for 30 sec.

4. Cover the plate and incubate in a 37°C dry-heat incubator for 30 min.
5. After incubation, allow the plate to cool to room temperature.

6. Mix the plate again, remove the plate cover and measure the color in each well of the
plate at 562 nm (As4,) in a microtiter plate reader.

7. Plot a standard curve by graphing the average net or blank-corrected Asg, values for
each BSA standard versus its concentration in micrograms per milliliter.

8. Determine the sample concentration by interpolating from the plot (see Strategic
Planning). Calculate the average total protein concentration for each sample from the
average of its replicates.

THE BIURET ASSAY FOR DETERMINING TOTAL PROTEIN

All proteins are composed of amino acids joined by peptide bonds in a linear sequence.
There are ~20 naturally occurring amino acids found in proteins. The amino acids are
joined to each other by peptide bonds formed by a condensation reaction that occurs
between the terminal amine of one amino acid and the carboxyl end of the next. Peptides
containing three or more amino acid residues will form a colored chelate complex with
cupric ions in an alkaline environment containing sodium potassium tartrate. A similar
colored chelate complex forms with the organic compound biuret (NH,—CO-NH-CO-
NH,) and the cupric ion. The reaction in which a colored chelation complex is formed
with peptide bonds in the presence of an alkaline cupric sulfate solution became known
as the biuret reaction (Fig. B1.1.5). Thus, the biuret protein assay reagent gets its name
from the above reaction even though it does not actually contain the organic compound
biuret. Single amino acids or dipeptides do not give the biuret reaction, but tripeptides
and larger polypeptides or proteins will react to produce the light-blue to violet complex
that absorbs light at 540 nm. One cupric ion forms the colored coordinate complex with
4 to 6 nearby peptides bonds. The intensity of the color produced is proportional to the
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Urea (in excess) Biuret Cu Complex
Figure B1.1.5 The schematic of the Biuret reaction.
Table B1.1.3 Troubleshooting Guide for Biuret Protein Assay
Problem Possible cause Solution

No color in any tubes Sample contains copper

chelating agent

Dialyze or dilute the sample

Color measured at the Measure the color at 540 nm

wrong wavelength

Blank As,q is normal, but
standards show less color than

expected
All tubes (including the blank) are Sample contains a reducing Dialyze or dilute the sample
dark purple agent

number of peptide bonds participating in the reaction. Thus, the biuret reaction is the basis
for a simple and rapid colorimetric method of quantitatively determining total protein
concentration.

Because the working range for the Biuret assay is from 5 to 160 mg/ml, the Biuret reagent
has found utility in the clinical laboratories for the quantitation of total protein in serum.
The formulation employed in the Biuret total protein reagent (Sigma Diagnostics) was
developed by Doumas et al. (1981) as a candidate reference method for the determination
of serum total protein in the clinical lab. Using Sigma’s Biuret reagent, the expected range
for total protein in serum is from 63 to 83 mg/ml. Bilirubin, lipids, hemoglobin, and
dextran are known to interfere in the Biuret assay for total serum protein. Outside of this
application, other copper chelating agents such as EDTA, EGTA, citrate, Tris, imino-
diacetic acid, and nitrilotriacetic acid will interfere. The working range of this assay is 5
to 160 mg/ml. Table B1.1.3 is a brief troubleshooting guide for this technique.

Materials

Standard protein (see Commentary)
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Figure B1.1.6  Graph of the color response curves obtained with Sigma’s Biuret Total Protein
Reagent using bovine serum albumin (BSA) and bovine gamma globulin (BGG). The standard tube
protocol was performed and the color was measured at 540 nm in a Hitachi U-2000 spectro-
photometer.

Sample (unknown) protein
Biuret total protein reagent (Sigma Diagnostics; also see recipe)

1. Select a protein to use as the standard (see Strategic Planning) and prepare a dilution
series with buffer to cover the range 10 to 160 mg/ml.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the
standard that was used with the samples.

2. In duplicate, add 20 pl standard, sample, or diluent (blank) to appropriately labeled
test tubes.

3. Add 1.0 ml biuret reagent to each tube. Mix well by vortexing 2 to 3 sec.
4. Incubate tubes at ambient room temperature (18° to 26°C) for 10 min.

5. Measure the color of each tube with a spectrophotometer at 540 nm (As,,). Compare
to the blank.

6. Plot a standard curve by graphing the blank-corrected As,, values for the standards
versus protein concentration in milligrams per milliliter.

Example color response curves for BSA and BGG are shown in Figure B1.1.6.

7. Determine the sample concentration by interpolation from the standard curve (see
Strategic Planning).
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MICROTITER PLATE BIURET ASSAY FOR TOTAL PROTEIN

The biuret assay can be performed in a 96-well microtiter plate and has a working
concentration of 10 to 160 mg/ml.

Additional Materials (see Basic Protocol 3)

96-well microtiter plate and cover or tape sealer
250-ul multichannel pipettor and appropriate tips
Microtiter plate mixer

Microtiter plate reader

1. Draw a template for placement of samples and standards on the microtiter plate.

2. Select a protein to use as the standard (see Strategic Planning). Prepare a dilution
series with the same buffer used to dilute the samples to cover the range of 10 to 160
mg/ml.

3. In triplicate, add 5.0 ul of each diluted standard or sample into the appropriate
microtiter plate wells. Use the buffer or diluent that was used to dilute the standard
and samples for the blank wells.

4. Using a multichannel pipettor, add 250 pl biuret reagent to each well. Mix well on a
plate shaker for 30 sec.

5. Cover the plate and incubate at room temperature for 10 min.

6. Mix again. Remove the plate cover and measure the color in each well of the plate at
540 nm (As,,) in a microtiter plate reader.

7. Prepare a standard curve by graphing the average net or blank-corrected As,, values
for each standard versus its concentration in milligrams per milliliter.

8. Determine the sample concentration by interpolating from the plot (see Strategic
Planning).

THE COOMASSIE DYE-BINDING (BRADFORD) ASSAY FOR
DETERMINING TOTAL PROTEIN

The Coomassie dye—based protein-binding assays have the advantage of being the fastest
and the easiest to perform (Fig. B1.1.7). In addition, the assay is performed at room
temperature and no special equipment, other than a spectrophotometer, is required.
Briefly, the sample is added to the ready-to-use reagent and, following a short incubation,
the resultant blue color is measured at 595 nm versus deionized water.

In 1976, Marion Bradford introduced the first Coomassie dye—based reagent for the rapid
colorimetric detection and quantitation of total protein. The Coomassie dye (Bradford)
protein assay reagents have the advantage of being compatible with most salts, solvents,
buffers, thiols, reducing substances, and metal chelating agents encountered in protein
samples.

Materials

Sample buffer or solvent

Protein standard (e.g., 2 mg/ml BSA; see recipe)

Protein sample

Coomassie dye reagent (Pierce or Bio-Rad; also see recipe)

1. Prepare a dilution series from protein standard (e.g., 2 mg/ml BSA) and sample buffer
to cover the range 100 to 1000 pg/ml.

Bovine serum albumin (BSA) is often used as a calibration standard, but it has greater
general dye-binding capacity than most proteins (Bradford, 1976).
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Figure B1.1.7 The reaction schematic for the Coomassie Protein Assay.

ALTERNATE
PROTOCOL 6

The Colorimetric
Detection and
Quantitation of
Total Protein

B1.1.14

2. Dispense 0.1 ml standard, sample, or buffer to appropriately labeled tubes.

If commercially prepared Coomassie reagent is used, follow the manufacturer’s instruc-
tions. Commercial reagents tend to produce less turbidity and more consistent results.

Add 5 ml Coomassie dye reagent. Vortex immediately.
Incubate 10 min at room temperature.

Vortex each tube just before measuring the absorbance at 595 nm (Asys).

AN S

Plot a standard curve by graphing the average net or blank-corrected Asqys values for
the standard versus its protein concentration in micrograms per milliliter.

7. Determine the sample concentration by interpolation from the standard curve (see
Strategic Planning).

THE COOMASSIE PLUS PROTEIN ASSAY FOR DETERMINATION OF
TOTAL PROTEIN

Several companies offer modified Bradford Coomassie dye—based protein assay reagents.
Perhaps the most popular such reagent is the Protein Assay Reagent available from
Bio-Rad. The Coomassie Plus Protein Assay Reagent available from Pierce is another
modification of the Bradford formulation. In addition to the attributes cited above, the
Coomassie Plus Protein Assay Reagent has the unique advantage of producing a linear
response curve within a portion of its working range. For BSA, the response curve is linear
from 125 to 1000 pg/ml and for bovine gamma globulin (BGG), the response curve is
linear from 125 to 1500 pg/ml. The complete working range of the assay covers the
concentration range from 100 to 2000 pg/ml for the tube protocol and from 1 to 25 pg/ml
for the microtiter protocol (see Alternate Protocol 7).
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Table B1.1.4 Troubleshooting Guide for Coomassie Plus Protein

Problem Possible cause Solution

Blank Asgs is normal, but standards ~ Improper reagent storage Store reagent refrigerated

show less color than expected
Reagent still cold Warm to room temperature before use
Color measured at the wrong Measure the color at 595 nm
wavelength

Blank and standards are normal, but  Low molecular weight of sample Use the BCA (see Basic Protocol 2) or

samples show little color protein (<3000 kDa) Lowry protein assay (see Basic

Protocol 1)

A precipitate forms in all tubes Sample contains a surfactant Dialyze or dilute the sample

(detergent)

Precipitate the protein with TCA,
dissolve pellet in 50 mM NaOH

All tubes (including the blank) are Strong alkaline buffer or reagent Dialyze or dilute the sample
dark blue raises reagent’s pH
Sample volume too large, reagent pH Maximum of 1 part sample and 1 part
raised reagent
Need to read color at a different Colorimeter does not have 595 nm Color may be read at any wavelength
wavelength filter between 575 nm and 615 nm

The main disadvantage of all Bradford-type protein assay reagents is that they are not
compatible with surfactants at concentrations routinely used to solubilize membrane
proteins. With some exceptions, the presence of a surfactant in the sample, even at low
concentrations, causes precipitation of the reagent. Table B1.1.4 is a brief troubleshooting
guide for this technique.

Additional Materials (also see Basic Protocol 4)
Coomassie Plus Protein Assay Reagent Kit (Pierce) containing Coomassie Plus
Protein Assay Reagent
1. Prepare a dilution series with 2 mg/ml BSA and buffer to cover a range from 100 to
2000 pg/ml.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock
BSA standard that was used with the samples.

2. Allow the Coomassie Plus Protein Assay reagent to come to room temperature. Mix
the assay reagent well by gentle inversion before use.

3. In duplicate, dispense 50 pl standard, sample, or diluent (blank) into appropriately
labeled test tubes.

4. Add 1.5 ml Coomassie Plus Protein Assay Reagent to each tube. Mix each tube well
by vortexing 2 to 3 sec.

5. Let the tubes stand 10 min at room temperature.
6. Mix each tube again just before measuring the absorbance at 595 nm (Asys).
Disposable polystyrene cuvettes eliminate the job of cleaning dye-stained quartz or glass cuvettes.

7. Plot a standard curve by graphing the average net or blank-corrected Asy5 reading for
each standard versus its concentration in micrograms per milliliter.

Example color response curves for BSA and BGG are shown in Figure BI.1.8. Measurement of
Protein Content
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Figure B1.1.8 Graph of the color response curves obtained with Pierce’s Coomassie Plus Protein
Assay Reagent using bovine serum albumin (BSA) and bovine gamma globulin (BGG). The
standard tube protocol was performed and the color was measured at 595 nm in a Hitachi U-2000
spectrophotometer.

8. Determine the protein concentration for each sample by interpolating from the
standard curve (see Strategic Planning). Calculate the average total protein concen-
tration for each sample from the replicates.

MICROTITER PLATE COOMASSIE ASSAY FOR TOTAL PROTEIN

This microtiter plate assay has a working range of 1 to 25 pg/ml.

Additional Materials (see Basic Protocol 4)
Coomassie Plus Protein Assay Reagent Kit (Pierce) containing Coomassie Plus
Protein Assay reagent
96-well microtiter plate
300-pl multichannel pipettor
Microtiter plate mixer
Microtiter plate reader

1. Allow the Coomassie Plus Protein Assay Reagent to come to room temperature. Once
the reagent is at room temperature, mix the reagent well by gentle inversion of the
bottle.

2. Draw a template for placement of samples and standards on a 96-well microtiter plate.

3. Intriplicate, dispense 10 Ul of each diluted BSA standard, sample, or diluent (blank)
into the appropriate wells of a 96-well microtiter plate.

If possible, use the same diluent or buffer cocktail for the blanks and for diluting the stock
standard that was used with the samples.

4. Dispense 300 pul Coomassie Plus Protein Assay reagent into each well with a
multichannel pipettor. Mix the plate well on a plate shaker for 30 sec.

5. Let the plate incubate 10 min at room temperature.

6. Justbefore reading, mix the plate again, then measure the absorbance at 595 nm (Asys)
on a plate reader.
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7. Prepare a standard curve by graphing the average net or blank corrected Asq5 values
for each standard versus its concentration in micrograms per milliliter.

8. Determine the sample concentration by interpolating from the standard curve (see
Strategic Planning). Calculate the average total protein concentration for each sample
from the replicates.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

BCA reagent A
1 g 4,4’-dicarboxy-2,2’-biquinoline, disodium salt (Na,BCA; Pierce or Sigma;
1% wi/v final)
2 g Na,CO;-H,0 (2% w/v final)
160 mg sodium tartrate dihydrate (0.16% w/v final)
0.4 g NaOH (0.4% w/v final)
0.95 g NaHCO; (0.95% w/v final)
Dissolve all of the above chemicals except the sodium bicarbonate in deionized
water and adjust the final volume to 100 ml. Adjust the pH to 11.25 by adding the
sodium bicarbonate a little at a time. Store this alkaline reagent in a plastic container
1 to 3 weeks at room temperature, longer at 4°C.

Only the disodium salt of Na,BCA is soluble at neutral pH; the free acid is not readily soluble.

BCA reagent B
4 g CuSO,-5H,0 (4% w/v final)
100 ml H,O
Store up to 6 months at room temperature

Biuret total protein reagent
0.6 mol/liter sodium hydroxide
12.0 mmol/liter copper sulfate
31.9 mmol/liter sodium potassium tartrate
30.1 mmol/liter potassium iodide
Store up to 6 months at room temperature

This reagent is based upon the candidate reference method for the determination of total
protein in serum developed by Doumas et al. (1981). It is available from Sigma Diagnostics.

BSA, 2 mg/ml (w/v)
200 mg BSA (crystallized or lyophilized or one of the Cohn Fraction V preparations
which are 96% to 98% protein and 3% to 4% water) in 100 ml of 0.9% saline
containing 0.05% sodium azide. Store up to 6 months at 4°C.

Coomassie dye reagent
100 mg Coomassie Brilliant Blue G-250 (0.01% w/v final)
50 ml 95% ethanol (4.7% final)
100 ml 85% (w/v) phosphoric acid (8.5% w/v final)
In a small container, dissolve the dye in the ~25 ml ethanol, add the dye/ethanol
solution to 800 ml of deionized water. Use the remaining ethanol to rinse the
dye/ethanol container and add the rinses to the formulation. While mixing, slowly
add the acid to the formulation and adjust the final volume to 1000 ml with deionized
water. Filter the reagent through a single pad of Whatman no. 2 filter paper. Store
up to 1 month at room temperature in a glass container.

continued
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Coomassie Brilliant Blue G-250 (color index 42655) is available from a number of different
suppliers (e.g., ACROS, Aldrich, AMRESCO, Bio-Rad, Fisher Biotech, Fluka, ICN Biomedi-
cals, J.T. Baker, Research Organics, Serva, Sigma, or USB).

Lowry’s reagent A
21.2 g sodium carbonate (2% w/v)
40 ml 1 N NaOH (or 4.0 g NaOH; 0.1 N final)
Add distilled or deionized water to 1 liter
Make fresh daily

Lowry’s reagent B
0.5 g CuSO,-5H,0 (0.5% final)
1 g sodium tartrate (1% final)
Make fresh daily

Sodium tartrate may be replaced with disodium tartrate, potassium sodium tartrate, or
sodium citrate for better solubility.
Lowry’s reagent C (1 N Folin phenol reagent)

Dilute 2 N Folin phenol (Sigma, Fisher, or VWR) with an equal volume water.
Prepare immediately before use.

Lowry’s reagent D (reagent A and B mix)

Mix 1 vol reagent B and 50 vol reagent A (see recipes). Prepare it immediately before
use.

Lowry’s reagent D’

Add 2 ml of 10% sodium dodecyl sulfate (SDS; AppPENDIX 24 for 20% solution) in
deionized water to each 100 ml Lowry’s reagent D (see recipe). Prepare immediately

before use.

COMMENTARY

Background Information

The modified Lowry protein assay

Although the exact mechanism of color for-
mation reaction in the Lowry protein assay
remains poorly understood, it is known that the
color producing reaction with protein occurs in
two distinct steps. As seen in Figure B1.1.1,
protein is first reacted with alkaline cupric sul-
fate in the presence of tartrate during a 10-min
incubation at room temperature. During this
incubation, a tetradentate copper complex
forms from four peptide bonds and one atom
of copper. The tetradentate copper complex is
light blue in color (this is the “biuret reaction™).
Following the 10-min incubation, Folin phenol
reagent is added. It is believed that color en-
hancement occurs when the tetradentate copper
complex transfers electrons to the phospho-
molybdic/phosphotungstic acid complex (i.e.,
the Folin phenol reagent).

The reduced phosphomolybdic/phospho-
tungstic acid complex produced by this reaction
is intensely blue in color. The Folin phenol
reagent loses its reactivity almost immediately

upon addition to the alkaline working re-
agent/sample solution. The blue color contin-
ues to intensify during a 30-min room tempera-
ture incubation. It has been suggested by Lowry
et al. (1951) and by Legler et al. (1985) that
during the 30-min incubation, a rearrangement
of the initial unstable blue complex leads to the
stable final blue colored complex, which has
higher absorbance.

For small peptides, the amount of color
increases with the size of the peptide. The
presence of any of five amino acid residues
(tyrosine, tryptophan, cysteine, histidine, and
asparagine) in the peptide or protein backbone
further enhance the amount of color produced,
because they contribute additional reducing
equivalents for further reduction of the phos-
phomolybdic/phosphotungstic acid complex.
With the exception of tyrosine and tryptophan,
free amino acids will not produce a colored
product with the Lowry reagent; however, most
dipeptides can be detected. In the absence of
any of the five amino acids listed above, pro-
teins containing proline residues have a lower
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color response with the Lowry reagent because
it interferes with complex formation.

The final blue color is optimally measured
at 750 nm, but it can be measured at any wave-
length between 650 nm and 750 nm with little
loss of color intensity. Dr. Lowry (1951) rec-
ommended reading the color at 750 nm because
few other substances absorb light at that wave-
length. The amount of light absorbed at 750 nm
is directly proportional to the amount of protein
in the sample, but the color response curve
produced is nonlinear.

The sensitivity of the Modified Lowry Pro-
tein Assay Reagent is greatly enhanced over
that of the Biuret total protein reagent. The
working range of the method covers the total
protein range from 1 to 1500 pg/ml. In com-
parison, the working range for the Biuret assay
is from 5 to 160 mg/ml.

The modified Lowry protein assay reagent
will form precipitates in the presence of surfac-
tants or potassium ions. The problem of pre-
cipitation that is caused by the presence of
potassium ions in the sample can sometimes be
overcome by centrifuging the tube and reading
the color in the supernatant. Most surfactants
will cause precipitation of the reagent even at
very low concentrations. One exception is so-
dium dodecyl sulfate (SDS), which is compat-
ible with the reagent at concentrations up to 1%
(w/v) in the sample. Chelating agents interfere
because they bind copper and thus prevent
formation of the copper-peptide bond complex.
Reducing agents and free thiols interfere, as
they reduce the phosphotungstate-phospho-
molybdate complex, immediately forming an
intensely blue colored product upon their addi-
tion to the modified Lowry protein assay re-
agent.

The Coomassie plus protein assay

The primary advantage of the Coomassie
plus protein assay is that it is generally compat-
ible with most of the buffers and reagents found
in samples and is unaffected by the presence of
chelating agents, reducing agents, or free sulf-
hydryls in the sample.

The development of color in the Coomassie
dye-binding methods has been associated with
the presence of certain basic amino acids (pri-
marily arginine, lysine, and histidine) in the
protein. Van der Waals forces and hydrophobic
interactions also participate in the binding of
the dye by protein. The number of Coomassie
dye ligands bound to each protein molecule is
approximately proportional to the number of
positive charges found on the protein. In the
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acidic environment of the Coomassie plus pro-
tein assay reagent, protein binds to the Coomas-
sie dye. This results in a spectral shift of the
reagent from the reddish/brown form of the
dye, with an absorbance maximum at 465 nm,
to the blue form of the dye, with an absorbance
maximum at 610 nm (see Fig. B1.1.7).

The difference between the two forms is
greatest at 595 nm; therefore, this is the optimal
wavelength to measure the blue color from the
Coomassie dye—protein complex. If desired,
the blue color can be read at any wavelength
between 575 and 615 nm. At the two extremes
(575 and 615 nm) there is a loss of ~10% in the
measured amount of color (absorbance) com-
pared to the value obtained at 595 nm.

Free amino acids, peptides, and low molecu-
lar weight proteins do not produce color with
the Coomassie plus protein assay reagent. In
general the molecular weight of the peptide or
protein must be at least 3000 kDa to be assayed
with this reagent. In some applications this can
be an advantage. The reagent has been used to
measure “high molecular weight proteins” dur-
ing fermentation in the beer brewing industry.

One disadvantage of any Coomassie dye—
based protein assay is that surfactants in the
sample will cause precipitation of the reagent.
Another disadvantage is that the Coomassie
plus protein assay reagent shows almost twice
as much protein-to-protein variation as that
obtained with the protein-copper chelation—
based assay reagents (the Lowry protein assay
reagent or the BCA protein assay reagent).
While this is true, the reagent exhibits the least
protein-to-protein variation of all Coomassie
dye-based (Bradford) reagents. Since the
Coomassie dye reagent is highly acidic, a small
number of proteins cannot be assayed with this
reagent due to poor solubility. In addition, the
glass or quartz cuvettes routinely used to hold
the solution in the spectrophotometer while the
color intensity is being measured are stained by
Coomassie dye—based reagents.

The BCA protein assay

The BCA protein assay is a modification of
the Lowry protein assay in which enhanced
color production is due to the reaction of re-
duced copper with bicinchoninic acid (BCA).
This reagent has a unique advantage over the
Lowry protein assay reagent and the Coomassie
plus protein assay reagent because it is compat-
ible with samples that contain up to 5% (v/v)
surfactants (detergents). Unlike the Lowry pro-
tein assay, all reactants needed are present in
the BCA working reagent. Large numbers of
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tubes can be run without regard to the limits
imposed in the Lowry assay by the need to add
a second reagent at a precise time interval.

The working range of the BCA protein assay
reagent is from 20 to 2000 pg/ml for both the
standard tube and the standard microtiter plate
protocols. Since the color reaction is not a true
end-point reaction, this allows more protocol
flexibility. By increasing the incubation tem-
perature, the sensitivity of the reagent can be
increased. When using the enhanced tube pro-
tocol (incubating at 60°C for 30 min), the work-
ing range for the assay shifts to 5 to 250 pg/ml
and the minimum detection level becomes 5
png/ml.

Although the mechanism of color formation
with protein for the BCA Protein Assay Re-
agent is similar to that of the Lowry reagent,
there are several significant differences. The
BCA protein assay combines the well-known
reduction of Cu?* to Cu* by protein in an alka-
line medium (the so-called biuret reaction) with
the highly sensitive and selective colorimetric
detection of the cuprous cation (Cu*) by
bicinchoninic acid. The purple-colored reac-
tion product of this assay is formed by the
chelation of two molecules of BCA with one
cuprous ion (see Fig. B1.1.3). The resultant
BCA/Cu* complex is water-soluble and exhib-
its a strong linear absorbance maximum at 562
nm with increasing protein concentrations. If
desired, the purple color may be measured at
any wavelength between 550 nm and 570 nm
with minimum (<10%) loss of signal.

The reaction that leads to BCA color forma-
tion as a result of the reduction of Cu?* is also
strongly influenced by the presence of any of
four amino acid residues (tyrosine, tryptophan,
cysteine, or cystine) in the amino acid sequence
of the protein. Unlike the Coomassie dye—bind-
ing (Bradford) methods, which require a mini-
mum mass of protein to be present for the dye
to bind, the presence of only a single amino acid
residue in the sample may result in the forma-
tion of a colored BCA-Cu* chelate. This is true
for any of the four amino acids cited above.
Studies done with di- and tripeptides indicate
that the total amount of color produced is
greater than can be accounted for by the simple
addition of the color produced with each BCA-
reactive amino acid, so the peptide backbone
must contribute to the reduction of copper as
well.

The rate of color formation is dependent on
the incubation temperature, the types of protein
present in the sample and the relative amounts
of reactive amino acids contained in the pro-

teins. The recommended protocols do not result
in end-point determinations, so the incubation
periods were chosen to yield maximal color
response in a reasonable time frame.

The protein-to-protein variation in the
amount of color produced with the BCA Pro-
tein Assay Reagent (CV = 15% for the group
of 14 proteins at 1000 pg/ml in the standard
tube protocol) is similar to that observed for the
modified Lowry protein assay reagent.

The biuret total protein assay

Riegler (1914) introduced the biuret reac-
tion as a method for the estimation of albumin
in urine in 1914. Modifications and improve-
ments to the biuret method were made by Au-
tenrieth and Mink (1915), Hiller (1926), and
Fine (1935). All of these early methods required
the separate addition of a sodium hydroxide
solution and the separate addition of a copper
sulfate solution to the sample. The methods
suffered from poor precision due to ineffective
mixing and variation in reaction time during
mixing. The first “one solution” biuret reagent
was introduced by Kingsley (1942) for use in
measuring total protein, albumin, and globulin
in human serum. Weichselbaum (1946) and
Gornall etal. (1949) modified Kingsley’s biuret
reagent by decreasing the sodium hydroxide
concentration to prevent the formation of pre-
cipitates and by adding sodium potassium tar-
trate to stabilize the reagent. Potassium iodide
was added to prevent the autoreduction of Cu?*.
Goa (1953) published on the use of the biuret
reagent for determining total protein in human
cerebrospinal fluid.

Sigma Diagnostic’s Biuret Total Protein Re-
agent is based upon the candidate reference
method formulation used for the determination
of total protein in serum developed by Doumas
et al. (1981). Because the primary application
for this reagent is the determination of total
protein in serum, most of the studies regarding
assay precision, assay linearity, and interfering
substances have been done on clinical samples.
On samples with total protein concentrations in
the range of 26 to 121 mg/ml, within-run and
between-run precision was found to be excel-
lent (CV’s ranged from 4.2% to 1.4%). Lipids,
bilirubin, hemoglobin, dextran, and certain
drugs have been shown to interfere with the
total protein results obtained with the Biuret
Total Protein Reagent. Interference caused by
the presence of lipid in the sample is due to
turbidity. Interference caused by the presence
of bilirubin or hemoglobin is small, almost
negligible. Dextran causes precipitation in the
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reaction mixture during color development;
however, centrifuging the reaction mixture be-
fore reading the color can minimize this. The
Biuret Total Protein Reagent contains 0.6
mol/liter sodium hydroxide, 12.0 mmol/liter
copper sulfate, 31.9 mmol/liter sodium potas-
sium tartrate, and 30.1 mmol/liter potassium
iodide. It should be stored at ambient room
temperature until the expiration date shown on
the label. Certain drugs and other substances
are known to influence circulating levels of
total protein (Young, 1990).

Critical Parameters

The modified Lowry protein assay reagent

The modified Lowry protein assay reagent
must be refrigerated for long-term storage. If
the entire bottle of reagent will be used within
areasonable time, the reagent may be stored at
ambient room temperature (18° to 26°C) for up
to 1 month. Reagent that has been left at room
temperature for more than a month may show
lower color response with protein, especially at
the higher end of the working range. If the
reagent has been stored refrigerated, it must be
warmed to room temperature before use. The
use of cold modified Lowry protein assay re-
agent will result in low A5 values.

The protocol requires that the Folin phenol
reagent be added to each tube precisely at the
end of the 10-min incubation. At the alkaline
pH of the Lowry reagent, the Folin phenol
reagent is almost immediately inactivated;
therefore, it is best to add the Folin phenol
reagent at the precise time while simultane-
ously mixing each tube. Because it is somewhat
cumbersome, itrequires some practice to do the
assay well. From a practical point of view, it
also limits the total number of tubes that can be
doneinasinglerun.Ifa 10-secinterval between
tubes is used, the maximum number of tubes
that can be done within 10 min is 60 (10
sec/tube X 60 tubes = 600 sec or 10 min).

The Coomassie plus protein assay reagent
The Coomassie plus protein assay reagent
must be refrigerated for long-term storage. If
the entire bottle of reagent will be used within
areasonable time, the reagent may be stored at
ambient room temperature (18° to 26°C) for up
to 1 month. Reagent that has been left at room
temperature for more than a month may show
lower color response with protein, especially at
the higher end of the working range. If the
reagent has been stored refrigerated, it must be
warmed to room temperature before use. The
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use of cold Coomassie plus protein assay re-
agent will result in low Asgs5 values.

The Coomassie plus protein assay reagent
must be mixed gently by inversion just before
use. The Coomassie dye in the reagent sponta-
neously forms loosely associated dye-dye ag-
gregates upon standing. These aggregates may
become visible after the reagent has been stand-
ing for as little as 60 min. Gentle mixing of the
reagent by inversion of the bottle will uniformly
disperse the dye-dye aggregates. After binding
to protein, the dye also forms protein-dye-pro-
tein-dye aggregates. Fortunately, these aggre-
gates can be dispersed easily by mixing the
reaction tube. This is common to all Coomassie
dye—based (Bradford) protein assay reagents.
Since these aggregates form relatively quickly,
it is a good idea to routinely mix (vortex for 2
to 3 sec) each sample just before measuring the
color.

Bradford-type reagents containing
Coomassie dye will leave a blue stain on glass
or quartz cuvettes. The stain can be removed by
washing the cuvettes in a dilute detergent solu-
tion in hot tap water, rinsing with water, then
washing with methanol or ethanol, and finally
rinsing with deionized water. Disposable plas-
tic (polystyrene) cuvettes are strongly recom-
mended because they eliminate the need to
clean; however, these cuvettes are not compat-
ible with samples containing organic solvents
(e.g., acetone, DMF, acetonitrile).

The BCA protein assay reagent

Since the BCA protein assay is not a true
end-point assay, the amount of color produced
varies with the incubation time and the incuba-
tion temperature. While this allows consider-
able flexibility in optimizing the BCA assay for
each application, it also requires that the opti-
mized procedure be followed exactly every
time the assay is done.

At room temperature, following an initial
lag phase, the rate of color formation remains
relatively constant for hours. If the incubation
time alone is increased, the total amount of
color produced by a given mass of protein
increases.

If the incubation temperature is increased,
the rate of color formation increases and the
total amount of color produced by a given mass
of protein increases. After cooling the reaction
mixture back to room temperature, the rate of
color development slows from its initial rate.
As both time and temperature are increased, the
total amount of color produced by a given mass
of protein approaches a maximum. This is ap-
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parent from the dramatic decrease in the rate of
color formation upon cooling to room tempera-
ture following incubation at 60°C for 30 min.

Above 75°C, ablack precipitant forms in the
BCA reaction mixture and the absorbance at
562 nm of the blank increases dramatically.
This appears to be caused by the formation of
copper oxide at high temperature.

For greatest accuracy and precision when
comparing sets of data from multiple runs, a set
of standards must be included with each run,
and the standards and the samples must be
treated exactly the same.

The biuret total protein reagent

The biuret total protein reagent is consider-
ably less sensitive to total protein than the other
three protein assay reagents discussed in this
unit. This limits the applications in which the
Biuret reagent can be used. Since the primary
use of the Biuret reagent has been for serum
total protein in the clinical laboratory, there is
little published information about its compati-
bility with substances and reagents common to
nonclinical samples.

Anticipated Results

Standard curves

Typical standard curves are shown in Fig-
uresB1.1.2,B1.1.4,B1.1.6,andB1.1.8 foreach
of the four assay methods. In each case, the tube
protocols were performed in duplicate on di-
luted BSA or BGG standard. The color in each
tube was measured at the appropriate wave-
length in a dual-beam spectrophotometer. The
net absorbance for each sample was plotted
versus its protein concentration.

Figure B1.1.2 shows the color response
curves obtained with the Modified Lowry Pro-
tein Assay Reagent using BSA and BGG. The
graph shows the net absorbance at 750 nm
versus the protein concentration at seven con-
centrations from 125 to 2000 pg/ml for each
protein. Note that the response curve for BGG
is higher than the response curve for BSA.

Figure B1.1.4 shows the color response
curves obtained with the BCA Protein Assay
Reagentusing BSA and BGG. The graph shows
the net absorbance at 562 nm versus the protein
concentration at seven concentrations from 125
to 2000 pg/ml for each protein. Note that the
response curve for BGG is higher than the
response curve for BSA.

Figure B1.1.6 shows the color response
curves obtained with the Biuret total protein
reagent using BSA and BGG. The graph shows

the net absorbance at 540 nm versus the protein
at eight concentrations from 5 to 100 mg/ml.
Figure B1.1.8 shows the color response
curves obtained with the Coomassie Plus Pro-
tein Assay Reagent using BSA and BGG. The
graph shows the net absorbance at 595 nm
versus the protein concentration at seven con-
centrations from 125 to 2000 pg/ml for each
protein. Note that the color response curve for
BGG is lower than the response curve for BSA.

Protein-to-protein variation

Each protein in a sample is unique and can
demonstrate that individuality in protein assays
as variation in the color response. Such protein-
to-protein variation refers to differences in the
amount of color (absorbance) that are obtained
when the same mass (microgram or milligram)
of various proteins are assayed concurrently
(i.e., in the same run) by the same method.
These differences in color response relate to
differences among proteins due to amino acid
sequence, isoelectric point (plI), secondary
structure, and the presence of certain side
chains or prosthetic groups.

To analyze protein-to-protein variation for
each method, a group of fourteen proteins was
assayed in duplicate using the standard tube
protocol in a single run. The net (blank cor-
rected) average absorbance for each protein
was calculated. To make it easier to interpret,
the net absorbance for each protein was ex-
pressed as aratio to the net absorbance for BSA.
If a protein has a ratio of 0.80, it means that the
protein produces ~80% of the color that is
obtained for an equivalent mass of BSA.

Table B1.1.5 demonstrates the relative de-
gree of protein-to-protein variation that can be
expected with the different protein assay meth-
ods. This differential may be a consideration in
selecting a protein assay method, especially if
the relative color response ratio of the protein
in the samples is unknown. As expected, the
protein assay methods that share the same basic
chemistry show similar protein-to-protein vari-
ation.

The protein-to-protein variation observed
with the various protein assay methods makes
it obvious why the largest source of error for
protein assays is the choice of protein for the
standard curve. If the sample contained IgG as
the major protein and BSA was used for the
standard curve, the estimated total protein con-
centration of the sample will be inaccurate.
Whether the concentration was underestimated
or overestimated depends upon which total pro-
tein assay method was used. If the Coomassie
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Table B1.1.5 Protein-to-Protein Variation®

Ratios obtained with Ratios obtained with the

Protein tested

Ratios obtained with the

the BCA method  Coomassie plus method modified Lowry method
Albumin, bovine (BSA) 1.00 1.00 1.00
Aldolase, rabbit 0.85 0.74 0.94
a-Chymotrypsinogen, bovine 1.14 0.52 1.17
Cytochrome C, horse 0.83 1.03 0.94
Gamma globulin, bovine 1.11 0.58 1.14
IgG, bovine 1.21 0.63 1.29
IgG, human 1.09 0.66 1.13
IgG, mouse 1.18 0.62 1.20
IgG, rabbit 1.12 043 1.19
IgG, sheep 1.17 0.57 1.28
Insulin, bovine pancreas 1.08 0.67 1.12
Myoglobin 0.74 1.15 0.90
Ovalbumin 0.93 0.68 1.02
Transferrin, human 0.89 0.90 0.92
Average ratio 1.02 0.73 1.09
Standard Deviation (SD) 0.15 0.12 0.13
Coefficient of Variation 0.15 0.29 0.12

“The protein-to-protein variation in color response was measured at 1000 pg/ml for each protein in duplicate using the standard tube

protocol. Within each assay, the average net or blank corrected absorbance was determined for each protein. The average net absorbance
for each protein was divided by the average net absorbance obtained with BSA and expressed as a ratio. The standard deviation (SD) and
the coefficient of variation (CV) is presented for the fourteen proteins assayed on the three methods. By comparing the CV’s, the relative
degree of protein-to-protein variation to be expected with the three methods can be assessed.

Plus Protein Assay Reagent was used, the total
protein (IgG) concentration in the sample
would be underestimated by ~40%. (From Ta-
ble B1.1.5, the response ratio for IgG is ~0.58
for IgG compared to 1.00 for BSA.) If the BCA
Protein Assay Reagent was used, the total pro-
tein (IgG) concentration in the sample would
be overestimated by ~15%. (From Table
B1.1.5, the response ratio for IgG is ~1.15 for
IgG compared to 1.00 for BSA.) On the other
hand, if BGG had been used for both standard
curves, the total protein estimates for the sam-
ple would have been in much greater agreement
between the two methods.

While Table B1.1.5 is useful because it pro-
vides an estimate of the protein-to-protein vari-
ation in color response that can be expected
with each method, it does not tell the whole
story. Because the comparisons were done at a
single protein concentration, it is not apparent
that the color response ratio also varies with
changes in protein concentration.

Compatible and incompatible substances
An extensive list of substances that have
been found to be compatible with each of the
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reagents is shown in Table B1.1.6. Each sub-
stance was assayed in duplicate using the stand-
ard tube protocol for each reagent. In addition
to adding the substance to a sample containing
1000 pg/ml BSA, a blank sample containing
only the substance was tested. When added to
the sample, a substance was deemed to be
compatible with a reagent if the blank-cor-
rected absorbance for the sample containing the
substance was within 10% of the blank-cor-
rected absorbance for the sample containing
only BSA (also at 1000 pg/ml).

Time Considerations

The amount of time required to complete a
total protein assay will vary for the four col-
orimetric total protein assay methods de-
scribed. For the purpose of providing an esti-
mate of the amount of time required to perform
arun by each method, it was assumed that the
run included twenty samples and eight stand-
ards (including the blank) and that each sample
or standard was assayed in duplicate using the
standard tube protocol. The estimates do not
include the time spent obtaining the samples or
the time it takes to prepare the samples for

Measurement of
Protein Content

B1.1.23



The Colorimetric
Detection and
Quantitation of
Total Protein

B1.1.24

Table B1.1.6 Maximum Compatible Sample Concentration of 92 Substances”

Coomassie plus Modified Lowry

Substance tested BCA method method method
Detergents
Brij 35 5.0% 0.062% 0.031%
Brij 56 1.0% 0.031% 0.062%
Brij 58 1.0% 0.016% 0.062%
CHAPS 5.0% 5.0% 0.062%
CHAPSO 5.0% 5.0% 0.031%
Deoxycholic acid 5.0% 0.04% Not tested
Lubrol PX 1.0% 0.031% 0.031%
Nonidet P-40 5.0% 0.5% 0.016%
Octyl glucoside 5.0% 0.5% 0.031%
Octyl B-thioglucoside 5.0% 3.0% Not tested
SDS (lauryl) 5.0% 0.016% 1.0%
SPAN 20 1.0% 0.5% 0.25%
Triton X-100 5.0% 0.062% 0.031%
Triton X-114 1.0% 0.062% 0.031%
Triton X-305 1.0% 0.125% 0.031%
Triton X-405 1.0% 0.25% 0.031%
Tween 20 5.0% 0.031% 0.062%
Tween 60 5.0% 0.025% Not tested
Tween 80 5.0% 0.016% 0.031%
Zwittergent 3-14 1.0% 0.025% Not tested
Salts and buffers
ACES, pH 7.8 25 mM 100 mM Not tested
Ammonium sulfate 1.5M 1M Not compatible
Asparagine 1 mM 10 mM 5mM
Bicine, pH 8.4 20 mM 100 mM Not tested
Bis-Tris, pH 6.5 33 mM 100 mM Not tested
Borate (50 mM), pH 8.5 Undiluted Undiluted Not tested
(BupH pack)
B-PER cell lysis reagent Undiluted Diluted 1:2 Not tested
Calcium chloride in TBS 10 mM 10 mM Not tested
Carbonate/bicarbonate, Na Undiluted Undiluted Not tested
(0.2M),pH 9.4
Cesium bicarbonate 100 mM 100 mM 50 mM
CHES, pH 9.0 100 mM 100 mM Not tested
Cobalt chloride in TBS 0.8 mM 10 mM Not tested
EPPS, pH 8.0 100 mM 100 mM Not tested
Ferric chloride in TBS 10 mM 10 mM Not tested
Glycine 1 mM 100 mM 100 mM
HEPES 100 mM 100 mM 1 mM
Imidazole, pH 10.2 50 mM 200 mM 25 mM
MES, pH 6.1 100 mM 100 mM 100 mM
0.1 M MES/0.9% NaCl, pH 4.7 Undiluted Undiluted Not tested
continued
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Table B1.1.6 Maximum Compatible Sample Concentration of 92 Substances?, continued

Coomassie plus Modified Lowry

Substance tested BCA method method method
MOPS, pH 7.2 100 mM 100 mM Not tested
Modified Dulbecco’s PBS Undiluted Undiluted Not tested
Nickel chloride in TBS 10 mM 10 mM Not tested
Phosphate buffered saline (PBS), Undiluted Undiluted Not tested
pH7.2
PIPES, pH 6.8 100 mM 100 mM Not tested
RIPA lysis buffer, pH 8.0 Undiluted Diluted 1:40 Not tested
Sodium acetate 200 mM 180 mM 200 mM
Sodium azide 0.2% 0.5% 0.2%
Sodium bicarbonate 100 mM 100 mM 100 mM
Sodium chloride 1.0M 1M 1M
Sodium citrate, pH 4.8 200 mM 200 mM Not tested
Sodium phosphate 100 mM 100 mM 100 mM
Tricine, pH 8.0 25 mM 100 mM Not tested
Triethanolamine, pH 7.8 25 mM 100 mM Not tested
Tris 250 mM 2M 10 mM
TBS, pH 7.6 Undiluted Undiluted Not tested
25 mM Tris/192 mM glycine, pH Diluted 1:3 Undiluted Not tested
8.0
25 mM Tris/192 mM Undiluted Diluted 1:4 Not tested
glycine/0.1% SDS, pH 8.0
Zinc chloride in TBS 10 mM 10 mM Not tested
Reducing agents
N-acetylglucosamine in PBS 10 mM 100 mM Not tested
Ascorbic acid Not compatible 50 mM 1 mM
Catecholamines Not compatible Not tested Not tested
Creatinine Not compatible Not tested Not tested
Glucose 10 mM 1M 0.1 mM
Melibiose Not compatible
Potassium thiocyanate 3M
Thiol-containing agents
Cysteine Not compatible 10 mM 1 mM
Dithioerythritol (DTE) 1 mM 1 mM Not compatible
Dithiothreitol (DTT) 1 mM 5mM Not compatible
2-Mercaptoethanol 0.01% 1M 1 mM
Thimerosal 0.01% 0.01% 0.01%
Chelating agents
EDTA 10 mM 100 mM 1 mM
EGTA Not compatible 2 mM 1 mM
Sodium citrate, pH 4.8 200 mM 200 mM 0.1 mM
Solvents/miscellaneous
Acetone 10% 10% 10%
Acetonitrile 10% 10% 10%
continued
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Table B1.1.6 Maximum Compatible Sample Concentration of 92 Substances?, continued

Coomassie plus Modified Lowry

Substance tested BCA method method method
Aprotinin 10 mg/liter 10 mg/liter 10 mg/liter
DMF 10% 10% 10%
DMSO 10% 10% 10%
Ethanol 10% 10% 10%
Glycerol (fresh) 10% 10% 10%
Guanidine-HCl 4 M 35M 100 mM
Hydrochloric acid 100 mM 100 mM 100 mM
Leupeptin 10 mg/liter 10 mg/liter 10 mg/liter
Methanol 10% 10% 10%
Phenol Red Not compatible 0.5 mg/liter 0.1 mg/liter
PMSF 1 mM 1 mM 1 mM
Sodium hydroxide 100 mM 100 mM 100 mM
Sucrose 40% 10% 7.5%
TLCK 0.1 mg/liter 0.1 mg/liter 0.01 mg/liter
TPCK 0.1 mg/liter 0.1 mg/liter 0.1 mg/liter
Urea 3M 3M 3M
o-vanadate in PBS 1 mM 1 mM Not tested

“Taken from the Protein Assay Technical Handbook, Pierce Chemical, 1999.

Table B1.1.7 Estimated Time Requirements

Method Incubation time(s) Estimated total assay time
Modified Lowry Reagent 10 and 30 min 110 min (1 hr, 50 min)
Coomassie Plus Reagent 10 min 80 min (1 hr, 20 min)
BCA Reagent 30 min 100 min (1 hr, 40 min)
Biuret Reagent 10 min 80 min (1 hr, 20 min)

analysis, but they do include the incubation
time(s) plus an estimate of the time it takes to
do the following:

1. Prepare (dilute) the standard protein in the
diluent buffer (10 min).

2. Organize the run and label the tubes (5 min).
3. Pipet the samples and reagents into the tubes
(10 min).

4. Mix or incubate the tubes or plates (varies).
5. Measure the color produced in the tubes (15
min).

6. Graph the standard curve, calculate, record,
and report the results (30 min).

For each of the four methods, a run of 20
samples (unknowns) and the standard curve
(each done in duplicate) can be completed in
the time estimated in Table B1.1.7.
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Determination of Total Nitrogen

Protein content of organic matters can be determined by two ways: (1) directly by using
certain specific chemical or physical properties unique to proteins, or (2) indirectly by
determining their nitrogen content. However, nitrogen determination is the most com-
monly used procedure for a protein assay and it has been the basis for various official and
conventional methods currently in use for expressing total protein content of organic
matters. The most commonly used nitrogen determination methods include various
versions of Kjeldahl (AOAC, 1999a), Dumas (AOAC, 1999b), and combustion (AOAC,
1999c) methods. Although the Kjeldahl method has been most widely used for determi-
nation of nitrogen, Dumas and combustion methods offer the advantages of shorter
analysis time and no requirement of hazardous chemicals. However, the inherent limita-
tions of these three procedures must be recognized—the results are affected by nonprotein
nitrogen.

In general, it is assumed that a mixture of pure proteins will contain 16% nitrogen. Thus,
the protein content of a sample is calculated from the determined nitrogen content by
multiplying by a nitrogen-to-protein conversion factor, 6.25 (i.e., 100/16). This general
conversion factor is used for most foods because their nonprotein nitrogen content is
negligible. However, a specific conversion factor can also be used when the correct value
is known for a given commodity and its products, i.e., 5.70 for wheat, 6.38 for milk, and
others (see Table B1.2.1).

NITROGEN DETERMINATION USING THE KJELDAHL METHOD

Since late in the 19th century, the classical Kjeldahl method has been recognized and
accepted universally as the authoritative method of analysis for determining the protein
content in a wide variety of ingredients and finished products. As a result of technical
innovations there are currently available and in use semiautomated or fully automated
protein analysis systems that are based on the classical Kjeldahl procedure.

The Kjeldahl method determines total nitrogen content and protein as the nitrogen content
of the sample multiplied by a conversion factor. The sample is digested in sulfuric acid,
using CuSO,/TiO, as catalysts, converting N to NH;, which is distilled and titrated
(AOAC, 1999a). This method is applicable to a wide range of organic matters including
raw materials, ingredients, and finished products from animals, cereals, and oilseeds.

Table B1.2.1 Conversion Factors from Percent Nitrogen to
Percent Total Protein for Various Commodities and Their Products

Products Conversion factors
Animal 6.25
Cottonseeds 5.30
Peanuts 5.46
Soybeans 5.71
Sunflower seeds 5.30
Safflower seeds 5.30
Coconut meat 5.30
Sesame seeds 5.30
Corn 6.25
Millet 5.83
Rice 5.95
Wheat 5.83
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Materials

Sample

Catalyst mixture (see recipe)

Alundum granules (Thomas Scientific)

Concentrated sulfuric acid (H,SO,4; 95% to 98%, nitrogen-free)

Lysine-HCI, high purity (Sigma)

0.5 N hydrochloric or sulfuric acid standard solution (accurately standardized; see
recipe for Standard Solutions)

Methyl red indicator solution (see recipe)

Concentrated NaOH solution (see recipe)

0.1 N NaOH standard solution (accurately standardized; see recipe for Standard
Solutions)

Laboratory mill

500- to 900-ml Kjeldahl digestion flasks

8 to 14 mesh alumina boiling stones (Thomas Scientific)

500-ml or equivalent size titration beaker

Distillation apparatus: 500- to 900-ml Kjeldahl digestion flask connected to
distillation trap by rubber stopper; distillation trap connected to condenser with
low-S tubing (outlet of condenser tube should be <4 mm in diameter)

. Grind sample through a suitable laboratory mill to uniform fineness of ~20 to 30

mesh.

. Weigh 0.250 to 1.000 g sample into a 500- to 900-ml Kjeldahl digestion flask. Add

the catalyst mixture, 0.5 to 1.0 g alundum granules and 20 ml of concentrated H,SO,.

Add additional 1.0 ml H,SO, for each 0.1 g fat or 0.2 g other organic matter if sample
weighs >1 g.

. Include at least one sample of an equivalent amount of nitrogen as the sample to be

measured of high-purity lysine-HCI in each run to check correctness of digestion
parameters.

Also check entire method by analyzing NIST Standard Reference material no. 194
(NH,H,PO,, certified 12.15% N).

If recovery is not complete, make appropriate adjustments.

. First, determine the heat input needed to bring 250 ml of water at 25°C to rolling boil

in 5 min. Add a few boiling stones to the digestion flask to prevent overheating. Then
heat samples in water under the predetermined conditions for a 5-min boil rate until
dense white fumes clear the bulb of the flask (i.e., ~10 min). Swirl gently, and continue
heating for an additional 40 min.

IMPORTANT NOTE: Reagent proportions, heat input, and digestion time are critical
factors; do not change.

. Cool, cautiously add about 250 ml of water, and cool ~15 to 20 min to room

temperature.

IMPORTANT NOTE: Add water as soon as possible to reduce amount of caking. If
excessive bumping occurs during distillation, increase dilution water from 250 ml to ~300
ml.

. Prepare 500-ml titration beaker by adding appropriate volume of 0.5 N hydrochloric

or sulfuric acid standard solution to a sufficient volume of water such that the
condenser tip will be sufficiently immersed to trap all NH; evolved. Add 3 to 4 drops
of methyl red indicator solution.

In a Kjeldahl analysis, neither the volume nor the concentration of the acid solution used
as the trap matter, so long as there are more equivalents of acid than of evolved ammonia

Current Protocols in Food Analytical Chemistry



and the liquid level is high enough for the ammonia to be efficiently trapped. The object is
to back-titrate all of the acid that has not been neutralized by the ammonia after the
distillation. The actual volume and concentration used should be recorded, however, for
use in the calculation.

7. Add additional 0.5 to 1.0 g alundum granules to cooled digestion flask. Add a
sufficient volume of concentrated NaOH solution, slowly down the side of the flask.
More than 45 ml of 45% NaOH is recommended to neutralize 20 ml of concentrated
H,SO, standard, and to render the mixture strongly alkaline. Immediately connect
digestion flask to the distillation apparatus, mix completely, and distill at a 7.5-min
boil rate until >150 ml distillate is collected in titration beaker.

Optionally, 2 to 3 drops of tributyl citrate may also be added to reduce foaming.

8. Titrate excess standard acid in distillate with 0.1 N NaOH standard solution. Correct
for blank determination on reagents.

9. Calculate nitrogen:
90N = {[(N,iq)(ml,;q) — (mly ) (Ny,0n) — (Mly,0m)Nyzon) ] X 1400.67 }/mg sample

where mly,o = milliliters of standard base needed to titrate sample; ml,;; = milliliters
of standard acid used for that sample; mly, = milliliters of standard base needed to
titrate 1 ml standard acid minus milliliters of standard base needed to titrate reagent
blank carried through method and distilled into 1 ml standard acid; N,;; = normality
of standard acid; Ny,on = normality of standard base.

10. Calculate % crude protein, defined as 6.25 X % nitrogen, or 5.7 X % nitrogen for
wheat grains.

NITROGEN DETERMINATION USING THE DUMAS METHOD

Nitrogen, freed by pyrolysis and subsequent combustion, is swept by a carbon dioxide
carrier into a nitrometer. The carbon dioxide is absorbed in KOH and the volume of
residual nitrogen is measured and converted to equivalent protein by a numerical factor
(AOAC, 1999b).

Materials

Samples

CuO-Pt catalyst (CuO wire form with 2.5% Pt reforming catalyst)
Co;0,

CuO fines

45% (w/v) KOH

Laboratory mill

No. 30 sieve

Bottles with caps

Nitrogen analyzer, consisting of combustion and collection and measuring systems
(e.g., PE Biosystems)

Vycor combustion tubes

Stainless steel screen

Glass wool

11-mm glass rod

Aluminum (Al) combustion boats

Barometer, Hg type, readable to 0.1 mm

Prepare combustion tube
1. Grind samples in a laboratory mill to pass no. 30 sieve. Store in capped bottles.
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. Operate nitrogen analyzer in accordance with manufacturer’s instructions.

. After combustion furnaces have come to thermal equilibrium, turn combustion cycle

control to START and let it proceed normally through the cycle. Observe indicated
temperature on pyrometer of both upper and lower combustion furnaces at the end
of the combustion portion of cycle.

Furnace temperatures should be 850°C to 900°C; if not, adjust the temperatures.

. Prepare combustion tube by inserting stainless steel screen in lower end of combus-

tion tube (end farthest from trademark). In upper end, place enough glass wool to
form a 6-mm plug when packed. With 11-mm glass rod, drive glass wool down to
stainless steel plug.

. Holding tube vertically, pour CuO-Pt catalyst directly from dispenser bottle into

combustion tube until it reaches upper end of the trademark. Tap or vibrate tube on
bench until reagent settles to approximate center of trademark.

. Weigh and record empty Al combustion boat. Place sample in boat. Weigh and record

weight of sample and combustion boat. Calculate the sample weight by taking the
difference between weights. Weigh sample to nearest 0.01 mg. Use the following
sample weights (mg) as guides to suitable sample sizes:

Bermuda grass: 150 to 300 mg

Rice bran, wheat shorts, and dehydrated alfalfa: 150 to 250 mg
Range feed: 100 to 200 mg

Cottonseed meal: 75 to 150 mg

Edible soy protein: 50 to 150 mg

To avoid weight changes, record weight within 1 min after sample and boat are placed on
balance. If this is impossible, weigh sample inside a weighing bottle.

. Turn combustion tube to horizontal, and carefully insert loaded sample boat into open

end of tube. Slide or push boat, without spilling contents, until it reaches the
trademark. Raise open end until tube forms a 60° to 70° angle to the horizontal plane.
Tap or vibrate combustion tube on bench top while rotating tube between thumb and
forefinger. Raise open end of tube and add 1 vol of Co;0, and 1 vol of CuO fines
equal to volume of sample.

For a convenient means of adding above reagents to samples, place CuO fines and Co;0,
in a new combustion boat; add contents of boat, but not boat itself, to combustion tube;
and rotate partially filled combustion tube between thumb and forefinger while varying
angle of tube 20° to 45°. Continue rotating, tapping, and vibrating until sample is dislodged
from boat and is thoroughly mixed with oxidizing agents.

. Raise open end until tube forms a 60° to 70° angle; add additional CuO-Pt catalyst

~12 mm above the sample boat. Tap or vibrate gently to eliminate voids. Add CuO-Pt
catalyst to within 20-mm top of tube, again tapping or vibrating gently to eliminate
voids.

Run analyzer
9. Install prepared combustion tube in N, analyzer. Adjust 45% KOH solution meniscus

to calibrating mark in nitrometer with digital readout meter. Record counter reading,
R,. Record syringe temperature, ¢;, indicated on special scale thermometer.

Counter reading should preferably lie between 500 and 1000 pl at this point. Vent control
may be used to assist in arriving at this counter setting, if necessary.

10. Add 2 min more to combustion portion of cycle by turning auxiliary timer to setting

3. Turn combustion cycle control to START. Let analyzer proceed through its cycle.
After cycle is complete and combustion cycle control has entered STAND-BY
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section, readjust KOH meniscus to calibration mark with digital readout counter.
Record new counter reading, R,, and syringe temperature, f,. Determine blank for
instrument under same conditions as actual analysis except omit sample.

Once this is done, additional 2 min will be automatically programmed into each subsequent
cycle.

11. Calculate total nitrogen.

a. Record observed N, volume, V, = R, — R,, where V_ = observed N volume (ul), R,
= initial counter reading, and R, = final counter reading.

b. Determine corrected N, volume (in ul), V., =V, — (V,, + V,), where V, = volume
blank (ul), V, = volume correction for temperature (Ul) = C(t, — ¢,). C; is obtained
from Table B1.2.2 (based on final counter reading); ¢, and #, are initial and final
temperatures in °K.

c. Determine corrected barometric pressure, P, = P,— (P, + P,), where P, = observed
barometric pressure (mm Hg), P, = barometric temperature correction (from Table
B1.2.3), and P, = pressure correction for vapor pressure of KOH solution (from
Table B.1.2.4).

Table B1.2.2 Volume Correction for Temperature
Correction Factor (Cy) (ul/°K)*

C; (for nitrometers with

Final counter reading (ul) check values below)

0 12
5,000 29
10,000 45
15,000 62
20,000 79
25,000 95
30,000 112
35,000 129
40,000 145
45,000 162
50,000 179

%Volume correction, Vi = Ci(ty — 11)

Table B1.2.3 Barometric Temperature Correction (Pp)

Correction (Py)
For 700-749 mm Hg  For 750-780 mm Hg

Temperature (°C)

10 1.2 1.3
15 1.8 1.9
20 23 2.5
25 29 3.1
30 35 3.7
35 4.1 43
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Table B1.2.4 Pressure Correction (Py) for Vapor
Pressure of KOH®*?

Temperature (°K) P, (mm Hg)
288 4.1
293 5.7
298 7.4
303 9.6
308 12.5
313 16.5

“For practical purposes, temperature of KOH is same as syringe.

bNote that: empirical approximation of (P, + Py) = 11.0 will be
satisfactorily accurate for P, between 740 and 780 mm Hg and syringe
temperature between 298° and 305°K.

d. Calculate %N = (P, X V. x 0.0449)/(T x W), where T = final syringe temperature
in °K and W = sample weight in milligrams.

Example:

P,=750.1 mm Hg at 25°C; W = 148.91 mg

Counter readings—blank: 500 ul (start); 524 pl (finish)
Counter readings—sample: 5246 pl (start); 955 ul (finish)

t, =302.7°K, t, = 303.0°K, V, = 6955 — 524 = 6431 ul

V. =6431—[24 + C{(t, — 1))] = 6431(24 + 35 x 0.3) = 6396 ul
P.=750.1-3.1x9.6)=7374

90N = (737.4 X 6396 x 0.04493)/(303.0 x 148.91) =4.69

e. Calculate % protein = %N X 6.25, or %N x 5.70 in case of wheat grains.

NITROGEN DETERMINATION USING THE COMBUSTION METHOD

This is an instrument method derived from the Dumas method as an alternative method
to the mercury catalyst Kjeldahl method. It has two advantages: (1) less time is needed
for nitrogen determination, and (2) hazardous and toxic chemicals are not utilized.
Nitrogen freed by combustion at high temperature in pure oxygen is measured by thermal
conductivity detection and converted to equivalent protein by an appropriate numerical
factor (AOAC, 1999). This method is applicable to all flours, cereal grains, oilseed, and
animal feeds. The following instruments are widely used for this purpose: Models
FP-2000 and FP-520 (Leco Corp.) and Flash EA 1112 and NA-2500 (CE Elantech, Inc.).
Both Leco models utilize the principle of Dumas method with slight modification in
combustion mechanism.

Materials

Any instrument or device designed to measure nitrogen by combustion, equipped
with the following:
Furnace: to maintain minimum operating temperature of 950°C for pyrolysis of
sample in pure (99.9%) oxygen; some systems may require higher temperatures
Isolation system: to isolate liberated nitrogen gas from other combustion
products for subsequent measurement by thermal conductivity detector; device
for converting all nitrogen oxide compound products (NO,) to N, or measuring
N as NO, may be required and included in the design
Detection system: to interpret detector response as % nitrogen (w/w); may
include features such as calibration on standard material, blank determination,
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and barometric pressure compensation (any required calibration must be based
on theoretical % nitrogen in pure primary standard organic material such as
EDTA)

Grinder: capable of grinding samples to pass No. 20 sieve

Analytical balance: accurate to 0.01 mg

Barometer: Hg type, readable to 0.1 mm

1. Use any instrument or device designed to measure nitrogen by combustion. Follow
manufacturer’s recommendations and instructions unique to each instrument for the
safe operation of the instrument.

2. Calculate total nitrogen:

Crude protein, % = %N X 6.25, or %N X 5.70 in case of wheat grains.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Catalyst mixture

Mix 16.7 g potassium sulfate, 0.6 g titanium dioxide, 0.01 g anhydrous copper
sulfate, and 0.3 g pumice and grind fine in a crucible. The mixed catalyst powder is
stable under usual laboratory storage conditions at room temperature. Avoid mois-
ture to prevent from caking. Commercially premixed tablets are also available.

Methyl red indicator
Dissolve 1 g methyl red (sodium salt) in 100 ml methanol.
NOTE: Store in dark at room temperature.
Sodium hydroxide solution, concentrated

Dissolve ~450 g NaOH pellets or flakes (low N) in water, cool, and adjust the volume
to 1 liter with water. Dilute to 1:1; or use solution with specific gravity >1.36.

Standard solutions

Prepare and accurately standardize 0.5 N hydrochloric or sulfuric acid and 0.1 N
sodium hydroxide (uniTG2.1). After standardizing both acid and base, also check one

against the other.

COMMENTARY

Background Information

Kjeldahl method

This method was developed to replace the
hazardous mercury catalyst required in the
original mercuric oxide Kjeldahl method. It has
been evaluated through an interlaboratory com-
parison of catalysts and has been adopted as the
official replacement for the mercuric-oxide
catalyzed Kjeldahl method. Aninter-laboratory
evaluation (Berner, 1990) indicated that this
method (which uses the copper/titanium cata-
lyst mixture) produces results more closely in
agreement with the mercuric oxide catalyst
method than methods using a copper sulfate
catalyst. As a result of this study, mercuric
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oxide, copper sulfate, and Kjeldahl-Foss Auto-
matic methods were declared obsolete in 1991.

The AOAC collaborative study (Kane,
1987) showed no bias when comparing Cu/Ti
catalyst with HgO. The AOCS inter-laboratory
evaluation (Berner, 1990), based on sample
weight, acid, volume, digestion temperature,
and time, previously specified in the mercury
catalyst method, indicated an average bias of
—0.244%, which was statistically significant at
the 99% confidence level. Factors that may
affect method bias are sample weight and par-
ticle size, catalyst composition, use of alun-
dum, volume of acid used for digestion, diges-
tion temperature, and digestion time. In 1991,
two additional collaborative studies (cotton-
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seed and cottonseed meal) showed that when
30 ml of sulfuric acid were used, caking of the
digest was reduced and results were compara-
ble to the mercuric oxide catalyzed method. As
aresult, the AOCS versions of this method may
specify the use of >20 ml of sulfuric acid, but
otherwise conform with the AOAC version
(AOAC, 1999a).

Dumas method

The principle behind this method is based on
mineralization (or calcination) of the sample in
the presence of copper oxide. Carbon and hy-
drogen are oxidized in the form of CO, and
water and then trapped. The volume of nitrogen
released is measured, from which its content is
deduced. In the beginning, this method was
used to analyze microquantities of samples, but
now instruments that can handle 1 g quantities
of dry or wet samples are readily available. For
this reason, this method is rapidly becoming
one of preferred methods of nitrogen determi-
nation.

Combustion method

The performance of the combustion method
compares favorably with that of the mercury
catalyst Kjeldahl method for determination of
crude protein in feeds. Standard deviations by
the combustion method covered the full range
of possibilities compared to the Kjeldahl
method; values were either equivalent, better
than, or not as good as for the Kjeldahl method.
For the 0.5-mm pairs, values ranged from
0.09% to 0.58% protein for the Kjeldahl
method and from 0.14% to 0.33% protein for
the combustion method, and (Sg) values ranged
from 0.23% to 0.86% protein (Kjeldahl) and
from 0.30% to 0.61% protein (combustion).

The recovery data on standards demon-
strates the ease with which the combustion
method recovers nitrogen and emphasizes the
difficulties of achieving full recovery with
Kjeldahl methods. This has to be considered
when comparing the two methods or making
recommendations. The average difference be-
tween methods in the collaborative study was
0.04% N.

Critical Parameters

Kjeldahl method

Complete conversion of organic nitrogen to
ammoniacal nitrogen is essential to obtain ac-
curate and precise results. After the liquid has
become clear and colorless, it may be necessary
to digest the sample for an additional ~30 to 50

min. Reagent proportions, heat input, and di-
gestion time are critical factors and should not
be changed. Prolonged digestion and high tem-
peratures must be avoided, because some am-
moniacal nitrogen can be lost by oxidation.
Large sample particles should be avoided, be-
cause the larger particles will require a longer
digestion time.

The cooled digest should be liquid, or liquid
with a few small crystals. Caking before the
addition of water indicates too little residual
acid at the end of the digestion period and may
result in low nitrogen values.

More than 20 ml of concentrated sulfuric
acid is needed for samples high in fat or oil,
because more acid is required to effect com-
plete digestion, avoid loss in nitrogen, and pre-
vent caking. In recent collaborative studies in-
volving the application of this method to cot-
tonseed meal, it was observed that when 30 ml
of H,SO, were used, caking was reduced and
results were comparable to the mercuric oxide
catalyzed method.

Dumas method

The system must meet or exceed minimum
performance specifications as follows.

a. Capable of measuring nitrogen in materi-
als containing 0.2% to 20% nitrogen.

b. Demonstrate system accuracy based on
10 successive determinations of nitrogen in
nicotinic acid and 10 successive determinations
of nitrogen in lysine-HCI or tryptophan. Means
of determinations must be +0.15 of respective
theoretical values, with standard deviations
<0.15. System accuracy must not be tested with
same material used for calibration.

Combustion method

The system must meet or exceed following
minimum performance specifications.

a. System must be capable of measuring
nitrogen in feed materials containing 0.2% to
20% nitrogen.

b. Accuracy of system is demonstrated by
making 10 successive determinations of nitro-
gen in nicotinic acid and 10 successive deter-
minations in lysine-HCI. Means of determina-
tions must be within £0.15 of the respective
theoretical values, with standard deviations
<0.15. Standard tryptophan may be substituted
for lysine-HCI. System accuracy must not be
tested with same material used for calibration.

c. Suitable fineness of grind is that which
gives relative standard deviation (RSD) <2.0%
for 10 successive determinations of nitrogen in
mixture of corn grain and soybeans (2 + 1) that

Current Protocols in Food Analytical Chemistry



has been ground for analysis. %RSD =
(SD/mean %N) x 100. Fineness (i.e., ~0.5 mm)
required to achieve this precision must be used
for all mixed feeds and other nonhomogeneous
materials.

d. Properly blanked system is demonstrated
by analyzing suitable N Blank material, such
as powdered cellulose, and obtaining zero read-
ing. Atmospheric blank corrections with soft-
ware (constants) introduce error and are not
necessary when the system is properly config-
ured (purged) and sample is properly intro-
duced to minimize trapped atmospheric nitro-
gen.

Anticipated Results

The Kjeldahl method determines total nitro-
gen present in the sample. This includes protein
nitrogen as well as nonprotein nitrogen. For this
reason, this method tends to give a higher pro-
tein value than that actually present in the sam-
ple. This is not a problem for samples with
relatively small amounts of non-protein nitro-
gen but care must be taken when analyzing
samples with large amounts of nonprotein ni-
trogen sources.

With Dumas and Combustion methods,
there are good agreements with the Kjeldahl
determination; however, there are dangers of
interference if the product is high in carbohy-
drates or sodium chloride.

Time Considerations

Kjeldahl method
On average, the Kjeldahl nitrogen determi-
nation method takes about 2 to 3 hr to complete
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arun—-70 to 90 min for sample digestion, 30
to 40 min for cooling, and 5 to 10 min for
distillation and titration. In addition, the time
needed to properly heat the heating block, rang-
ing from 2 to 3 hr depending on the type, should
be considered in advance of the analysis.

Dumas/Combustion methods

The major benefits of this method are the
very rapid turnaround time, usually 5 min at a
rate of <100 samples/day, and the elimination
of contaminants associated with the use of
mercury and copper catalysts.
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Spectrophotometric Determination of
Protein Concentration

This unit describes spectrophotometric methods for measuring the concentration of a
sample protein in solution. These methods are most appropriate for purified proteins.
Some food components may interfere (or absorb) at these wavelengths. In Basic Protocol
1, absorbance measured at 280 nm (A,g,) is used to calculate protein concentration by
comparison with a standard curve or published absorptivity values for that protein (a,g).
In the Alternate Protocol, absorbance measured at 205 nm (A,s) is used to calculate the
protein concentration. The A,q, and A,,s methods can be used to quantitate total protein
in crude lysates and purified or partially purified protein. Both of these methods are simple
and can be completed quickly. The A,g, method is the most commonly used. The A,
method can detect lower concentrations of protein and is useful for dilute protein samples,
but is more susceptible to interference by reagents in the protein sample than the A,g,
method. Basic Protocol 2 uses a spectrofluorometer or a filter fluorometer to measure the
intrinsic fluorescence emission of a sample solution; this value is compared with the
emissions from standard solutions to determine the sample concentration. The fluores-
cence emission method is used to quantitate purified protein. This simple method is useful
for dilute protein samples and can be completed in a short amount of time.

USING A280 TO DETERMINE PROTEIN CONCENTRATION

Determination of protein concentration by measuring absorbance at 280 nm (A,g) is based
on the absorbance of UV light by the aromatic amino acids tryptophan and tyrosine, and
by cystine, disulfide bonded cysteine residues, in protein solutions. The measured
absorbance of a protein sample solution is used to calculate the concentration either from
its published absorptivity at 280 nm (a,g,) or by comparison with a calibration curve
prepared from measurements with standard protein solutions. This assay can be used to
quantitate solutions with protein concentrations of 20 to 3000 pg/ml.

Materials

3 mg/ml standard protein solution (see recipe; optional)
Sample protein
Spectrophotometer with UV lamp

1. For calibrating with standards, use the 3 mg/ml standard protein solution to prepare
dilutions of 20, 50, 100, 250, 500, 1000, 2000, and 3000 pg/ml in the same solvent
as used to prepare the sample protein. Prepare a blank consisting of solvent alone.

Ideally, for purified or partially purified protein, the protein standard should have an
aromatic amino acid content similar to that of the sample protein. For the total protein of
a crude lysate, bovine serum albumin (BSA) is a commonly used standard for spectro-
photometric quantitation of protein concentration. A 3 mg/ml solution of BSA should have
an A,g, of 1.98, based on an A,g, of 6.61 for a 1% (w/v) solution.

2. Turn on the UV lamp of the spectrophotometer and set the wavelength to 280 nm.
Allow the instrument to warm up 30 min before taking measurements.

3. Zero the spectrophotometer with the solvent blank.
4. Measure the absorbance of the protein standard and unknown solutions.

If the Ay, of the sample protein is >2.0, dilute the sample further in the same solvent and
measure the A g, again.

UNIT B1.3
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Sa. Ifthe a,g, of the protein is known: Calculate the unknown sample concentration from

its absorbance value using Equation B1.3.1.

In this equation a,g, has units of ml/mg cm and b is the path length in cm.

AZSO

concentration (mg/ml) =
Aygo XD

Equation B1.3.1

5b. If standard solutions are used for quantitation: Create a calibration curve by either

plotting or performing regression analysis of the A,g, versus concentration of the
standards. Use the absorbance of the sample protein to determine the concentration
from the calibration curve.

USING A205 TO DETERMINE PROTEIN CONCENTRATION

Determination of protein concentration by measurement of absorbance at 205 nm (A,s)
is based on absorbance by the peptide bond. The concentration of a protein sample is
determined from the measured absorbance and the absorptivity at 205 nm (a,s). This
assay can be used to quantitate protein solutions with concentrations of 1 to 100 pg/ml
protein.

Additional Materials (also see Basic Protocol 1)

Sa.

5b.

Brij 35 solution: 0.01% (v/v) Brij 35 (Sigma) in an aqueous solution appropriate
for dissolving or diluting the sample protein

. Dissolve or dilute the protein sample in Brij 35 solution.

Brij35 is used to prevent protein from adsorbing to glass and plastic surfaces, which can
lead to significant errors when quantifying dilute solutions.

Turn on the UV lamp of the spectrophotometer and set the wavelength to 205 nm.
Allow the instrument to warm up 30 min before taking measurements.

. Zero the spectrophotometer with the Brij 35 solution alone.

Measure the absorbance of the sample protein.

If the a5 of the protein is known: Use Equation B1.3.1 to calculate the concentration
of the sample protein except substitute the appropriate values for A, and a,s.

If the a,ys is not known: Estimate the concentration of the sample protein from its
measured absorbance using Equation B1.3.2.

AZOS

concentration (mg/ml ) = S
X

Equation B1.3.2

In this equation, the absorptivity value, 31, has units of ml/mg cm and b is the path
length in cm.
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USING FLUORESCENCE EMISSION TO DETERMINE
PROTEIN CONCENTRATION

Protein concentration can also be determined by measuring the intrinsic fluorescence
based on fluorescence emission by the aromatic amino acids tryptophan, tyrosine, and/or
phenylalanine. Usually tryptophan fluorescence is measured. The fluorescence intensity
of the protein sample solution is measured and the concentration is calculated from a
calibration curve based on the fluorescence emission of standard solutions prepared from
the purified protein. This assay can be used to quantitate protein solutions with concen-
trations of 5 to 50 pug/ml.

Materials

Protein standard solution prepared using the purified protein (see recipe)
Sample protein

Spectrofluorometer or filter fluorometer with an excitation cutoff filter <285 nm
and an emission filter >320 nm

1. Prepare dilutions of the purified protein at 5, 7.5, 10, 25, and 50 pug/ml in the same
solvent as the sample protein. Prepare a blank consisting of solvent alone.

2. Turn on the lamp of the instrument and allow it to warm up 30 min before taking
measurements.

If a spectrofluorometer is used, set the excitation wavelength to 280 nm and the emission
wavelength to between 320 and 350 nm. If the exact emission wavelength is not known,
determine it empirically by scanning the standard solution with the excitation wavelength
set to 280 nm. If the instrument is a filter fluorometer, use an excitation cutoff filter <285
nm and an emission filter >320 nm.

3. Zero the instrument with the solvent blank.
4. Measure the fluorescence of the protein standard and sample protein solutions.

5. Create a calibration curve by either plotting or performing regression analysis of the
fluorescence intensity versus concentration of the standards. Using the fluorescence
intensity of the sample protein, determine the concentration from the calibration
curve.

Fluorescence emission is a linear function of concentration only over a limited range.

REAGENTS AND SOLUTIONS

Use Milli-Q-purified water or equivalent for the preparation of all buffers. For common stock solutions,
see APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Standard protein solution, 3 mg/ml

Weigh out dry protein and prepare a stock solution at a concentration of 3 mg/ml in
the same solvent as used for the sample protein. Store up to 3 months at —20°C.
To prepare calibration standard solutions, dilute the stock solution in solvent to give
the desired final concentrations for the standard curve.

Bovine serum albumin (BSA, fraction V; Sigma) is frequently used for a protein standard
solution. A 3 mg/ml solution of BSA should have an A,g, of 1.98, based on an A, of 6.61
for a 1% (w/v) solution.

For quantitation of a purified or partially purified protein, if possible, the protein standard
should have an aromatic amino acid content similar to that of the sample protein.
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COMMENTARY

Background Information

Measuring absorbance at 280 nm (Ajg) is
one of the oldest methods for determining pro-
tein concentration (Warburg and Christian,
1942; Layne, 1957). This method is still widely
used because it is simple and does not require
incubating the sample with exogenous chromo-
phores. However, the detection limit is higher
than colorimetric methods and therefore higher
concentrations of protein are necessary. The
A,gy method requires that the protein being
quantitated have aromatic amino acids, primar-
ily tryptophan. Because of the variability in
aromatic amino acid content among different
proteins, their absorptivity at 280 nm (a,g() also
varies. Therefore, if calibration standards are
used for quantitation, the aromatic amino acid
content of the standard must be similar to that
of the sample protein for accurate results. For
many previously studied proteins, the asg is
known and can be obtained from the literature
(Fasman, 1989).

If the absorptivity is not known but the
amino acid composition is known, the molar
absorptivity at 280 nm (€,50) can be predicted
from Equation B1.3.3 (Pace et al., 1995):

€, = (n0. of Trp)(5500)+
(no. of Tyr)(1490) + (no. of Cystine)(125)

Equation B1.3.3

In this equation, the number of tryptophan
(Trp), tyrosine (Tyr), and cystine residues are

each multiplied by an estimated €,g, value for
each residue. This equation was derived for
folded proteins in water. With the DNA se-
quence for many proteins now available, the
predicted €,g) can be derived for newer proteins
where this value is not published. However,
there are caveats that should be considered if
the predicted €,g9 in Equation B1.3.3 is used.
First, the predicted €,gy is most reliable if the
protein contains tryptophan residues and less
so if there are no tryptophan residues. Second,
the number of cystine residues must be accu-
rately known and one cannot presume that all
cysteine residues, to an even number, are in-
volved in disulfide bonds. Alternatively, there
are methods for measuring the €,gy value that
are reliable (Pace et al., 1995).

Accordingly, the quantitation of proteins by
peptide bond absorption at 205 nm (A,gs) is
more universally applicable among proteins.
Furthermore, the absorptivity for a given pro-
tein at 205 nm is several-fold greater than that
at 280 nm (Scopes, 1974; Stoscheck, 1990).
Thus lower concentrations of protein can be
quantitated with the A,ps method. The disad-
vantage of this method is that some buffers and
other components absorb at 205 nm
(Stoscheck, 1990).

In addition to the aromatic amino acids,
several others have absorption maxima in the
UV range. Table B1.3.1 shows the wavelengths
of absorption maxima and corresponding molar
absorptivity (¢) for the amino acids with appre-
ciable absorbance in the UV range. Only tryp-
tophan has an absorption maximum at 280 nm,

Table B1.3.1 Absorption Maxima and Molar
Absorptivity (g) of Amino Acids®

Ami . Wavelength ex 1073
mino acid .
maxima (nm) (I/mol cm)
Cysteine 250 0.3
Histidine 211 5.9
Phenylalanine 188 60.0
206 9.3
257 0.2
Tryptophan 219 47.0
279 5.6
Tyrosine 193 48.0
222 8.0
275 1.4

%Values are for aqueous solutions at pH 7.1 (Freifelder, 1982;

Fasman, 1989).
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Table B1.3.2 Molar Absorptivity (¢) of Amino

Acids at 280 nm“

Amino acid € x 1073 (I/mol cm)
Cystine 0.110
Phenylalanine 0.0007
Tryptophan 5.559
Tyrosine 1.197

“Values are for aqueous solutions at pH 7.1 except for cystine,
which is for water (Fasman, 1989).

Table B1.3.3 Fluorescence Properties of Aromatic Amino Acids®

Amino acid Excitation Emission Quantum
wavelength wavelength yield
Phenylalanine 260 nm 283 nm 0.04
Tryptophan 285 nm 360 nm 0.20
Tyrosine 275 nm 310 nm 0.21

Values are for aqueous solutions at pH 7 and 25°C (Hawkins and Honigs, 1987; Fasman,

1989).

although, tyrosine and cystine will also slightly
absorb. The &, for tryptophan is nearly five-
fold greater than that for tyrosine and 50-fold
greater than that for cystine (Table B1.3.2). The
contribution to the absorbance at 280 nm of the
third aromatic amino acid, phenylalanine, and
cysteine are negligible. Several amino acids
other than those in Table B1.3.1 absorb light
below 205 nm (Fasman, 1989), but either the
molar absorptivities are too low to be signifi-
cant or the wavelengths are too short for prac-
tical absorbance measurements.

The aromatic amino acids also have fluores-
cence emissions when excited by light in the
UV range. Table B1.3.3 gives the excitation
wavelength, fluorescence emission wave-
length, and quantum yield (Q) for tryptophan,
tyrosine, and phenylalanine. The quantum
yield is the ratio of photons emitted to photons
absorbed. Typically, phenylalanine fluores-
cence is not detected in the presence of tyrosine
and tryptophan due to low Q. Furthermore,
tyrosine fluorescence is nearly completely
quenched if the tyrosine residue is ionized or
near an amino group, a carboxyl group, or a
tryptophan residue (Teale, 1960; Freifelder,
1982). Therefore, tryptophan fluorescence is
what is customarily measured.

Measurement of intrinsic fluorescence by
aromatic amino acids is primarily used to ob-
tain qualitative information (Freifelder, 1982).
However, with a protein standard whose aro-
matic amino acid content is similar to that of
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the sample, intrinsic fluorescence can be used
for quantitation (Hawkins and Honigs, 1987).
An additional consideration is that the tertiary
structure of a protein will influence the fluores-
cence, e.g., adjacent protonated acidic groups
in a protein molecule will quench tryptophan
fluorescence (Freifelder, 1982).

Critical Parameters and
Troubleshooting

A 1-cm path length quartz cuvette is most
often used to make absorbance measurements.
However, quartz cuvettes with shorter path
lengths, 0.01 to 0.5 cm, are available (e.g., from
Hellma Cells or Beckman); these shorter path
length cuvettes allow higher concentrations of
protein solutions to be measured. Equation
B1.3.1 and Equation B1.3.2 assume the cuvette
has a path length of 1 cm; when cuvettes of
shorter path length are used, the correct value
for b must be substituted in the equation.

The solvent pH and polarity will affect the
absorbance and fluorescence properties of a
protein. A notable example of pH effects on
absorbance is seen with tyrosine residues,
where a change in pH from neutral to alkaline
results in a shift of the absorbance maximum
to a longer wavelength and an increase in ab-
sorptivity due to dissociation of the tyrosine
phenolic hydroxyl group (Freifelder, 1982;
Fasman, 1989). An example of solvent polarity
effects on fluorescence is observed with tryp-
tophan, where a decrease in solvent polarity
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Table B1.3.4 Concentration Limits of Interfering

Reagents for A2os and A2go Protein Assays®

Reagents? Agps Asgo
Ammonium sulfate 9% (wlv) >50% (w/v)
Brij 35 1% (v/v) 1% (v/v)
DTT 0.1 mM 3 mM
EDTA 0.2 mM 30 mM
Glycerol 5% (vIv) 40% (v/v)
KCl1 50 mM 100 mM
2-ME <10 mM 10 mM
NaCl 0.6 M >1M
NaOH 25 mM >1M
Phosphate buffer 50 mM 1M
SDS 0.10% (w/v) 0.10% (w/v)
Sucrose 0.5M 2M
Tris buffer 40 mM 0.5M
Triton X-100 <0.01% (v/v) 0.02% (v/v)
TCA <1% (W/v) 10% (w/v)
Urea <0.1M >1 M

Values from Stoscheck (1990).

b Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic
acid; 2-ME, 2-mercaptoethanol; SDS, sodium dodecyl sulfate; TCA,

trichloroacetic acid.

results in a shift in fluorescence emission to
shorter wavelengths and an increase in intensity
(Freifelder, 1982). Because of these effects, the
following precautions should be taken for ac-
curate results: (1) when calibration curves are
used for quantitation by absorbance or fluores-
cence, standards must be in the same solvent as
the samples; and (2) when a published absorp-
tivity at a given wavelength is used for quanti-
tation, the solvent composition of the sample
must be the same as that used in obtaining the
published data.

Various food components may interfere
with absorbance readings at these wavelengths.
For instance, plant phenolics absorb at 280 nm
and can present a limitation to this method. This
method should thus be used with purified pro-
tein solutions. Many buffers and other reagents
used during purification can interfere with A,gg
and Ajys spectrophotometric measurements.
Stoscheck (1990) lists the concentration limits
for many such reagents used in these spectro-
photometric methods. The more commonly
used reagents that absorb at 280 and 205 nm
are listed in Table B1.3.4. In addition, reagents
that contain carbon-carbon or carbon-oxygen

double bonds can interfere with the Ayys
method.

Because stray light can affect the linearity
of absorbance versus concentration, absor-
bance values >2.0 should not be used for sample
proteins measured by the A,g, or A5 method.
Samples with absorbance >2.0 should be di-
luted further in the appropriate buffer to obtain
absorbances <2.0.

Nucleic acids have substantial absorbance
at 280 nm and can interfere with A,g, quantita-
tion of protein in crude samples. To resolve the
protein concentration in such samples, measure
the absorbance at 260 nm and 280 nm and
calculate the protein concentration as follows
(Warburg and Christian, 1942; Layne, 1957):
protein concentration (mg/ml) = 1.55 X Apgo —
0.76 X Ayp- This estimation of protein concen-
tration is valid up to 20% (w/v) nucleic acid or
an Asgg/Asgp ratio <0.6.

Turbidity may lead to errors in absorbance
as particulates may scatter light. If turbid sam-
ples must be used, the amount of turbidity needs
to be consistent in all dilutions of the unknown
sample and in any standards used for calibra-
tion. If this is not possible, the sample should
be clarified by filtration or centrifugation.
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Anticipated Results

Depending on the protein, the concentration
range for the A,gy method is 20 to 3000 pg/ml,
for the A5 method is 1 to 100 pug/ml, and for
the fluorescence emission method is 5 to 50
png/ml.

Published absorptivities of proteins at 280
nm are usually given as the absorbance for a
1% (w/v) protein solution per cm, A%, or as
the molar absorptivity, €, which has units of
I/mol cm. To convert these published coeffi-
cients to units of mg/ml, use either Equation
B1.3.4 or Equation B1.3.5.

Ay X10

concentration (mg/ml ) =
( ) A" xb

Equation B1.3.4

Molecular weight in Equation B1.3.5 is the
molecular weight of the protein.

concentration (mg/ml) =

A,g, X molecular weight
xb

€250

Equation B1.3.5

Time Considerations

When the absorptivity for a protein is
known, the A,g, and A,(5 measurements require
<30 min depending on the number of samples.
When standards are used for quantitation with
these assays or for intrinsic fluorescence quan-
titation, 1 hr is required.

Literature Cited

Fasman, G.D. 1989. Practical Handbook of Bio-
chemistry and Molecular Biology. CRC Press,
Boca Raton, Fla.

Freifelder, D. 1982. Physical Biochemistry: Appli-
cations to Biochemistry and Molecular Biology,
2nd ed. W.H. Freeman, New York.

Current Protocols in Food Analytical Chemistry

Hawkins, B.K. and Honigs, D.E. 1987. A compari-
son of spectroscopic techniques for protein
quantification in aqueous solutions. Am.
Biotechnol. Lab. 5:26-37.

Layne, E. 1957. Spectrophotometric and turbidi-
metric methods for measuring proteins. Methods
Enzymol. 3:447-454.

Pace, C.N., Vajdos, E, Fee, L., Grimsley, G., and
Gray, T. 1995. How to measure and predict the
molar absorption coefficient of a protein. Protein
Sci. 4:2411-2423.

Scopes, R.K. 1974. Measurement of protein by
spectrophotometry at 205 nm. Anal. Biochem.
59:277-282.

Stoscheck, C.M. 1990. Quantitation of protein.
Methods Enzymol. 182:50-68.

Teale, EW.J. 1960. The ultraviolet fluorescence of
proteins in neutral solutions. Biochem. J. 76:381-
388.

Warburg, O. and Christian, W. 1942. Isolierung und
kristallisation des garungsferments enolase. Bio-
chem. Z. 310:384-421.

Key References

Chen, R.F. 1990. Fluorescence of proteins and pep-
tides. In Practical Fluorescence, 2nd ed. (G.G.
Guilbault, ed.) pp. 575-682. Marcel Dekker, Inc.,
New York.

Detailed discussion of intrinsic fluorescence of pro-
teins and factors that affect fluorescence emission
by the aromatic amino acids (see pp. 618-663).

Fasman, 1989. See above.

Contains tables with absorptivities for UV spectro-
photometric detection and tables with data on exci-
tation and emission wavelengths for fluorescence
detection of many proteins. Also includes a table
with molecular weights for many characterized pro-
teins.

Stoscheck, 1990. See above.

Contains a list of substances that can interfere with
205- and 280-nm spectrophotometric measurements
of proteins and of concentration limits for these
substances.

Contributed by Michael H. Simonian
Beckman Coulter
Fullerton, California

Measurement of
Protein Content

B1.3.7

Supplement 4



Analyses of Protein Quality

Determining protein quality analysis is important in food science, particularly for devel-
oping foods with targeted nutritional value, and in animal feeding and husbandry. Protein
is the key component in the diet of any farmed species, particularly in aquaculture and
the pet food industry, making an accurate assessment of protein utilization critically
important. Protein quality analysis provides an estimate of the content and bioavailability
of indispensable or dietary essential amino acids.

A number of procedures used to determine protein quality involve bioassays. Bioassays
require feeding live animals protein ingredients for a specified period of time, and then
estimating the nutritive value of the protein. Two such assays are the rat-based protein
efficiency ratio (PER) bioassay and the human nitrogen balance assay (Dimes etal., 1994).
Animal feeding experiments require chemical analyses of both the dietary “inputs” and
then the metabolic “output” of the animal (e.g., body composition analysis, fecal sample
analysis, collection, and assay for urine) from which the efficiency of protein metabolism
can be predicted as well as how the protein supports animal growth and cell maintenance.

USING PROTEIN EFFICIENCY RATIO (PER) TO DETERMINE
PROTEIN QUALITY

PER is a method to metabolize or determine the quality of protein in foods. Quality is
measured by the amount of usable protein and the growth resulting from it through an
animal assay. Formerly, this method was used as the standard method for all protein
quality analysis. However, there is some question as to whether or not it is a valid
measurement. This is because PER does not account for the differences in amino acid
requirements between humans and rats (Seligson and Mackey, 1984), nor does PER
account for the protein needed for cell maintenance. Therefore, PER results often
overestimate the requirements for some amino acids and underestimate others. Specifi-
cally, PER tends to underestimate the protein quality of lysine-deficient proteins such as
wheat gluten (Hackler, 1977).

However, since the PER is an in vivo test, protein digestibility and amino acid bioavail-
ability are encompassed to some extent within the assay. Despite these advantages, it is
difficult to determine the individual contribution of digestibility and bioavailability of
individual amino acids, or of individual proteins in a complex mixture, on overall protein
quality. There are indications that the assay can be shortened from 4 weeks to 2 weeks
with little loss in accuracy (Hackler, 1977).

Materials

A minimum of 10 rats per assay group (i.e., 10 control group, 10 test group): male
weanlings (Sprague-Dawley), 50 to 70 g from the same colony, 21 to 28 days
old

PER control group diet (see formulas provided in Critical Parameters; casein is
assigned a PER of 2.5; results for the test protein or proteins are normalized
against this value in an attempt to reduce interlaboratory variation)

PER test group diet (see formulas provided in Critical Parameters)

Commercial laboratory rat chow

Diet to be tested

Individual stainless steel screen-bottom cages with removable food cups
Animal room maintained at 18° to 26°C, 40% to 70% relative humidity, and 12 hr
light/dark cycle
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1. House animals in individual stainless steel screen-bottom cages in a room maintained
at 18°t026°C with a 12 hr light/dark cycle and 40% to 70% relative humidity. Provide
food and water ad libitum.

2. For a 2-day acclimation period, feed the rats a commercial laboratory rat chow diet.
3. Record weight of each animal before test trial begins.

Initial weight of rats should be between 50 and 70 g. Distribute rats between diet treatment
groups so that the average weight and range of weights will be similar for each of the test
groups.

4. Feed rats the specified diet for a 28-day trial period.

Rats are fed the test diet ad libitum. Rats on the reference protein (control) diet are also
fed ad libitum.

5. Two times a week, remove and weigh the food cups. Fill with fresh diet and reweigh
prior to placement back into the cage. Change water in water bottle.

6. Record body weight of each rat every 7 days, and at the end of the trial period.

7. Calculate the PER based on weight gained by test group in grams divided by the total
amount of protein consumed (uniT B1.2). Total protein is calculated based upon
measurement of total nitrogen in the diet.

The final PER value is an average of the weight gain and protein intake of the entire test
group at day 28.

_ weight gain of test group (g)

PER .
total protein consumed (g)

8. Calculate the relative PER (RPER).

RPER provides a value for the test protein relative to casein when casein is run as part of
the same experiment.

PER of the test protein X 2.5
PER of casein

RPER =

PER INCORPORATING A NET PROTEIN RATIO CORRECTION

Net protein ratio (NPR) is used to correct PER values for the amount of protein required
for cell maintenance. NPR is often run in conjunction with a PER. The experiment requires
that one additional set of animals be added as a treatment group. This group of animals
is fed a basal diet with no protein (zero protein or basal diet). Results from RNPR are
similar to net protein utilization (NPU) and biological value (BV methods, see Alternate
Protocol 4). A 2-week RNPR is thought to be the most appropriate rat test for routine
assessment of protein quality.

Additional Materials (also see Basic Protocol 1)

Additional group of experimental animals
Basal diet with no protein

1. Follow the steps in Basic Protocol 1, but include an additional group of animals fed
a basal diet with no protein.
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2. Take the initial weight of each animal in the zero protein group at day 1 and the weight
of the animals at regular intervals.

3. Record the average weight loss of the animals in the zero protein group for day 10
and 14.

4. Calculate RNPR using the following equations:

_avg. wt. gain of test group (g) +avg. wt. loss of basal diet group

NPR .
protein consumed by test group (g)

NPR test protein
NPR reference protein (casein)

RNPR = x100

IN VIVO OR TRUE PROTEIN DIGESTIBILITY TO DETERMINE
PROTEIN QUALITY

In vivo protein digestibility assays can be conducted separately as part of a protein
digestibility—corrected amino acid score (PDCAAS, see Basic Protocol 2) experiment for
estimating true protein digestibility or in conjunction with PER assays (using the same
groups of rats as the PER experiment, see Alternate Protocol 3). The method given in this
protocol is the recommended method. In vivo (true) protein digestibility assays are based
upon measurement of the amount of protein not absorbed but passed through into the
feces. The weight and nitrogen content of the feces are determined by a Kjeldahl method
(unir B1.2). The feed intake for the same period and nitrogen content is determined as
outlined below.

Additional Materials (also see Basic Protocol 1 and Alternate Protocol 1)
Moderately absorbent paper (e.g., filter paper)
1. Line the cages with a moderately absorbent paper such as filter paper.

2. Distribute male weanling rats between treatment groups (i.e., 4 rats per group, 2
groups per treatment).

Weights between the rats within each group should not vary by >5 g.
3. Feed rats a commercial rat chow diet for a 2-day acclimation period.

4. Reweigh animals before the experiment begins. Feed animals the test diets at a level
of 15 g dry matter/day. Feed animals in a protein-free test group the test diets for a
total of 9 days.

5. Collect feces on each of the last five days of the test. Also collect spilled food, so an
accurate measurement of feed consumption can be calculated for each rat.

6. Allow the spilled, uneaten food to air dry for 3 days before measuring the weight.

7. Determine the total food consumption by subtracting the amount of food spilled from
the 15 g provided per day.

8. Dry the feces in a vacuum oven overnight, or lyophilize and grind, for nitrogen
analysis using a Kjeldahl method (uniT B1.2).

For metabolic fecal nitrogen determination, fecal nitrogen from a zero-protein test group
must also be determined.
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9. Calculate the true protein digestibility using the following equation:
True protein digestibility = {[PI — (FP — MFP)]/PI} x 100

where PI equals protein intake (g); FP is fecal protein (g); and MFP is the metabolic
fecal protein (g).

The MFP is calculated from the amount of protein in the feces of rats fed a protein-free diet
(Sarwar, 1996).

PER AND IN VIVO PROTEIN DIGESTIBILITY

Alternate Protocol 3 is a variation of Alternate Protocol 2 and describes a method for
measuring in vivo protein digestibility that is run in conjunction with the PER assay.

See Basic Protocol 1 for materials.

1. Begin this Alternate Protocol at Basic Protocol 1, step 1.

2. Collect the feces for each rat in the PER assay during days 18 to 28 of the PER
experiment and store frozen in sealed containers.

3. Record the feed intake during the last 4 days of the PER experiment.

4. Pool the collected feces from all rats from each diet group, lyophilize them, grind,
and weigh.

5. Measure the nitrogen content of the feces using a Kjeldahl method as described in
UNIT B1.2. For metabolic fecal nitrogen determination, measure the fecal nitrogen
content from a zero-protein test group (see Basic Protocol 1).

6. Calculate true protein digestibility using the equation in Alternate Protocol 2, step 9.

NET PROTEIN UTILIZATION (NPU) AND BIOLOGICAL VALUE (BV) TO
DETERMINE PROTEIN QUALITY

An NPU assay can be conducted in conjunction with a PER assay. NPU is used as a means
of predicting the biological value of a protein. For NPU assays, the protein content of the
animal carcasses is determined. Biological value (BV) measures the efficiency of the
utilization of nitrogen by the animal. The biological value of a test protein is the proportion
of nitrogen that is retained for maintenance and for growth, corrected for metabolic and
endogeneous losses of nitrogen (BV= N retained/N absorbed). Retained N refers to the
nitrogen retained by the body for growth and maintenance, while absorbed N refers to
that which enters the lumen (generally in the form of protein), and is hydrolyzed and
absorbed. However, these are extremely difficult assays to conduct reliably. The protein
level in the diet and animal age will affect the results of either a BV or an NPU assay.
Also, NPU assays fail to account for the differential rate of utilization or reutilization of
dietary essential amino acids. A protein deficient in an essential amino acid should have
an NPU of zero. However, animals have mechanisms for salvaging and reutilizing
endogeneous amino acids. For example, in the rat, lysine-deficient proteins have an NPU
ranging from 30 to 50. Because of the extreme care needed to completely collect the urine
and feces for the assay, prevent feed contamination in the urine and feces, determine
metabolic fecal losses, and measure endogeneous urinary losses (Hackler, 1977), BV is
calculated from the results of an NPU assay.
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Additional Materials (also see Basic Protocol 1)

0.5 M Na,SO,

Cheesecloth

Rubber mallet or other hard tool
Commercial blender

1. Perform PER assay as described in Basic Protocol 1, establishing a test group, a
control group, and a zero-protein group.

2. Sacrifice a minimum of 2 animals from each test group at the termination of the PER
study using a blow to the head. Wrap each animal in tared cheesecloth, and then freeze
whole at —30° to —40°C for a minimum of 48 hr.

3. Fracture the carcass with a rubber mallet or other hard tool into pieces not >3 cm in
each dimension and freeze dry (<50 mTorr) for 3 days or until carcass fragments are
completely lyophilized.

4. Homogenize each lyophilized carcass in 3 volumes of 0.5 M Na,SO, in a commercial
blender. Take a minimum of 3 samples from each homogenate for analysis (Dong et
al., 1990).

5. Calculate the net protein utilization (NPU), which is the proportion of nitrogen intake
that is retained as is equivalent to BV X true digestibility, by comparing the carcass
nitrogen content of a group of animals fed the test-protein diet to that of animals fed
a zero-protein diet:

NpU = Nretined _ py o irue digestibility
N intake

NPU = body N of test group —body N of zero-protein group + N consumed by zero-protein group

N consumed by test group

V= retained N %100
absorbed N
_ N intake — (fecal N — metabolic N) — (urine N —endogeneous urinary N) 1

N intake — (fecal N — metabolic fecal N)

BV 00

NOTE: See UNIT Bi.2 for determination of N.

PROTEIN DIGESTIBILITY-CORRECTED AMINO ACID SCORE (PDCAAS)
TO DETERMINE PROTEIN QUALITY

The protein digestibility-corrected amino acid score (PDCAAS) has been adopted as a
simpler approach for determining protein quality on a routine basis. No animal feeding
studies are required. An additional advantage is that the method can often more closely
predict the protein quality of a protein ingredient for humans than can assays in the
growing rat. It is the method of choice for highly digestible proteins that contain minimal
amounts of antinutritional factors.

PDCAAS (%) is calculated as the product of the true protein digestibility and the amino
acid score (or lowest amino acid ratio) relative to reference protein. Amino acid compo-
sition of protein is determined by hydrolyzing the protein into its component amino acids
and then separating the amino acids chromatographically as described below. True protein
digestibility is determined according to Alternate Protocol 2.
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Table B2.1.1 An Example Of Calculation For Amino Acid Score Using Whey
Protein®

Reference protein values

. . Whey . Ratio
Amino acid (mg/g protein) fozslz Ze;(;l];(l):%czl?lllgr)en (test protein/ref)
Isoleucine 17.8 28 0.64
Leucine 46 66 0.70
Lysine 44 58 0.76
Met + Cys 20.3 25 0.81
Phe + Tyr 27.4 63 0.43
Threonine 32.9 34 0.97
Tryptophan 9.2 11 0.84
Valine 28.1 35 0.80
Histidine 9 19 0.47

4Amino acid score = (0.64 X 0.7 X 0.76 X 0.81 x 0.43 x 0.97 x 0.84 x 0.8 x 0.47)1/9 =0.84.

Materials

Sample containing ~10 mg nitrogen
6 M HCl

Amino acid derivatization reagents
Performic acid

1.5- to 2-ml nitrogen-purged ampule
Nitrogen-free filter

Determine amino acid composition of protein
1. Digest a sample containing ~10 mg N in 400 pl 6 M HCl refluxed at 100°C for 24 hr

in a sealed 1.5- to 2-ml nitrogen-purged ampule. Collect the digest, filter through a
nitrogen-free filter, and dilute to 500 pl with distilled, deionized water.

Although acids, alkalis, or enzymes can be used for protein digestion, the most common
digestion method involves heating the peptide or protein in concentrated hydrochloric acid.

. Evaporate a 5-pl aliquot to dryness under a vacuum. Redissolve the residue in a

suitable buffer prior to analysis by an amino acid analyzer or into the appropriate
eluant if high performance liquid chromatography (HPLC) analysis is used.

. Derivatize amino acids, either before (pre-column) or after (post-column) chroma-

tography.

During derivatization, amino acids are reacted with a dye to form UV-absorbent or
fluorescent derivatives.

. Oxidize methionine and cysteine to methionine sulfone and cysteic acid using

performic acid prior to acid hydrolysis.

Incomplete oxidation can be a problem. Higher recoveries of cysteine and cystine have been
achieved by reduction of those amino acids with 2-mercaptoethanol followed by incubation
with 4-vinylpyridine. This converts cysteine and cystine to S-(4-pyridylethyl)-L-cysteine, a
derivative that can be separated by ion-exchange chromatography. Performic acid oxidation
of methionine in the presence of phenol is a suitable method for analysis of cysteine.

A single performic acid digestion can be used for all amino acids except tyrosine and
tryptophan (Williams, 1982).

5. Calculate the amino acid score from an amino acid profile:

mg of amino acid in 1 g of test protein

amino acid score = - — -
mg of amino acid in 1 g of reference protein
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6.

See Table B2.1.1 for an example of the calculation for amino acid score using whey
protein.

The limiting amino acid can be determined by taking the ratio of the amino acid present
in the test protein and dividing it by the amount in the reference protein. The amino acid
with the lowest ratio (test protein/reference) is the limiting amino acid. In this example, the
single limiting amino acid is histidine (a dietary essential amino acid for young children,).
The lowest ratio is for the sum of phenylalanine and tyrosine.

Correct the amino acid score for protein digestibility by multiplying the lowest amino
acid ratio with true protein digestibility (see Alternate Protocol 2). An example:

whey protein true digestibility = 0.95

corrected digestibility = (lowest amino acid ratio) X (true digestibility) =0.43x0.95=0.41

IN VITRO PROTEIN DIGESTIBILITY ASSAY

The protein digestibility values for pH-shift methods generally correlate well with in vivo
digestibility methods in the sense that both tests yield the same relative ranking for test
proteins (Pedersen and Eggum, 1983). The difficulty with an in vitro method is that it
does not accurately estimate qualitative differences between samples with low and high
protein digestibilities.

Materials

Porcine pancreatic trypsin (Type I1X)
Bovine pancreatic o-chymotrypsin (Type II)
Porcine intestinal peptidase (Grade I)

0.1 N NaOH or HCI1

1 mg N/ml sodium caseinate (see recipe)
Test protein

37°C bath
0°C ice bath

NOTE: Where distilled water is called for in this protocol, glass-distilled is preferred.

1.

Prepare enzyme solution fresh and keep on ice. Disperse the enzymes in distilled
water at final concentrations: ~1.6 mg/ml trypsin (23,100 U), ~3.1 mg/ml chymotryp-
sin (186 U), and ~1.3 mg/ml peptidase (0.052 U).

Adjust the pH of the enzyme solution to 8.0 with 0.1 N NaOH or HCl. Warm exactly
2 min at 37°C and immediately place in a 0°C ice bath.

Prepare a solution of 1 mg N/ml sodium caseinate in distilled water.
Use this solution as a standard to check the activity of the enzyme solution.

For the test protein, disperse 6.25 mg protein (1.0 mg nitrogen) in 10 ml distilled
water.

The nitrogen content of the test protein can be determined by Kjeldahl method (see UNIT
B1.2). Adjust pH of suspension with 0.1 N NaOH while stirring suspension at 37°C.

Incubate protein suspension at 4°C for a minimum of 1 hr, but no more than 24 hr.

For casein standard, transfer 10 ml of sodium caseinate solution into a stirred reaction
vessel. Warm vessel to 37°C.
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7. Adjust pH to 8.0 with either 0.1 N NaOH or 0.1 N HCI depending on the pH of the
solution and incubate for 5 to 10 min at 37°C.

8. Add 1.0 ml of the enzyme solution (prepared in step 1).

9. Stir solution constantly and hold at pH 7.98 for exactly 10 min. Record amount of
0.1 N NaOH needed to maintain a constant pH during this period.

10. Calculate true digestibility (TD) by using the following equation (Adler-Nissen, 1984
and 1986):
TD =76.14+44.77B

where B = amount of 0.1 N NaOH used.

IMPORTANT NOTE: Sodium caseinate values for protein digestibility should be 98% to
102%.

11. Repeat steps 5 through 10, using exactly 10 mg N test protein dissolved in 10 ml
distilled water.

12. Calculate the lab correction factor using the equation:

100
sodium caseinate digestibility

lab correction factor =

The lab correction factor compensates for differences in proteolytic enzyme preparations
and other experimental variables. Multiply the experimentally determined test protein
digestibility by the correction factor to determine digestibility.

IN VITRO PROTEIN DIGESTIBILITY FOR C-PER (AOAC METHOD 43.265)

C-PER is a PER calculated from the amino acid composition of the test protein and an in
vitro protein digestibility measurement. Its calculation involves complicated algorithms
provided as part of AOAC procedures.

Additional Materials (also see Basic Protocol 3)

Bacterial protease (Pronase P or E)
55°C water bath

1. Prepare these two enzyme solutions as per AOAC 43.261:

Solution A: Make up fresh and store on ice. Dissolve 227,040 BAEE units of trypsin
and 1860 BAEE units of a-chymotrypsin, 0.520 L-leucine B-napthylamide units of
peptidase in 10 ml water.

Solution B: Make up fresh and store on ice. Dissolve 65 casein units of bacterial
protease in 10 ml water. Store on ice.

2. Add a solution of 1 mg N/ml sodium caseinate in distilled water to a small reaction
vessel or vial and stir for 1 hr using a magnetic stirrer.

3. For the test protein, disperse 6.25 mg protein (1.0 mg nitrogen as determined by
Kjeldahl method; see uniT B1.2) in 10 ml distilled water into a small reaction vessel
or vial. Adjust the pH of the suspension with 0.1 N NaOH while stirring at 37°C.

4. Calibrate pH meter at 37°C. Equilibrate casein solution (control) to pH 8 £ 0.03 by
adding either dilute NaOH or HCI. Repeat for protein test solutions (see Basic
Protocol 3). Hold both control and test protein solutions at 37°C.
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5. Equilibrate enzyme solution A and enzyme solution B to pH 8 + 0.03 by adding either
dilute NaOH or HCI. Replace enzyme solutions on ice.

6. Add 1 ml enzyme solution A to reaction vessel with control sample and incubate

exactly 10 min at 37°C.

7. Transfer reaction vessel to a 55°C water bath and incubate for exactly 19 min.

8. Transfer reaction back to the 37°C bath, insert pH electrode, and read pH at exactly

20 min.

The pH at 20 min is X.

9. Calculate % digestibility as (Satterlee et al., 1979):

% digestibility = 234.84 —22.56 (X)

10. Repeat steps 5 to 9 for test proteins and calculate % digestibility as per equation in

step 9.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Sodium caseinate, 1 mg N/ml

Suspend 10 ANRC reference casein (Humko Sheffield Chemical, Teklad Test Diets,
or equivalent) in 200 ml water and adjust pH to 8.0 with NaOH. Maintain at pH 8
for at 21 hr. Freeze dry and determine nitrogen using Kjeldahl method (unir B1.2).

COMMENTARY

Background Information

Protein efficiency ratio (PER, see Basic Pro-
tocol 1) is an animal growth assay that uses rats
as test subjects. Two groups of rats are fed a
diet consisting either of the test protein or the
reference protein, which is usually casein. The
rats are fed for a specified period of time with
weight gain and food consumption measured.
PER was formerly the standard assay for all
protein quality analysis; however uncertainties
regarding the reliability of this rat growth assay
to accurately predict the quality of a protein
source in human nutrition resulted in its re-
placement with other tests. Because PER is a
biological assay, it can provide an indication of
protein requirements for cell maintenance, and
protein digestibility if other tests are conducted
along with it. For ranking protein quality, PER
results correlate well with biological value
(BV) and net protein utilization (NPU) tests
(see Alternate Protocol 4). A modification of
the PER that takes maintenance into account
by comparing the growth between a lactalbu-
min control group and test protein groups is the
relative nitrogen utilization (RNU) test. This
method is an improvement over NPR, since
NPR, which uses casein as a reference protein,
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tends to overestimate the protein quality for
lysine-deficient proteins (Hackler, 1977).

Anin vivo protein digestibility assay is often
conducted in conjunction with a PER (see Al-
ternate Protocol 3). For protein digestibility, the
nitrogen ingested in the food is compared with
that recovered in the feces (Dong et al., 1987).
In vitro protein digestibility (see Basic Protocol
3 and Alternate Protocol 5) can be determined
by incubating the test protein with a mixture of
proteolytic enzymes and monitoring the degree
of hydrolysis (Dimes et al., 1994).

The PER has been replaced by tests that
determine a chemical score for a protein (see
Basic Protocol 2). In this method, the biological
value of a protein, including the limiting amino
acid(s), can be predicted by comparing the
amino acid profile of a test protein to that of a
reference protein. The problem with chemical
scoring methods is that they do not take into
account how digestible a protein is for animals
or people, nor do they predict whether amino
acids are bioavailable or whether the test pro-
tein contains antinutritional or toxic factors, let
alone whether the test protein is palatable as a
sole or primary source of dietary protein. A
related problem with the PDCAAS is that it
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does not reflect the higher nutritional value of
a protein that scores higher than the reference
protein. Also, because it is an in vitro determi-
nation, PDCAAS cannot account for adverse
antinutritional factors in a protein ingredient
such as those present in plants, i.e., glucosino-
lates (mustard and canola), gossypol (cotton-
seed), phytates (cereals and oilseeds), hemag-
glutins and trypsin inhibitors (legumes). Nei-
ther can it account for antinutritional factors
formed during heat processing or via chemical
additions (e.g., acids, oxidizing agents). The
method does notdetermine the true digestibility
of poorly digestible or low-quality proteins
with supplemental amino acids added; the
bioavailability of individual amino acids may
be as much as 44% lower than the overall
digestibility of protein in the same food product
(Sarwar, 1996). Because of this limitation, it is
difficult to determine the actual limiting amino
acid in a protein, and this affects the accuracy
of the overall protein score.

Additional factors that may affect the reli-
ability of the chemical scoring methods lie with
the inherent difficulties of amino acid analysis.
The analytical procedure for amino acid analy-
sis can affect both the recovery and reliable
quantitation of amino acids. Proteins must first
be hydrolyzed to amino acids before analysis.
Hydrolysis methods affect the amino acid re-
covery. Cystine, methionine, tryptophan,
threonine, serine, and tyrosine can be destroyed
during hydrolysis. Valine and isoleucine are
released slowly and may not be completely

recovered. There can also be significant differ-
ences in the amino acid profile for the same
protein, depending upon the chromatographic
methods chosen for amino acid analysis (Selig-
son and Mackey, 1984).

The most common chemical scoring method
is the protein digestibility-corrected amino acid
score (PDCAAS; see Basic Protocol 2). This
method has been adopted by the FDA for nu-
tritional labeling of foods in the United States
and by FAO/WHO for routine analysis of pro-
tein quality for humans (Sarwar, 1996). A nu-
tritionally complete protein is used as the ref-
erence protein for scoring protein quality. There
are different scoring patterns for infants (which
use the amino acid composition of human
milk), preschool-aged children (2 to 5 years),
school-aged children (10 to 12 years), and
adults (see Table B2.1.2). The PDCAAS cor-
rects the chemical score for protein digest-
ibility. Digestibility is determined through an
in vitro method. These in vitro methods use a
series of enzymes that simulate the mix of
digestive proteolytic enzymes in the small in-
testine.

In vitro protein digestibility assays provide
an estimate of how a protein is digested, ab-
sorbed, and utilized. Differences in protein di-
gestibility arise from the varying susceptibility
of protein to enzymic hydrolysis in the diges-
tive system. These differences can arise from
processing treatments, such as thermal abuse,
which reduce protein digestibility. These dele-
terious changes are due to alteration in the

Table B2.1.2 Suggested Amino Acid Profiles for Reference Proteins®

Amino acid Age category
(mg/g crude protein) Infant Pre-school  School age Adult
2-5year  10-12 year
Histidine 26(18-36) 19% 19% 16
Isoleucine 46(41-53) 28 28 13
Leucine 93(83-107) 66 44 19
Lusine 66(53-76) 58 44 16
Methionine + cystine 42(29-60) 25 22 17
Phenylalanine + tyrosine ~ 72(68-118) 63 22 19
Threonine 43(40-45) 34 28 9
Tryptophan 17(16-17) 11 94 5
Valine 55(44-77) 35 25 13
Total
Including histidine 460(408-588) 339 241 127
Minus histidine 434(390-552) 320 222 111

“Adapted from: Comparison of suggested patterns of amino acid requirements with the composition of
high quality animal proteins (Joint FAO/WHO Expert Consultation, 1991).
byalues interpolated from smoothed curves of requirements versus age.
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primary and secondary structures of a protein
through formation of chemical bonds that are
not susceptible to digestive enzymes. How a
protein has been treated is also important be-
cause processing or storage under abusive con-
ditions can alter the three-dimensional struc-
ture of the protein, either improving or lessen-
ing its susceptibility to digestive enzymes. The
presence of nonprotein dietary constituents can
also affect how a protein is digested. Some of
these components include phytate, dietary fi-
ber, and various toxigenic agents. Amino acid
digestibility can differ from the digestibility of
the protein in a food. For certain foods such as
legumes, the true digestibility of methionine,
cystine, and tryptophan are 25% to 44% lower
than the respective protein. However, differ-
ences between protein and amino acid digest-
ibility for most proteins do not differ by >10%,
making a correction of amino acid scoring
using total protein digestibility sufficiently ac-
curate.

In vitro digestibility assays are commonly
conducted as part of a PDCAAS assay or in
conjunction with the PER animal bioassay. En-
zymes for the standard in vitro digestibility
assay include porcine pancreatic trypsin, por-
cine intestinal peptidase, bovine pancreatic o
chymotrypsin, and often one or more bacterial
proteases. The digestibility of the test protein
is calculated relative to casein and is based upon
the drop in pH resulting from protein hydroly-
sis. For this reason, these assays are called
pH-shift procedures. One of the more popular
in vitro digestibility assays is the three-enzyme
procedure, which is the basis for the standard
AOAC method 982.30. In vitro assays under-
estimate the digestibility of high-quality pro-
teins such as dried egg and nonfat dry milk. The
major limitation of the pH shift methods is that
the pH is not constant during the course of the
assay. Also, the buffering capacity of peptides,
proteins, and other substances in the test protein
may influence the pH to decline in a pH shift
assay. Recently developed pH-stat methods are
a more accurate means for measuring protein
digestibility because the reaction pH can be
controlled during the incubation period (Hsu et
al., 1977, Satterlee et al., 1979; Dimes et al.,
1994).

The advantages of an animal bioassay are
that protein digestibility, amino acid bioavail-
ability, and the presence of antinutritional fac-
tors can be ascertained. However, animal-based
feeding studies can be difficult. First, these
assays are expensive to conduct and time-con-
suming. Secondly, these assays require animals
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to be fed artificial diets that do not reflect what
the animal would consume on a regular basis.
For certain species, there are additional diffi-
culties. In aquaculture, for example, collection
of feces is difficult since these are dispersed in
the water column and dissolve; urine collection
is not possible without resorting to a system
that restrains and stresses the fish, affecting its
feeding behavior. Also, extrapolation of the
results from animal feeding experiment, such
as the PER bioassay to humans has been criti-
cized because of the difference in amino acid
requirements and growth rates between rats and
people (Seligson and Mackey, 1984). Factors
that affect the results of protein quality assays
using animals include (Hackler, 1977): age and
gender of animal, animal weight, protein qual-
ity and quantity, food intake, other dietary com-
ponents in the feed (i.e., minerals, fat, carbohy-
drate, and moisture), animal husbandry prac-
tices, and environmental conditions (i.e.,
temperature, humidity, cage size, and light-
ing/photoperiod).

The interpretation of results from protein-
quality assays for foods should be cautiously
interpreted. For example, the palatability of
ingredients is a function of compounds inherent
in the ingredient or a result of formation of
off-flavors resulting from processing (e.g.,
thermal abuse creating browning reaction prod-
ucts). Since protein-quality assessments are
conducted with the test ingredient being the
sole source of dietary protein, often fed to
animals for a significant period of time, low
palatability can confound a study and lead to
unreliable predictions of protein quality. Low
palatability has been observed in aquaculture
diets containing defatted soybeans, thermally
abused fish meal, and co-dried ensiled mixed
protein ingredients.

Critical Parameters

Diet formula

1. PER control group diet formula. The
protein component in the diet for the control
group should be pure (reference) casein
(ANRC reference casein, Teklab Diets). Casein
is assigned a PER of 2.5. Results for the test
protein(s) are normalized against this value in
an attempt to reduce interlaboratory variation.
The diet must be isocaloric (see recipe for PER
Test Group Diet, below).

2. PER test group diet formula. Diet for test
group with the protein fraction for the diet being
the protein of interest (i.e., test protein): Test
diets are 10% protein. The protein ingredient

Biochemical
Compositional
Analyses of
Proteins

B2.1.11



Analyses of
Protein Quality

B2.1.12

must contain 1.6% nitrogen if it is to be incor-
porated into the test diet at the proper level.
Diets must be <10% moisture. The fat content
of high-fat foods should be reduced to <10%
by ether extraction.

Diets are isocaloric. The composition of the
test and control (reference protein) diet (calcu-
lated on a dry weight basis) is 10% protein
(1.6% nitrogen), 1% AIN vitamin mix 76, 3.5%
AIN mineral mixture 76 (Nutritional Bio-
chemicals), 0.2% choline bitartrate, 5% cellu-
lose (only if test food is <5% total dietary fiber),
corn oil to 10% total fat, and corn starch to total
100%. To account for differences in the protein
content of the test diet, the level of corn starch
can be adjusted (Joint FAO/WHO Expert Con-
sultation, 1991). The chemical composition
(proximate analysis) of the test protein must be
measured before test diets are formulated. The
proximate analysis of the test and control diets
are to be measured after the diets are formu-
lated, but before they are fed, to ensure that the
protein content is the same for all diets, and that
the diets are isocaloric.

3. PER zero-protein diet formula. For deter-
mination of net protein ratio, a test diet that
contains no protein is run as one of the test diets.
This zero protein diet is used to derive a cor-
rection to account for the amount of protein
required for cell maintenance.

PER

Accurate diet preparation and analysis are
critical for any feeding study. The diet must be
chemically uniform from the beginning to the
end of the study, and the composition of each
diet treatment must be accurately conducted.
Experimentally determined differences be-
tween diet treatments will be reliable only if the
composition of the diets can be relied upon—do
the different treatments have the same protein
and calorie content? Representative sampling
of diets for testing is a prerequisite, as well as
experience conducting an accurate proximate
analysis. Palatability of the diets is also an issue
in some studies, as well as the ease the animal
has in consuming the diet. Proper acclimation
of the animals prior to the study, and the overall
health and well-being of the animals during the
course of the study, are important to study
outcome. Lethargy and failure to eat are not
uncommon, and reasons for this must be deter-
mined, as this affects the reliability of the test.
Conducting the experiment with the least
amount of stress to the animals is very impor-
tant. Also, at the beginning of the study, it is
important to ensure that animals are uniformly

distributed between diet treatment groups
based upon their initial weight at the beginning
of the study. Taking accurate weights of the
animals at regular intervals, as well as of the
feed provided and consumed are necessary for
reliable results.

Chemical scoring methods

There has been resistance to a wider adop-
tion of chemical scoring methods for predicting
protein quality because of the number of sepa-
rate assays required. A standard amino acid
analysis, plus separate assays for tryptophan
and methionine/cysteine, are required. All the
critical factors associated with protein hydroly-
sis, sample preparation for amino acid analysis,
proper use of and selection of internal and
external standards, selection of analytical
method including derivatization and chroma-
tographic method, sensitivity, and possible in-
terference from sample constituents, as well as
data acquisition and analysis, will all play roles
in determining reliability of using a chemical
scoring method for estimating protein quality.
Correlation of these results with those for in
vivo assaysis not guaranteed. Analytical results
for lysine may not accurately reflect chemically
or biologically available lysine (Friedman,
1996), and so additional testing to predict
bioavailability is needed. Protein digestibility
is often conducted in conjunction with
PDCAAS using an in vitro assay. Again, the
critical issue with this method is whether it will
accurately reflect how well a protein and its
constituent amino acids can be used by an
organism for growth and maintenance.

Digestibility methods

High protein digestibility does not necessar-
ily mean high protein quality. Protein quality
measures the balance between the amino acids
in the protein necessary for growth and cell
maintenance.

In vivo tests require animal feeding studies,
and all of the factors outlined under PER apply.
In addition, for digestibility calculations, accu-
rate measurement of feed consumed, complete
recovery of feces (devoid of feed), possibly
urine, and calculation of body composition are
required. These are not the most pleasant ex-
perimental protocols to conduct, but have to be
done carefully and correctly if meaningful re-
sults are to be obtained.

In vitro protein digestibility requires prepa-
ration of a treated sodium caseinate standard.
Because of the empirical nature of these deter-
minations, it is critical that results for the so-
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dium caseinate are reliable. Preparation of this
standard must be conducted exactly as de-
scribed, and the standard must be tested to
ensure that digestibility is 100+2% after it has
been prepared. Nitrogen content of the protein
standard and the test proteins must be accu-
rately determined using an appropriate
Kjeldahl method, since the digestibility assays
are calculated on a constant-nitrogen basis.
Protein samples must be held so that they do
not take up or lose moisture between the time
of the N determination and the digestibility
assay. For certain protein ingredients, it may be
necessary to correct the total N content for
nonprotein nitrogen. Preparation of fresh en-
zyme solutions for each series of assays is
critical. Itis best that these solutions not be used
for more than a couple of hours. Accurate
preparation is important, and as the specific
activity of each preparation may be somewhat
different, the activity should be confirmed be-
fore the enzyme is used. Whether a pH shift or
a pH stat assay is employed, accurate calibra-
tion of pH at the assay temperature is critical.
Also, it will be important to select a reaction
vessel that can be kept at a constant temperature
and be stirred and into which a pH electrode
can be inserted for measurement.

Troubleshooting

Protein efficiency ratio and in vivo
digestibility methods

Maintaining animals in a comfortable envi-
ronment, as stress free as possible, is important,
including maintaining a constant temperature
and uniform photoperiod. If animals appear
sick or lethargic, or fail to eat, a veterinarian
should be contacted and study terminated. Be-
cause some proteins are not highly palatable,
conducting a test run, feeding a small number
of rats a control diet and some others the ex-
perimental diet, is recommended to see how
well the animals eat the diet. Sometimes replac-
ing a small amount of the corn starch in the diet
(~10%) with dextrose will improve palatability.

Animals should be watered and feed should
be replaced at the same time of day, if possible,
during the course of the study. Food consump-
tion should be checked daily, and more often if
necessary, depending upon feed consumption
rate. Animal food dishes should not be left
empty.

If animals spill food, the spilled food must
be recovered as completely as possible and
weighed. If this is a recurrent problem, switch
to feed dishes of a different configuration, or

Current Protocols in Food Analytical Chemistry

alter the bulk density of the food (e.g., switch
to a pelleted food, although this is not always
possible). Line cages with paper to make col-
lection of spilled feed easier. If paper becomes
wet from spilled water or urine, dry the paper
at room temperature before recovering and
weighing the spilled feed. Spilled feed should
be recovered and weighed daily.

The container used to weigh the rats should
be large enough so that they cannot jump out.
A small wire cage or basket is recommended.

Recovering feces for protein digestibility
measurements can be tedious and unpleasant.
It is necessary to recover as much material as
possible from cage walls and floor, and from
the cage liner, with as little contamination with
food or urine as possible. Feces from each rat
should be collected separately and stored in a
sealed container, preferably in the freezer until
analyzed. These should be air dried first before
storage if possible. If it becomes difficult to
recover feces from the cage liner because they
stick, switch to a glossier paper to line the cage.
In extreme situations, where there is a large
amount of urine or water contamination of the
feces, measuring nonprotein nitrogen may be
necessary to correct for urine contamination
(Varner et al., 1953).

Conducting body composition analysis on
rat carcasses presents challenges that are usu-
ally not faced when taking representative sam-
ples, because of hair, bone fragments, etc. Tak-
ing additional samples for analysis is recom-
mended, until the standard error for these
measurements falls into line with lab averages
with more conventional samples.

Measuring Kjeldahl nitrogen is not trivial,
particularly on samples with relatively low
amounts of nitrogen. Running test proteins with
known amounts of nitrogen will help to ensure
that determinations are accurate. Titration val-
ues should be checked with known standards
daily, particularly in the case of samples for
which discerning the color change is difficult.
Switching catalysts can sometimes help to im-
prove results.

Chemical scoring methods

Amino acid analysis is fraught with literally
dozens of pitfalls. For novel protein ingredi-
ents, those that have undergone chemical modi-
fication, or ones that have been subjected to
high heat, conventional methods for protein
hydrolysis may or may not be effective. It may
be necessary to evaluate different hydrolysis
methods to determine which provides the best
recovery.
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Chromatographic separation of amino acids
in the test protein is required for chemical
scoring methods. The selectivity and sensitivity
of chromatographic methods vary and compar-
ing results of more than one method may be
required, particularly when proteins with un-
usual amino acid profiles are being tested.

For routine regulatory and food labeling
purposes, an accurate determination of amino
acid content coupled with an assessment of
protein provides a sufficient basis for estimat-
ing protein quality (Young and Pellet, 1991).
However, this does not mean that values are
accurate. Unlike animal bioassays, a chemical
scoring method cannot factor in the value of a
protein as part of a mixed diet. Also, it does not
take into account mechanisms animals have for
salvaging and reutilizing endogenous amino
acids.

In vitro protein digestibility

pH shift and pH stat assays are, in principle,
fairly straightforward to conduct. However, it
is critical the pH meter be calibrated at 37°C
with 37°C buffer. Checking the sensitivity of
the meter at the temperature is important.

Also, the effect of stirring on pH fluctuation
should be checked for pH stat determinations.

Protein materials that are not highly soluble
at pH 8 in water are difficult to test using this
method. Hydrating a protein overnight is some-
times helpful.

Check the activity of enzymes separately if
digestibility values seem to be low. Ensure that
the correct enzyme, grade, and concentration
have been used. If there is any question about
enzyme quality, replace it.

Anticipated Results

PER

PER values for test proteins will be lower
than casein for conventional test materials. This
is not the case for protein ingredients that have
been specifically designed to have enhanced
protein quality. Test results for other high-qual-
ity protein sources, such as meat, fish, and egg,
may yield higher PER results than a casein
control, and the relative rating between very
high protein sources is related in part to the
palatability of the respective diet. Sometimes
the range of weights (weight loss) for animals
fed zero-protein diets can be highly variable
within the treatment group, reducing the preci-
sion of the assay.

Chemical score

Values for a test protein will be lower than
for the reference protein. The reliability of
results for chemical scoring methods depends
upon the accuracy of the amino acid determi-
nations that form the basis for these assays.
Chemical scoring and animal bioassays tend to
provide similar relative rankings of protein
quality; however, the actual values may be
different. Chemical scoring methods should not
replace a bioassay for testing the quality of a
food protein for which there is very little nutri-
tional information.

Digestibility assays

The relative ranking of protein ingredients
by in vivo and in vitro digestibility tests will
generally track each other; however, the values
on a percentage basis may be quite different.
The digestibility of a protein will vary depend-
ing upon how it has been processed. Proteins
that are highly soluble in water, or those that
have been treated to improve solubility, will
tend to have greater digestibilities. The digest-
ibility values for proteins that have been par-
tially hydrolyzed may not be reliable. For pro-
teins that have been heated, or which have been
derivatized (e.g., by formation of browning
reaction products or exposure to alkali or acid),
in vitro digestibility results may not provide a
good indication of the bioavailability.

Time Considerations

PER

The preparation time for a PER is extensive
and involves several days for acquisition of rats
and their acclimation before a feeding trial
begins. Preparation of a consistent and uniform
diet is not trivial. Adequate diet for each treat-
ment for the course of the study should be
prepared shortly in advance of the study. Test-
ing of the diet involves chemical analysis for
protein (i.e., Kjeldahl N takes several hours)
and accurate determination of other diet con-
stituents (e.g., ash, crude lipid, and dietary
fiber) so that isocaloric diets can be formulated
between treatment groups. These determina-
tions take =1 day to complete. It is recom-
mended that multiple samples from each diet
be obtained for proximate analysis of diet be-
fore it is fed to ensure that each diet has the
proper nitrogen content (and this is same be-
tween diet treatments) and that all diets are
isocaloric.

This is a growth assay and takes 28 days to
complete. Fecal N and body composition

Current Protocols in Food Analytical Chemistry



analyses each take an additional several days
of sample preparation and analysis to complete.

Chemical scoring methods

A fairly complicated sample preparation is
involved. Comparison of hydrolysis and chro-
matographic procedures may be necessary
when testing unconventional protein sources.
Knowing the sample nitrogen content is re-
quired. There is also the need to hydrolyze
protein (an overnight procedure). Separate hy-
drolysis procedures are required for tryptophan
and for the sulfur-containing amino acids,
which take several hours (or overnight) to com-
plete. Chromatographic analysis is relatively
rapid (minutes to hours); however, becoming
proficient at amino acid chromotography can
take months or years.

Digestibility tests

In vitro assays themselves take a few hours
to complete. The protein nitrogen content of a
sample must be known. Sample hydration can
take one to several hours. Preparation of en-
zyme solutions takes <1 hr, however, determi-
nation of the activity of the different enzymes
within the preparation can take days. In vivo
digestibility assays involve a feeding study, and
the investigator faces similar issues as de-
scribed for PER.
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Evaluation of the Progress of Protein
Hydrolysis

This unit describes several techniques that can be used to evaluate the progress of protein
hydrolysis by using the concept of degree of hydrolysis (DH). The DH is defined as the
percentage of hydrolyzed peptide bonds. The techniques described here are based on the
assumption that a free amino group and a free carboxyl group are released every time a
peptide bond is hydrolyzed. They quantify the increase in the concentration of such groups
as a variable to evaluate the progress of hydrolysis.

The ninhydrin reaction (see Basic Protocol 1), the TNBS reaction (see Alternate Protocol
1), the fluorescamine reaction (see Alternate Protocol 2), and formol titration (see
Alternate Protocol 3) all evaluate released amino groups by comparing the amounts of
free amino groups before and after hydrolysis. The first three methods are spectro-
photometric techniques, whereas the fourth is a potentiometric technique. The first and
second are chromogenic techniques, whereas the third is fluorometric. These techniques
are usually performed as time-course experiments. As the hydrolysis reaction proceeds,
aliquots (samples) of the reaction are taken periodically and treated with a test reagent.
Products of this reaction are proportional to the amount of free amino groups at each time
point.

One additional technique presented is the pH-stat technique (see Basic Protocol 2). This
is a kinetic technique used to evaluate the progress of hydrolysis. The hydrolysis reaction
is followed in the same reaction vessel at theoretically infinitesimal increments. This gives
a graph of the progress of the hydrolysis. The pH-stat technique is useful for evaluating
the progress of an enzyme-catalyzed protein hydrolysis process on an industrial scale,
where the degree of hydrolysis is the most important variable in ensuring that products
with desirable functional and organoleptic properties are obtained.

STRATEGIC PLANNING

Protein hydrolysates are usually produced by limited enzymatic hydrolysis of protein
molecules in foodstuff, yielding polypeptides that are smaller in molecular mass. Protein
hydrolysis has several aims. The most common is to make the protein moiety of a foodstuff
soluble by reducing the size of the peptides. Solubilization simplifies isolation of the
protein moiety by physical means. Protein hydrolysis has also been applied to improve
the functional, organoleptic, and nutritional value of a foodstuff. Advances in the tech-
nology of protein hydrolysate production has allowed the use of unconventional protein
sources for animal and human food.

The following test parameters must be defined for the production of a protein hydrolysate:
the mass of the hydrolysis mixture (M in g or kg), the substrate (S in % w/w) where protein
concentration (N X f,) is determined by the Kjeldahl method (uniT B1.2), the enzyme/sub-
strate ratio (E/S, as activity units per gram or kilogram of substrate), the pH, and the
temperature (°C). Also, the conditions needed to terminate hydrolysis must be defined.
Because hydrolysis is typically allowed to proceed until a given degree of hydrolysis (DH)
value is reached, the reaction is terminated by a sudden inactivation of the enzyme.
Sometimes, termination is achieved by changing the pH. If a reaction is performed under
alkaline conditions, lowering the pH to 4.0 to 4.5 concludes hydrolysis. For thermosen-
sitive enzymes, rapidly heating the reaction mixture is suitable. In both cases, preliminary
assays should be performed to determine satisfactory conditions, especially to determine
the appropriate time at which to inactivate the enzyme under real reaction conditions.

UNIT B2.2
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When producing protein hydrolysates, the next step is often to separate the solubilized
protein from the nonhydrolyzed material. Centrifugation or filtration yields soluble
protein and a precipitate or sludge.

NINHYDRIN REACTION TO DETERMINE DEGREE OF PROTEIN
HYDROLYSIS

In the following protocol, amino acids are reacted with ninhydrin hydrate at pH 5 and
100°C for a standard period of time, yielding a purple-blue compound, the ammonium
salt of diketohydrindylidene-diketohydrindamine, as the major product. The structure of
the reagents and the reaction is shown in Figure B2.2.1. Amino acids generally react with
ninhydrin to yield carbon dioxide, ammonia, and, usually, an aldehyde of one carbon atom
fewer than the original amino acid. Ninhydrin also reacts with ammonia and primary
amines. The absorbance of the purple-blue product is measured at 570 nm. Proline and
hydroxyproline give a yellow product whose absorbance is measured at 440 nm (Fig.
B2.2.2).

NOTE: A variety of assay conditions can be used here; this protocol is specific for
Alcalase. Many other enzymes can be used, as well as other percentages of protein and
other enzyme/substrate ratios.

Materials

Substrate: sample solution containing native protein

Enzyme (e.g., Alcalase 0.6L or Alcalase 2.4L; Novo Nordisk Biochem), adjusted
to desired reaction pH using HCI or NaOH

Water or buffer at desired pH and temperature

3N HCI

Standard solution:1.5 mM leucine (1.5 meq NH,/g) in 50% (v/v) isopropanol

Standard solution: 1.5 mM proline or hydroxyproline (1.5 meq NH,/g) in 50%
(v/v) isopropanol

Ninhydrin reagent (see recipe)

+ R—CH—— COO~

o)
OH
OH
0 NHg*
o) o) l
N C + 3H,0 +CO,
+
R——CHO
O _

o)
NH,*

Figure B2.2.1 Reaction of ninhydrin with an amino acid, producing the purple-blue product.
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Figure B2.2.2 Reaction of ninhydrin with proline or hydroxyproline, producing the yellow product.

Water baths at 85° (optional) and 100°C

13 X 100-mm glass test tubes

Spectrophotometer (visible range, 440 to 570 nm)
Glass spectrophotometer cuvettes

Prepare hydrolysis samples
1. Determine the appropriate amounts of substrate and enzyme to use for the hydrolysis
reaction. Use an amount of substrate that gives protein at 8% (w/w) of the total
reaction and calculate enzyme at a ratio of 0.012 Anson U/g protein. For example,
for a 100-ml Alcalase hydrolysis reaction, use:

substrate containing 8 g protein
0.16 g Alcalase 0.6L or 0.04 g Alcalase 2.4L.
buffer to 100 ml.

The amount of protein in the substrate solution can be determined by using the Kjeldahl
method (UNIT B1.2) to determine the nitrogen concentration (N) and then multiplying this
by a factor of 6.25 (fy,).

The mass of enzyme in grams (M) is calculated My = M, X (A/E), where (M) is the mass
(in g) of protein in the substrate, A is the suggested enzyme activity in Anson units/gram
(0.012 AU/g), and E is the actual enzyme activity specified by the manufacturer. For
Alcalase, 0.6L and 2.4L correspond to 0.6 and 2.4 AU/g, respectively. Thus My = 8 g X
(0.012 AU/g + 0.6 AU/g) = 0.16 g for 0.6L, or 0.04 g for 2.4L.

2. Mix substrate in water or an appropriate buffer at the desired temperature and pH.
Every sample should be analyzed with appropriate replicates.

3. Before adding enzyme, transfer a 1.0-ml sample to a 13 X 100—mm glass test tube to
be used for determining free amino groups in the raw material.

4. Add enzyme to the remaining substrate solution and stir mixture throughout the
course of the reaction.
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5.

Take 1.0-ml samples at suitable time intervals during the reaction and transfer to glass
test tubes. Immediately inactivate each sample by lowering the pH value to 4.0 with
3 N HCI (10 to 20 ul) or by transferring the sample to a water bath at 85°C for at least
15 min.

If HCl is used to stop the reaction, it should also be added to the control (step 3) and to the
standards and blank (steps 6 and 7) to maintain consistent dilution of amino equivalents.

Perform ninhydrin reaction

6.

Prepare a series of 1-ml calibration standards by diluting 1.5 mM leucine standard
solution containing 0.01 to 0.15 amino meq/g in the same solvent that was used to
prepare the sample protein. Prepare a series of proline or hydroxyproline standards
in the same manner.

As with the samples, the standards and blank should be prepared in appropriate replicates.

. Prepare a blank containing 1 ml solvent alone.
8.
9.

Add 0.2 ml ninhydrin reagent to each tube (steps 3, 5, 6, and 7).

Heat 10 min at 100°C and cool to room temperature.

Analyze

10.

11.

12.

13.

14.

Measure absorbance at 570 nm for any amino acid, and at 440 nm for proline and
hydroxyproline.

Create separate calibration curves for leucine and proline by plotting As;, or A4,
respectively, versus equivalent amino acid standard concentration.

For each time point, determine the concentration equivalents of amino groups in the
samples by extrapolating from each standard curve.

For each time point, separately determine the amount of released amino groups (/)
by subtracting the value of the corresponding unhydrolyzed control (step 3) in the
corresponding standard curve.

This gives the number of equivalents of peptide bonds hydrolyzed (h), expressed as meq/g
protein from the following equation:

h=(AXb)/m

where A is the absorbance at 570 or 440 nm and b and m are the y intercept and slope of
the calibration curve. To get h, sum the values of h from 570 and 440.

Determine the degree of hydrolysis at each time point from the following equation:
DH = h/hyy % 100%
where h,, is the total amount of peptide bonds.

When h,,, remains unknown, 8 amino megq/g protein is a good estimate (Adler- Nissen,
1986).

TNBS REACTION TO DETERMINE DEGREE OF HYDROLYSIS

Trinitrobenzenesulfonic acid hydrate (TNBS) reacts with amino acids, yielding a yellow
product (Fig. B2.2.3) whose absorbance is measured at 340 nm. TNBS reacts only with
amino groups in their unprotonated state. TNBS binds to amino acids in two steps: (1) a
fast reaction with low affinity, and (2) a slow reaction with relatively high affinity. For
practical purposes, the two-step reaction should be considered as one. TNBS reacts with
primary amines under slightly alkaline conditions, and lowering the pH stops the reaction.
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Figure B2.2.3 TNBS reaction.

Additional Materials (also see Basic Protocol 1)

1% (v/v) SDS (APPENDIX 2A)

0.2 M sodium phosphate buffer, pH 8.2 (APPENDIX 24)

2.5 mM leucine standard in 1% SDS

0.1% (w/v) trinitrobenzenesulfonic acid dihydrate (TNBS) in deionized water
(prepare immediately before use and protect from light)

0.1 N HCl1

15 X 85—mm and 16 X 125-mm glass test tubes
50° and 75°C shaking water baths
Spectrophotometer (visible range; 340 nm)

Prepare hydrolysis samples
1. Determine the appropriate amounts of substrate and enzyme to use for the hydrolysis

reaction. Use an amount of substrate that gives protein at 8% (w/w) of the total
reaction and calculate enzyme at a ratio of 0.012 Anson U/g protein. For example,
for a 100-ml Alcalase hydrolysis reaction, use:

substrate containing 8 g protein
0.16 g Alcalase 0.6L or 0.04 g Alcalase 2.4L.
buffer to 100 ml.

The amount of protein in the substrate solution can be determined by using the Kjeldahl
method (UNIT B1.2) to determine the nitrogen concentration (N) and then multiplying this
by a factor of 6.25 (f,,).

The mass of enzyme in frams (M) is caluculated M, = M, X (A/E), where (M) is the mass
(in g) of protein in the substrate, A is the suggested enzyme activity in Anson units/gram
(0.012 AU/g), and E is the actual enzyme activity specified by the manufacturer. For
Alcalase, 0.6L and 2.4L correspond to 0.6 and 2.4 AU/g, respectively. Thus My = 8 g X
(0.012 AU/g + 0.6 AU/g) = 0.16 g for 0.6L, or 0.04 g for 2.4L.

2. Mix substrate and appropriate buffer at the desired temperature and pH.

Every sample should be analyzed with appropriate replicates.

. Before adding enzyme, take a 0.25-ml sample and transfer to a 15 X 85—mm glass
test tube containing 2 ml of 1% SDS and incubate 15 min at 75°C.

This unhydrolyzed control will be used for evaluation of free amino groups in the raw
material.

. Add enzyme to the remaining substrate solution and stir mixture throughout the
course of the reaction.
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5. Take 0.25-ml samples at suitable time intervals during the reaction. Immediately
transfer each sample to a test tube containing 2 ml of 1% SDS and keep at 75°C in a
shaking water bath for 15 min.

This inactivates the enzyme and disperses the protein hydrolysate.

Perform TNBS reaction
6. Transfer 0.25 ml from each sample (step 5) and control (step 3) to separate 16 X
125-mm glass test tubes containing 2 ml of 0.2 M sodium phosphate buffer.

7. Prepare six to ten calibration standards by diluting 2.5 mM leucine standard contain-
ing 0.25 to 2.5 amino megq/g in sodium phosphate buffer at a total volume of 2.25 ml.

As with the samples, the standards and blank should be prepared in appropriate replicates.
8. Prepare a blank containing 0.25 ml of 1% SDS in 2 ml sodium phosphate buffer.

9. Add 2 ml of 0.1% TNBS solution to each tube, vortex, and incubate in the dark at
50°C for 60 min.

10. Stop the reaction by adding 4.0 ml of 0.1 N HCI. Allow samples to reach room
temperature and read absorbance at 340 nm.

Analyze
11. Create a calibration curve by plotting A, versus concentration of the standards.

12. Determine the degree of hydrolysis (see Basic Protocol 1, steps 12 to 14).

FLUORESCAMINE REACTION TO DETERMINE DEGREE OF
HYDROLYSIS

Fluorescamine reacts with primary amines to form fluorophores (see Fig. B2.2.4) that are
excited at 390 nm and fluoresce at 475 nm. Peptides react with fluorescamine at pH 7.0,
giving higher fluorescence than amino acids, which have maximum fluorescence at pH
9. The reaction proceeds rapidly with primary amines at 25°C. The resulting fluorescence
is proportional to the amine concentration. The fluorophores are stable for several hours.
A negligible interference is produced with ammonia.

COOH

fluorophore

Figure B2.2.4 Fluorescamine reaction.
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Additional Materials (also see Basic Protocol 1)
0.04 M sodium phosphate buffer, pH 7.0 (arPENDIX 24) or 0.04 M borate buffer, pH
9.7 (see recipe)
0.3 mg/ml fluorescamine reagent in acetone
Spectrofluorometer (excitation 390 nm; emission 475 nm)

1. Perform enzymatic hydrolysis of protein samples at a series of time points (see Basic
Protocol 1, steps 1 to 5). Prepare a series of standards and a blank (see Basic Protocol
1, steps 6 and 7).

2. Set the spectrofluorometer to 390 nm excitation and 475 nm emission.

3. To a glass spectrofluorometer cuvette, add 0.20 ml of 0.04 M sodium phosphate
buffer, pH 7 (for peptides) or borate buffer, pH 9.7 (for free amino acids).

Usually, in food technology, the hydrolysis of a protein product is not intended to proceed
to the production of free amino acids, because extended hydrolysis yields a product with
poor functional properties. Therefore, it is important to know the amount of free amino
acids generated by the hydrolysis. The TNBS reaction (see Alternate Protocol 1) allows a
useful tool to quantify the amount of free amino acids.

4. Add 0.20 ml of 0.3 mg/ml fluorescamine and 1.0 ml of hydrolysis sample containing
5 to 50 nmol amino acid.

5. Measure fluorescence of the mixture at 475 nm.
The resulting fluorescence is proportional to the amine concentration.

6. Create a calibration curve by plotting fluorescence versus concentration of the
standards.

7. Determine the degree of hydrolysis (see Basic Protocol 1, steps 12 to 14).

FORMOL TITRATION TO DETERMINE DEGREE OF HYDROLYSIS

Amino acids react with formaldehyde, liberating one H* ion from the amino group, which
is potentiometrically titrated with a sodium hydroxide solution. (Formol titration is also
useful for measuring total free amino acids; for titration of acid tastants, see UNIT G2.1.)
Amino groups of histidine do not react and those of proline and hydroxyproline react
about 75%. Tertiary amines such as those in the guanidine group do not interfere with the
reaction. Protein containing significant amount of Pro and hydroxyPro should be evalu-
ated using other techniques.

H,C=0 + H,N-CRH-COOH — HC=N-CRH-COOH + H* + H,O

Additional Materials (also see Basic Protocol 1)
0.25 N NaOH
35% (w/v) formaldehyde, pH 8.1 (adjust pH with 10 M NaOH)

13 x 100—mm glass test tubes
10-ml buret or potentiometric titration apparatus

1. Perform enzymatic hydrolysis of protein samples at a series of time points (see Basic
Protocol, steps 1 to 5) and prepare a sequence of standards and a blank (see Basic
Protocol 1, steps 6 and 7). Scale up all samples, standards, and blanks to 2.5 ml in 13
X 100-mm glass test tubes.

2. Adjust pH in all tubes to 8.1 with 0.25 N NaOH.
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Table B2.2.1 Calibration Factors (1/c) for pH-Stat at Various Temperatures

Calibration factor

pH Temperature (pK for amino groups)

25°C 30°C 40°C 50°C 60°C

(1.7) (7.6) (7.3) (7.1 (6.9)
6.5 — — — 5.00 3.50
7.0 — 5.00 3.00 2.27 1.79
7.5 2.59 2.27 1.63 1.40 1.25
8.0 1.50 1.40 1.20 1.13 1.08
8.5 1.16 1.13 1.06 1.04 1.03
9.0 1.05 1.04 1.02 1.01 1.01
9.5 1.02 1.01 1.01 1.00 1.00
10.0 1.01 1.00 1.00 1.00 1.00
10.5 1.00 1.00 1.00 1.00 1.00
11.0 1.00 1.00 1.00 1.00 1.00

“From Adler-Nissen (1986) with permission.

3. Add 1 ml of 35% formaldehyde, pH 8.1.

4. Incubate 1 min at room temperature and titrate with 0.25 N NaOH to pH 8.1. Record
the volume of NaOH needed to reach the potentiometric endpoint.

If more than 2 ml of 0.25 N NaOH is needed, repeat the assay using 1.5 ml formaldehyde.
5. Calculate the degree of hydrolysis (DH) of the substrate from the equation:
DH = B X Ng X 1.5 X (1/Mp) X (1/h,y) X 100%

where B is the volume of NaOH used for maintain the pH at 8.1 value, Ny is the
normality of the base, 1.5 is 1/a (Table B2.2.1), and A, is 8.2 (for casein; Table
B2.2.2).

Table B2.2.2 Content of Peptide Bonds for Various Food Proteins“

Protein material source hio: in meq/g (N X f)
Casein 8.2
Whey protein concentrate 8.8
Meat 7.6
Hemoglobin 8.3
Gelatin 11.1
Fish protein concentrate 8.6
Soya proteins 7.8
Wheat gluten 83
Maize protein isolate 9.2

“From Adler-Nissen (1986) with permission.
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PROTEIN HYDROLYSIS USING THE pH-STAT TECHNIQUE

The pH-stat technique monitors the course of a reaction in which each peptide bond is
hydrolyzed by one or several enzymes. pH-stat evaluates the progress of hydrolysis by
titrating the released amino groups with an alkaline solution. Enzymes work at constant
pH and temperature during the entire process, so that no buffering is needed.

An automated pH-stat method gives a direct measurement of the percentage of hydrolyzed
peptide bonds, the degree of hydrolysis (DH). The DH is calculated using the equation:

DH = B X Ni X 1/0X 1/Mp X 1/, X 100%

where B (ml) is the volume of base consumed, Ny is the normality of the base, 1/o is the
average degree of dissociation of the oi-amino groups related with the pK of the amino
groups at particular pH and temperature (Table B2.2.1), M (g) is the amount of the protein
in the reaction mixture, and A, (meq/g) is the sum of the millimoles of individual amino
acids per gram of protein associated with the source of protein used in the experiment
(Table B2.2.2; Adler-Nissen, 1986).

As an example, this protocol describes how to perform the reaction using a casein substrate
and a commercial proteolytic enzyme cocktail. The activity of the commercial four-en-
zyme cocktail is 35 U/ml, but should be tested prior to the experiment in order to determine
the appropriate amount of enzyme needed for the reaction. The proteolytic activity assay
(Garcia-Carrenio et al., 1994) is described below.

The pH-stat method can be modified and applied to a particular enzyme or substrate to
assay any enzyme/substrate combination. The substrate can come from any source of
protein such as poultry, milk, soybean, or fish processing byproducts. The amount of
protein in the reaction should not exceed 8% (as calculated in Basic Protocol 1). The
enzyme can be any alkaline endopeptidase such as Alcalase, trypsin, or chymotrypsin,
and should be used in the proportions indicated in Basic Protocol 1. The selection of the
appropriate enzyme depends on its efficiency and cost.

Materials

Four-enzyme cocktail (see recipe)

50 mM Tris-Cl, pH 8.0 at 25°C (APPENDIX 2A)

1% (w/v) azocasein in 50 mM Tris-Cl, pH 8.0 at 25°C
20% (w/v) trichloroacetic acid (TCA)

0.1 N NaOH

Casein from bovine milk powder, purified (Sigma)
Nitrogen

Spectrophotometer (366 nm)

Thermoregulable reaction vessel fitted with pH meter and temperature sensor
Water jacket or water bath set at 25°C

Autotitrator with 20-ml autoburet and recorder

Determine specific activity of enzyme cocktail
1. In six separate microcentrifuge tubes, mix 7 pl four-enzyme cocktail with 0.5 ml of
50 mM Tris-Cl, pH 8.0.

A sample and a blank are each assayed in triplicate.
2. Add 0.5 ml of 20% TCA to the blank tubes only.
For the blanks, 20% TCA is added before the substrate to inactivate the enzyme.

3. Initiate the reaction by adding 0.5 ml of 1% azocasein to all tubes.
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4. Incubate 10 min and stop the reaction in the sample tubes by adding 0.5 ml of 20%
TCA.

5. Microcentrifuge the reaction mixture 5 min at 6500 X g.
6. Record the absorbance at 366 nm (As).

7. Average the triplicate sample and blank values and subtract the mean of the blank
from the mean of the sample.

8. Calculate the specific activity of the enzyme solution:
activity (U/ml) = A;4¢/time (min)/volume (ml)

For the four-enzyme cocktail used in this protocol, Garcia-Carreiio et al. (1994) reported
an A;g. of 0.49, giving an activity of 0.49/10 min/0.007 ml = 7 U/ml. The activity may vary
depending on the stability of the enzymes under the given storage conditions.

Perform pH-stat assay
9. Calculate the total amount of raw substrate material (My) needed for the reaction:

Mp = M x S%

Mg = My/P%

In the first equation, M is the total mass of the hydrolysis reaction (10 g) and S% is the
desired percent of substrate protein (casein) in the reaction (1%), giving the desired mass
of substrate protein (M, = 0.1 g). In the second equation, P% is the percent of substrate
protein in the raw material, equal to the nitrogen content (N, determined by the Kjeldahl
method; UNIT B1.2) times a conversion factor (fy = 6.24). For casein with an N of 14.3%,
Mp=0.1g/(14.3% % 6.24) =0.11 g.

10. Calculate the amount of enzyme solution (V) needed for the reaction.
My = E/S X Mp=2%%0.1 g=2 mg
Vs = Mg/[protein] = 2 mg/(2.8 mg/ml) = 0.71 ml

The mass of enzyme (M) is based on a recommended enzyme/substrate ratio of 2%. The
four-enzyme cocktail (see Reagents and Solutions) has 2.8 mg protein/ml, so a volume of
0.71 ml is needed. At 7 U/ml, this gives 5 U enzyme in the reaction.

11. Calculate the amount of water (My,) needed for the reaction:
My=M-Mgs—Mr=10g—-0.71g—-0.11g=9.18 g=9.18 ml
12. Adjust the pH of substrate and enzyme solutions to 8.0 using 0.1 N NaOH.

13. Add 9.29 ml of casein substrate solution (total substrate and water calculated in steps
9 and 11, respectively) to a thermoregulable reaction vessel, insert pH and tempera-
ture sensors, and stir the solution using a magnetic stirrer. Set up an autotitrator with
a 20-ml autoburet.

Be careful not to stir too fast, as excess agitation can introduce CO, into the solution and
change the pH.

14. Set the pH meter to 8.0, set the temperature sensor to 25°C, and charge the autoburet
with 0.1 N NaOH solution.

15. Once the pH is constant, pump nitrogen over the reaction mixture.
16. Record the actual pH (should be 8.0).

17. Add 0.71 ml enzyme solution (total 10 ml reaction) and start the automatic titration.
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The pH value of the reaction mixture goes down due to proteolytic activity, and is
instantaneously maintained at 8.0 by the addition of NaOH solution.

18. Monitor titration by recording the volume of NaOH added every 5 min for 60 min or
until the desired DH is reached.

19. Plot the progress of hydrolysis as a function of volume (in ml) of NaOH consumed
versus time.

20. Calculate the degree of hydrolysis of the substrate from the equation:
DH =B X Ng X 1/ot X 1/Mp X 1/hio X 100%

where B (ml) is the volume of NaOH used to maintain pH at 8.0, Ny is the normality
of the base, 1/0.is 1.5 (Table B2.2.1), and A, is 8.2 (Table B2.2.2).

21. Titrate a blank (same substrate with no enzyme) in the same manner.

No titrant solution should be consumed. Some substrates, while solubilizing, will reduce
the pH of the solution and hence cause some consumption to occur; take this amount as
zero.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Borate buffer, 0.04 M, pH 9.7
Dissolve 7.624 g sodium tetraborate decahydrate (reagent grade) in 400 ml deion-
ized water. Adjust pH to 9.7 with 1 N NaOH. Bring to 500 ml with water. Store up
3 months at 4°C.

Citrate buffer, 200 mM

Dissolve 21 g citric acid monohydrate (reagent grade) in 400 ml water. Adjust pH
to 5.0 with 1 N NaOH. Bring to 500 ml with water. Store up to 3 months at 4°C.

Four-enzyme cocktail
1.6 mg trypsin from porcine pancreas
3.1 mg chymotrypsin from bovine pancreas
1.3 mg aminopeptidase from porcine intestinal mucosa
8.0 mg pronase type XIV from Streptomyces griceus
Bring to 5 ml with distilled water
Store in 720l aliquots up to 2 months at —20°C
The final protein content of the solution is 2.8 mg/ml. The solution has 7 U/ml of specific
activity, calculated using azocasein as substrate (see Basic Protocol 2, steps 1 to 8). All
enzymes are available from Sigma.

Ninhydrin reagent
Dissolve 0.8 g SnCl,-2H,0 in 500 ml 200 mM citrate buffer (see recipe) to give a 7
mM SnCl, solution. Dissolve 20 g crystalline ninhydrin in 500 ml 2-methoxyethanol
(methyl cellosolve, Brenntag) to give a 4% (w/v) solution. Combine 500 ml SnCl,
solution and 500 ml ninhydrin solution. Purge with nitrogen and store in dark bottles
for up to one week at 4°C.

CAUTION: Methyl cellosolve is toxic and ninhydrin stains everything it contacts.
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COMMENTARY

Background Information

Proteins are one of the most important in-
gredients in food production for both animals
and humans. Besides having nutritional prop-
erties, protein contributes to the functional and
organoleptic properties of food. The nutritional
value of a protein depends on the total essential
amino acid content. However, the availability
of amino acids is conditioned by some protein
attributes, mainly digestibility.

The most important feature affecting the
functional and organoleptic properties of a pro-
tein is its surface structure. Surface structures
affect the interaction of a protein with water or
other proteins. By modifying the structure of
the protein, particular functional and or-
ganoleptic properties are obtained. Functional
properties of a protein are physicochemical
characteristics that affect the processing and
behavior of protein in food systems (Kinsella,
1976). These properties are related to the ap-
pearance, taste, texture, and nutritional value of
a food system. Hydrolysis is one of the most
important protein structure modification proc-
esses in the food industry. Proteins are hydro-
lyzed to a limited extent and in a controlled
manner to improve the functional properties of
a foodstuff.

In any quantitative work on protein hydroly-
sis, it is necessary to have a measure of the
extent of the hydrolytic degradation. The meas-
urement of the number of peptide bonds
cleaved during a hydrolytic process is related
to the activity of proteinolytic enzymes and the
extent of hydrolysis. Various techniques that
evaluate the progress of hydrolysis have been
reported, such as the trichloroacetic acid (TCA)
solubility index, which evaluates the percent-
age of nitrogen soluble in TCA after partial
hydrolysis of the protein.

Degree of hydrolysis

A foodstuff (or other sample) obtained by
hydrolysis of a protein material is called a
protein hydrolysate. The degree of hydrolysis
measures the percentage of peptide bonds hy-
drolyzed during protein hydrolysis (Adler-Nis-
sen, 1976). An advantage of the DH concept is
that for a given enzyme/substrate system the
DH is independent of five variables: substrate
concentration, enzyme/substrate ratio, pH,
temperature, and time (Adler-Nissen, 1982).

The susceptibility of food protein to hy-
drolysis by digestive enzymes is called digest-
ibility (unir B2.1). Proteins are hydrolyzed in

industry by chemical or enzymatic means, just
as they are in the digestive system. Chemical
techniques for protein hydrolysis are harsh and
extensive, and are generally only useful for
amino acid composition analysis. Enzymatic
proteolysis is highly specific in both the reac-
tions it catalyzes and the products it yields.
Enzymatic reactions can occur under mild con-
ditions of temperature, pH, ionic strength, and
pressure. In contrast to chemical hydrolysis, the
nutritional value of the amino acids is main-
tained and functional properties are improved.

The degree of hydrolysis is calculated using
hydrolysis equivalents (%), the number of pep-
tide bonds cleaved during hydrolysis, ex-
pressed as eq/kg protein or meq/g protein. Hy-
drolysis equivalents are assayed by measuring
the increase in free amino or free carboxyl
groups that are produced by the hydrolysis of
some protein. Several techniques have been
described to assess the amount of amino and
carboxyl groups before and after protein hy-
drolysis. The ninhydrin, TNBS, and fluores-
camine reactions and the formol titration tech-
nique are used to evaluate the free amino group.
The pH-stat technique is used to evaluate the
free o-amino groups.

Sampling techniques

The ninhydrin, TNBS, and fluorescamine
reactions, and formol titration are usually used
to evaluate the time course of protein hydrolysis
by periodically taking samples. The hydrolysis
product (i.e., the free amino group) in each
timed sample is treated with a chromogen or a
fluorescent reagent and the product is evaluated
by spectrophotometry. The result is propor-
tional to the concentration of free amino
groups. In the case of formol titration, reaction
of the sample with formaldehyde liberates one
H* ion from the amino group, which is poten-
tiometrically titrated with a sodium hydroxide
solution. Quantification of the number of
amino groups gives the number of peptide
bonds hydrolyzed and, hence, yields the hy-
drolysis equivalents, h. For time-course tech-
niques, the DH is related to & by the equation
DH = (h/hy,) X 100%, where hy, is the sum of
the millimoles of individual amino acids per
gram in the unhydrolyzed protein (Adler-Nis-
sen, 1986).

Several assay techniques are available for
quantitating amino groups. The ninhydrin tech-
nique is designated as Basic Protocol 1 because
it is the most frequently used technique. The
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Figure B2.2.5 A typical graph of the progress of protein hydrolysis by the pH-stat technique.

trinitrobenzenesulfonic acid (TNBS) tech-
nique was accepted by many researchers for
determining the DH of food protein hydro-
lysates because of its reproducibility. Neverthe-
less, it was difficult to apply to all food proteins,
as some food proteins are difficult to disperse
(e.g., partially insoluble proteins). Adler-Nis-
sen (1979) modified this method by dispersing
the protein in buffer containing SDS, using a
less alkaline phosphate buffer instead of car-
bonates, and setting the reaction time to 1 hr.
This version is presented in Alternate Protocol
1. The fluoroscamine technique (Alternate Pro-
tocol 2) is reliable and rapid to evaluate. Formol
titration (Alternate Protocol 3) is an alternative
when the laboratory does not have pH-stat
equipment or a spectrophometer and spec-
trofluorometer. Comparison of results from
more than one of the amino-detecting time-
course assays allows for greater confidence.

Kinetic techniques

The pH-stat technique is a strategy used to
evaluate the hydrolysis of protein by specific
enzymes in a nonbuffered aqueous medium at
alkaline pH. Each protein is composed of a
specific number of amino acids, A, which is
expressed as equivalents of peptide bonds per
kilogram (or milliequivalents per gram) of pro-
tein. The A for different food proteins is given
in Table B2.2.2.

In some experiments, specific information
is needed about the equivalent of peptide bonds
hydrolyzed during the reaction, in which case
h = (B x 1/o. X Ng)/Mp, where « is the average
degree of dissociation of the oi-amino groups
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liberated during the hydrolysis, as determined
by the equation o = (10PH-PK)/(1 + 10PH—PK) Tt
is important to remember that the pK is depend-
ent on temperature. The value of 1/a is the
calibration factor of o for pH-stat and is shown
in Table B2.2.1.

If necessary, the size of peptides generated
during the experiment can be evaluated using
a 10% to 18% gradient SDS-polyacrylamide
gel (Laemmli, 1970; unirs.1). It is very impor-
tant to be sure that there is no residual enzy-
matic activity when the desired DH has been
reached. To guarantee no residual enzyme ac-
tivity, a useful technique is substrate SDS-
PAGE (Garcia-Carrefio, 1993).

Critical Parameters and
Troubleshooting

The ninhydrin method is affected by sucrose
concentrations >10% in samples hydrolyzed
with 6 N HCI. The entire procedure is carried
out in disposable tubes. Substances such as
glycerol, phenol, and mannitol do not affect the
assay results.

Anticipated Results

A typical graph of the progress of protein
hydrolysis by the pH-stat technique is shown
in Figure B2.2.5. The pH-stat technique offers
reliability, reproducibility, and simplicity. In
addition, the technique has the advantage that
no secondary reaction is needed. However, if
the equipment needed to perform a pH-stat
experiment is not available, the ninhydrin and
TNBS techniques are good alternatives.
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The progress of protein hydrolysis is cur-
rently evaluated by measuring the degree of
hydrolysis at intervals. Because a limited con-
trolled hydrolysis of a food protein yields prod-
ucts of particularly interesting functional and
organoleptic properties, the DH concept sim-
plifies the evaluation of the progress of the
hydrolysis.

Regardless of which technique is used to
measure the DH, at least five independent indi-
ces can be defined for any given enzyme/sub-
strate system: substrate concentration, E/S ra-
tio, pH, temperature, and time. The advantage
of using the DH is that four of these variables
(S, E/S, T, t) can be replaced by DH (for details,
see Adler-Nissen, 1982).
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Electrophoresis Analysis

This unit describes polyacrylamide gel electrophoresis of protein samples. Proteins are
important constituents of foods. They not only provide essential nutrients but also
contribute to the functional properties needed to develop desired textural and sensory
qualities of manufactured foods. During the manufacturing process, proteins can undergo
many changes. Electrophoresis is the method of choice to gain insight into changes in
protein composition, hydrolysis, or any modifications that may occur. Applications of
protein electrophoresis include sample comparison; purity evaluation; determination of
physical characteristics such as molecular weight, isoelectric point, and subunit compo-
sition; and the purification of small amounts of protein for further analysis. These widely
used techniques are easily performed using inexpensive equipment.

In protein electrophoresis, a sample is applied to a polyacrylamide gel and its protein
components are separated by application of an electric field across the gel. Separation is
dependent on the charge and size of the proteins in the sample. Different approaches to
this method have been developed to suit a variety of purposes.

In Basic Protocol 1, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is used to
separate denatured and fully reduced proteins on the basis of their molecular weight.
Alternate Protocol 1 describes the preparation of gradient gels, which allow for separation
of a wider range of molecular weights than conventional homogeneous gels. In Alternate
Protocol 2, native discontinuous PAGE is used for separation that depends both on the
size and intrinsic charge of the proteins. Alternate Protocol 3, SDS-PAGE in a Tris-tricine
buffer system, describes the electrophoretic separation of proteins and peptides in the
range of 1 to 20 kDa. In Basic Protocol 2, native isoelectric focusing (IEF) is used to
separate proteins on the basis of their isoelectric point (pI). Alternate Protocol 4 offers a
denaturing version of this technique.

Several protocols in this unit describe methods for visualizing results following electro-
phoresis. Support Protocol 1 renders the protein bands visible with Coomassie brilliant
blue R250 dye. Support Protocol 2 describes silver staining, a more complicated technique
that provides exceptional sensitivity. Basic Protocol 3 describes the specific staining for
proteinases of samples separated in polyacrylamide gels. Alternate Protocols 5 and 6
describe gel electrophoresis to detect proteinase inhibitors and the determination of
proteinase class, respectively. Finally, Support Protocol 3 describes the estimation of
protein molecular weights by SDS-PAGE.

CAUTION: Many of the following protocols utilize acrylamide monomer, a neurotoxin
and suspected carcinogen, as well as other chemical substances that require special
handling. When working with acrylamide, general handling procedures include using
double latex gloves and weighing the material in a hood while wearing a disposable dust
mask. See appENDIX 2B for other handling guidelines.

CAUTION: Voltages and currents used for electrophoresis are potentially lethal. Use
properly shielded, safety-certified equipment.

NOTE: Cleanliness and reagent quality are particularly important for electrophoresis.
Always wear gloves when preparing electrophoresis reagents and handling electrophore-
sis equipment. Clean all assemblies that will contact the gels or sample with a detergent
designed for laboratory glassware and rinse well with distilled water. Always use the
highest-quality reagents and the purest distilled or deioinized water available.
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DENATURING DISCONTINUOUS PAGE (SDS-PAGE)

SDS-PAGE separates proteins according to their molecular weights. The technique is
performed in polyacrylamide gels containing SDS. When proteins are treated with both
SDS and a reducing agent such as dithiothreitol (DTT) or 2-mercaptoethanol, separations
exclusively by molecular weight are possible. The most commonly used buffer system
for SDS-PAGE is the Tris-glycine system described below. An example of an SDS-PAGE
gel is given in Figure B3.1.1.

Materials

30% (w/v) acrylamide solution (see recipe)
4x running gel buffer (see recipe)

10% (w/v) SDS (APPENDIX 24A)

10% (w/v) ammonium persulfate (make fresh)
Tetramethylethylenediamine (TEMED)
Water-saturated butanol (see recipe)

Running gel overlay(see recipe)

4x stacking gel buffer (see recipe)

Protein sample

2x SDS sample buffer (see recipe)
SDS-PAGE tank buffer, pH 8.3 (see recipe)
Protein molecular weight standards appropriate for gel percentage (optional)

Standard or mini-format vertical electrophoresis apparatus (e.g., Hoefer SE600,
SE260, or mini VE; Amersham Pharmacia Biotech) with associated accessories,
including casting stand, glass plates, 1-mm-thick spacers, and comb

Side-arm vacuum flasks with stoppers

Boiling water bath or 100°C heating block

Long, narrow gel-loading micropipettor tips

Power supply capable of delivering constant current at voltages 2250 V

— ——
- — O —
—— — ——
- —— _
—
- --"‘—-
M 1 2 3 4 M

Figure B3.1.1 A 15% SDS-polyacrylamide gel stained with Coomassie brilliant blue. Protein
samples were assayed for the purification of a proteinase, cathepsin L, from fish muscle according
to the method of Seymour et al. (1994). Lane 1, purified cathepsin L after butyl-Sepharose
chromatography. Lane 2, cathepsin L complex with a cystatin-like proteinase inhibitor after butyl-
Sepharose chromatography. Lane 3, sarcoplasmic fish muscle extract after heat treatment and
ammonium sulfate precipitation. Lane 4, sarcoplasmic fish muscle extract. Lanes M, low-molecu-
lar-weight standards: aprotinin (M, 6,500), a-lactalbumin (M, 14,200), trypsin inhibitor (M, 20,000),
trypsinogen (M, 24,000), carbonic anhydrase (M, 29,000), gylceraldehyde-3-phosphate dehydro-
genase (M, 36,000), ovalbumin (M, 45,000), and albumin (M, 66,000) in order shown from bottom
of gel. Lane 1 contains 4 ug protein; lanes 2 to 4 each contain ~7 ug protein.
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Additional reagents and equipment for staining with Coomassie brilliant blue (see

Support Protocol 1) or silver (see Support Protocol 2), and for estimating

protein molecular weight (optional; see Support Protocol 3)

Prepare running gel

1. Assemble a gel sandwich (consisting of glass plates and 1-mm-thick spacers) into a

casting stand according to manufacturer’s instructions.

The glass plates should be cleaned with a laboratory glassware cleaner such as RBS-35

(Pierce), rinsed well, and dried.

This protocol can be used for either standard (14 X 16—cm) or mini-format (8 X 10—cm)
gels. The recipes can be adjusted for 0.75 or 1.5-mm-thick gels. Alternatively, precast gels
for SDS-PAGE, which are available from a number of manufacturers, can be used, and

protocol should be started at step 16.

2. Determine the appropriate acrylamide percentage of running gel solution (see Table
B3.1.1), and mix solution in a side-arm vacuum flask according to Table B3.1.2,

leaving out the ammonium persulfate and TEMED.

3. Stopper flask and apply a water vacuum for several minutes while shaking or stirring

to deaerate the solution.

4. Add ammonium persulfate and TEMED and gently swirl flask to mix, being careful

not to generate bubbles.

Table B3.1.1 Recommended Acrylamide Concentrations

for Protein Separation by SDS-PAGE

% Acrylamide in running gel Separation size range (kDa)

Single percentage:
5% 36-200
7.5% 24-200
10% 14-200
12.5% 14-100¢
15% 14-60¢
Gradient:
5%-15% 14-200
5%-20% 10-200
10%-20% 10-150¢

arger proteins move into the gel but fail to separate significantly.
“Larger prot to the gel but fail to separate significantly.

Table B3.1.2 Running Gel Solutions for 1-mm-Thick Gels®

Final percentage”

Component
5% 7.5% 10% 12.5% 15%

30% Acrylamide solution 6.7 ml 10 ml 13.3 ml 16.7 ml 20 ml
4x Running gel buffer 10 ml 10 ml 10 ml 10 ml 10 ml
10% SDS 0.4 ml 0.4 ml 0.4 ml 0.4 ml 0.4 ml
H,O 22.7 ml 19.4 ml 16.1 ml 12.7 ml 9.4 ml
10% Ammonium persulfate“ 200 wl 200 wl 200 wl 200 wl 200 wl
TEMED¢ 15 ul 15l 15wl 15wl 15wl

“Final volume is 40 ml, sufficient for two standard (14 X 16—cm) or four mini-format (8 X 10—~cm) gels.

bSee Table B3.1.1 for guidelines on selecting appropriate percentage.
€Add after deaeration (step 3).
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Pipet solution down the spacer and into gel sandwich to a level 3 to 4 cm from the
top.

6. Overlay gel with a thin layer (100 to 500 ul) of water-saturated butanol and allow to
polymerize.
A very sharp liquid-gel interface will be visible when the gel has polymerized. This should
be visible within 10 to 20 min. The gel should be fully polymerized after I to 2 hr.
7. Tilt casting stand to pour off butanol and rinse gel surface once with running gel
overlay.
8. Overlay gel with running gel overlay and allow gel to sit while preparing stacking
gel.
Prepare stacking gel
9. Prepare stacking gel solution according to Table B3.1.3 in a side-arm vacuum flask,
leaving out the ammonium persulfate and TEMED.
10. Deaerate as in step 3.
11. Add ammonium persulfate and TEMED. Gently swirl flask to mix, being careful not
to generate bubbles.
12. Pour off running gel overlay.
13. Add 1 to 2 ml stacking gel solution to gel sandwich to rinse the gel surface. Rock
casting stand and pour off liquid.
14. Fill gel sandwich with stacking gel solution and insert a comb into the sandwich,
taking care not to trap any bubbles below the comb teeth.
15. Allow gel to polymerize =60 min.

A very sharp liquid-gel interface will be visible when the gel has polymerized. This should
be visible within 10 to 20 min. The gel should be fully polymerized after 1 to 2 hr. In general,
stacking gels should be cast just before use. However, the complete gel can be stored
overnight at 4°C, with little effect on resolution, if covered with the comb in place.

Prepare sample

16.

Combine equal volumes protein sample and 2x SDS sample buffer and incubate 90
sec in a boiling water bath or 100°C heating block.

Ifthe gels will be stained with Coomassie brilliant blue (see Support Protocol 1), a starting
sample protein concentration of 10 to 20 mg/ml should be used. This will be diluted by the
2% SDS sample buffer to give 5 to 10 ug/ul. For complex mixtures, 50 ug protein (5 to 10
ul treated sample) per lane is recommended. For highly purified proteins, 0.5 to 5 ug per
lane is usually adequate. Silver staining (see Support Protocol 2) requires 10- to 100-fold
less protein per lane.

Table B3.1.3 Stacking Gel Solution (4%
Acrylamide) for 1-mm-Thick Gels®

Component Volume
30% Acrylamide solution 2 ml
4x Stacking gel buffer 3.75 ml
10% SDS 150 pl
H,0 9 ml
10% Ammonium persulfate” 75 ul
TEMED? 7.5 ul

“Final volume is 15 ml, sufficient for two standard (14 x 16—cm)
or four mini-format (8 X 10—cm) gels.
b Added after deaeration (step 10).
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17.

Place sample on ice until ready for use.

The treated sample can be stored at —20°C for 6 months for future runs.

Load gel

18.

19.

20.
21.

22.

Slowly remove comb from the gel, angling the comb up to avoid disturbing the well
dividers

Rinse each well with SDS-PAGE tank buffer, invert the casting stand to drain the
wells, and return the stand to an upright position.

Fill each well with SDS-PAGE tank buffer.

Using a micropipettor fitted with a long, narrow gel-loading tip, gently and slowly
load 5 to 10 ul sample beneath the buffer in each well. Load every well with the same
volume of sample. If a well is not needed, load it with 1x SDS sample buffer
containing standard protein or no sample.

This procedure ensures that each well behaves the same during separation. If a well is left
empty, the adjacent samples will tend to spread during electrophoresis.

When adding the sample, a sharp interface should be maintained between the sample and
the SDS-PAGE tank buffer. Adding the sample too fast or erratically will lead to swirling
and a diffuse loading zone. This will cause a loss of band sharpness.

Depending on the design of the gel apparatus, it may be preferable to load the gel following
installation of the gel into the apparatus and addition of buffer to the upper buffer chamber
(steps 23 to 25).

If protein molecular weight standards are used, follow manufacturer’s instructions
for their preparation and load one or two wells with 5 to 10 pl standards.

This volume should contain 0.2 to 1 ug of each standard component if the gel is to be stained
with Coomassie brilliant blue, and ~10 to 50 ng of each component if the gel is to be silver
stained.

Run gel

23.

24.

25.

26.

27.

28.

Fill lower buffer chamber of the electrophoresis apparatus with SDS-PAGE tank
buffer.

Remove gel sandwich from casting stand and install it in the electrophoresis apparatus
according to manufacturer’s instructions. Make sure bottom of gel cassette is free of
bubbles.

Carefully fill upper buffer chamber with SDS-PAGE tank buffer. Do not pour buffer
into the sample wells because it will wash the sample out.

Put safety lid on the gel apparatus and connect it to a power supply.
The cathode (black lead) is connected to the upper buffer chamber.
Set power supply to constant current and turn it on. Adjust current to 20 mA per gel.

When running 0.75- or 1.5-mm-thick gels, the current should be adjusted accordingly;
0.75-mm-thick gels should be run at 15 mA per gel, and 1.5-mm-thick gels at 30 mA per gel.

Keep a record of the voltage and current readings to compare with future runs and to
detect current leaks or incorrectly made buffers.

The voltage should start at ~70 to 80 V, but will increase during the run.
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Under these conditions, a standard (14 X 16—cm) gel will take ~5 hr to run and a
mini-format (8 X 10—cm) gel will take ~1.5 hr. If it is more convenient to run the gel for a
longer period, e.g., 10 hr for a standard gel, the current should be cut in half (to 10 mA/gel).
For a 15-hr run (i.e., overnight), the current should be cut to 7 mA/gel.

If an electrophoresis apparatus with active cooling capability is used, considerably higher
currents (up to 50 mA per gel) can be used, with correspondingly shorter run times.

29. When the dye front reaches the bottom of the gel, turn power supply off and
disconnect power cables.

30. Visualize protein bands by Coomassie brilliant blue (see Support Protocol 1) or silver
staining (see Support Protocol 2). To estimate protein molecular weight, see Support
Protocol 3.

LINEAR GRADIENT PAGE

Gradient gels, although more difficult to cast than single-concentration gels, fractionate
a wider size range of proteins on a single gel. Furthermore, calculating molecular weights
(see Support Protocol 3) is simplified because, unlike single-concentration gels, the
relationship between the logarithm of the molecular weight of a protein and its mobility
is linear over most of the fractionation range of a gradient gel. A gradient maker mixes a
high- and a low-percentage acrylamide solution during the casting process, which results
in a gel that spans arange of acrylamide percentages. The protocol below describes casting
one gradient gel at a time. A multiple gel caster can cast multiple gradient gels simulta-
neously. Consult the manufacturer’s instructions for casting several gradient gels at once.

Additional Materials (also see Basic Protocol 1)

Sucrose

Pump tubing

Side-outlet gradient maker for linear gradients (e.g., Hoefer SG50 for standard
gels and Hoefer SG15 for mini-format gels; Amersham Pharmacia Biotech)

Peristaltic pump capable of delivering 1 to 6 ml/min

Set up gradient maker
1. Assemble a gel sandwich as described above (see Basic Protocol 1, step 1).

2. Connect a piece of pump tubing to the outlet tubing connector of a side-outlet gradient
maker.

Table B3.1.4 Light Gradient Running Gel Solutions®

Final percentage?

Component
5% 7.5% 10% 12.5% 15%

30% Acrylamide solution 3.3 ml 5.0 ml 6.7 ml 8.3 ml 10.0 ml
4x Running gel buffer 5 ml 5 ml 5 ml 5ml 5ml
10% SDS 0.2 ml 0.2 ml 0.2 ml 0.2 ml 0.2 ml
H,O 11.3 ml 9.6 ml 7.9 ml 6.3 ml 4.7 ml
10% Ammonium persulfate 180 ul 160 ul 130 ul 110 ul 80 wl
TEMED¢ 6.6 ul 6.6 ul 6.6 ul 6.6 ul 6.6 ul

“Final volume is 20 ml, sufficient for two standard (14 X 16—cm) or four mini-format (8 X 10~cm) 1-mm-thick gels.
bSee Table B3.1.1 for guidelines on selecting appropriate percentage.
©Add just before pouring the gel (step 7).
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3. Force a 1 to 200 pl pipet tip onto the other end of the tubing and, using a ring stand
and clamp, position the tip 0.5 to 1 mm inside the top center of the gel sandwich. Use
the clamp to hold the pipet tip firmly in place.

4. Attach tubing to a peristaltic pump.

Prepare gel solutions

5. Determine appropriate low and high percentages of the gradient gel (see Table
B3.1.1). In separate flasks, mix all ingredients listed in Tables B3.1.4 and B3.1.5 for
the respective light and heavy gradient running gel solutions, including ammonium
persulfate. Do not add TEMED.

A 5% to 20% or 10% to 20% gradient gel is recommended.
6. Gently swirl flasks to mix and place heavy gradient solution on ice.
Deaeration is not needed in this protocol.

The heavy gradient solution should be placed on ice to prevent polymerization. Polymeri-
zation can occur in high-concentration acrylamide solutions without addition of TEMED
once ammonium persulfate has been added.

7. Add TEMED and gently swirl flasks to mix.

Alternatively, gel solution can be added to the gradient maker before TEMED is added.
TEMED (0.33 ul/ml gel solution) can be added just before opening the outlets and mixed
by drawing the solution in and out of a disposable plastic pipet. If this technique is used,
a large volume of heavy and light solutions can be prepared in advance and dispensed into
the gradient maker for each individual gel. This is useful when casting several gels
individually without using a multiple gel caster.

Pour gel

8. Pour heavy gradient solution into the chamber closest to the outlet (mixing chamber)
of the gradient maker and add a small stir-bar. Use 9.3 ml per chamber for 1-mm-thick
standard (14 X 16—cm) gels. Use 2.3 ml per chamber for 1-mm-thick mini-format (8

X 10—cm) gels.

Volumes can be adjusted accordingly if pouring 0.75 or 1.5-mm-thick gels.

9. Open stopcock between the two chambers and allow a small amount of heavy gradient
solution to flow through the channel to, but not into, the bottom of the reservoir

chamber. Close stopcock.

10. Pour light gradient solution into the reservoir chamber.

Table B3.1.5 Heavy Gradient Running Gel Solutions?

Final percentage”

Component

10% 12.5% 15% 17.5% 20%
30% Acrylamide solution 6.7 ml 83ml 10.0ml 11.7ml 13.3ml
4x Running gel buffer 5ml Sml 5ml Sml 5Sml
10% SDS 0.2 ml 0.2 ml 0.2 ml 0.2 ml 0.2 ml
Sucrose 3g 3g 3g 3g 3g
H,O 6.46ml 4.66ml 3.06ml 1.40ml —
10% Ammonium persulfate 100 ul 90 ul 40 wl 40 ul 40 wl
TEMED¢ 6.6 nl 6.6 ul 6.6 nl 6.6 ul 6.6 ul

“Final volume is 20 ml, sufficient for two standard (14 X 16—cm) or four mini-format (8 X 10—cm) 1-mm-thick gels.
bSee Table B3.1.1 for guidelines on selecting appropriate percentage.
©Add just before pouring the gel (step 7).
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11. Place the gradient maker on a magnetic stirrer and begin stirring.
12. Turn on the pump and open the outlet stopcock.
The pump rate should be set so that casting takes from 5 to 10 min.

13. Open stopcock between the two chambers. Continue to pump until all liquid is in the
gel sandwich.

14. Overlay gel with 100 pul water-saturated butanol and allow gel to polymerize.

15. Continue with casting the stacking gel and running the sample (see Basic Protocol
1, steps 7 to 30).

NATIVE DISCONTINUOUS PAGE

Under native conditions, polypeptides retain their higher-order structure and often retain
enzymatic activity and interactions with other polypeptides. The migration of proteins
under native conditions depends on many factors including size, shape, and native charge.
One straightforward approach to native electrophoresis is to leave out the SDS and
reducing agent (DTT or 2-mercaptoethanol) from the SDS-PAGE protocol (see Basic
Protocol 1). Prepare all solutions without SDS, including tank buffer. Leave out both SDS
and reductant from 2x sample buffer, and do not heat treat samples. Figure B3.1.2 shows
an example of a native, discontinuous polyacrylamide gel.

Figure B3.1.2 Native discontinuous polyacrylamide gels activity stained for proteinases. (A) Gel
stained with Coomassie brilliant blue for total protein. (B) Gel assayed for proteinase activity using
casein as a substrate. Samples are enzyme extracts of hepatopancreas from four shrimp species.
Lane 1, molecular weight markers; Lane 2, P, californiensis; Lane 3 P vannamei;Lane 4, P paulensis,
Lane 5, P schmitti.
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SDS-PAGE IN A TRIS-TRICINE BUFFER SYSTEM

The Tris-glycine discontinuous buffer system of Laemmli cannot be used for the separa-
tion of proteins with molecular weights <10 to 15 kDa. For the analysis of smaller proteins,
an alternative Tris-tricine buffer system is used along with an acrylamide solution that
has a high percentage of cross-linker. This technique should be used when separating
peptides in the size range of 1 to 20 kDa.

Additional Materials (also see Basic Protocol 1)

Ethylene glycol

40% (w/v) acrylamide solution (see recipe)

4x Tris-tricine gel buffer (see recipe)

Upper (cathodic) Tris-tricine tank buffer (see recipe)
Lower (anodic) Tris-tricine tank buffer (see recipe)

1. Prepare gel solutions and pour a gel for the Tris-tricine system as described above
(see Basic Protocol 1, steps 1 to 15), but use the 16% running gel and 5% stacking
gel solutions given in Table B3.1.6.

2. Prepare sample and load onto gel (see Basic Protocol 1, steps 16 to 22), but use upper
(cathodic) Tris-tricine tank buffer to load the sample in steps 19 and 20.

A different sample buffer may be recommended in some literature, but the author sees no
difference when the standard sample buffer is used for this technique.

3. Run the gel (see Basic Protocol 1, steps 23 to 30), but fill the lower and upper buffer
chambers of the electrophoresis apparatus with lower (anodic) and upper (cathodic)
Tris-tricine tank buffers, respectively, and adjust current to 70 mA per gel.

Under these conditions, a standard (14 X 16-cm) gel will take 5 to 6 hr to run and a
mini-format (8 X 10-cm) gel will take 2 to 2.5 hr.

Table B3.1.6 Gel Solutions for Tris-Tricine System?

Component 16% Running gel 5% Stacking gel
Ethylene glycol 14 ml —

40% Acrylamide solution 16 ml —

30% Acrylamide solution — 2.5ml

4x Tris-tricine gel buffer 10 ml 3.75 ml
H,0 — 8.7 ml

10% Ammonium persulfate? 160 pl 60 ul
TEMED? 20 ul 7.5 ul

4Sufficient for two standard (14 x 16—cm) or four mini-format (8 x 10-cm) 1-mm-thick
gels.
bAdd after deaeration.
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NATIVE ISOELECTRIC FOCUSING

Isoelectric focusing (IEF) separates proteins according to their isoelectric point (pI). The
technique is performed in thin polyacrylamide gels incorporating carrier ampholytes,
which are small amphoteric compounds that form a pH gradient when voltage is applied
across the gel. Proteins introduced into this pH gradient will migrate until they reach their
isoelectric point. Each protein species in the sample can be visualized as a sharply focused
band. IEF is best performed in a flatbed electrophoresis apparatus. This type of apparatus
allows very effective cooling, which is necessary due to the high voltages employed for
IEF. The following protocol is used to separate proteins under native conditions in a range
from pH 3.5 t0 9.5 in a commercially available precast IEF gel. An example of an IEF gel
is given in Figure B3.1.3.

Materials

Protein sample

Kerosene or mineral oil

IEF anode solution: 1 M H;PO, (APPENDIX 24)

IEF cathode solution: 1 M NaOH (apPPENDIX 24)

Protein pl standards (prepared according to manufacturer’s instructions)

Flatbed electrophoresis apparatus (e.g., Multiphor II; Amersham Pharmacia
Biotech)

Thermostatic circulator

Precast IEF gel on plastic backing (e.g., Ampholine PAGplate, pH 3.5 to 9.5;
Amersham Pharmacia Biotech)

IEF electrode strips (e.g., Amersham Pharmacia Biotech)

High-voltage power supply capable of delivering 1500 V while limiting both
current and power
IEF sample applicator strip (e.g., Amersham Pharmacia Biotech)

Additional reagents and equipment for staining with Coomassie brilliant blue (see
Support Protocol 1) or silver stain (see Support Protocol 2)

Prepare sample
1. Adjust sample concentration to 0.5 to 10 mg/ml for Coomassie brilliant blue staining
or 0.05 to 1 mg/ml for silver staining.

The composition at the sample buffer is not critical, but the ionic strength should be as low
as possible. Buffers and salts should not be present at a concentration >50 mM.

Sample solubility can occasionally be improved with the use of a nondenaturing, neutral
detergent (e.g., 0.5% [w/v] Triton X-100, CHAPS, or octyl glucoside) or polyalcohol (e.g.,
20% [w/v] glycerol or sorbitol) in both the sample and the gel.

2. If sample contains insoluble materials, centrifuge 5 min at maximum speed in a
microcentrifuge and transfer supernatant to a clean tube.

Prepare apparatus and gel
3. Connect a flatbed electrophoresis apparatus to a thermostatic circulator and set the
temperature to 10°C. Turn on the thermostatic circulator 10 min before starting the
analysis.

4. Pipet ~1 ml kerosene or mineral oil onto the cooling plate of the electrophoresis
apparatus.

5. Remove a precast IEF gel on plastic backing from its package and position it in the
center of the cooling plate, allowing the kerosene or mineral oil to spread evenly
underneath the gel. Make sure no bubbles are trapped beneath the gel.
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Figure B3.1.3 An isoelectric focusing (IEF) gel, pH 3 to 10. Lane 1, ~4 ug purified egg white
cystatin. Lane M, broad-range pl standards: trypsinogen (pl 9.3), lentil lectin-basic band (pl 8.65),
lentil lectin-middle band (pl 8.45), lentil lectin-acidic band (pl 8.15), myoglobin-basic band (pl 7.35;
visible as a broad band), myoglobin-acidic band (pl 6.85), human carbonic anhydrase B (pl 6.55),
bovine carbonic anhydrase (pl 5.85), a-lactoglobulin A (pl 5.20), soybean trypsin inhibitor (pl 4.55),
and amyloglucosidase (pl 3.50) in order shown from top of gel. The pl values of the two purified
egg white cystatin isomers were determined to be 6.6 (upper band) and 5.8 (lower band). Adapted
from Akpinar (1998) with permission from author.

The gel can be used in one piece or, depending on the number of samples, cut into portions
with scissors. If this is done, current and power limits should be reduced accordingly (e.g.,
if only half a gel is to be run, current and power limits should be set at 25 mA and 15 W,
respectively, rather than 50 mA and 30 W). Unused portions of gel can be wrapped in plastic
or placed in sealed plastic bags and stored at 4°C until use.
6. Soak one IEF electrode strip in ~3 ml IEF anode solution. Remove excess solution
with lint-free tissues.

7. Repeat step 6 with a second IEF electrode strip using IEF cathode solution.

8. Apply electrode strips over the long edges of the gel, placing the electrode strip soaked
with the anodic solution towards the anodic (+) side of the cooling plate.

9. Use sharp scissors to cut off the ends of the electrode strips that protrude beyond the
ends of the gel.

Prerun gel (optional)

10. Place the electrode holder with the IEF electrodes on the electrophoresis apparatus
and align electrodes over the center of the electrode strips. Connect the two electrodes
to the base unit and place the lid on the apparatus.

11. Connect the leads to a high-voltage power supply. Set power supply to 1500 V,
limiting the current at 50 mA and the power at 30 W. Run gel for 15 min.

The voltage should start out between 300 and 600 V and rise steadily towards 1500V during
the prerun step.

Prerunning the gel is optional, but can result in a higher-quality separation.
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Apply sample and run gel

12.

13.

14.

15.

16.

Turn off power supply and disconnect leads. Take lid off apparatus and remove
electrode holder.

Lay an IEF sample applicator strip across the gel towards either the anodic or cathodic
edge. Check that contact between gel and applicator strip is uniform.

The optimal position for sample application varies with sample type and must be deter-
mined empirically. This is best done using sample application pieces (e.g., Amersham
Pharmacia Biotech), which are 5 X 10—mm pads of absorbent material that can be placed
in multiple positions on a single gel.

Pipet 5 to 20 ul sample and an appropriate volume of protein pl standards (if desired)
into the wells in the applicator strip.

The protein standards should contain 0.2 to 1 ug of each standard component if the gel is
to be stained with Coomassie brilliant blue and ~20 to 100 ng of each component if the gel
is to be silver stained.

Repeat steps 10 and 11, running the gel for 1.5 hr.

The running time depends on the pH range of the gel. For gels covering other pH ranges,
the manufacturer’s instructions should be consulted.

Stain gel with Coomassie brilliant blue or silver stain to visualize the proteins (see
Support Protocols 1 and 2, respectively).

A plot of pl versus distance migrated from the cathode end of the gel can be constructed
for the pl standard. This can be used to estimate the pl of the proteins in the sample.

DENATURING ISOELECTRIC FOCUSING

In some cases, it is advantageous to perform IEF in the presence of 8 M urea. This
denaturant renders some proteins more soluble under IEF conditions, allowing the
analysis of samples that cannot be separated under native conditions. The following
protocol separates proteins under denaturing conditions in a range from pH 3 to 10 using
a commercially available dried polyacrylamide gel.

Additional Materials (also see Basic Protocol 2)

Dried polyacrylamide gel on plastic backing (e.g., CleanGel IEF; Amersham
Pharmacia Biotech)
Denaturing IEF rehydration solution, pH 3 to 10 (see recipe)

Rehydration tray (e.g., GelPool; Amersham Pharmacia Biotech)

Rotary laboratory shaker

Filter paper

High-voltage power supply (capable of delivering 2500 V while limiting both
current and power)

Rehydrate gel

1.

2.

Open gel package and remove a dried polyacrylamide gel on plastic backing.

The dry gel can be used in one piece or, depending on the number of samples, cut into
portions with scissors. Unused portions of gel can be wrapped in plastic or placed in sealed
plastic bags and stored at —20°C until use.

Select the appropriate chamber of a rehydration tray. Clean tray with water and dry
with lint-free tissues.
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3.

5.

Pipet denaturing IEF rehydration solution into the chamber. For a full-size gel, use
10.4 ml. For portions of the gel, reduce volume accordingly (e.g., use 5.2 ml for half
a gel).

Set the edge of the dried gel, with the gel surface downwards, into the rehydration
solution and slowly lower it. Lift gel at the edges with forceps and slowly lower it
down again to ensure an even distribution of liquid and to remove air bubbles.

Place rehydration tray on a rotary laboratory shaker and shake gently. Allow gel to
rehydrate 4 hr to overnight.

The gel must be used immediately following rehydration.

Prepare sample and run gel

6.

10.

Dissolve or dilute protein sample into denaturing IEF rehydration solution to a
concentration of 1 to 3 mg/ml for Coomassie brilliant blue staining or 10 to 300 pLg/ml
for silver staining.

The composition of the sample solution should be as similar as possible to the composition
of the rehydration solution. Buffers and salts should not be present at a concentration >50
mM.

Continue to prepare sample and gel as described (see Basic Protocol 2, steps 2 to 5),
except set the thermostatic circulator to 15°C, and remove gel from the rehydration
tray and carefully dry gel surface with the edge of a sheet of filter paper before
positioning it on the cooling plate.

The gel surface should be absolutely dry.

Place an electrode holder with IEF electrodes on electrophoresis apparatus and align
electrodes so that they rest on the outer edges of the gel. Connect the two electrodes
to the base unit and place lid on apparatus.

IEF electrode strips or wicks are not necessary.

Connect leads to a high-voltage power supply. Prerun gel for 20 min following the
conditions given in Table B3.1.7.

Apply sample and run gel as described (see Basic Protocol 2, steps 12 to 16), except
align electrodes in step 15 so that they rest on the outer edges of the gel and follow
the recommended settings in Table B3.1.7.

Table B3.1.7 Running Conditions for Denaturing IEF

Step Voltage (V)  Current (mA)¢ Power (W)¢  Time (min)
Prerun 700 12 8 20
Sample entrance 500 8 8 20
Isoelectric focusing 2000 14 14 90
Band sharpening 2500 14 18 10

“If only a portion of the gel is run, reduce current and power limits accordingly.
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COOMASSIE BRILLIANT BLUE STAINING OF POLYACRYLAMIDE GELS

Coomassie brilliant blue staining is based on nonspecific binding of Coomassie brilliant
blue dye to proteins. Separated proteins are simultaneously fixed and stained in the gel,
and then destained to remove background staining prior to drying and documenting. The
proteins are detected as blue bands on a clear background. The standard protocol can be
used to stain conventional SDS-PAGE or native gels as well as IEF and Tris-tricine gels.
When staining conventional SDS-PAGE or native gels, a fixing step is not required. A gel
stained with Coomassie brilliant blue is shown in Figure B3.1.1.

Materials

la.

1b.

lc.

Polyacrylamide gel (SDS-PAGE, IEF, native PAGE, or Tris-tricine SDS-PAGE)
containing separated proteins (see Basic Protocols 1 and 2; see Alternate
Protocols 1 to 4)

20% (w/v) trichloroacetic acid (TCA; for IEF gels only; store <1 month at room
temperature)

Destaining solution I: 40% (v/v) methanol/7% (v/v) acetic acid (store <1 month at
room temperature)

Glutaraldehyde fixing solution (see recipe; for Tris-tricine gels only)

0.025% (w/v) Coomassie brilliant blue staining solution (see recipe)

Destaining solution II: 5% (v/v) methanol/7% (v/v) acetic acid (store indefinitely
at room temperature)
Glycerol

Covered tray
Laboratory shaker or rocker

Filter paper (e.g., Whatman 3MM) or porous cellophane sheets (e.g., Amersham
Pharmacia Biotech).

Vacuum gel dryer (e.g., Hoefer GD2000; Amersham Pharmacia Biotech) attached
to vacuum pump or air gel dryer with dryer with drying frames (e.g., Hoefer
Easy Breeze; Amersham Pharmacia Biotech)

For IEF gels: Place a polyacrylamide gel in a covered tray with enough 20% TCA to
fully submerge the gel. Shake slowly 30 to 60 min on a laboratory shaker or rocker.
Replace 20% TCA with destaining solution I and shake slowly for 3 min. Remove
destaining solution L.

Do not leave a gel in 20% TCA for >60 min.

For Tris-tricine gels: Place a polyacrylamide gel in a covered tray with enough
glutaraldehyde fixing solution to fully submerge the gel. Shake slowly 30 to 60 min
on a laboratory shaker or rocker. Remove fixing solution.

For SDS-PAGE and native PAGE gels: Place a polyacrylamide gel in a covered tray.

Add just enough Coomassie brilliant blue staining solution so that the gel floats freely
in the tray. Shake slowly ~4 hr to overnight on a laboratory shaker or rocker.

CAUTION: Exposure to methanol and acetic acid vapors is minimized when using covered
plastic trays. When covers are not used, these procedures should be done in a fume hood.

For accelerated staining and destaining, the solutions can be heated to 45°C, which will
reduce the time by 50%.

Replace staining solution with destaining solution I. Shake slowly 30 min.

This removes the bulk of the excess stain.

. Remove destaining solution I and replace with destaining solution II. Change destain-

ing solution II periodically until gel background is clear, typically <8 hr.
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Alternatively, the waste volume can be minimized by the addition of paper tissue to one
corner of the staining tray. Coomassie brilliant blue is removed from the gel without
changing the destaining solution, minimizing the waste volume generated. The tissues are
replaced when they are saturated with Coomassie brilliant blue. Caution should be used,
however; because excessive destaining will lead to loss of band intensity.

5. Store gel in destaining solution II <1 week in a covered tray. To minimize cracking,
add 4% (v/v) glycerol to the last destaining solution before drying the gel.

For longer term storage, gels may be stored wet at 4°C. The wet gel should be wrapped in
a piece of plastic wrap. This permits handling the gel without risk of breakage. The wrapped
gel can be stored in a sealable bag for <1 year at 4°C. To preserve gels indefinitely, they
may be either vacuum dried onto filter paper or air dried between sheets of cellophane.

6a. For vacuum drying gels: Place gel on a sheet of filter paper of the same size. Place
gel and paper on a larger sheet of filter paper covering the metal screen of the platen
of a vacuum gel dryer attached to a vacuum pump. Cover top of gel with plastic wrap,
lower silicon cover flap, apply vacuum to seal flap, and turn on heater. Dry gel,
typically <2 hr.

During vacuum drying, the gel will feel cold relative to the surrounding platen if it is not
completely dry. When the gel temperature is the same as the platen, the gel is dry and the
vacuum and dryer can be turned off. Gel cracking can be caused by releasing the vacuum
before the gel is dry.

6b. For air drying gels: Place gel between two sheets of porous cellophane and lock into
the drying frame of an air dryer. Insert frame into air dryer and turn on fan and heater.
Dry gel, typically <2 hr.

Moisture evaporates through the cellophane leaving a flat, easy-to-store gel with a clear
background.

As an alternative to drying, gels may be photographed with a Polaroid or digital camera.
Hllumination should be provided by placing the gel on a light box. Gels may also be scanned
with a transparency scanner.

SILVER STAINING OF POLYACRYLAMIDE GELS

Silver staining is approximately 50-fold more sensitive than Coomassie brilliant blue
staining (see Support Protocol 1). It is a complex, multistep process, and many variables
can influence the results. High-purity reagents and precise timing are essential for
reproducible, high-quality results. Impurities in the gel and/or the water used for preparing
the staining reagents can give poor staining results. The detection limit of this technique
is from 1 to 5 ng protein per band. This protocol gives the best results when applied to
standard SDS-PAGE and native gels. Silver staining IEF gels is less sensitive and high
levels of background staining can be expected unless extra steps are taken to remove
interfering carrier ampholytes. Tris-tricine gels can be silver stained according to this
procedure, but a glutaraldehyde fixing solution (see Support Protocol 1), which prevents
the loss of small peptides, cannot be used. Therefore, small peptides may diffuse out of
the gel during staining and be lost.

Materials

Polyacrylamide gel (SDS-PAGE, IEF, native PAGE, or Tris-tricine SDS-PAGE)
containing separated proteins (see Basic Protocols 1 and 2; see Alternate
Protocols 1 to 4)

Silver stain fixing solution: 40% (v/v) ethanol/10% (v/v) acetic acid (make fresh)

Sensitizing solution (see recipe)

Silver solution (see recipe)
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Table B3.1.8 Silver Staining Protocol

Solution Time (<1-mm-thick gel) Time (1.5-mm-thick gel)
Silver stain fixing solution” 30 min 30 min
Sensitizing solution 30 min 30 min
H,O 3 X 5 min 3 x 10 min
Silver solution 20 min 30 min
H,O 2 X 1 min 2 X 1 min
Developing solution” 3-5 min 5-10 min
Stop solution 10 min 10 min
H,0O 3 X 5 min 3 X 5 min
Preserving solution® 30 min 30 min

9Leave gel in this solution until a convenient time for completing procedure (<1 week).

bMonitor development and change solution when protein bands are visible and background is just starting
to darken.

Store gel in this solution <1 week. The glycerol will prevent gel from cracking when dried.

Developing solution (see recipe)

Stop solution: 1.5% (w/v) Na,EDTA (store <6 months at room temperature)

Preserving solution: 30% (v/v) ethanol/4% (v/v) glycerol (store <6 months at room
temperature)

Covered tray
Laboratory shaker or rocker

Additional equipment for drying gel (see Support Protocol 1)

NOTE: Clean all equipment used for running and staining the gel with detergent and rinse
thoroughly. Wear clean gloves when handling the electrophoresis apparatus, the gel, or
the staining tray.

Place a polyacrylamide gel in a covered tray and process according to Table B3.1.8. Use
250 ml of each solution per standard (14 X 16—cm) gel and 100 ml per mini-format (8 x
10—cm) gel. Shake slowly on alaboratory shaker or rocker during each step. When staining
an [EF gel, begin with a 30-min fixation step in 20% TCA (see Support Protocol 1) and
then proceed with steps described in Table B3.1.8, adding three additional washes with
water between the sensitizing step and silver step if needed. The timing of some steps
differs according to the thickness of the gel as indicated in Table B3.1.8. If desired, dry
gel as described (see Support Protocol 1, step 6).

ACTIVITY STAINING FOR PROTEINASE

Proteinases in complex protein samples are separated and detected by their activity using
a technique called substrate-SDS-PAGE. After electrophoresis, the gel is incubated in a
casein substrate solution and then stained with Coomassie brilliant blue. The presence of
active proteinase is indicated by clear zones on a blue background. Information about the
number of active components and their molecular weights is obtained by this technique.
This method is useful when studying the presence, diversity, amount, and class of
proteinases in food ingredients that affect properties such as texture. Other measurements
of proteinase activity are addressed in uniT c2.1. Figure B3.1.2 shows a discontinuous
polyacrylamide gel activity stained for proteinase.
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Materials

Proteinase-containing protein sample

2 x nonreducing sample buffer (see recipe)

2% casein (added just before use) in 50 mM Tris-Cl, pH 7.5 (APPENDIX 2A)
0.1% (w/v) Coomassie brilliant blue staining solution (see recipe)

Destaining solution: 40% (v/v) ethanol/10% (v/v) acetic acid (optional; store <1
month at room temperature)

Additional reagents and equipment for SDS-PAGE (see Basic Protocol 1) and
Coomassie brilliant blue staining and drying gel (see Support Protocol 1).

1. Dilute proteinase-containing protein sample 1:1 (v/v) in 2 X nonreducing sample
buffer.

The amount of sample used will depend on its proteolytic activity. The author recommends
measuring this activity using azocasein as a substrate (Garcia-Carrerio, 1992). A sample
with 10 mU of activity should be loaded.

2. Prepare and run duplicate SDS-polyacrylamide gels as described (see Basic Protocol
1, steps 1 to 29), using the diluted proteinase-containing protein sample and appro-
priate molecular weight standards. Do not boil the diluted sample.

A mini-format (8 X 10—cm) gel is recommended.
The duplicate gel will be used to calibrate molecular weights and visualize total protein.

3. Disassemble gel cassettes, place gels in separate covered trays, and immerse one gel
in 50 ml of 2% casein in 50 mM Tris-ClI for 30 min at 4°C. Stain second gel with
Coomassie brilliant blue as described (see Support Protocol 1, steps 1 to 5).

This incubation allows the substrate to diffuse into the gel at reduced enzyme activity.
The Coomassie staining solution is acidic enough to stop proteinase activity.

4. Move the casein gel to 25°C (room temperature) and incubate <90 min.
Substrate is digested at sites where proteinases are located.

5. Wash casein gel briefly with water.

6. Place casein gel in covered tray containing enough 0.1% Coomassie brilliant blue
staining solution to cover gel. Shake slowly 2 hr on a laboratory shaker or rocker.

Clear zones on a blue background, indicative of casein hydrolysis by proteinases, should
be observable at this stage in the casein gel. Molecular weight standards, proteins other
than proteinases, and inhibitor proteins are recognized by their blue color, which is of a
higher intensity than the background caused by staining of the undigested casein.

7. Optional: Wash 2 hr in destaining solution.
This step will improve the contrast of the clear zones.

8. Dry gel or record results as described (see Support Protocol 1, step 6).

DETECTION OF PROTEINASE INHIBITORS

Proteinaceous proteinase inhibitors (present for example in legumes, eggs, and plasma)
are separated and detected in complex mixtures by using a variation of the technique
described in Basic Protocol 3. This technique is useful when studying the presence,
diversity, amount, and specificity of proteinase inhibitors in food ingredients that affect
protein digestion. An example of detection of proteinase inhibitors is given in Figure
B3.1.4.
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Figure B3.1.4 A 15% SDS-polyacrylamide gel assayed for proteinase inhibitors. (A) Gel stained
with Coomassie brilliant blue for total protein. (B) Gel assayed for serine-proteinase inhibitory
activity against trypsin. Food-grade proteinase inhibitors used in surimi manufacture were assayed.
Lane 1, whey protein concentrate. Lane 2, bovine plasma proteins. Lane 3, egg white. Each lane
contains 15 g protein. Lane M, molecular weight standards. The dark bands in (B) indicate proteins
with proteinase inhibitory activity. Numerous proteins in egg white (lane 3) are shown to have
inhibitory activity against trypsin. Adapted from Weerasinghe (1995).

Additional Materials (also see Basic Protocol 3)

Proteinase inhibitor—containing protein sample

0.1 mg/ml proteinase solution: proteinase for which inhibition is to be assayed,
diluted in 50 mM Tris-Cl, pH 7.5 (APPENDIX 24)

1. Run a proteinase inhibitor—containing protein sample on duplicate native polyacry-
lamide gels as described (see Basic Protocol 3, steps 1 to 2).

An appropriate, known proteinase inhibitor may be run as a control.

2. Transfer one gel to a tray containing 50 ml of 0.1 mg/ml proteinase solution. Allow
the enzyme to diffuse into the gel 30 min at 4°C. Stain second gel with Coomassie
brilliant blue as described (see Support Protocol 1, steps 1 to 5).

3. Wash gel briefly with water.

4. Assay for protein-substrate hydrolysis as described (see Basic Protocol 3, steps 3 to
8).

The presence of an inhibitor appears as a blue band on an otherwise clear background of
hydrolyzed casein.
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DETERMINATION OF PROTEINASE CLASS

Proteinase-containing samples are incubated with a variety of class- or enzyme-specific
proteinase inhibitors, separated on a polyacrylamide gel, and activity stained as described
in Basic Protocol 3. A clear zone will be evident in lanes where the proteinase is active
(i.e., in the absence of inhibitor or in the presence of a mismatched inhibitor). This clear
zone will be absent in the lane containing the properly matched proteinase inhibitor, which
provides information about the class or type of proteinase detected in the band.

Additional Materials (also see Basic Protocol 3)

Proteinase-containing protein sample

Class- or enzyme-specific proteinase inhibitor solution, for example:
200 mM phenylmethylsulfonyl fluoride (PMSF) in isopropanol
20 mM Na-p-tosyl-L-lysine chloromethyl ketone (TLCK) in 1 mM HCl
10 mM N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) in methanol

1. Mix a proteinase-containing protein sample with 0.1 vol class- or enzyme-specific
inhibitor solution. Include samples without inhibitor but with an appropriate amount
of solvent used to prepare inhibitors, as well as known proteinases with their
inhibitors as controls.

2. Incubate 1 hr at 25°C followed by overnight at 10°C.

3. Assay samples for proteinase activity as described (see Basic Protocol 3, steps 1 to 8).

ESTIMATION OF PROTEIN MOLECULAR WEIGHTS BY SDS-PAGE

Estimating the molecular weight of a protein is relatively straightforward with SDS-
PAGE. Molecular weight standards are separated on a polyacrylamide gel along with the
unknown or sample protein, and the migration distance of each is measured. This distance
is converted to relative mobility (R;), which is defined as the distance migrated by a protein
divided by the distance migrated by a relative mobility marker. Usually the dye front is
chosen as the relative mobility marker. Alternatively, a low-molecular-weight standard
protein can be used as this marker. The R; values of the standards are used to generate a
standard curve that is compared to the unknown. The gel concentration should be chosen
so that the standards produce a linear curve in the region of the unknown.

Materials

Processed and stained SDS-PAGE gel with molecular weight standards (see Basic
Protocol 1; see Alternate Protocols 1 and 3)
Ruler with 0.1-cm markings

Calculator capable of two-variable statistics or computer with spreadsheet or
graphing software

1. Measure migration distance of molecular weight standards and unknown protein(s)
in a processed and stained SDS-polyacrylamide gel using a ruler with 0.1-cm
markings. Measure the distance to the center of the protein band.

This may be done with a dried gel, a photograph, or a digital image of a gel.
2. Calculate the R; of each protein band and molecular weight standard by dividing the

migration distance by that of the relative mobility marker. Use either the dye front or
a low-molecular-weight standard as the relative mobility marker.

Frequently, with gradient gels an internal protein marker is selected because the dye front
has become diffuse or has run off the bottom of the gel.

In one of the simplest approaches to estimating molecular weights, the migration distance
into the gel is used without converting to R,.
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3. Plot R; (x axis) versus the log[mol. wt.] (v axis) for each molecular weight standard.

With gradient gels, yet another measurement is frequently plotted on the x axis. By plotting
acrylamide percentage (x axis) versus log[mol. wt.] (y axis), very good linearity is obtained.
However, adequately straight calibration lines are much more simply determined using
migration distance or R, for the x axis.

4. Use a calculator or computer program to perform linear regression of the plot.
5. Use the equation of the regression line to estimate the size of the unknown protein.

The purpose of plotting the data and performing the regression is to generate a linear curve
through the standards so that the size of the unknown can be estimated. Thus, a region of
the plotted data that is reasonably linear should be chosen for performing the regression.

The general equation of a line is y = mx + b, where m is the slope and b is the y intercept.
In this case the equation becomes log[mol. wt.] = (slope X R) + y intercept.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.
Acrylamide solution, 30% (w/v)

Mix 60 g acrylamide (final 30%) and 1.6 g bisacrylamide (final 0.8%) with water
in a total volume of 200 ml. Filter the solution through a 0.45-pm filter. Store up to
3 months at 4°C in the dark.

Acrylamide solution, 40% (w/v), high cross-linker
Mix 75.2 g acrylamide (final 40%) and 4.8 g bisacrylamide (final 2.4%) with water
in a total volume of 200 ml. Filter the solution through a 0.45-um filter. Store <3
months at 4°C in the dark.

Coomassie brilliant blue staining solution, 0.025% (w/v)

Dissolve 0.5 g Coomassie brilliant blue R250 in 800 ml methanol (final 40%). Add
140 ml acetic acid and water to 2 liters. Store <1 month at room temperature.

Coomassie brilliant blue staining solution, 0.1% (w/v)

Dissolve 2 g Coomassie brilliant blue R250 in 800 ml ethanol (final 40%). Add 200
ml acetic acid (final 10%) and water to 2 liters. Store <1 month at room temperature.

Denaturing IEF rehydration solution, pH 3 to 10
Dissolve 5.04 g urea (final 8 M) and 788 pl carrier ampholyte mixture (e.g.,
Pharmalyte; Amersham Pharmacia Biotech; final 7.5%) in water to 10.5 ml. Add a
reducing agent (60 mM dithiothreitol) and/or a detergent (0.5% [w/v] Triton X-100,
CHAPS, or octyl glucoside), if desired. Make fresh.

Developing solution
Dissolve 25 g sodium carbonate (final 25%) in water to 1 liter. Store <2 months at
room temperature. Within 1 hr of use, add 20 ul of 37% formaldehyde (final
0.0074%) per 100 ml solution.

Glutaraldehyde fixing solution
4 ml 25% glutaraldehyde (final 0.2%)
150 ml ethanol (final 30%)
13.61 g sodium acetate trihydrate (final 0.2 M)
Water to 500 ml
Prepare immediately before use

Current Protocols in Food Analytical Chemistry



Lower (anodic) Tris-tricine tank buffer

Dissolve 121.1 g Tris base (final 0.2 M) and 10 g SDS (final 0.1%) in 500 ml water.
Adjust pH to 8.9 with HCI. Dilute to 5 liters. Store <1 month at room temperature.

Nonreducing sample buffer, 2x
1.6 ml 4x stacking gel buffer (see recipe)
4 ml 10% (w/v) SDS (final 4%)
1.25 ml glycerol
1.0 mg bromphenol blue
Bring volume to 10.0 ml with water
Store 0.5-ml aliquots < 6 months at —20°C

Running gel buffer, 4x
Dissolve 36.3 g Tris base (final 1.5 M) in 150 ml water. Adjust pH to 8.8 with HCI.
Bring volume to 200 ml with water. Store <3 months at 4°C.

Running gel overlay
25 ml 4% running gel buffer (see recipe)
1 ml 10% (w/v) SDS (final 0.1%)
Water to 100 ml
Store <3 months at 4°C

SDS-PAGE tank buffer, pH 8.3
30.28 g Tris base (final 0.025 M)
144.13 g glycine (final 0.192 M)
10 g SDS (final 0.1%)
Bring to 10 liters with water
Make up directly in large reagent bottles
Store <1 month at room temperature

It is not necessary to check pH.

SDS sample buffer, 2x
2.5 ml 4x stacking gel buffer (see recipe)
4.0 ml 10% (w/v) SDS (final 4%)
2.0 ml glycerol (final 20%)
2.0 mg bromphenol blue (final 0.02%)
0.31 g dithiothreitol (DTT; final 0.2 M)
Bring to 10.0 ml with water
Store 0.5-ml aliquots <6 months at —20°C

If desired, 5% (v/v) 2-mercaptoethanol may be substitued for DTT. However, DTT is
preferred.

Sensitizing solution
300 ml ethanol (final 30%)
68 g sodium acetate (final 6.8%)
2 g sodium thiosulfate (final 0.2%)
Water to 1 liter
Store stock solution <2 months at room temperature
Within 1 hr of use, add 0.5 ml of 25% glutaraldehyde (final 0.125%) per 100 ml
solution

Silver solution
Dissolve 2.5 g silver nitrate (final 0.25%) in water to 1 liter. Store <2 months in a
dark bottle at room temperature. Within 1 hr of use, add 40 ul of 37% formaldehyde

i Characterization
(final 0.015%) per 100 ml solution. of Proteins
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Stacking gel buffer, 4x

Dissolve 3.0 g Tris base (final 0.5 M) in 40 ml water. Adjust to pH 6.8 with HCI.
Bring volume to 50 ml with water. Store <3 months at 4°C.

Tris-tricine gel buffer, 4x

Dissolve 72.6 g Tris base (final 3 M) and 0.6 g of SDS (0.3% SDS) in 150 ml water.
Adjust pH to 8.45 with HCI. Bring volume to 200 ml with water. Store <3 months

at 4°C.
Upper (cathodic) Tris-tricine tank buffer

Mix 12.11 g Tris base (final 0.1 M), 17.92 g tricine (final 0.1 M), and 1 g SDS (final
0.1%) with water in a total volume of 1 liter. Do not adjust pH. Store <1 month at

room temperature.

Water-saturated butanol

Combine 50 ml n-, #-, or i-butanol with 5 ml water. Shake and allow phases to
separate. Use top phase (butanol) for overlaying gels. Store indefinitely at room

temperature.

COMMENTARY

Background Information

Electrophoresis is the process of moving
charged molecules in solution by applying an
electrical field across the mixture. Because
molecules in an electrical field move with a
speed dependent on their charge, shape, and
size, electrophoresis has been extensively de-
veloped for molecular separations.

As an analytical tool, electrophoresis is sim-
ple, relatively rapid, and has unparalleled re-
solving power. It is used chiefly for analysis
and purification of very large molecules such
as proteins and nucleic acids. Highly sensitive
detection methods have been developed to
monitor and analyze electrophoretic separa-
tions.

Electrophoresis of macromolecules is nor-
mally carried out by applying a sample to a
solution stabilized by a porous gel matrix. Un-
der the influence of an applied voltage, different
species of molecules in the sample move
through the matrix at different velocities. At the
end of the separation, the different species are
detected as bands at different positions in the
matrix. A matrix is required because the electric
current passing through the electrophoresis so-
lution generates heat, which causes diffusion
and convective mixing of the bands in the ab-
sence of a stabilizing medium.

The procedures described in this unit all
utilize a polyacrylamide gel matrix. The gel
forms when a dissolved mixture of acrylamide
and bisacrylamide cross-linker monomers po-
lymerizes into long chains that are covalently
cross-linked. The gel structure is held together

by the cross-linker. Polymerization of acry-
lamide is a free-radical reaction that is initiated
and catalyzed, respectively, by the addition of
ammonium persulfate and TEMED.

When the gel solution is poured into a glass-
plate sandwich, the top of the solution forms a
meniscus. If measures are not taken to prevent
this, the gel will polymerize with a curved top,
which will cause the separated sample bands to
have a similar curved pattern. To eliminate the
meniscus, a thin layer of water-saturated bu-
tanol is floated on the surface of the gel mixture
before it polymerizes. After polymerization,
the butanol layer is poured off, leaving the
upper surface of the gel flat. The butanol also
excludes oxygen, which would otherwise in-
hibit polymerization on the gel surface.

SDS Polyacrylamide gel electrophoresis

The most widely used method for protein
electrophoresis is the SDS-PAGE system of
Laemmli (1970); see Basic Protocol 1. This
method separates proteins according to their
molecular weights. The intrinsic electrical
charge of the sample proteins is not a factor in
the separation due to the presence of SDS in the
sample and the gel. SDS is an anionic detergent
that denatures proteins by wrapping around the
polypeptide backbone in a ratio of approxi-
mately 1.4 g SDS per gram protein. The bound
SDS masks the charge of the proteins them-
selves, forming anionic complexes with con-
stant net negative charge per unit mass. The
SDS also disrupts hydrogen bonds, blocks hy-
drophobic interactions, and partially unfolds
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the protein molecules, minimizing differences
in molecular form by eliminating the secondary
and tertiary structures. The proteins unfold
completely in the presence of a reducing agent
such as DTT. The reducing agent cleaves the
disulfide bonds, which can form between cys-
teine residues, and the polypeptides become
flexible rods of negative charges with equal
charge densities, or charge per unit length.
Treating proteins with both SDS and areducing
agent can result in separations exclusively by
molecular weight.

There is an approximately linear relation-
ship between the logarithm of the molecular
weight and the relative distance of migration of
the SDS-polypeptide micelle. This linear rela-
tionship is valid only for a certain molecular
weight range that is determined by the
polyacrylamide percentage. The linear separa-
tion range can be increased by employing gels
cast with a linear gradient of acrylamide per-
centage (see Alternate Protocol 1). Guidelines
for selecting an appropriate acrylamide per-
centage or gradient for a particular protein
molecular weight range are included in Table
B3.1.1.

The SDS-PAGE system of Laemmli (1970)
utilizes a discontinuous buffer system, meaning
that the counter ion of the Tris buffer is different
between the tank buffer and the buffer in the
gel. The tank buffer contains glycine ions,
whose electrophoretic mobility is less than that
of the proteins in the sample, and the gel con-
tains chloride ions, whose electrophoretic mo-
bility is higher than that of the proteins in the
sample. The sample first passes through a stack-
ing gel of relatively low acrylamide concentra-
tion, where the proteins concentrate into a thin
zone between the low mobility and the high
mobility ion. This stacking effect results in
sharp protein bands and exceptional resolution.

This SDS-PAGE system is a modification of
a discontinuous system described by Ornstein
(1964) and Davis (1964), which was originally
devised to separate proteins under nondenatur-
ing (native) conditions (see Alternate Protocol
2). Under native conditions, the migration rate
of a protein is dependent on both its intrinsic
charge and its size. The molecular weight of the
protein therefore cannot be directly determined
by its migration in a single gel. The resolution
of nondenaturing electrophoresis is generally
not as high as SDS-PAGE, but the technique is
useful when one wishes to retain the native
structure or enzymatic activity of a protein to
assay following electrophoresis.
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In the SDS-PAGE system of Laemmli,
smaller proteins comigrate with SDS micelles.
This prevents the separation of proteins smaller
than ~10 kDa. A modified buffer system de-
scribed by Schigger and von Jagow (1987) was
developed to allow separations of peptides and
smaller proteins. A modification of this tech-
nique (see Alternate Protocol 3) incorporates
35% (v/v) ethylene glycol and a high propor-
tion of bisacrylamide cross-linker (6% of the
total monomer) in the running gel to further
optimize separation of small peptides.

In the discontinuous systems described in
this unit (see Basic Protocol 1; see Alternate
Protocols 1, 2, and 3), the choice between a
standard gel and a mini-format gel must be
made. Mini-format gels are now more com-
monly run than standard gels due to the higher
speed with which they can be run and the
increased ease of handling smaller gels. Stand-
ard gels are used when higher resolution or
greater separation distance is required.

Isoelectric focusing

IEF is an electrophoretic method that sepa-
rates proteins according to their pls. Proteins
are amphoteric molecules; they carry either
positive, negative, or zero net charge, depend-
ing on the pH of their surroundings. The net
charge of a protein is the sum of all the negative
and positive charges of its amino acid side
chains and amino and carboxyl termini. The pl
is the specific pH at which the net charge of the
protein is zero. Proteins are positively charged
at pH values below their pl, and negatively
charged at pH values above their pl.

The presence of a pH gradient is critical to
the IEF technique. In a pH gradient, under the
influence of an electric field, a protein will
move to the position in the gradient where its
net charge is zero. A protein with a positive net
charge will migrate toward the cathode, becom-
ing progressively less positively charged as it
moves through the pH gradient until it reaches
its pl. A protein with a negative net charge will
migrate toward the anode, becoming less nega-
tively charged until it also reaches zero net
charge. If a protein should diffuse away from
its pl, it immediately gains charge and migrates
back. This is the focusing effect of IEF, which
concentrates proteins at their pl and allows
proteins to be separated on the basis of very
small charge differences.

The degree of resolution is determined by
electric field strength. IEF is therefore per-
formed at high voltages (typically >1000 V).
When the proteins have reached their final
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positions in the pH gradient, there is very little
ionic movement in the system, resulting in a
very low final current (typically <1 mA).

The methods for IEF described in this unit
(see Basic Protocol 2; see Alternate Protocol 4)
are dependent on a carrier ampholyte—gener-
ated pH gradient. Carrier ampholytes are small,
soluble, amphoteric molecules with a high buft-
ering capacity near their pI. Commercial carrier
ampholyte mixtures are comprised of hundreds
of individual polymeric species with pls span-
ning a specific pH range. When a voltage is
applied across a carrier ampholyte mixture, the
carrier ampholytes with the lowest pI (and the
most negative charge) move toward the anode,
and the carrier ampholytes with the highest pl
(and the most positive charge) move toward the
cathode. The other carrier ampholytes align
themselves between the extremes, according to
their pls, and buffer their environment to the
corresponding pHs. The result is a continuous
pH gradient.

IEF can be run in either a native or denatur-
ing mode. Native IEF is the more convenient
option, as precast native IEF gels are available
in a variety of pH gradients. This method is also
preferred when native protein is required, as
when activity staining is to be employed. The
use of native IEF, however, is often limited by
the fact that many proteins are not soluble in
water at low ionic strength, or have low solu-
bility close to their isoelectric point. In these
cases, denaturing IEF is employed. Urea is the
denaturant of choice, as this reagent can solu-
bilize many proteins not otherwise soluble un-
der IEF conditions. Detergents and reducing
agents are often used in conjunction with urea
for more complete unfolding and solubiliza-
tion. Urea is not stable in aqueous solution, so
precast IEF gels are not manufactured with
urea. Rehydrating a dried gel with urea, carrier
ampholytes, and other additives is a convenient
alternative.

Protein visualization

After an electrophoresis run is complete, the
gel must be analyzed to answer analytical or
experimental questions. As most proteins are
not directly visible, the gel must be processed
to determine the location and amount of the
separated proteins. The most common analyti-
cal procedure is staining. Proteins are usually
stained with Coomassie brilliant blue or silver
nitrate.

Coomassie brilliant blue staining (see Sup-
port Protocol 1) is based on the binding of the
dye Coomassie brilliant blue R250, which

binds nonspecifically to virtually all proteins.
The gel is impregnated with a solution of the
dye. Dye that is not bound to protein is allowed
to diffuse out of the gel during the destain steps.
Although Coomassie brilliant blue staining is
less sensitive than silver staining, it is widely
used due to its convenience. Coomassie bril-
liant blue binds to proteins stoichiometrically,
so this staining method is preferable when rela-
tive amounts of protein are to be determined by
densitometry.

When staining IEF gels with Coomassie
brilliant blue, the gel is first fixed in a trichlo-
roacetic acid solution to leach out the carrier
ampholytes, which would otherwise cause
background staining. When staining small pep-
tides run on Tris-tricine gels, the gel is first fixed
in a solution containing glutaraldehyde, which
cross-links the peptides and prevents them from
diffusing out of the gel during subsequent stain-
ing steps.

Silver staining is the most sensitive method
for permanent visible staining of proteins in
polyacrylamide gels. This sensitivity, however,
is obtained at the expense of high susceptibility
to interference from a number of factors. Pre-
cise timing, high quality reagents, and cleanli-
ness are essential for reproducible, high-quality
results. In silver staining, the gel is impregnated
with soluble silver ion and developed by treat-
ment with formaldehyde, which reduces silver
ion to metallic silver, which is insoluble and
visible. This reduction is promoted in the pres-
ence of proteins, leading to visible bands on the
gel. There are many variations of the silver
staining process. The method described (see
Support Protocol 2) is based on the method of
Heukeshoven and Dernick (1985) and has been
selected for its overall convenience, sensitivity,
reproducibility, and speed.

Activity staining

Techniques have also been developed for the
specific visualization of particular classes of
enzymes following electrophoretic separation
in a gel. These techniques are often referred to
as “activity staining,” as the intrinsic activity of
the enzyme is used, either to produce a colored
product or to produce a clear zone on a colored
background within the gel. A method for visu-
alizing proteinases based on the work of Gar-
cia-Carrefio and Haard (1993) and Garcia-Car-
refio et al. (1993) is presented (see Basic Pro-
tocol 3).

Following electrophoresis of samples that
are not heat treated, the gel is impregnated with
a good general protein substrate (casein). Pro-
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teinases within the gel are allowed to digest the
casein, and the gel is stained with Coomassie
brilliant blue. The casein in the gel produces a
uniform blue background stain, except where
it has been digested by proteinases in the gel to
produce small peptides that diffuse out of the
matrix. Proteinases are thus visualized as clear
bands against a blue background.

This technique can be applied following
SDS-PAGE, as most proteinases are
monomeric, and hence minimally affected by
SDS (Garcia-Carrefio et al., 1993). The tech-
nique described is applicable to most protei-
nases, which are active at neutral to alkaline
pH. A method for characterizing proteinase
inhibitors (see Alternate Protocol 5), a growing
are of study in food science (Garcia-Carrefio,
1996; Garcia-Carrefio and Hernandez-Cortes,
2000; Garcia-Carrefio et al., 2000) is also in-
cluded. Recently, a separation technique for
acid proteinases with high pls was published
(Diaz-Loépez et al., 1998).

Critical Parameters and
Troubleshooting

Many factors influence the quality of elec-
trophoretic separations, including gel prepara-
tion, reagent quality, instrument assembly,
electrophoresis conditions, and the nature and
quantity of the sample.

Preparing and running the gel

To have a high-quality gel, acrylamide po-
lymerization must be complete and uniform.
Polymerization may be inhibited by low tem-
peratures, oxygen, insufficient or degraded
catalyst, and low acrylamide concentrations.
Any of these factors can prevent complete po-
lymerization or, in extreme cases, prevent po-
lymerization entirely. Insufficient polymeriza-
tion results in poorly defined sample wells and
distorted bands. Air bubbles trapped under the
comb teeth can inhibit polymerization locally,
also resulting in band distortions. Insufficient
polymerization along spacers can cause the gel
to run faster towards the edges, producing a
localized “frown” effect. Polymerization may
also be uneven across the entire gel, resulting
in distortions in the final electrophoresis result.

The following suggestions should minimize
problems of incomplete polymerization. Warm
all refrigerated gel solutions to room tempera-
ture prior to use and always deaerate the gel
solution 5 to 10 min with at least a water
aspirator. It is helpful to warm the gel solution
to 20° to 25°C after deaeration and allow it to
polymerize at or slightly above room tempera-
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ture. Check the ammonium persulfate for fresh-
ness. Fresh ammonium persulfate will crackle
when water is added; if it doesn’t, use a fresh
bottle. Check the freshness of the acrylamide
stock solution. Old acrylamide can also inhibit
polymerization. If the polymerization problem
persists, increase the ammonium persulfate and
TEMED concentrations by 50%. Increasing the
catalyst concentration is particularly useful
when working with low acrylamide concentra-
tions.

Too rapid polymerization can result from
high temperatures or too much catalyst. If po-
lymerization is too rapid, the gel may not po-
lymerize evenly, or may polymerize before the
gel is completely poured. To prevent these
problems, decrease the amount of ammonium
persulfate and TEMED by 30%.

Reagents used in preparing electrophoresis
gels and buffers must be of high quality. Many
reagent manufacturers supply specifically des-
ignated “electrophoresis quality” reagents that
are prepared to be largely free of interfering
contaminants. Use such reagents whenever
possible. Also take care when preparing the
buffers and other solutions used in electropho-
resis. Mistakes in concentration or pH adjust-
ment can result in a slowly running gel or a
low-quality electrophoretic separation.

Many electrophoresis problems can be at-
tributed to improper instrument assembly. Seal-
ing gaskets must be seated correctly and spacers
must be aligned or buffer leakage may result.
If the level of upper buffer drops too far, elec-
trical continuity is interrupted and protein mi-
gration s stopped. Air bubbles trapped between
the glass plates at the bottom of the gel cassette
can be large enough to block current locally and
cause a distortion in the gel pattern. Care should
be taken to make sure the bottom of the gel
cassette is free of bubbles.

Electrophoresis generates heat, and if the gel
runs faster than this heat can dissipate, it will
not run evenly. Running the gel too fast is the
primary cause of “smiling,” where the center
of the gel runs faster than the edges. The use of
an electrophoresis unit that allows the gel cas-
sette to be completely submerged in the lower
buffer allows more efficient dissipation of heat
and can allow the gel to run faster without
smiling. The use of external cooling (connect-
ing the electrophoresis unit to a thermostatic
circulator) results in still more effective dissi-
pation of heat.
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Preparing the sample

To be analyzed effectively by electrophore-
sis, a protein sample must be well solubilized,
undegraded, free of particulate material, and
loaded at an appropriate concentration. Poor
solubilization is manifested by vertical streaks
or smears rather than distinct bands. In the case
of SDS-PAGE, heating briefly in SDS-contain-
ing treatment buffer is usually sufficient to
solubilize all of the proteins in the sample.
Some proteins, however, aggregate during
heating to 100°C. In these cases, it is better to
solubilize at lower temperatures (40° to 80°C).

Many proteins are poorly soluble under con-
ditions prevailing in nondenaturing electropho-
resis or IEF. Solubility can occasionally be
improved with the use of a nondenaturing,
neutral detergent (e.g., 0.5% [w/v] Triton X-
100, CHAPS, or octyl glucoside) or polyalco-
hol (e.g.,20% [w/v] glycerol or sorbitol) in both
the sample and the gel.

Degradation by endogenous proteinases can
result in smearing, loss of high-molecular-
weight proteins, or loss or splitting of bands.
Most proteinases are inactivated by heating in
the presence of SDS, so if SDS-PAGE is being
employed, the sample should be heated as soon
as possible. Up until the heating step (if one is
employed) samples should be kept on ice to
slow proteolysis. If proteolysis remains a prob-
lem, proteinase inhibitors (e.g., phenylmethyl-
sulfonyl fluoride, leupeptin, pepstatin) should
be used during sample preparation.

Protein can be prevented from entering the
gel cleanly by particulate and unsolubilized
material, which will remain in the sample wells.
Samples containing particulate material should
therefore always be centrifuged prior to elec-
trophoresis.

When too much protein is loaded onto a gel,
bands may spread and not resolve well. The
staining may saturate, producing indistinct
bands. Too little protein will result in bands of
interest being faint or absent. The optimal
amount to load varies widely depending on the
complexity of the sample and the method of
staining. It is often useful to load several differ-
ent dilutions of a sample on the same gel to
determine the optimal amount.

Whereas SDS-PAGE and other discontinu-
ous techniques are generally quite tolerant of
sample impurities and buffer and ionic vari-
ations, the quality of the sample and the nature
of the solution it is loaded in have a strong
influence on the quality of an IEF separation.
The sample must be as free as possible of salts,
buffers, and other small charged molecules,

otherwise the proteins will not focus into sharp
bands.

Staining the gel

Coomassie brilliant blue staining, although
approximately 50-fold less sensitive that silver
staining, is considerably simpler to perform and
less subject to interference or error than silver
staining. Insufficient staining intensity may be
the result of not staining long enough, in which
case, the gel should be left longer in the staining
solution. The blue background should be re-
moved by destaining until the background is
clear.

Silver staining, on the other hand, is highly
susceptible to interference from a variety of
sources. Exceptional cleanliness must be prac-
ticed in preparing the electrophoresis unit and
in handling the gel. All equipment used for
running and staining the gel must be cleaned
with detergent and thoroughly rinsed. Clean
gloves should be worn when handling the elec-
trophoresis apparatus, the gel, or the staining
tray. High-quality water must be used to pre-
pare the reagents, as impurities have a strong
effect on silver staining. For best results, water
with a resistivity 25 MQ should be used. The
reagents used for silver staining should be of
the highest quality possible.

Temperature has a strong effect on silver
staining, with higher temperatures promoting
faster development and darker background. For
optimal reproducibility, the timing of silver
staining steps should be precisely controlled.
The timing of the wash steps is particularly
important. Faint bands or poor development
could be the result of poor reagent quality or
improperly prepared reagents. It could also be
the result of washing too long between the
silver step and the developing step. An exces-
sively dark background could also be the result
of poor reagent quality or improperly prepared
reagents. It may also be the result of developing
too long, the use of impure water or detergent,
or the presence of other residues in the staining
tray.

Proteinases and proteinase inhibitors in a
sample should be analyzed for their sensitivity
to SDS concentration before activity staining
is carried out. Their activity should be measured
inthe presence and absence of 0.1% SDS before
proceeding with electrophoresis. The author
has characterized many proteinases under such
conditions without aloss of activity. Most SDS-
sensitive enzymes regain their activity if the gel
is washed in the buffer used to dissolve the
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substrate before proceeding with the activity
staining.

Anticipated Results

Properly executed, SDS-PAGE should be
able to resolve a protein sample into up to 100
distinct protein species. Proteins separated by
nondenaturing PAGE appear more diffuse and
exhibit less overall resolution than proteins
separated under denaturing conditions; how-
ever, biological activity is often maintained.
Gradient gels provide superior protein-band
sharpness and resolve a larger size range of
proteins; however, they are more difficult to
prepare. Molecular weight calculations are
simplified with gradient gels because of the
extended linear relationship between size and
protein position within the gel.

IEF has a similar resolving power to SDS-
PAGE, but it has less applicability due to the
limited solubility of many proteins under IEF
conditions.

With Coomassie brilliant blue staining one
should be able to detect ~50 to 100 ng protein
in a normal band. The lower detection limit of
silver staining is ~1 ng protein. Once the gel is
stained, it can be photographed or dried on a
transparent backing for a record of the position
and intensity of each band.

Time Considerations

Preparation of electrophoresis running and
stacking gels requires 2 to 3 hr. Running the gel
requires 1.5 hr for mini-format gels or IEF gels
and 5 hr for standard gels. Visualization of the
electrophoresis result takes a full day for
Coomassie brilliant blue staining and 3 hr for
silver staining. Activity staining a gel for pro-
teinase requires =6 hr (including the destaining
solution wash) after running the polyacry-
lamide gel. The determination of proteinase
class requires an additional overnight incuba-
tion before the gel can be run.
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Electroblotting from Polyacrylamide Gels

Electroblotting of proteins from polyacrylamide gels onto retentive membranes is usually
performed to facilitate procedures leading to protein identification and characterization.
Ithas been used for immunoblotting (or Western blotting), N-terminal protein sequencing,
in situ protease or chemical cleavage of proteins for further structural analysis, protein
band detection using sensitive stains such as AuroDye colloidal gold, and protein elution.
The electroblotting methods in this unit require that the proteins have already been
separated on a polyacrylamide gel (unir B3.1). However, if the blotted protein bands will
be used for N-terminal protein sequencing or sequencing of cleavage/digestion products,
refer to the specific requirements detailed in Alternate Protocol 1, which may affect
electrophoresis conditions. Including protein markers or prestained standards in gels is
useful because they will transfer to the membrane and can be used to indicate the size of
proteins after immunostaining.

This unit contains procedures for electrophoretically transferring proteins onto a variety
of membranes including polyvinylidene difluoride (PVDF; Basic Protocol 1) and nitro-
cellulose (Alternate Protocol 2) and derivatized membranes. The choice of membrane
type for electrotransfer is dependent on the ultimate application for the blot membrane.
High-retention PVDF binds proteins tightly and is well suited for applications such as
sequencing where high protein amount is critical (Alternate Protocol 1), whereas low-re-
tention membranes may be advantageous for subsequent protein extraction or im-
munoblot analysis (unT B3.4). Most protocols are designed for use with tank transfer
setups; Alternate Protocol 3 presents procedures for electroblotting in semidry systems.

In some cases, stained blots are used only to identify protein band patterns while leaving
the gel unmodified for subsequent steps (uniT B3.3). If such minimal protein transfer is
desired, contact blotting is a suitable alternative. This unit also describes procedures for
eluting proteins from membranes using detergents (Basic Protocol 2) or acidic extraction
with organic solvents (Alternate Protocol 4).

Unless otherwise indicated, the following protocols are primarily designed for electro-
transferring proteins from SDS gels. As proteins in other types of gels have much lower
charge densities and, sometimes, opposing net charges for different proteins, substantial
modifications to the protocols must be made for these specialized applications. Additional
procedures for electrophoresis and blotting of proteins can be found in Coligan et al.
(2001).

ELECTROBLOTTING ONTO PVDF MEMBRANES

The following procedure is based on electrotransfer from polyacrylamide gels containing
0.2% sodium dodecyl sulfate (SDS) in the gel solution and electrophoresis and sample
buffers. It uses a Bio-Rad solid plate tank transfer apparatus with 7 cm spacing between
the electrode plates, which can accommodate gels up to 14 X 18 cm in size and requires
~2.5 liters transfer buffer. The choice of PVDF membrane depends on the planned
subsequent use: high-retention Trans-Blot membranes (Bio-Rad) are suitable for protein
sequencing, whereas low-retention Immobilon-P membranes (Millipore) are recom-
mended for low-background immunodetection or staining and for recovering proteins
from membranes.

UNIT B3.2

BASIC
PROTOCOL 1
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Materials

1x transfer buffer (see recipe)
Polyacrylamide gel containing proteins of interest (UNIT B3.1)
100% methanol

Powder-free gloves

Electroblotting apparatus: “solid” plate electrode tank transfer system (e.g.,
Trans-Blot Cell, Bio-Rad)

Glass dishes and trays

Gel support sheet (e.g., porous polyethylene sheet, Curtin Matheson)

PVDF transfer membrane: 0.2 um PVDF membrane (Bio-Rad) or Immobilon-P
(Millipore)

Whatman no. 1 filter paper

Power supply (500 V, 300 mA)

Additional reagents and equipment for staining gels (UNIT B3.1)

NOTE: Use powder-free gloves when handling all materials for this procedure and handle
membranes with forceps at the edges to avoid potential artifactual staining.

Equilibrate the gel and membrane in transfer buffer
1. Prior to blotting, prepare the blotting apparatus by thoroughly rinsing with high-pu-
rity water.

The optional porous polyethylene sheet is hydrophobic, and it is difficult to get water or
buffer into the pores. Be sure to hydrate or “wet” it properly by spraying water under
pressure through the sheet or by submerging the entire polyethylene sheet in methanol and
then submerging in high-purity water.

2. Fill the transfer tank with 1x transfer buffer. Submerge the gel cassette holder, fiber
pads, and polyethylene sheet (after initial hydration as described in step 1) in transfer
buffer. Place them inside the tank or submerge in transfer buffer using a separate tray.

The transfer buffer can be left in a covered transfer tank for up to 2 hr prior to use. Longer
times should be avoided because the methanol in the buffer will evaporate, significantly
changing the buffer composition.

3. Prepare the polyacrylamide gel containing proteins of interest by disassembling the
gel apparatus, removing the stacking gel with a razor blade, and cutting a small piece
from the lower left-hand corner of the gel (near lane 1 for gels loaded left to right;
see Fig. B3.2.1) to aid in identifying the lanes in subsequent steps.

4. Briefly equilibrate the gel in a glass dish containing ~250 ml of 1x transfer buffer for
an appropriate time based on gel thickness (0.5-mm-thick gels for 1 min; 0.75- to
1-mm gels for 5 min; 1.5-mm gels for 15 min).

Longer equilibrations in transfer buffer prior to electrotransfer may extract too much SDS
from the gel and hence reduce transfer efficiency. This equilibration step will remove excess
SDS and prevent the gel from swelling during transfer. The negatively charged SDS allows
proteins to move toward the transfer membrane in an electric field. On the other hand, too
much SDS decreases binding of protein to PVDF membranes. Therefore, the amount of
SDS is critical for transfer yield (see Critical Parameters and Troubleshooting).

5. Cut the PVDF transfer membrane about 0.5 to 1 cm larger than the gel. Cut a piece
of Whatman no. 1 filter paper ~0.5 cm larger than the PVDF membrane.

6. Wet the PVDF membrane in a clean glass dish containing 100% methanol for 5 sec.
Transfer membrane to a tray containing transfer buffer.
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Figure B3.2.1 Aligning the gel for transfer. (A) If the polyacrylamide gel has been loaded from left
to right, cut a small piece from the corner of the lower left-hand edge of the gel near the first lane.
(B) When preparing the transfer sandwich, turn the gel over so that the cut edge is on the lower
right-hand corner of the gel. This will ensure that the transferred proteins will appear in the same
order as in the original gel. (C) After transfer, trim the membrane above the cut corner of the gel to
mark orientation. Dots indicate where the proteins were before transfer.

The PVDF membrane will wet almost immediately with the 100% methanol. The hydro-
phobic membrane will not wet in either water or transfer buffer alone. After initial wetting
in methanol, do not let the membrane dry; if drying occurs, rewet the membrane in 100%
methanol.

Prepare the gel/membrane transfer sandwich
7. Place the opened gel holder cassette on a clean, flat surface. Place one transfer
buffer—wetted fiber pad (see step 2) on the top surface, followed by the gel support
sheet.

A sheet of porous polyethylene is preferred as a support because it is rigid and facilitates
handling, but filter paper can be used as a simple alternative. If the polyethylene sheet is
used, place it with the smooth side up (toward the gel).

8. Place the gel face down on the support, so that the cut edge is now on the right-hand
side (see Fig. B3.2.1B). Pour 5 to 10 ml transfer buffer on top of the gel.

9. Remove wet PVDF membrane from the tray containing transfer buffer (step 6).
Eliminate air bubbles on both surfaces of membrane by sliding the membrane across
the edge of the glass tray. Resubmerge membrane in transfer buffer for a few seconds
and then position membrane above gel, letting its center contact the gel, and slowly
lower the membrane from the center outward to force any bubbles to the edge of the
gel. Rinse gloved hands with high-purity water and smooth the membrane gently to
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Figure B3.2.2 Electroblotting with a tank transfer unit. The polyacrylamide gel containing the
protein(s) to be transferred is placed on the smooth side of the polyethylene sheet (or filter paper
sheets) and covered with the PVDF membrane and then a single sheet of filter paper. This stack is
sandwiched between two fiber pads and secured in the plastic gel holder cassette. The assembled
cassette is then placed in a tank containing transfer buffer. For transfer of negatively charged protein,
the membrane is positioned on the anode side of the gel. Charged proteins are transferred
electrophoretically from the gel onto the membrane.

ensure uniform contact with the gel. Inspect the membrane for any trapped air
bubbles.

This step is extremely important. Air bubbles will prevent the transfer of proteins.

10. Briefly wet the filter paper with transfer buffer and cover the PVDF membrane.
Smooth gently to remove any air bubbles. Place the other fiber pad on top of the
membrane and close the holder.

Do not allow any area of the PVDF membrane to dry during assembly, or transfer will not
occur in these areas. The transfer sandwich should fit together snugly to provide good
contact between the membrane and gel. The complete gel sandwich should look like that
in Figure B3.2.2.

Conduct protein electrotransfer
11. Slide the assembled transfer cassette into the tank with the gel on the cathode side
and the membrane on the anode side.

Proteins in an SDS-polyacrylamide gel have a net negative charge and will migrate toward
the anode. For transfer from another type of gel, the orientation of the cassette may need
to be reversed.

12. Fill the transfer tank with 1x transfer buffer so that the buffer completely covers the
electrode panels but does not touch the electrical connectors.

13. Connect the power supply and perform the transfer at constant current compatible
with complete transfer from the gel. For a Bio-Rad Trans-Blot tank transfer apparatus
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with solid plate electrodes, use 200 to 250 mA constant current. Transfer 0.5-mm
gels for 1 hr, 0.75- to 1-mm gels for 2 hr, and 1.5-mm gels for 3 hr.

Longer times do not appear to increase transfer yield but may lead to overheating of the
gel. Transfers can be carried out at constant voltage as well, but the current may increase
during the run. Use caution to prevent overheating and/or unacceptably high current.
Because of the amount of heat generated at higher transfer rates, it may be necessary to
run the transfer in a cold room or with a cooling core to prevent overheating.

14. At the end of the transfer period, turn off the power and disconnect the power supply.
Open the transfer sandwich and remove the membrane and gel (Fig. B3.2.1).
Thoroughly rinse the membrane with high-purity water, three times, 5 min each.

The membrane can be stained as described in UNIT B3.3 or used for other detection methods.
Stained or unstained membranes can be air dried (for ~30 min) and stored in resealable
plastic bags at room temperature for several weeks or at —20°C for a permanent record.
Dried membranes can be rehydrated in 50% or 100% methanol and used for subsequent
detection procedures.

15. To assess the efficiency of transfer, stain the proteins remaining on the gel with
Coomassie blue or with more sensitive silver solutions (UnIT B3.1), depending on the
amount of protein originally loaded on the gel.

ELECTROBLOTTING OF PROTEINS FOR SEQUENCE ANALYSIS

One-dimensional or two-dimensional gel electrophoresis combined with electroblotting
to PVDF membranes provides a method to obtain proteins of high purity that can be used
directly for N-terminal protein sequence analysis. The major concern is avoiding possible
chemical modification of proteins such as N-terminal blocking. Simple precautions such
as casting gels in advance and modifying the composition of reagents to protect proteins
minimize the possibility of side reactions during electrophoresis and electroblotting and
are described in this protocol.

NOTE: Use high-quality water such as Milli-Q-purified water or equivalent and high-pu-
rity electrophoresis reagents (i.e., Bio-Rad) throughout for best results.

Additional Materials (also see Basic Protocol 1)
Thioglycolate (thioglycolic acid, sodium salt; Sigma)
PVDF transfer membrane: 0.2-um PVDF membrane (Bio-Rad), ProBlott
(Perkin-Elmer), or Immobilon-P5? (Millipore)

Additional reagents and equipment for one- or two-dimensional gel
electrophoresis (e.g., uniT B3.1) and for staining membranes (UNIT B3.3)

1. Cast polyacrylamide gel including stacking gel at least 24 hr but not more than 48 hr
prior to use. Store the gel at room temperature until needed, being sure to protect it
from dehydration (e.g., store submerged in high-purity water).

For preparing gels choose an acrylamide concentration such that the protein will migrate
as a sharp, tight band with an R, between 0.2 and 0.8. Casting a gel in advance allows
complete polymerization, reduces the amount of oxidants and free radicals, and minimizes
the possibility of blocking the N terminus or other amino groups of the protein.

2. Add thioglycolate to the electrophoresis buffer in the cathode buffer chamber to a
final concentration of 0.1 mM (11.4 mg per liter buffer).

Thioglycolate scavenges remaining free radicals and oxidants in the gel.

3. Solubilize samples in either 2x SDS sample buffer containing sucrose or glycerol but
not urea. Heat to 37°C for 15 min.
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Ifpossible, avoid boiling the sample, as the high temperature increases the risk of chemical
modification of the protein. Boiling may be necessary for complete solubilization of some
samples, however (e.g., whole viruses).

DTT or 2-ME in the sample buffer is acceptable.

4. Conduct gel electrophoresis. Proceed with electroblotting (see Basic Protocol 1, steps
1 to 14).

5. After transfer is complete, rinse the membrane six times for 5 min each with a large
volume of water (at least 200 ml each time).

The membrane must be thoroughly rinsed with water immediately after transfer is complete.
It is critical that the membrane is not allowed to dry prior to thorough rinsing because even
partial drying can prevent effective removal of Tris and glycine.

6. Stain the membrane with amido black or Ponceau S (UniTB3.3) to detect proteins. Stain
the gel (uniT B3.1) after transfer as appropriate to judge transfer efficiency.

ELECTROBLOTTING ONTO NITROCELLULOSE MEMBRANES

The electroblotting procedure for nitrocellulose membranes differs little from that for
PVDF membranes. Nitrocellulose is compatible for use with a moderate amount of SDS
(up to 0.1%) in the transfer buffer. The delicate membranes must, however, be handled
carefully and protected from high concentrations of organic solvents.

Additional Materials (also see Basic Protocol 1)
0.45-pum nitrocellulose transfer membrane (Schleicher & Schuell)

Additional reagents and equipment for staining membranes (UNIT B3.3)

1. Prepare the transfer apparatus and gel as described for PVDF membranes (see Basic
Protocol 1, steps 1 to 4).

2. Cut the nitrocellulose transfer membrane to a size slightly larger than the gel and cut
a piece of filter paper slightly larger than the membrane.

3. Wet the membrane by slowly introducing the membrane from one corner into a glass
dish of 1x transfer buffer. Equilibrate the membrane for 15 min.

IMPORTANT NOTE: Never soak the membrane in 100% methanol. During electrotransfer
and staining, avoid exposure to high concentrations of organic solvents, which will dissolve
the membrane. Up to 20% methanol can be used in the transfer buffer without affecting the
membrane.

4. Proceed with electrotransfer as above for PVDF membranes (see Basic Protocol 1,
steps 7 to 13).

5. When transfer is complete, rinse membrane three times for 5 min each with high-pu-
rity water; detect proteins on the membrane using an aqueous stain such as Ponceau
S (unrir B3.3) if desired.

6. Assess efficiency of transfer by staining the gel (uniTB3.1) after transfer as appropriate.
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PROTEIN ELECTROBLOTTING IN SEMIDRY SYSTEMS

An alternative to the tank transfer system is the semidry transfer system. In this procedure,
the gel is stacked horizontally on top of the membrane in the transfer apparatus. Because
only a small volume of transfer buffer is used, SDS from the gel is less effectively diluted,
which may result in incomplete binding and lower yields, especially with PVDF mem-
branes. For this reason, semidry transfer units are not recommended when reproducible
high recoveries of electroblotted proteins are desired (e.g., for subsequent sequence
analysis). Some procedures recommend stacking multiple transfer sandwiches to achieve
several transfers simultaneously. To prevent unbound protein from migrating through the
next gel and onto the membrane in the next transfer stack, sheets of porous cellophane
sheets or dialysis membrane are placed between adjacent transfer stacks (see Fig. B3.2.3).
Semidry electrotransfer requires shorter transfer times than tank transfer.

Additional Materials (also see Basic Protocol 1)

Semidry transfer apparatus
Mylar mask (optional)

Prepare the transfer sandwiches
1. Cut transfer membrane just slightly larger than the gel containing proteins to be
transferred, then equilibrate in the appropriate transfer buffer (see Basic Protocol 1,
step 6).

2. Cut six sheets of filter paper the same size as the transfer membrane and wet
thoroughly in transfer buffer.

© cathode _
buffer-soaked filter paper

gel transfer
top of gel membrane stack
> buffer-soaked filter paper

cellophane or dialysis membrane

gel b transfer
membrane stack

buffer-soaked filter paper

buffer-soaked filter paper

Mylar mask

® anode

Figure B3.2.3 Electroblotting with a semidry transfer unit. In most cases, the lower electrode is
the anode, as shown. Position the Mylar mask (optional) directly over the anode. Layer on three
sheets of filter paper that have been wetted in transfer buffer. For negatively charged proteins, place
the preequilibrated transfer membrane on top of the filter paper followed by the gel and three
additional sheets of wetted filter paper. If multiple gels are to be transferred, separate the transfer
sandwiches by inserting a sheet of porous cellophane or dialysis membrane between each stack.
Place the cathode on top of the assembled transfer stack(s). Transfer the proteins by applying a
maximum current of 0.8 mA/cm? gel area.
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Remove gel containing proteins of interest from the electrophoresis unit. Using a
razor blade, cut the lower corner of the gel at the first lane. Equilibrate the gel in
transfer buffer (see Basic Protocol 1, step 4).

. Layer a Mylar mask (optional) followed by three sheets of filter paper on the anode

of the transfer unit. Smooth each piece of filter paper to avoid trapping air bubbles
between the layers.

It is important to remove all air bubbles from the transfer stack as they will block the flow
of current through that area of the gel, creating blank spots on the transfer membrane.

Layer the prepared transfer membrane on top of the filter paper. Gently roll a test
tube or Pasteur pipet over the membrane to push out any air bubbles.

Place the gel on top of the transfer membrane so that the cut edge is on the left-hand
side. With a pair of scissors, cut the lower corner of the membrane even with the gel
(to aid in realigning gel and blot after final staining). Again, remove any air bubbles
(see Basic Protocol 1, step 9).

When assembling this transfer sandwich, the gel is placed on top of the membrane, in
contrast to the opposite order for tank type sandwich assembly as in Basic Protocol 1.
Therefore, it is unnecessary to turn the gel over to obtain the proper orientation (compare
Figs. B3.2.1 and B3.2.3).

Layer the remaining three sheets of filter paper individually on top of the gel, rolling
out any air bubbles after each addition.

It is possible to transfer multiple gels simultaneously using semidry blotting. As shown in
Figure B3.2.3, a sheet of porous cellophane (Hoefer Pharmacia) or dialysis membrane
(Bio-Rad or Sartorius), preequilibrated for 5 min in transfer buffer, can be placed between
the transfer stacks to prevent proteins from migrating onto an adjacent transfer stack
membrane. However, proteins on the gel closest to the anode tend to be transferred more
efficiently; thus, transferring multiple gels simultaneously is not recommended for critical
applications such as protein sequencing.

Perform the protein electrotransfer

8.

9.

10.

Attach the cathode unit on top of the transfer sandwich and connect leads to the power
supply. Transfer proteins at constant current for no more than 1 hr.

Do not exceed 0.8 mA/cm? gel surface area. If the outside of the unit becomes warm during
transfer, the current is too high and should be lowered.

After the transfer period, turn off the power supply and disconnect the leads. Remove
the cathode and uppermost three layers of filter paper. Cut the corner of the transfer
membrane above the cut corner of the gel. Alternatively, mark the transfer membrane
by tracing the gel with a soft lead pencil.

Proceed with protein staining or immunodetection, as desired, or dry and store
membranes at —20°C for later use (optional).
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PROTEIN ELUTION FROM PVDF MEMBRANES USING DETERGENTS

Binding affinities of most proteins to PVDF membranes are relatively strong. The most
efficient protocol for protein recovery from PVDF membranes requires the use of
detergents, which limits the possible use of extracted samples because detergents are often
incompatible with subsequent procedures. This protocol is a simple procedure to elute
proteins from the membrane into a Triton/SDS solution. A protocol that employs acidic
extraction with organic solvents is also described (Alternate Protocol 4).

Materials

4a.

4b.

4c.

Polyacrylamide gel containing proteins of interest
Ponceau S stain (uniT B3.3; optional)

50% methanol (optional)

Triton/SDS elution buffer (see recipe)

PVDF transfer membrane (Immobilon-P, Millipore)

Transfer apparatus: solid plate electrode tank transfer system (e.g.,
Trans-Blot, Bio-Rad)

Additional reagents and equipment for staining membranes (UNIT B3.3)

. Prepare gel and membrane for transfer as for PVDF membranes (see Basic Protocol

1, steps 1 to 6).

. Assemble the gel/membrane transfer sandwich and place in transfer tank (see Basic

Protocol 1, steps 7 to 10).

. Conduct electrotransfer (see Basic Protocol 1, steps 11 to 14), using lower field

strengths for step 13 (e.g., transfer for 6 hr at 100 mA for 1.5-mm gels).

Temperatures >20°C during the transfer can increase the interaction between protein and
matrix and make extraction more difficult. If problems arise in eluting proteins from the
membrane, try running the transfer in a cold room overnight at low currents (50 mA).

Visualize transferred proteins with any membrane-compatible stain (uniT B3.3). If
bound stain will interfere with subsequent steps, use one of the following alternative
detection methods.

Visualize proteins with Ponceau S stain (UNIT B3.3). After staining with Ponceau S,
wash the membrane with water, place under clear plastic wrap, and mark bands with
a soft pencil by outlining the protein band through the plastic. Completely destain
the membrane with water (a permanent indentation made by the pencil will be left
on the membrane).

For visualizing bands after partial drying of the membrane, fill a glass dish with 50%
methanol and place the dry membrane on the surface of the solution. Do not submerge
the membrane. Identify protein bands (portions of the membrane containing proteins
will wet more quickly and dry slower than areas that do not contain protein). Remove
the membrane from the surface of the methanol solution and place on a clean glass
surface. Cover the membrane with clear plastic wrap and use a pencil to mark the
protein bands as described in step 4b.

Excise the band(s) of interest by carefully cutting the membrane with a clean razor
blade or scalpel.

Do not allow the membrane to dry during this process. Keep the membrane wet (e.g.,
submerged in water) at all times (unless using the partial drying procedure).

Place the excised membrane band in a 1.5-ml microcentrifuge tube containing 0.2 to
0.5 ml of Triton/SDS elution buffer for every square centimeter of membrane.
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Microcentrifuge the sample 10 min at maximum speed, at room temperature, to
release the protein from the membrane.

7. Remove supernatant, place it in a new microcentrifuge tube, and microcentrifuge
again to remove any particulate material.

Multiple extractions with the elution mixture significantly aid quantitative recovery. In most
cases, three extractions remove 90% to 100% of the protein from the membrane.

PROTEIN ELUTION FROM PVDF MEMBRANES USING ACIDIC
EXTRACTION WITH ORGANIC SOLVENTS

Blotted proteins are usually of high purity and thus good candidates for additional
characterization. If the protein cannot be further characterized on the blot and contami-
nation of samples with large amounts of detergent (Basic Protocol 2) is unacceptable,
acidic elution with organic solvents may be an alternative. The use of organic solvents
limits this protocol to PVDF membranes, which have high chemical resistance. This
protocol may produce highly variable recoveries for different proteins and is best suited
for relatively low-molecular-weight proteins and peptides (<50 kDa).

Additional Materials (also see Basic Protocol 2)

Extraction solution (see recipe)
50% methanol
1:2 (v/v) acetonitrile/formic acid

NOTE: All solutions should be made with high-purity water and can be stored at room
temperature for at least 1 month.

1. Rinse the desired number of 1.5-ml microcentrifuge tubes (two tubes per sample)
three times with extraction solution, and air dry under an aluminum foil dust cover.

Minimize possible contamination with dust at all times.
2. Visualize and mark the protein bands by partial drying of the membrane using 50%

methanol (see Basic Protocol 2, step 4c). Use a scalpel or razor blade to cut out the
protein bands.

3. Place pieces of membrane containing the protein of interest in a clean microcentrifuge
tube.

Combining several bands from multiple gels is usually necessary. Use a pair of tweezers
cleaned with 100% methanol to transfer the membrane pieces to the microcentrifuge tube.
Avoid contaminating the membrane pieces and microcentrifuge tube with airborne dust or
residues from fingers.

4. Add 200 pl extraction solution to each microcentrifuge tube.

An alternative mixture of 1:2 acetonitrile/formic acid seems to be as efficient as the
extraction solution described above for some proteins.

5. Agitate tubes for 48 hr at 4°C.

6. Repeat the extraction using 1:2 acetonitrile/formic acid. Combine the extracts.

Multiple extractions (up to three) with the same or different solvent mixtures are often
beneficial. The extracts should be combined and kept on ice at all times.

7. Lyophilize protein extracts to provide highly purified samples suitable for most
subsequent experiments.
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REAGENTS AND SOLUTIONS

Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Extraction solution (40% acetonitrile/1% trifluoroacetic acid)

Add 1.0 ml trifluoroacetic acid to 59 ml high-purity water, then add 40 ml acetoni-
trile. Store at room temperature. Solution is stable for at least 1 month in a tightly

sealed container.

Transfer buffer, 20x
200 mM Tris base
2.0 M glycine

Do not adjust pH of final solution (stable at room temperature for at least 1

month)

(Prepare 1x transfer buffer by mixing 200 ml 20X stock, 400 ml methanol, and water
to 4 liters.) Prepare 1x transfer buffer on the same day of use. Keep at room

temperature.

Triton/SDS elution buffer
50 mM Tris-Cl, pH 9.0 (APPENDIX 24)
2% (w/v) SDS (APPENDIX 24)
1% (v/v) Triton X-100

Prepare solution on the same day of use. Keep at room temperature.

COMMENTARY

Background Information

The transfer of proteins from polyacry-
lamide gels onto blot membranes offers many
benefits. Transferred proteins can be eluted
from the membrane, probed with antibodies
(immunoblotting), used for N-terminal protein
sequencing as well as other structural analyses
including amino acid analysis, protease cleav-
age, and chemical cleavages, or stained by a
variety of highly sensitive techniques. In addi-
tion, several manipulations can be performed
on the same blot by loading samples in multiple
lanes on the gel before electroblotting.

Prestained protein standards are useful
guides for cutting the membrane prior to dif-
ferent analysis procedures, such as using one
part for immunoblotting and the other for pro-
tein staining. Prestained radiolabeled standards
are useful for aligning the blot membrane with
autoradiograms. Prestained standards will mi-
grate differently on the gel compared with the
unmodified standard proteins, usually showing
higher molecular weight.

During electrotransfer, proteins migrate out
of gels in an electric field according to the
charge on the protein. Most electrotransfers
employ a tank transfer apparatus (Fig. B3.2.2)
in which the gel/membrane transfer sandwich
is mounted in a cassette and placed in a tank of
Tris/glycine/methanol transfer buffer. The
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semidry transfer system (Fig. B3.2.3) is an
alternative. The major advantages of the semi-
dry system are its use of substantially less buffer
and the shortening of transfer time due to the
close positioning of the electrodes, which pro-
duces a high field strength with minimal heat-
ing. A variety of transfer membranes, which can
effectively bind proteins based on different
types of protein-membrane interactions, are
commercially available. These include PVDF,
nitrocellulose, and nylon membranes as well as
a number of derivatized membranes.

PVDF membranes bind proteins primarily
through hydrophobic interactions and are com-
monly used for their chemical resistance as well
as physical stability. High-affinity PVDF mem-
branes such as Trans-