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Foreword

There are members of the clinical chemistry profession who still remember the modest facilities they once occupied.

These laboratories provided a few chemical tests on blood and urine that appeared to have some value in clinical

diagnosis. These tests were developed mainly by Ottto Folin at Harvard Medical School and Donald Van Slyke at the

Rockefeller Institute. Methods were usually presented in the format of cookbook recipes and were carried out by

persons of limited skill in chemistry. Today a vast amount of literature on clinical chemistry provides services to the

thousands of personnel in hospital and industrial laboratories. Looking at today’s clinical chemistry laboratory with its

assortment of complex instruments, equipment and methodology, I can’t help recall my first hospital laboratory.

Located in a single room of moderate size, there were test tubes and pipettes, and no AutoAnalyzere. The protein-free

filtrate was the starting point of nearly all the tests. The Duboscq visual comparison colorimeter shouldered the bulk of

the work. A flame photometer provided sodium and potassium analyses three times a week; carbon dioxide combining

power was a manual procedure, with hands-on from start to finish; and some procedures were reported in varying

degrees of opacity, turbidity, or flocculation. The technologies were often cumbersome and labor-intensive. But there

was an excitement of learning new methods, developing new skills, and using different apparatus.

The routine work—less than a dozen analytical procedures—required only simple manual operations. The rapid

advance of clinical chemistry has been made possible by innovative technology and its application to clinical settings.

These have helped narrow the gap between medical science and medical practice. The papers identified in this volume

are significant turning points and signposts in the growth and development of clinical chemistry during the twentieth

century. This is an interesting concept with an impressive list of citations. Most of them are from the second half of the

century, which indicates how recent has been the phenomenal expansion and widening versatility of clinical chemistry

in its preeminent role in "laboratory medicine."

To avoid being swept into the future by the impact of continuous change, before we completely understand the

present, this collection identifies ancestral landmarks which dot the landscape and illuminate the road as we prepare

for the future.

The history of an analytical procedure is often as fascinating and instructive as the biography of a scientist, and

many teachers as well as their students would profit greatly by such studies. They would then learn the great truth that

analytical procedures are not found inscribed on stone but are products of evolution. Their inherent faults are corrected

largely by those who work, not for their own fame, but for the making of a better science and a better world.

Louis Rosenfeld, PhD

Brooklyn, NY
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Introduction

Many excellent articles on the history of clinical chemistry in the 20th century have been published in the last few

years (1–6). In addition, a collection of essays by Büttner (7) and a book of biographies by Rosenfeld (8) review the

development of the discipline during this period. The purpose of this book is to present the history of clinical

chemistry in the 20th century in the words of the men and woman who helped create this field. Thirty-nine original

articles have been chosen and reprinted in this collection. They range from the introduction of the Duboscq

colorimeter into clinical chemistry by Folin in the early 1900s to the description of oligonucleotide hybridization on

glass supports by Southern in 1992. Each paper is reproduced from its original and is accompanied by a short

commentary intended to help set the article within the historical context of the period.

The criteria used to select the articles for compilations like this will often reflect the editor’s interests and opinions.

This collection is no exception. Hundreds of articles published in the last century were reviewed for possible

inclusion. Yalow and Berson’s first complete description of a radioimmunoassay (RIA) in 1960 and which led to a

Nobel Prize is an obvious choice. Papers that presented a new technology still in widespread use today were also

included. Two examples are Engvall and Perlmann’s development of the enzyme-linked immunosorbent assay

(ELISA) in 1971 and Jorgenson and Lukacs’ first description of a capillary electrophoresis system in 1981. Citation

index services and editors often publish lists of the most highly cited papers in a particular field or journal. This also

helped in the selection process. Huggett and Nixon’s 1957 enzymatic glucose assay, for example, was the second most

cited paper published in The Lancet between 1961 and 1983. Friedewald, Levy and Fredrickson’s calculation of low-

density lipoprotein (LDL) cholesterol was the highest cited paper published in the journal Clinical Chemistry between

1955 and 1998. A paper that is ahead of its time is also a strong contender for inclusion. An example is Wuth’s paper

on serum bromide levels in the Journal of the American Medical Association in 1927. In this paper, he demonstrated,

50 years before it became standard practice, the importance of therapeutic drug monitoring (TDM) for improved

chemotherapeutic control of seizures.

Finally, the articles chosen, along with any major omissions, are the sole responsibility of the editor. The goal was

to present a selection of original articles that covered many of the major developments in clinical chemistry in the 20th

century. A secondary objective was to select articles that opened up a new way of thinking about an old problem or

presented a creative new technology that improved the practice of clinical chemistry. The papers chosen, for the most

part, stimulated clinical chemists to action and adoption. Their impact became apparent when the original articles, not

yet available in electronic form, were read in library holdings. Many of these journal articles contained notations and

markings that brought to mind the poem Marginalia by the former Poet Laureate of the United States, Billy Collins. In

this poem, Collins writes about the notations penned by readers along the margins in the library copies of famous

books (9). Written, he says, by, “fans who cheer from the empty bleachers.”

Many of the landmark articles from 1919 to the 1960s chosen for this collection contained penciled marginalia

along with thumb prints, torn pages repaired with archival tape, folded-over corners and a general worn and well-used

appearance. Faded graphite pencil notations ran along the margins. In a Folin article published in 1919, next to the

description of the Dubsocq colorimeter are the words, “we need to get one of these.” In many of the papers from the

1930s to 1940s, the Results sections have multiple penciled check marks next to a line of data. The Conclusion

sections in some are enclosed in long vertical double wavy lines. Multiple “yes” notations with three exclamation

marks are common marginalia in papers of this period. In articles from the 1960s through the 1980s, the marginalia are

penned in ink and iridescent markers, garish and destructive but none-the-less telling. These papers were read by large

numbers of interested scientists. Of all the marginalia found in these articles however, the words that resonated the

most, the words that have come to mean for competitive scientists the highest form of compliment, were in a paper

from the 1960s that simply said, “I wish I had thought of that.”

Richard M. Rocco, PhD

San Francisco State University

August 2005
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Thus the genius of inventiveness, so precious in the sciences, may be diminished or

even smothered by a poor method, while a good method may increase and develop it. In

short, a good method promotes scientific development and forewarns [persons] of

science against those numberless sources of error which they meet in the search for

truth; this is the only possible object of the experimental method.

Claude Bernard (1813–1878)

An Introduction to the Study of Experimental Medicine, 1865

H.C. Green translation, Dover Publications, 1957, pg 35.
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COMMENTARY TO

A
lbert Szent-Gyorgyi the biochemist and Nobel Laureate wrote that, “most of the new observations I made

were based on wrong theories. My theories collapsed, but something was left afterwards (1).” This

describes how Rosalyn S. Yalow and Solomon A. Berson discovered radioimmunoassay (RIA). They set

out to test a hypothesis, not a theory, but the results were the same. Their data destroyed the hypothesis

and instead they discovered the most important new technology in laboratory science in the twentieth century.

In 1952, I.A. Mirsky the chairperson of the Department of Clinical Sciences at the University of Pittsburgh School

of Medicine proposed that Type II diabetics cleared insulin from their systems faster than non-diabetics due to an

abnormal increase in the activity of their hepatic enzyme, insulinase (2). Yalow and Berson who worked in the

Radioisotope Service at the Veterans Administration (VA) Hospital in Bronx, New York, decided to test this

hypothesis by measuring the clearance of radio labeled insulin in diabetics. Isotopic labeling of proteins was a

technique they were familiar with. In 1952, they had used 131I labeled human albumin to accurately measure blood

volume (3). To test the Mirsky hypothesis they prepared beef 131I-insulin. They injected this insulin tracer into three

subject groups; non-diabetic normal controls, diabetics who had never received insulin and diabetics on insulin

therapy. The clearance rates in the normal non-diabetics and the diabetics who had never received insulin were the

same. Clearance times in insulin treated diabetics were markedly increased compared to the other two groups (4). Data

from ultracentrifugation, salt and ethanol fractionation and paper electrophoresis demonstrated that an insulin

antibody was present in insulin treated patients. It was the insulin–antibody complex in insulin treated diabetics that

took longer to clear (5). The results of these experiments overturned the Mirsky hypothesis, opened up a whole new

line of diabetes research based on immune response factors and disproved the belief, held at the time, that small

proteins like insulin with a molecular weight of 6 000 could not elicit an immune response. Their paper on these

results was accepted in the prestigious Journal of Clinical Investigation in 1956 (4) only after they agreed to replace

the term “insulin antibody” with the term “insulin binding globulin” in the title (6).

Yalow and Berson then focused their research on the use of insulin antibody as a laboratory tool. This was the

critical insight that led to the discovery of RIA. They studied the binding kinetics between radio iodinated crystalline

beef insulin and the insulin antibody found in the serum of diabetic patients previously treated with insulin (7). They

made their own insulin antibody by immunizing guinea pigs with beef insulin and demonstrated that this antibody

cross-reacted with human insulin (8). They showed that the binding of radio labeled insulin was inversely proportional

to the concentration of native insulin in the unknown sample being tested. Bound from free insulin tracer was

separated in these first competitive immunoassays with paper electrophoresis. In 1959 a short two-page article

appeared in Nature that described, for the first time, the quantitative measurement of insulin levels in serum by an

immunoassay technique (9). The paper presented here is their first full report describing an RIA method, a twenty-

page report that reads like a methods manual. It went on to become the most highly cited paper in the history of the

Journal of Clinical Investigation through 2004 (6). Yalow and Berson chose not to patent their new technology.

Instead, they opened up their laboratory to more than 100 researchers whom they trained over the next 5 years in the

technique of RIA. By 1978, the sales of RIA test kits in the US had reached $125 million dollars per year (10).

Berson died of a heart attack while attending a scientific conference in 1972. At Yalow’s request, the laboratory at

the VA Hospital was named in his honor (11). In 1976 she was the first woman to win the Albert Lasker Award for

Basic Medical Research for the development of RIA. In 1977 she became the first American woman to receive the

Nobel Prize in Physiology or Medicine, awarded for her discovery of RIA.
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COMMENTARY TO

F
luorescence polarization (FP) was discovered in the 1920’s; was used to monitor an antigen antibody

reaction for the first time in 1961; commercialized in an automated immunoassay analyzer in 1981 and

within 20 years was installed in over 70 000 clinical analyzers worldwide.

FP is based on the observation that low molecular weight fluorescent molecules like rhodamine and

fluorescein freely tumble and rotate in solution. When excited by plane-polarized light they emit fluorescent light

with decreased polarization due to the free movement of the fluorophore during excitation. If a small molecule like

fluorescein binds to a large molecule like a protein its free rotational movement is slowed down. When excited in this

bound state its emitted fluorescent light remains polarized in the same plane as the excitation light. The degree of

polarization of the emitted light is directly related to the amount of fluorophore that has bound. Laurence in 1952 used

FP to study the binding of various fluorescent dyes to bovine serum albumin (1). Steiner measured the binding of a

soybean inhibitor-fluorescein conjugate to the enzyme trypsin in 1954 (2).

Dandliker and Feigen were the first to use FP to measure antigen antibody binding. Their paper was presented

at the 45th Annual Meeting of the Federation of American Societies for Experimental Biology and published as

an abstract in 1961 (3). A full paper was published that same year and is presented here. The binding of fluorescein

conjugated ovalbumin to rabbit anti-ovalbumin antibody was monitored. This represents the first description of a

true homogeneous assay in which the antigen–antibody event is measured directly in real time. Haber and Bennett

extended these observations to include the binding of insulin, ribonuclease and bovine serum albumin to their

respective antibodies (4). Over the next twelve years in numerous papers Dandliker expanded on the theoretical basis

of FP, coined the term fluorescence polarization immunoassay (FPIA) and extended the applications of the technology

(5–7). In 1973 Spencer et al. (8) described the construction of an FPIA analyzer and applied it to assays for antitrypsin

enzyme–inhibitor and insulin–insulin antibody. Researchers at Abbott Laboratories under Michael Jolley and David

Kelso described the development of a fully automated FPIA analyzer with applications for the therapeutic drug

monitoring of aminoglycoside antibiotics and the anticonvulstants, phenytoin and phenobarbital (9–11). The Abbott

TDxe FPIA analyzer was introduced in 1981. It went on to become one of the most successful immunoassay

analyzers in clinical chemistry.
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COMMENTARY TO

R
oger Ekins in 1960 was the first to describe an assay for thyroxine (T4) based on the binding between a

radio labeled T4 ligand and thyroid binding globulin (TBG). Assays that used natural endogenous

binding proteins instead of antibodies as the binding agent were termed competitive protein-binding

(CPB) assays to distinguish them from immunoassays. Ekins incubated 131I thyroxine with human serum

and measured its binding to endogenous TBG in the serum. Free and bound radio ligand were separated using paper

electrophoresis. The patient’s thyroxine levels were inferred from the bound and free data (1). Barakat and Ekins

employed a similar method using 57Co-vitamin B12 and intrinsic factor binding protein to measure endogenous

vitamin B12. Free and bound ligand were separated using dialysis (2). In 1962, Rothenberg also described an assay for

vitamin B12 but he used protein precipitation to separate free from bound tracer (3).

In 1963, Beverley E. P. Murphy at McGill University measured plasma corticoids using corticosteroid-binding

globulin as the binder and 14C-cortisol as the ligand. Dialysis was used for separation of free from bound (4). Later,

Sephadexe G25 gel filtration columns were used for the separation step (5). The paper presented here is the

application of a CPB assay for total T4 in human serum. Murphy was an MD and the work on cortisol and T4 by CPB

were part of her PhD thesis. The simplicity of the assay as presented in this T4 paper resulted in its being quickly

accepted in the clinical laboratory. She further improved the assay with the use of anion exchange resin beads for the

separation of free from bound (6). Within a few years of Murphy’s original paper, commercial assays for T4 were

widely available in test kit form (7).

RIA eventually replaced the CPB method for the measurement of T4 and other hormones in serum (8). Murphy’s

T4 paper, however, is a watershed in the development of clinical laboratory methods. Her procedure was a direct

measure of circulating T4 that was free of interference from radio opaque iodine X-ray dyes and other sources of

endogenous free iodine. Because of this, the protein bound iodine (PBI) assay was soon replaced. In addition, the

demand for this T4 assay stimulated the introduction of commercial low cost gamma counters and this helped

facilitate the rapid adoption of RIA assays for a wide variety of analytes other than T4.
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COMMENTARY TO

I
n 1970, Eva Engvall was a graduate student in Peter Perlmann’s laboratory at the University of Stockholm in

Sweden. Her assignment was to develop a quantitative non-isotopic immunoassay as an alternative to

radioimmunoassay (RIA), a technology that had been in worldwide use for almost a decade. In successive

stages of refinement and creativity she invented today’s non-isotopic immunoassay format and named it the

enzyme-linked immunosorbent assay (ELISA).

Engvall created ELISA by weaving together technical advances in the three different fields of serology, immuno-

histochemistry and RIA. First, in the early 1950’, Gyola Takatsy in Hungary (1) and John L. Sever along with others at

the National Institutes of Health in the US (2) developed the plastic micro titer plate. These multi-well plates were

designed to replace test tubes and to speed up the running of large numbers of serology assays. Second, Engvall took

advantage of the development of enzyme labelled antibodies in immunohistochemistry. Avrameas (3) along with

Nakane and Pierce (4) were the first to describe the use of enzyme labelled antibodies in histochemistry. Finally, in

1967, Catt in Australia introduced a solid phase RIA in which the antibody was coated onto the inside of 12 £ 75 mm

plastic test tubes. He used his test tube format for human placental lactogen and human growth hormone assays with
125I labelled hormone as tracer (5).

The first ELISA report by Engvall was published as a Communication to the Editors in the journal Immunochemistry in

1971 (6). Rabbit immunoglobulin G (IgG) was conjugated to calf intestine alkaline phosphatase (ALP, EC 3.1.3.1) as the

tracer. Sheep–anti-rabbit IgG antibody was coupled to microcrystalline cellulose in order to provide a solid phase support

for the antibody. Following incubation with the unknown serum the antibody-cellulose particles were centrifuged and

washed. The amount of IgG–ALP bound to the cellulose was then measured with a colorimetric substrate. Van Weeman

and Schuurs independently of Engvall published a similar ELISA method for human chorionic gonadotropin (HCG).

They coated antibody onto cellulose particles and utilized an HCG-peroxidase conjugate (7). The publication of the paper

by Van Weeman and Schuurs preceded the Engvall and Perlmann paper by a few months, however, Engvall’s first

description of an ELISA format was submitted for publication 5 months before that of Van Weeman and Schuurs.

Engvall’s second paper improved on her IgG assay by coating the antibody onto the walls of 11 £ 80 mm polystyrene

plastic test tubes. That paper is presented here. Bound IgG–ALP conjugate was measured with colorimetric substrate

following three washings of the tubes with a saline-Tween-20e buffer. The third paper in the series by Engvall and

Perlmann changed the format of the assay in order to measure unknown antibody concentrations. Antigens were coated

into plastic test tubes, incubated with the unknown sera followed by washing of the tubes. Bound antibodies if present

were measured using specific anti-IgG antibody conjugated with ALP (8). In 1974, Ljungstrom, Engvall and Ruitenberg

used this test tube ELISA to screen for antibodies to the trichinosis parasite in human serums (9). Engvall also described

an ELISA for detection of antibodies to the malarial parasite, Plasmodium falciparum, in human serums (10). The

parasite antigens were coated onto the walls of 96 well micro titer plates. Antibodies in the unknown serums were

detected using anti-human IgG ALP conjugates. Plates were read visually or with a colorimeter. Engvall took the ELISA

assay on a trip to East Africa and used it to screen for a number of parasitic infections.

Less than 4 years after the publication of the Engvall and Perlmann paper presented here, The Lancet in an editorial

predicted that ELISA would soon replace RIA (11). Louis Pasteur is credited with having said that the best proof that

a researcher has struck the right path is the constant fruitfulness of their work. Between 1971 and 1974 a total of six

papers were published using the ELISA technique. Four of them were by Engvall. The fifth paper was for human IgG

by Hoffman who referenced Engvall (12) and the sixth paper was the Van Weeman and Schurs paper (7). In the next

four-year-period, 1975 through 1978, a total of 277 ELISA papers were published. A similar literature search for the

word ELISA in the title or abstract for the years 2000 through 2003 produced a total of 24 516 citations (13).
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COMMENTARY TO

T
he enzyme multiplied immunoassay technique (EMITw) was developed following the introduction of an

earlier homogeneous immunoassay technology called the free-radical assay technique (FRATw). Both

of these homogeneous assay technologies were invented at the Syva Corporation under the research

direction of E.F. Ullman. They were initially designed for drugs of abuse screening. In the FRAT assay,

a nitroxide stabilized free radical or spin-label is conjugated to morphine and mixed with anti-morphine antibody

along with patient’s urine. The binding of the spin-label to the antibody slows down its tumbling rate as monitored

with an electron paramagnetic resonance (EPR) spectrometer (1–2). Free morphine in the patient’s urine competes

with the spin-label conjugate and caused a positive response in the EPR spectrum indicating increased free label in

solution. Each EPR instrument weighed 225 Kg (450 lbs) however the assay was simple and could easily run 120 drug

screens per hour with limited technician training. In 1970 at the request of the United States Government three EPR

instruments and three technicians with reagents were sent to Vietnam from Syva to begin screening military personnel

for abused morphine. This was the largest field use of an immunoassay ever attempted (3).

The Syva group then conceived of the idea of linking the antibody-binding event to the catalytic activity of an

enzyme instead of a spin-labeled conjugate. In the first EMIT description, presented here, the enzyme lysozyme

(EC 3.2.1.17) was conjugated to morphine as the tracer. When the lysozyme-morphine conjugate was bound to its

antibody the activity of the enzyme was inhibited. When released from the antibody, activity was restored. Release of

the conjugate could be monitored in a homogeneous real-time assay by mixing all the reagents along with patient

urine in a suspension of killed bacteria. The decrease in turbidity caused by the liberated lysozyme was quantitatively

related to how much lysozyme-morphine tracer was released by the free morphine in the urine as it bound to the

antibody (4). New drug assays were added to the EMIT platform and it soon replaced thin layer chromatography

(TLC) as the method of choice for urine drug screening.

Lysozyme requires the measurement of the decrease in turbidity. It was soon replaced with enzymes that catalyzed

an optical assay based on reduction of NAD at 340 nm. This change improved the detection limit of the assay. Hapten

drug conjugates were made with malate dehydrogenase (MDH, EC 1.1.1.37) (5) or microbial glucose-6-phosphate

dehydrogenase (G6PD, EC 1.1.1.49) (6). The release of the G6PD enzyme drug conjugate could be easily monitored

in a standard spectrophotometer by following the reduction of the coenzyme NAD at 340 nm in a standard G6PD

assay. This is still the format used in the EMIT assay today.
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COMMENTARY TO

S
tarting in the 1850s and for the next 150 years, bromide salts were the main ingredient in most over-the-

counter and patent medicine sedatives. The half-life of bromide in humans is 12 to 15 days. Toxicity

from abuse progresses from delirium, delusions and hallucinations to deep sedation followed by coma.

Evelyn Waugh vividly described bromide psychosis in 1957 in his autobiographical novella The Ordeal of

Gilbert Pinfold (1). It has been estimated that 2% of all admissions to mental hospitals were once due to bromide

psychosis (2). McDanal et al. (3) reported on six cases of bromide psychosis from over-the-counter sedatives in San

Diego County, California between 1970 and 1972. By the mid-1970s bromide was removed from all over-the-counter

drugs. Miles Pharmaceutical stopped selling Nervinew and Emerson Drug took bromide out of Bromo Seltzerw.

In 1990 the incidence of bromide toxicity was very low (4). Occasional reports of toxicity from imported herbal

medicines that contain bromide continue to appear in the current literature (5).

In addition to over-the-counter use, prescription bromides have a long history that also dates back to the 1850s.

Bromide was the only effective drug for the treatment of epilepsy until the introduction of phenobarbital and

phenytoin (6,7). The paper by Wuth presented here is noteworthy for two reasons. First, he described a rapid gold

chloride method for the determination of bromide in urine and serum to screen for cases of bromide overdose. In the

method, a sample of a protein free filtrate of serum is mixed with a colloidal gold chloride solution. The reaction

between colloidal gold and bromide ions shifts the color of the solution from red to a red–brown. His gold chloride

method is still in use today (8). Wuth and Faupel (9) in 1927 had previously described the preparation of a stable

colloidal gold solution for use in the Lange protein spinal fluid test. With the bromide assay, Wuth found that 21% of

238 admissions to the psychiatric unit at Johns Hopkins in a six-month period had detectable levels of this drug in their

serum. In 1929, the LaMotte Chemical Products Company of Baltimore, Maryland produced the “Wuth Bromide

Comparator” test kit for serum bromide levels according to Wuth’s colloidal gold procedure (10). A sample of a

protein free filtrate of serum was added to a colloidal gold solution and the color read against test tubes containing

known calibrators. The test kit was claimed to be accurate up to 19 mmol/L (1 500 mg/L), took only 15 minute to

perform and cost $12.50.

Secondly, Wuth described the therapeutic and toxic serum levels found in patients on bromide therapy for epilepsy.

Based on clinical information he established 15 mmol/L (1 200 mg/L) as the upper limit of therapeutic and results

over 19 mmol/L (1 500 mg/L) as toxic. He further recommended that patient’s on bromide therapy for the control of

epilepsy be routinely monitored with serum levels. Wuth demonstrated with his case studies that the blood levels of

bromide correlate with therapeutic efficacy and not with the dose administered. This fundamental principal in

therapeutic drug monitoring (TDM) was advocated by Wuth almost 50 years before it became standard practice in

clinical medicine (11).
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I
n the early 1930s Gerhard Domagk in Germany discovered the first clinically effective antibiotic. The drug was

a red azo industrial dye named 40-sulfamyl-2,4-diaminoazobeneze and was sold under the trademark name

Prontosile (1). Prontosil turned the patient’s skin red, but it cured otherwise fatal streptococcal infections. It

was effective in humans and animals but not in vitro in bacterial cultures. Studies in humans by numerous

investigators including Colebrook and Kenny in England in 1935 (2) confirmed the clinical efficacy of Prontosil.

Trefouel and co-workers in that same year at the Pasteur Institute determined that the active portion of the molecule

was the sulfanilamide moiety and not the red dye (3). Biotransformation in vivo released the active compound

sulfanilamide from the Prontosil molecule. Long and Bliss in the United States (US) soon reported on the clinical

efficacy of sulfanilamide (4). When the son of the President of the US was cured of a life threatening streptococcus

infection with sulfanilamide the front-page headline in the New York Times on December 17, 1936 read “Young

Roosevelt Saved by New Drug” (5). This helped launch the era of antibiotics in the US.

Sulfanilamide was released at a time in history when safety and efficacy studies were not required prior to the drug

being sold for use in humans. In the US, the Food and Drug Administration (FDA) laws required only that the product

label list all the active ingredients. Eli Kennerly Marshall, Jr. at The Johns Hopkins Hospital whose paper is presented

here was a dissenting voice in the rush to embrace this new wonder drug and the analogues that soon followed. Marshall

produced reports on the sulfonamides that defined for the first time the pharmacokinetic characteristics of these drugs.

He insisted that all new drugs must be carefully studied before being used in humans. His February 1937 paper in Science

described for the first time a method for the measurement of sulfanilamide in biological fluids. This was almost five years

after the drug was first used in humans. He used this method to study its metabolism in animals and humans (6). A month

latter he reported on the blood levels in humans following standard oral dosing (7). He established that concentrations in

the tissues are dependent on blood levels and recommended dosing intervals to maintain adequate levels to ensure

clinical efficacy. He demonstrated that the drug passes the blood brain barrier and is present in cerebrospinal fluid. The

method he developed was a colorimetric procedure that was based on a diazo dye formation with the free amino group on

the benzene ring of the drug. The blue-purple color was read visually or with a Dubsocq colorimeter (8,9).

By the summer of 1937 Squibb, Merck, Calco, Lederle, Winthrop, Eli Lilly and Parke–Davis had sulfanilamide on

the market without the benefit of any safety studies (10).

An editorial in the Journal of the American Medical Association (JAMA) with the title “Sulfanilamide-A Warning”

claimed, “Many months of investigations of the pharmacology, toxicology, and clinical application of new pre-

parations under carefully controlled conditions are needed to provide evidence of therapeutic value” (11). Four

months latter Marshall, Cutting and Emerson published in the same journal a study on the acute toxicity of

sulfanilamide in rabbits, dogs and mice along with the chronic toxicity in dogs and rats (12). Other researchers used

Marshall’s method to demonstrate that the drug passed into the human fetus following oral administration to the

mother (13–14). Between September and October 1937 in the US 76 people died after taking an elixir of

sulfanilamide. The newly released preparation contained diethylene glycol as a solvent. No animal toxicity studies

were required or performed before release of the product (15).

The success of sulfanilamide led to the development of a wide range of structural analogues. In 1939 Marshall in JAMA

referred to the release of these new drugs with out adequate experimental studies as “stupid and unscientific” (16). Marshall

continued to refine his method and used it to study the pharmacokinetics and toxicity of the different sulfonamides

(17–18). The paper presented here by Bratton and Marshall describes the final version of their assay. A protein free filtrate

of blood is made with trichloroacetic acid (TCA) followed by the addition of nitrous acid to form a diazo link to the free

amino group on the benzene ring. Sulfamate ions were used to remove free nitrous acid and the p-

diazobenzenesulfonamide drug was coupled to N, N-dimethyl-1-naphthylamine to form a color complex. Goth

substituted acetone for TCA and eliminated the need for filtration (19). The A.S. Aloe Company in St. Louis produced a test

kit for sulfonamides that provided all the reagents for the Bratton–Marshall assay except for the acetone, in tablet form. An

advertisement for the product claimed that the assay could be run on 200 mL of blood at the bedside in 7–8 minutes (20).

Marshall was elected President of the American Society for Pharmacology and Experimental Therapeutics in 1942

and died in 1966 (21). Today sulfonamides are most often measured in biologicals by high performance liquid

chromatography (HPLC) (22).
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The Bratton–Marshall assay however continues to find use in specialized applications. It has been used in

pharmacogenomic studies when a sulfonamide is used to test for acetylator status (23). Laikind, Seegmiller and

Gruber developed a novel application for the assay in 1986 (24). They used it to screen for elevated levels of succinyl-

adenosine and ribosyl-4-(N-succinyl-carboxamide)-5-aminoimidazole in urine as an indicator of a rare neurological

disorder due to a deficiency of the enzyme adenylosuccinate monophosphate lyase (EC 4.3.2.2). Urine specimens

were collected onto filter paper strips and dried. The Bratton–Marshall assay was run on a simple water extract of the

paper strips. Results were found to agree with HPLC.
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COMMENTARY TO

W
hen the Japanese in World War II took control of Indonesia they shut off the Allies’ sole source of

quinine, the drug of choice for the prevention and treatment of malaria. Cinchona tree plantations in

Indonesia provided the bark from which quinine was extracted. In 1941, the world’s demand for

Cinchona bark exceeded 700 ton/year and 90% of that supply came from Indonesia (1). Synthetic

antimalarials like quinacrine were the only option available. Quinicrine was a synthetic antimalarial drug discovered

in Germany in 1932. Winthrop Chemical in the US made this drug and sold it under the trade name Atabrinee. In

1942 quinacrine became the official drug of choice for the US military as a substitute for quinine. Quinacrine however

caused a number of adverse side effects and had a difficult dosing schedule. The drug caused gastrointestinal

disturbances and turned the skin yellow. Preventative therapy required a 100 mg tablet three times a day. This, along

with the side effects made compliance under military field conditions very difficult. In 1942 at the battle of

Guadalcanal 8 500 soldiers or almost half of the 1st Marine Division was hospitalized with malaria (2). In that same

year in Papua New Guinea 28 000 Australian and American soldiers were hospitalized with malaria. The battle

casualties during that same period were 7 700 (3).

In 1942, the US National Research Council funded a major campaign to study antimalarial therapies and to develop

new and more effective synthetic drugs. It was the largest government funded biomedical research program in the US

in the first half of the 20th century (1). Bernard B. Brodie and Sidney Undenfriend, a 24-year-old graduate student,

were part of a group funded by the Research Council. They were housed in a basement laboratory in Building D at the

Goldwater Memorial Hospital on Welfare Island (now Roosevelt Island) in the East River in New York City (4).

Brodie and Undenfriend developed methods to measure drug and metabolite levels; solved a major problem in the

clinical pharmacology of antimalarials and helped introduce fluorescence technology into clinical chemistry and

pharmacology.

Brodie and Undenfriend’s paper on the development of a fluorometric assay for quinacrine and how they used it to

study the pharmacokinetics of the drug is presented here. They recognized the importance of the interference of the

drug’s more polar water-soluble metabolites in the assay and developed an ethylene dichloride extraction procedure.

Their selection of solvent excluded the interference of metabolites and improved the specificity of their assay. Parent

drug was back extracted into acid and the fluorescence read at an excitation of 365 nm (blue) and emission above

500 nm (yellow). In a simpler version of the assay the solvent extraction was made acidic with glacial acetic acid and

read directly. Tissue studies with this assay showed that after routine dosing the drug rapidly distributed into body

stores such as soft tissues and blood cells. These reservoirs quickly saturated after a short loading dose and helped

maintain adequate therapeutic plasma levels with a once a day maintenance dose (6). Toxic side effects were markedly

reduced with the lower dose. It was shown that clinical efficacy correlated with the plasma levels and not the dose

received. The three times a day empirical dosing schedule was quickly replaced by a once a day 100 mg tablet after a

short loading dose. The Surgeon General of the Army adopted this dosing protocol as official policy in September

1943 (7). Quinacrine went on to become standard issue throughout the armed services and the tactical and strategic

military problem of malaria was greatly reduced (4).

Brodie and Undenfriend along with others in their lab at the Goldwater Memorial Hospital expanded on the use of

fluorometric methods for the estimation of drugs in biological fluids and tissues. In 1943, they published a

fluorometric method for plasma quinine and quinidine, the cardiac antiarrhythmic drug also derived from Cinchona

bark (8). This method was used to demonstrate the narrow therapeutic index of quinidine shortly after it was

introduced into clinical practice in 1950 (9). In a single issue of the Journal of Biological Chemistry in April 1947, six

papers were presented on the fundamental principals of drug assay and methods development (10–15). The second

(11) and third papers (12) were based on fluorescence technology.

The fluorometric methods published in the 1940s from the Goldwater lab were performed with a quartz lamp filter

fluorometer. Udenfriend in 1995 recounted how this early work with Brodie led him and Robert Bowman to develop

the first commercial quartz spectrophotofluorometer (16). In their first description of the instrument published in

Science in 1955 Bowman, Caulfield and Udenfriend credit Brodie with getting them started on the project to build the

instrument that became the Aminco-Bowman spectrofluorometer (17). Udenfriend continued his research on the use
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of fluorescence technology and published a two-volume textbook on methods development and applications (18,19).

These two volumes are still a standard reference work in the field of fluorescence technology. Brodie went on to

become the director of the Laboratory of Chemical Pharmacology in the National Heart Institute at the National

Institutes of Health. Today he is recognized as the founder of modern clinical pharmacology (5). In 1967 he received

the Albert Lasker Award for Basic Medical Research. His citation read in part, “Probably no man has contributed

more to the body of knowledge which makes possible the rational use of drugs in the treatment of many diseases than

has Dr. Brody” (20).
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COMMENTARY TO

W
illiam Withering in his classic 1785 monograph on foxglove (Digitalis purpurea) described both its

toxicity and its efficacy (1). He reported on the deaths of turkeys fed dried and chopped foxglove

leaves mixed with their bran. Toxicity in humans included gastrointestinal and visual disturbances

with some patients reporting that objects appeared yellow or green. He detailed 160 case reports on

the use of foxglove in humans for a variety of diseases. Despite their potential for toxicity foxglove proved a great

benefit to humanity and the drug quickly entered into standard medical practice. Vincent Van Gogh in 1890 painted

two portraits of his personal physician Dr. Paul-Ferdinand Gachet. In one painting Gachet is holding a sprig of

foxglove in his left hand, in the other painting, the plant is propped in a drinking glass (2).

In 1961 Rodensky and Wasserman (3) reported that up to 20% of hospitalized patients on digitalis drugs showed

signs of toxicity. It would be another 8 years before methods became available for the determination of serum

digitoxin and digoxin levels. These early methods would demonstrate the narrow therapeutic index of the cardiac

glycosides and confirm the importance of therapeutic drug monitoring (TDM) in patient management. The therapeutic

index for digoxin for example is 1.0–1.9 nmol/L (0.8–1.5 ng/mL). Most of these early methods for digoxin were

based on the inhibition by cardiac glycosides of the membrane bound sodium–potassium adenosine triphosphatase

(ATPase) pump. In 1965, Lowenstein (4) measured the inhibition of 86Rb (rubidium) uptake into human red cells by

plasma digoxin or digitoxin. The assay required solvent extraction of the plasma and took 24 hr to complete. Burnett

and Conklin (5) in 1968 measured the inhibition of animal cerebral cortex ATPase by digoxin using a direct

colorimetric phosphorus assay. Other researchers measured the competitive inhibition by tritiated ouabain on pig

brain ATPase (6).

Oliver et al. were the first to describe an immunoassay for digitalis (7). The assay required solvent extraction of the

serum followed by overnight incubation with iodinated digoxin derivative and rabbit antibody. Smith, Butler and

Haber in their 1969 paper presented here provided the first practical method for cardiac glycosides in human serum. In

this assay, serum digoxin is measured directly using tritiated digoxin and rabbit antibody developed by Butler and

Chen (8). The assay used dextran-coated charcoal to separate free from bound tracer and was complete in 30 min.

Smith, Butler and Haber (9) described in detail the antibody and Smith (10) reported on a similar assay for digitoxin.

These methods were then used to confirm the therapeutic index and toxicity of the cardiac glycosides in a large

number of patients (11–13).

Radioimmunoassay (RIA) procedures for digoxin and digitoxin based on the work of Smith, Butler and Haber

became standard techniques in clinical chemistry by the mid-1970’s. Gammill in 1976 in a survey of RIA procedures

listed 28 different commercial test kits for digoxin that used either 3H or 125I as the tracer (14).
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COMMENTARY TO

T
heophylline (1,3-dimethylxanthine) is an anti-asthmatic drug that has been used in both adults and

children since 1936. Therapeutic drug monitoring (TDM) of patients on theophylline therapy is well

established as a means to avoid toxicity especially in neonates. The standard method for analysis of

theophylline was for many years the ultraviolet (UV) spectrophotometric procedure of Schack and

Waxler (1). Theophylline is measured at 277 nm following organic solvent extraction. The assay requires up to 2 mL

of serum and suffers from interferences from barbiturates, dietary xanthines and theophylline metabolites. Numerous

attempts were made to improve the procedure in order to avoid these problems (2–4). The first publication of a serum

and urine theophylline assay by Thompson, Nagasawa and Jenne using liquid chromatography solved all of the

problems of the UV assay. Thompson was a graduate student in 1974 finishing his Masters degree when he was given

the assignment to develop an alternative to the Schack and Waxler method for monitoring theophylline in patient

serums.

High-pressure liquid chromatography is the older term for this type of liquid chromatography that is now called

high-performance liquid chromatography (HPLC). In 2004 one of HPLC’s early advocates regarded it as the biggest

revolution in analytical chemistry in the last 40 years (5). Some of the early pioneers in the development of HPLC

include Horvath and co-workers (6), Snyder (7) and Kirkland (8).

In the 1974 HPLC paper for theophylline presented here the pressure used to drive the liquid phase through the

column was provided by a compressed tank of helium. The 1.8 mm id column was packed with ion-exchange resin

beads 13 mm in diameter. Serum sample volume was less than 10 uL and the analysis time was 24 minute. Metabolites

were well separated from parent compounds and other drugs. The same assay was used to study the relationship

between urine and serum metabolites in theophylline dosed patients (9). This paper by Thompson, Nagasawa and

Jenne was the first HPLC method for serum theophylline. Within 2 years, 14 different HPLC methods were published

for theophylline in biological fluids. The success of these theophylline assays helped establish HPLC as an essential

tool in clinical chemistry.
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SECTION III

Enzymology

ALP (Alkaline Phosphatase, EC 3.1.3.1)
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A method for the rapid determination of alkaline phosphatase with five cubic millimeters of serum.

AST (Aspartate Aminotransferase, EC 2.6.1.1)
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Transaminase activity in human blood.

CK (Creatine Kinase, EC 2.7.3.2)
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COMMENTARY TO

B
y the late 1940s serum alkaline phosphatase (ALP, EC 3.1.3.1) had become a well-established diagnostic

marker for a wide variety of bone and liver disorders. Methods used were either modifications of H.D.

Kay’s original beta glycerophosphate assay (1–4) or King and Armstrong’s phenyl phosphate procedure

(5). Both methods required a protein precipitation step followed by a secondary color development of the

phosphorus or phenol produced. They required 0.5 mL of serum and at least 1 to 2 hours to complete. Otto Bessey,

Oliver Lowry and Mary Jane Brock set out to develop a more rapid ALP assay that could be run with pediatric

samples. The results of their efforts are presented here in this 1946 paper. Their ALP method used 5 mL of serum,

required no protein precipitation step and was complete in 35 min.

Bessey, Lowry and Brock used p-nitrophenyl phosphate (PNP), a self-indicating substrate. The product of the

enzyme reaction with PNP is p-nitrophenol which has a strong absorbance at 405 nm and can be read directly in

the serum–substrate mixture. Ohmori in 1937 (6), Fujita in 1939 (7) and King and Delory in 1939 (8) were actually

the first to use PNP in an ALP assay. Lowry in 1990 wrote that because of this “…we received more credit than we

deserved” (9). The Ohmori and Fujita papers unfortunately were published in journals with limited circulation at the

time. King and Delory synthesized PNP and used it only to compare its rate of hydrolysis with other substrates.

A few years after the publication of this Bessey, Lowry and Brock paper, Eastman Kodak ceased production of

PNP. Bessey and his group began to receive large numbers of requests from clinical laboratories for the substrate.

They soon published a method for its synthesis (10). In 1950 on the train back from a scientific meeting, Lowry asked

Dan Broida, the president of Sigma Chemical Co., to make PNP available as a product (11). In 1951 Sigma produced

their first commercial test kit. It was Technical Bulletin No. 104 for the determination of ALP using PNP substrate.

This product helped launch the widespread use of test kits into clinical chemistry. By 1974, the last pages of Technical

Bulletin 104 listed over 77 different chemistry test kits available just from Sigma (12).

In the 1960s researchers began to measure the enzymatic formation of p-nitrophenol in a direct kinetic mode and

this reduced the assay time to seconds (13–15). In 1979 McComb, Bowers and Posen published a book on ALP that

detailed the history of the development of this and other assay methods for ALP (16). In 1983 the American

Association of Clinical Chemists (17) and the International Federation of Clinical Chemistry (18) established the

Bessey, Lowry and Brock ALP assay as an international reference method.
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COMMENTARY TO

T
he first serum enzyme assay introduced into routine clinical chemistry was Wohlgemuth’s 1908 starch

iodine method for amylase (EC 3.2.1.1) (1). Forty-five years latter, clinical enzymology consisted

essentially of three serum assays; amylase, alkaline phosphatase (EC 3.1.1.1) and acid phosphatase

(EC 3.1.3.2). Textbooks published in 1943 by Gradwohl (2), Bray in 1946 (3) and Caraway in 1960 (4)

presented methods for only these three enzymes. All the assays were colorimetric end-point procedures. A paper by

LaDue, Wroblewski and Karmen in Science in 1954 (5) and their 1955 paper presented here changed this forever.

They demonstrated for the first time that elevated levels of serum aspartate aminotransferase (AST, EC 2.6.1.1

formerly called serum glutamate oxaloacetate transaminase, SGOT) could be used to help confirm suspected

myocardial infarction (MI). This caused an explosive interest in the use of serum enzymes as markers in disease

detection. This 1955 paper also helped create a second paradigm shift in clinical chemistry. The AST procedure by

Karmen introduced into routine clinical chemistry the ultraviolet (340 nm) non-colorimetric optical technique for the

measurement of serum enzymes.

Awapara and Seale in 1952 used a paper chromatography procedure to study the distribution AST in rat tissues (5).

Two years latter LaDue, Wroblewski and Karmen used a similar paper technique and reported for the first time on the

elevation of AST in patients following MI (6). In 1955 they reported that AST values were up to 20 times above

normal in 74 of 75 patients following MI (7). The elevation of AST following MI was also confirmed experimentally

in dogs (8). Wroblewski and LaDue in 1955 reported similar results for the enzyme, lactate dehydrogenase (LDH, EC

1.1.1.27) (9). Serum enzymes soon became a major topic within the scientific literature. Interest even entered into the

popular press. In 1961 Wroblewski published an article in Scientific American called “Enzymes in Medical

Diagnosis” (10).

AST catalyzes the transfer of an amino group from L-aspartate in the presence of 2-oxoglutarate to form

oxaloacetate and L-glutamate. In the paper presented here the authors used paper chromatography to measure AST

activity in serum. The method measured the formation of the amino acid glutamate by AST and took 36 hours to

complete. In the Appendix to this paper written by Arthur Karmen, a new more practical method suitable for clinical

use was introduced.

Otto Warburg in the 1930s discovered that enzymes that catalyzed the reduction or oxidation of the co-factors

nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinuleotide (NADP) could be measured at 340 nm

with a spectrophotometer (11). This came to be known as Warburg’s “optical assay.” Karmen applied this concept to

AST and replaced 36-hour paper chromatography with a 5-minute assay. In the assay, he added malate dehydrogenase

(MDH, EC 1.1.1. 40) along with NADPH to the serum-substrate mixture. The oxaloacetate formed by AST was

converted into malate by MDH with a stoichiometric oxidation of NADPH to NADP. The loss of hydrogen by

NADPH resulted in a decrease in the absorbance of the reaction mixture that could be monitored kinetically at

340 nm. Karmen was one of the first to describe this “coupled” approach to a clinical enzyme assay. His UV method

was quickly optimized (12,13) and colorimetric end-point versions of the coupled assay soon appeared (14). Growth

of clinical enzymology was exponential following these reports. Barnett, Ewing and Skodon in 1976 evaluated the

performance of 43 different commercial test kits available for AST in serum (15).
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COMMENTARY TO

T
he measurement of isoenzymes in serum in order to improve the specificity of an enzyme assay for

disease detection began with the work of Oscar Bodansky in 1937. He used taurocholate inhibition to

differentiate bone, kidney and intestinal alkaline phosphatase (ALP, EC 3.1.3.1) in normal serum and in

two patients with Paget’s disease (1). Zone electrophoresis on paper was utilized throughout the 1950’s

to separate isoenzymes. Estborn in 1959 separated serum ALP isoenzymes using starch gel electrophoresis (2).

Throughout the 50’s and 60’s chemical inhibition and electrophoresis were the principal methods for the identification

of isoenzymes in serum.

In the early 1960’s creatine kinase (CK, EC 2.7.3.2) was reported to be an early and sensitive marker of myocardial

damage (3). The ultraviolet kinetic spectrophotometric procedure for total CK described by Oliver (4) as modified by

Rosalki (5) was quickly adopted into routine use. CK in normal serum on agar gel or cellulose acetate electrophoresis

showed three isoenzymes; CK1 (BB, brain), CK2 (MB, heart) and CK3 (MM, skeletal muscle and heart). Total CK was

not specific for heart but electrophoresis with quantitative measurement of CK2 improved the sensitivity and specificity

of the assay for detecting myocardial damage (6). The 1974 paper presented here by Mercer was a novel refinement in

the analysis of a clinical isoenzyme. His method was eventually replaced with more rapid and specific antibody

procedures for CK2 however for many years it remained a benchmark assay in the study of serum CK isoenzymes.

Wood in 1963 may have been the first to use an ion-exchange resin to separate and purify extracts of brain CK (7).

Mercer packed 0.5 £ 6.0 cm2 mini-columns with diethylaminoethyl (DEAE) Sephadexwanion-exchange resin.

A 3-step Tris sodium chloride buffer elution was used to isolate CK2. Varat and Mercer reported on the improved

specificity of the column assay over electrophoresis in clinical studies (8). A number of modifications were reported

(9–11) and in less than 4 years after Mercer’s paper, numerous commercial test kits were made available for this

column assay (12,13).
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COMMENTARY TO

T
he Medical School at Harvard University planned to hold a dinner on November 16th, 1934 to celebrate

Otto Folin’s retirement after 25 years of service. A commissioned portrait would be presented to

the University in his honor. Three weeks before the dinner, one of the invited speakers, Philip Shaffer,

asked Folin how he would sum up his contributions to biochemistry. Folin replied in a letter to Shaffer

dated October 21,

My portrait includes a colorimeter and a couple of volumetric flasks, and it might therefore fit in pretty

well to say something about the introduction of colorimetry into biochemistry. This is about all that I can

think of at the moment (1).

Folin died on October 25, 1934. The speeches and portrait were presented at a memorial service 1 month later (2).

The colorimeter in the painting that Folin considered so important in summing up his major contribution to

biochemistry was a Duboscq balancing method colorimeter (3). Folin’s introduction of this instrument into

biochemistry in 1904 created a technological advance in clinical chemistry that would not be surpassed until the

development of the photoelectric colorimeter 35 years latter.

The Duboscq instrument was a color matching colorimeter first commercialized by Jules Duboscq in France

in 1870 (4). It resembled from the outside a simple monocular microscope. Through the eyepiece the observer

saw a split screen image. The left and right sides of the split image came from light that traveled up through

two separate solid glass rods mounted below the eyepiece. Below each rod were glass bottom cups that sat on

independently adjustable ring stands. In a typical colorimetric assay a standard was placed into the left hand cup

and the unknown into the right hand cup. Each adjustable ring stand was linked to a mm scale that measured

the depth of immersion of each glass rod. Reflected light passed up from a mirror below the ring stands through

the solutions in the cups then up through the glass rods into the eyepiece. The color intensities of the two

solutions seen through the eyepiece were made to match by varying the depth of the rods in their respective

solutions. Color intensity was inversely proportional to the depth of the rods. The mm scale provided a

quantitative measure of the depths of the rods. The concentration of the unknown could then be calculated from

the simple formula,

mm depth of the standard ðconcentration of the standardÞ

mm depth of the unknown

Folin was the first to use the Duboscq colorimeter in a clinical chemistry procedure. He published methods

for urine creatinine and creatine in 1904 based on the colorimetric alkaline picric acid reaction (5,6). Prior to

the Duboscq, colorimetric clinical chemistry assays were read by holding the test tubes with the unknowns up

against a white background and color matching them against tubes containing standards or up against colored

glass filters previously matched against liquid standards for that assay. The Duboscq colorimeter replaced this

with a quantitative measure of the difference in color intensity between samples. In addition, because of its

optical design, it improved the ability to distinguish between weak differences in intensity.

Folin adopted his creatinine method for use with serum in 1914 (7). Colorimetric assays for glucose, urea, non-

protein nitrogen, creatinine and uric acid read with the Duboscq colorimeter were integrated into a system of

analytical assays by Folin and Hsien Wu in 1919. This paper is presented here. In 2002 the editors of the Journal of

Biological Chemistry selected this paper as a “Classic Article” in biochemistry (8). Folin’s Duboscq procedures were

the methods routinely presented in clinical chemistry manuals and textbooks for the next 40 years (9–12). Folin’s own

textbook of methods, Laboratory Manual of Biological Chemistry, first published in 1916, went through five editions

before his death (13).

Folin’s reply to Shaffer in 1934 that he could think of only colorimetry as his major contribution to biochemistry

was not the simple modest reply that it seemed.
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COMMENTARY TO

M
etabolic acidosis in diabetics was a common occurrence in the pre-insulin era of the early 1900s.

Laboratory tests in these patients consisted mostly of a blood sugar and a spot test for ketones. The

Scott-Wilson bedside test for ketones for example had the patient breath through a straw into a test

tube that contained an alkaline solution of mercuric cyanide and silver nitrate. The presence of

elevated ketones in the patient’s breath turned the reagent cloudy. If the patient was comatose a glass rod was dipped

into the reagent and held in front of the patient’s mouth (1,2). Donald D. Van Slyke at the Rockefeller Institute for

Medical Research in New York City reasoned that a more accurate assessment of acid–base balance could be made

by measurement of the dissolved carbon dioxide in plasma from which the bicarbonate (HCO3
2) level could be

calculated. The problem was, there were no methods available for the measurement of carbon dioxide in plasma.

Van Slyke invented an instrument to do this. His volumetric gas apparatus was the first instrument designed

specifically for the clinical chemistry laboratory (3).

Van Slyke described his first volumetric blood gas apparatus in 1917 (4). Dissolved gas was released from 1.0 mL

of a sample with acid in a closed glass chamber. The volume of gas was then measured in a graduated arm of the

chamber. The Van Slyke and Neill manometric apparatus described in the paper presented here was published in 1924.

The volumetric apparatus was modified in order to measure the pressure of the gas released from the serum. This

improved the accuracy of the instrument. A mercury manometer was incorporated into the gas extraction chamber.

Samples of serum could be tested for carbon dioxide, oxygen, and carbon monoxide. The paper by Van Slyke and

Neill is 50 pages long and as presented here has been edited to include only the portions that describe the apparatus

and its use for carbon dioxide. In 1927 a portable modification of the manometric apparatus was described (5). The

mercury manometer and gas extraction bulb were attached to a rigid wooden frame. A motor was incorporated in

order to facilitate the required shaking of the chamber during gas extraction and a light was placed behind the

graduated arm of the manometer to facilitate readings. The unit measured at its base 28 cm (11 in.) £ 50 cm (20 in.)

and stood 100 cm (40 in.) tall. By 1927 and for the next 30 years many different laboratory supply houses

manufactured and sold this instrument including Fisher Scientific (5,6).

The Van Slyke–Neill apparatus became the standard in the field of clinical chemistry for blood gas measurements.

In addition it could be used to measure any analyte that could be converted into a gas. Peters and Van Slyke’s textbook

of methods in 1932 included manometric gas procedures for the blood gases and hemoglobin, sugars, urea, ammonia,

nitrogen, calcium, potassium and lactic acid (7). Martin Hanke published a manual in 1939 on the use of the apparatus

in clinical chemistry (8). Van Slyke and Plazin, the technician who helped design and build the apparatus, published

their own procedure manual in 1961 (9). The apparatus was used for many years to measure enzyme activity levels in

which a gas was consumed or released, for example for catalase (EC 1.11.1.6) (10). Brix in 1981 modified the

Van Slyke–Neill apparatus for use with 25 to 100 mL of serum or plasma (11).

Van Slyke’s discoveries in acid–base balance made with his manometric blood gas apparatus were described in the

Peters and van Slyke textbook, Quantitative Clinical Chemistry, Volume I Interpretations published in 1931 (12).

Peters died in 1955, and a planed complete revision of the original text became impossible. Williams & Wilkins

reprinted Chapters 12 and 18 on acid–base and blood gases from the original Volume I text as a separate book. In the

Publisher’s Preface to this reprint it was stated that, “…the present volume may relieve the wear and tear on original

copies now held together by string and tape and kept under lock and key” (13).
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COMMENTARY TO

T
his chapter by Helga Tait Malloy and Kenneth A. Evelyn is noteworthy for two reasons.

First, it simplified and made practical the van den Berg serum bilirubin assay. Secondly, their

bilirubin assay because of its wide popularity helped introduce the filter photometer into clinical

chemistry.

Van den Bergh was the first to apply Erhlich’s diazo reagent (sodium nitrite and sulfanilic acid) to the measurement

of bilirubin in serum (1). Diazo reagent combines with bilirubin to form a blue azobilirubin. Van den Bergh and

Muller (2) discovered that color develops within 30 seconds in the absence of alcohol and a second increase in color

occurs with the addition of alcohol. The color that develops rapidly in the absence of alcohol is the direct or

conjugated (water soluble) bilirubin. The Van den Bergh diazo procedure measured total bilirubin after protein

precipitation of the serum with alcohol. Numerous modifications included the addition of the diazo reagent before or

after protein precipitation (3). Malloy and Evelyn in the paper presented here greatly simplified this assay. They

measured total bilirubin (termed indirect in the paper) by mixing diluted serum, diazo reagent and 50% methanol. The

50% methanol prevented protein precipitation and allowed full color development of the azobilirubin. Direct or

conjugated bilirubin was measured in the same way except that water was substituted for the 50% methanol. This is

essentially the form of the assay as performed today except that the direct and total are run in the same tubes and the

direct is read at 3 minute before the addition of the 50% methanol (4).

Malloy and Evelyn developed their improved bilirubin assay on a newly introduced filter photometer designed

by Evelyn in 1936. The decade of the 1930s was a period of major growth in the description and commercialization

of filter photometers. Most were based on the use of either one or two photoelectric cells, glass interference filters,

a cuvette or test tube chamber and an ammeter readout. The first commercial filter photometer designed specifically for

clinical chemistry was the Sheard and Sanford Photelometere (5). Methods for hemoglobin, Folin and Wu’s sugar and

Folin’s creatinine were adapted to this instrument. The patent and the manufacturing rights were assigned to the Central

Scientific Co. in Chicago. Sheard and Sanford also assigned all royalties to the American Society of Clinical Pathologists.

Malloy and Evelyn developed their bilirubin assay on the Evelyn photometer. In his first paper on the description of

the instrument published in 1936 Evelyn stated that, “the color filter technique can be refined to such an extent that it

not only improves the accuracy of existing procedures, but renders entirely new ones possible” (6). Evelyn latter

described cuvette adapters that allowed less than 200 mL of colored reaction product to be read (7–8). Methods

developed on this photometer by Evelyn and Malloy and co-workers appeared in rapid succession including

procedures for bilirubin in bile and meconium (9), oxyhemoglobin, methoglobin and sulfhemoglobin in blood (10)

and ascorbic acid in urine (11).

Filter photometers soon replaced the Duboscq visual colorimeter and remained the mainstay of colorimetric

clinical chemistry assays for many years. In 1941 William S. Hoffman wrote Photelometric Clinical Chemistry (12).

In his book, 23 different methods were presented for use with the filter photometer. Included were methods for

bilirubin, sulfanilamides, total cholesterol, sodium and potassium. In 1948 eleven different manufacturers offered

filter photometers for clinical use (13). By the late 1950s filter photometers were mostly replaced by diffraction grating

instruments like the Coleman Jr. and the quartz prism grating spectrophotometer by Beckman called the Model DU.

The Malloy and Evelyn serum bilirubin assay was adopted onto both of these instruments in 1959 (14).

References

(1) Van den Bergh, A.A.H. and Snapper, J. (1913) Die Farbstoffe des Blutserums I. Eine Quantitative Bestimmung des

Bilirubins im Blutsesum. Deutsche Archiv für Klinische Medizin. 110:540–561.

(2) Van den Bergh, A.A.H. and Muller, P. (1916) Uber eine Direkte und Eine Indirekte Diazoreaktion auf Bilirubin.

Biochemische Zeitschrift. 77:90–103.

(3) Godfried, E.G. (1935) CLXII. The technique to be selected for the determination of Bilirubin in blood by the diazo-method.

Biochemical Journal. 29(6):1337–1339.

(4) Meites, S. (1982) Bilirubin, direct-reacting and total, modified Malloy–Evelyn method, in Selected Methods of Clinical

Chemistry, in Selected Methods for the Small Clinical Chemistry Laboratory, Vol 9. Faulkner, W.R. and Meites, S. (eds),

American Association for Clinical Chemistry, Washington, DC, pgs 119–124.

219

page 221 16. Malloy, H. T. and Evelyn, K. A. (1937)
The Determination of Bilirubin With the Photoelectric Colorimeter.
Journal of Biological Chemistry 119(2): 481–490.



(5) Sanford, A.H., Sheard, C., and Osterberg, A.E. (1933) The photelometer and its use in the clinical laboratory. American

Journal of Clinical Pathology. 3(6):405–420.

(6) Evelyn, K.A. (1936) A stabilized photoelectric colorimeter with light filters. Journal of Biological Chemistry. 115(1):63–75.

(7) Evelyn, K.A. and Cipriani, A.J. (1937) A photoelectric microcolorimeter. Journal of Biological Chemistry. 117(1):365–369.

(8) Evelyn, K.A. and Gibson, J.G. (1938) A new type of absorption cell for the photoelectric microcolorimeter. Journal of

Biological Chemistry. 122(2):391–394.

(9) Malloy, H.T. and Evelyn, K.A. (1938) Oxidation method for bilirubin determinations in bile and meconium with the

photoelectric colorimeter. Journal of Biological Chemistry. 122(3):597–603.

(10) Evelyn, K.A. and Malloy, H.T. (1938) Microdetermination of oxyhemoglobin, methemoglobin, and sulfhemoglobin in a

single sample of blood. Journal of Biological Chemistry. 126(2):655–669.

(11) Evelyn, K.A., Malloy, H.T., and Rosen, C. (1938) The determination of ascorbic acid in urine with the photoelectric

colorimeter. Journal of Biological Chemistry. 126(2):645–654.

(12) Hoffman, W.S. (1941) Photelometric Clinical Chemistry. William Morrow & Company, New York.

(13) Snell, F.D. and Snell, C.T. (1948) Photoelectric filter photometer, in Colorimetric Methods of Analysis Including Some

Turbidimetric and Nephelometric Methods, Vol I Theory–Instruments–pH, Third Edition, Chapter XI, D. Van Nostrand

Company, Inc., New York, pgs 89–104.

(14) Hogg, C.K. and Meites, S. (1959) A modification of the Malloy and Evelyn procedure for the micro-determination of total

serum bilirubin. American Journal of Medical Technology. 25(5):281–286.

220



J. Biol. Chem. 1937; 119(2): 481–490

q 1937 The American Society for Biochemistry and Molecular Biology.

Reproduced with permission. 221



222



223



224



225



226



227



228



229



230



COMMENTARY TO

B
iuret is the chemical product that forms when urea is heated to 1808C. In this reaction two molecules of

urea condense to form a bi-urea or biuret molecule. Biuret reagent in the presence of copper ions forms a

violet color complex. Peptide bonds in proteins will also link with copper ions to form a similar violet

complex. This has been termed the biuret reaction. Biuret reagent for the measurement of total protein is

simply copper salt in alkaline solution. In the biuret reaction, cupric ions (Cu2þ) in alkaline solution bind to peptide

bonds which shifts the copper to the cuprous form (Cu1þ). This shift in valance produces a quantitative colorimetric

change in alkaline solution from blue to blue-purple (1). The biuret reaction is the basis of the most widely used assay

for the measurement of total protein in serum in clinical chemistry.

Kantor and Gies applied the biuret reaction to the measurement of protein in urine in 1911. They soaked the biuret

reagent into filter paper and ran a spot test to screen for elevated urine protein (2). Riegler in 1914 was the first to apply

the biuret reaction to measure proteins quantitatively in biological fluids (3,4). He precipitated urine proteins with

acid, dissolved the precipitated proteins in alkali then added copper sulfate to form a purple color. George Kingsley in

1939 developed a total protein, albumin and globulin assay in serum based on the biuret reaction (5). Serum total

protein was measured by adding 100 mL of a sample to 4 mL of 10% sodium hydroxide followed by 0.5 mL of a 1%

solution of copper sulfate. The blue to purple color was read in a filter photometer after a 25-minute incubation. In

1942 Kingsley described a one-step biuret reagent (6). He premixed the copper sulfate in 14% sodium hydroxide.

Weischselbaum added sodium potassium tartrate and potassium iodide to the single reagent (7). This and similar one-

step formulations for the biuret reagent turned out to be unstable due to the eventual precipitation of the copper ions as

Cu(OH)2.

Gornall, Bardawill and David solved the stability problem in 1949. Their paper presented here is a careful and

detailed study of the biuret reaction applied to serum. In it they also solved through step-wise experimentation the

stability problem. They balanced the copper sulfate concentration with the sodium potassium tartrate, and added

potassium iodide to provide a single biuret reagent that was stable at room temperature for up to one year. Gornall 28

years latter reviewed the development of this reagent by him and his co-workers and confirmed that the potassium

iodide was essential for the stability (8). In 1978 Burkhardt and Batsakis reported on the results of a nation wide

quality control survey in which 83% of 2234 reporting clinical chemistry laboratories used the biuret reaction for

serum total protein (9).
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COMMENTARY TO

C
linical chemistry has had a long history of commitment to the development of assays that require less

and less sample volume. This has been driven by the need to reduce or eliminate venipunctures in special

needs patients such as pediatric and neonatal patients, in diabetic patients who require daily multiple

glucose assays and in burn patients. Rapid developments in instrumentation and methodologies over the

years however quickly dates any attempt to define terms such as “micro” or “ultramicro”. In 1955 a method for

calcium that used 200 mL of serum was called a “micromethod” (1). Today, automated instruments routinely use 5 mL

or less of sample and protein and DNA automatic array pipettes dispense 0.005 mL of sample.

The commitment to develop reduced sample volume assays in clinical chemistry began with Ivar C. Bang at the

University of Lund in Sweden. In 1916 he published a book of clinical chemistry methods that described the collection

of finger stick drops of blood on washed and dried pieces of filter paper (2). The filter paper was then weighed and used

as the source of sample in various assays. Bang died at the age of 49 in 1918 and is regarded as the founder of clinical

microchemistry (3,4).

Otto Folin recognized the need for reduced sample volume assays in order to decrease repeated venipunctures. In

1928 he published a new method for blood sugar that required only 100 mL of sample compared to his original Folin-

Wu sugar method which used 1 000 mL of blood (5–7). Earl J. King in 1937 in The Lancet described 11 different

basic clinical chemistry assays that each required only 200 mL of blood or serum (8). The assays were read with small

sized cups and plungers retrofitted into the standard Duboscq colorimeter. In 1942 he presented in the same journal a

method for blood sugar that required only 50 mL of sample (9). By 1947 all of his methods were adopted for use with

the Klett-Summerson filter photometer (10). King’s textbook of methods, Micro-Analysis in Medical Biochemistry

was published in 1946 and went through four editions over the next 18 years (11).

Samuel Natelson at the Rockford Memorial Hospital in Rockford, IL developed a system of assays and techniques

designed especially for the pediatric and neonatal patient. He prepared a booklet in 1950 on the physiology of the

immature infant that included methods applicable for the neonate. The booklet was published in 1952 (12). The 1951

paper presented here presents the details of his system of clinical chemistry methods for the newborn, premature

infants and the burn patient. Natelson describes the preparation of glass capillary tubes 1.5 mm in internal diameter,

coated with anticoagulant and used for heel and fingertip collection of blood. These tubes are still sold today as the

Natelson Micro-Collection Tubes (13). Sodium, potassium, chloride and total protein methods are presented in this

paper that use a single 40 mL sample of plasma for the four assays. The Kopp-Natelson manometric gasometer

invented by Natelson measured plasma carbon dioxide in 30 mL of sample. He describes the preparation of

constriction pipettes with internal diameters of 0.5 mm along with methods for calibration using liquid mercury.

Tables of data are presented comparing results between venous and capillary samples.

Natelson expanded on reduced sample volume assays and published his book, Microtechniques of Clinical

Chemistry in 1957. The book went through three editions (14). In 1959 he published a special review article in the

journal Analytical Chemistry titled “Microanalysis in the Modern Analytical Laboratory of Clinical Chemistry” (15).

Natelson continued to publish new methods and techniques for use with neonates over the next 20 years. By 1976 he

had developed a wide range of clinical chemistry methods that required only 1.0 to 10 mL of sample per test (16).

Other authors published textbooks, manuals and papers devoted to pediatric methods during the 1950s and 1960s. All

of them are indebted to the work by Natelson in clinical microchemistry (17–24).
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T
he enzyme glucose oxidase (GO, EC 1.1.3.4) catalyzes the following reaction,

ðiÞ glucose þ O2 þ H2O ! D-glucuronic acid þ H2O2

Keilin and Hartree in 1948 were the first to use GO in an enzymatic assay for glucose in biological fluids (1).

They added catalase (EC 1.11.1.6) to the above reaction mixture and converted the hydrogen peroxide to oxygen and

water. The production of oxygen was measured with a manometer. Froesch and Renold (2) in 1956 used GO to

improve the specificity of the standard Somogyi–Nelson copper reduction method for glucose (3). They measured

glucose in samples incubated with GO then subtracted those values from matching samples assayed without GO.

Albert S. Keston from the New York University College of Medicine was the first to use GO to develop a direct

quantitative colorimetric assay for glucose in biological fluids. The method was presented at a meeting of the

American Chemical Society (ACS) in April 1956 (4). Urine samples were mixed with GO and the hydrogen peroxide

produced coupled with horseradish peroxidase (HRP, EC 1.11.1.7) in the following reaction,

ðiiÞ H2O2 þ o-dianisidine ! H2O þ oxidized o-dianisidine

The oxidation of o-dianisidine produced a brown chromophore that was read at 480 nm. Six months latter Joseph

Teller from Worthington Biochemical Corp. presented a paper at an ACS meeting in which he adopted Keston’s

enzymatic method for use with serum (5). This assay became the first commercial quantitative enzymatic glucose

procedure for serum and was sold as the Worthington Glucostate test kit.

Huggett and Nixon in London adopted Keston’s method for use with protein free filtrates of plasma. Their method

was presented at a Society of Physiology meeting in March 1957 (6). In August 1957 they published the first full paper

on the use of GO for the quantitative enzymatic assay of glucose in plasma and urine. That paper is presented here. They

used o-dianisidine as oxygen acceptor with either protein free filtrates or direct assay with plasma. This paper went on to

become the second most highly cited paper of all the papers published in The Lancet between 1961 and 1983 (7).

White and Secor in 1957 used o-tolidine coupled to a GO–HRP reaction mixture in a spray reagent to produce a

blue chromophore to detect glucose in paper chromatography strips (8). Middleton and Griffiths in that same year

adopted the Huggett and Nixon procedure for use with the oxygen acceptor o-tolidine (9). Trinder in 1969 replaced the

potentially carcinogenic oxygen acceptors being used with p-aminophenazone (10–11). Kadish, Little and Sternberg

used GO with a polarographic oxygen electrode to measure plasma and urine glucose in 20 seconds by monitoring the

rate of oxygen consumption. This procedure developed into the first dedicated glucose analyzer for the clinical

laboratory and was sold as the Beckman Model 777 Glucose Analyzer (12–13).
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COMMENTARY TO

I
n the 1951 movie People Will Talk, Cary Grant played a physician who in an early scene has just told his

patient, played by Jeanne Crain, that she is pregnant. She slumps into the office chair, her face buried in her

hands. She asks if he is certain, the test was only done this morning she says. Grant assures her that the results

are accurate and continues,

Nowadays we find out about everything a lot more quickly than we used to, about life and even about

death. They used to use a little pink rabbit for the pregnancy test. Now they use a frog, not as cute, but it’s

a lot faster. Only two hours and just as certain. The name of the frog, by the way, is Rana pipiens. Sounds

like a movie star doesn’t it? (1).

The use of animals for the laboratory detection of human pregnancy began with Aschheim and Zondek in 1927 and

ended in 1960 with the introduction of an immunoassay for human chorionic gonadotropin (HCG) by Wide and

Gemzell.

Aschheim and Zondek developed the first bioassay for pregnancy. It came to be called the A–Z test. Subcutaneous

(sc) injections of HCG positive urine into female mice produced visible red hemorrhages in the animal’s ovaries due

to corpus luteum formation (2). The test took up to four days to complete. Improvements in the assay and the use of

female rats reduced the test time to 6–24 hours (3–4). Friedman and Lapham injected urine into the ear vein of rabbits

and were able to read the ovarian response in 12–24 hours (5). Galli-Mainini introduced the use of the male toad (Bufo

arenarum) along with a new bio-marker for the detection of HCG (6–7). Urine was injected into the lateral lymphatic

sacs of male toads. Their urine was collected over the next 1, 2 and 3 hours. HCG positive urines stimulated the release

of spermatozoa into the toad’s urine. Microscopic examination of the urine easily detected a positive response.

Wiltberger and Miller applied this assay in 1948 to the male frog Rana pipiens (8).

The replacement of bioassay pregnancy tests began in July1960 with the preliminary report by Brody and

Carlstrom on a complement fixation (CF) assay for serum and urine HCG (9). Antibody to HCG was produced in

rabbits and used with sensitized sheep red cells in a 24-hour assay. McKean in September 1960 reported on the use of

HCG antibody produced in rabbits in a precipitin ring (PR) test (10). The assay was run in 2 £ 15 mm glass tubes. An

antibody dilution was carefully overlaid onto a sample of the patient’s urine or serum in the bottom of the tube.

A positive HCG test was obtained with the appearance of a visible precipitin ring at the urine-antibody interface at

1, 2, 3 or 4 hours.

Wide and Gemzell were the first to report on a rapid immunoassay for HCG using hemagglutination inhibition

(HI). Their paper was published in October 1960 and is presented here. For their assay they coated HCG onto formalin

fixed and tannic acid treated sheep red cells. They prepared HCG antibody in rabbits. In the HI assay patient urine,

sensitized red cells and HCG antibody were incubated in 12 mm diameter round bottom glass test tubes at room

temperature. Assays were read visually at 1.5–2 hours. HCG if present in the urine preferentially bound to the

antibody in solution leaving the red cells free to fall to the bottom of the tube and form a compact ring of cells. In the

absence of HCG the antibody bound to the red cells formed cross bridges between the cells. The cells agglutinated and

fell to the bottom of the tube in a clumped mat.

In 1962 Robbins, Hill, Carle, Carlquist and Marcus developed a similar agglutination assay using 0.8 mm latex

beads (11). Over the next 2 years both HI tube tests and latex agglutination slide pregnancy tests became

commercially available (12–14). In 1969, Cabrera evaluated 6 different commercial pregnancy test kits based on

either latex or red cell agglutination inhibition (15). The kits were manufactured by Wampole, Organon, Ortho and

Hyland, early pioneer companies in the development of commercial pregnancy test kits (16).
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COMMENTARY TO

T
he second most important test used in the management of diabetes mellitus besides blood glucose itself

is hemoglobin (Hb) A1c (also called glycohemoglobin, GHb). The discovery of elevated levels of Hb

A1c in diabetics was made by Samuel Rahbar at the University of Tehran in 1968. Rahbar normally

studied Hb variants using electrophoresis (1,2). On cellulose acetate he noticed that two patients showed

a fraction that migrated with and broadened the Hb A band. On starch gel electrophoresis the band moved with

Hb F. This abnormal Hb band was found only in patients with diabetes. Rahbar confirmed these findings in 47 more

patients with diabetes. This short but insightful paper is the first demonstration of an elevated Hb fraction found

associated with diabetes.

In 1969 Rahbar, Blumenfeld and Ranney reported that the best separation of the diabetic-associated Hb occurred

with agar gel electrophoresis where it migrated between the Hb A and Hb F fractions (3). The diabetic-associated Hb

on ion-exchange columns was found to be identical to the Hb A1c separated on electrophoresis. They reported that the

normal reference ranges for Hb A1c were 4–6% of the total Hb. Hb A1c levels in diabetics ranged between 7.5 and

10.6%. Susceptibility to borohydride reduction and periodate oxidation suggested that the Hb A1c fraction in patients

with diabetes contained an increased number of sugar moieties. In 1971 Trivelli and co-workers confirmed the two-

fold increase in Hb A1c values compared to controls in 100 diabetics (4).

Hb A1c is created by the non-enzymatic condensation of glucose onto each of the beta-chains of Hb A. Formation

of glycated HbA1c is irreversible and is directly proportional to the blood glucose concentration (5,6). Red blood cells

have an average life span in the peripheral circulation of about 120 days. Any single HbA1c result will therefore

represent the integrated value for the blood glucose values over the previous 6–8 weeks (7). The Diabetes Control and

Complications Trial confirmed that the use of HbA1c levels as part of an intensive glycemic control program helped

reduce the complications from Type 1 diabetes by up to 75% (8).

The most widely used methods for HbA1c include cation-exchange high performance liquid chromatography

(HPLC) (9) and affinity chromatography in which glycated Hb is bound to boronate resin beads (10). Immunoassays

for HbA1c have also been described (11). Roberts and co-workers in 2005 compared results of Hb A1c levels with 11

different commercial test kits (12). Rahbar and co-workers have gone on to study chemical inhibitors of glycation

some of which they hope will result in drug therapies (13,14).
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COMMENTARY TO

T
he calculation for low-density lipoprotein (LDL) cholesterol presented here in this paper became

known as the Friedewald equation. It allowed the concentration of the LDL cholesterol in plasma to be

determined from the total cholesterol, the triglycerides and the high-density lipoprotein (HDL)

cholesterol. The calculation when the lipid levels are expressed in mg/dL is:

LDL Cholesterol ¼ ½Total Cholesterol�2 ½HDL Cholesterol�2
½Triglycerides�

5

Rapid and automated methods for total cholesterol, HDL cholesterol and triglycerides were readily available at

the time of this publication. LDL cholesterol assays however required a 16-hour ultracentrifugation procedure (1).

The Friedewald equation was compared to ultracentrifugation results in large numbers of patients and was soon

validated (2–4).

Over the next 20 years measurement of LDL cholesterol took on major importance after it was determined that

elevated levels were a major risk factor for cardiovascular disease (5). LDL cholesterol in the popular press became

known as the “bad” cholesterol. Drugs called statins designed to lower LDL cholesterol became a billion dollar

market. In the United States alone 13 million patients were on a statin drug by the end of the 1990s (5). The paper

presented here by Friedewald, Levy and Fredrickson came at the right time and by 1998 it was the highest cited paper

in the 50-year history of the journal Clinical Chemistry (6).
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SECTION V

Instrumentation and Techniques

Paper Electrophoresis
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Single sample analysis with the sodium electrode.
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Western Blots
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Zone electrophoresis in open-tubular glass capillaries.
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COMMENTARY TO

A
rne Tiselius received the Nobel Prize in Chemistry in 1948 for the development of moving boundary

electrophoresis and adsorption chromatography. Moving boundary electrophoresis separated proteins

within a buffer-filled glass U-tube. Bands of protein were detected by means of refractive index changes

imaged onto photographic film. Separations required 1 mL or more of serum and a single analysis took

up to 20 hours to complete (1). Companies in the United States and Europe soon manufactured moving boundary

electrophoresis instruments based on Tiselius’ work. The Perkin–Elmer Model 38 Tiselius Electrophoresis Apparatus

weighed 45.5 kg (100 lbs) and measured 1.6 m (5.2 ft) long (2). Moving boundary electrophoresis made it possible for

the first time to separate human serum proteins into the clinically significant bands, named by Tiselius, albumin, alpha,

beta and gamma. Pauling and co-workers in 1949 demonstrated that hemoglobin from sickle cell patients differed in

charge from normal hemoglobin based on moving boundary electrophoresis (3). They linked the charge difference

between the two forms of hemoglobin with the gene coding for proteins. Their paper was the first time the term

molecular disease had been used. Moving boundary electrophoresis despite its great promise remained a research tool

until a simpler format was developed. This occurred with the introduction of zone electrophoresis.

Zone electrophoresis or electrophoresis on a porous support was first described using paper strips in 1937 by Paulo

König in Sao Paulo, Brazil. Rosenfeld has reviewed the early development of zone electrophoresis in detail (4–6).

König’s first report in 1937 on the paper electrophoresis of proteins was published in Portuguese in a congress

symposium (7). Two years latter Klobusitzky and König published a full report in a German journal (8). Both papers

demonstrated the separation of proteins in snake venom. Unfortunately, neither paper received much attention.

Twenty-one years after his first paper was published and 2 months before he died in 1958, König wrote the foreword

for a book by Chales Wunderly, titled Principles and Applications of Paper Electrophoresis with a Foreword by

Dr. P. König, the Pioneer of Paper Electrophoresis. König wrote that, “… the development, both qualitative and

quantitative, which this method has experienced, were not anticipated by me” (9).

Emmett Durrum developed the first zone electrophoresis system for serum proteins while at the United States

Army research facility in Fort Knox, Kentucky. He presented his technique at the American Chemical Society

meeting in San Francisco on March 29, 1949. Tiselius was at the meeting and received a copy of the full report from

Durrum (4). Twelve months latter in 1950 Durrum published the complete report that is presented here. A year latter

Tiselius cited Durrum in his own 29-page paper on zone electrophoresis of serum proteins (10). To his credit Tiselius

detailed the improvements made by paper electrophoresis over his own moving boundary technique.

Durrum’s paper technique helped introduce electrophoresis into clinical chemistry. Serum samples of less than

10 mL were sufficient and the separated proteins could be stained and eluted easily from the paper for quantitative

analysis. Paper electrophoresis in a plastic chamber the size of a kitchen toaster separated human serum proteins into

five distinct bands comparable to the separations in the Tiselius apparatus (11). Up to 8 samples could be run at the

same time. Durrum and Saul Gilford developed a paper strip densitometer mounted onto a Beckman photometer (12).

Durrum verified the quantitative nature of protein staining using bromophenol blue (13) and reported on the protein

serum profiles in a wide variety of disease conditions (14). His papers on lipoprotein staining and hemoglobin

phenotyping by paper electrophoresis were among the earliest reports on these applications (15,16). In1958 Durrum

co-authored a book on paper electrophoresis with Richard Block and Gunter Zweig. The book contained a

bibliography with over 1800 articles on paper electrophoresis (17). In the next 11 years following Durrum’s first

report, alternative porous media were soon described including starch gel in 1955 (18), cellulose acetate in 1957 (19),

acrylamide gel in 1959 (20) and agarose gel in 1961 (21).
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I
n 1854 Louis Pasteur gave a speech at the University of Lille in Douai, France in which he said that chance

favors the prepared mind (1). Articles by and by about Leonard T. Skeggs, Jr. help reveal how his mind was

prepared to invent the first automated clinical chemistry analyzer (2–5).

Skeggs was head of the clinical chemistry laboratory at the Cleveland Veterans Administration Hospital. In 1950

all clinical chemistry tests were manual assays. The first step in a typical serum glucose or urea nitrogen assay was

the preparation of a protein free filtrate with either centrifugation or filter paper filtration. This was followed by

incubation with one or more reagents, color development and then optical density readings in a filter photometer one

sample at a time. These assays were time consuming, contained numerous repetitive steps and were prone to human

errors. Skeggs began to develop an automated instrument to perform these steps in an operator independent manner.

He worked on the instrument in his spare time in his basement starting in 1950. The first proof of concept instrument

was for urea nitrogen and was based on a continuous flowing stream (5). A peristaltic pump moved reagents through

polyethylene tubing. Samples were introduced by holding the end of a tube in a bottle of urea standard for a fixed

period of time. Protein free filtration was accomplished by means of a dialyzer. Skeggs was co-inventor in the late

1940s of an artificial kidney. In the Skeggs–Leonard kidney, blood passed between two sheets of cellophane

clamped between a top and bottom rubber plate (6). Each plate had grooves cut into its under surface facing the

cellophane through which saline was pumped. The saline removed urea and was sent to waste, the blood was

returned to the patient. In the breadboard chemistry analyzer the dialyzed urea in saline was mixed with reagents

and measured and the blood was sent to waste. Air bubbles that were introduced by accident into the flowing

streams were soon introduced by design because Skeggs realized that they helped to prevent mixing of different

patient samples. Skeggs spent almost 4 years trying to find a company to develop and commercialize his analyzer.

After many rejections he met with the people at Technicon.

The Technicon Company was founded in 1939 in New York City. In 1954 Skeggs’ prototype automated analyzer

was capable of performing urea nitrogen or glucose assays at up to 30 samples/hour. This was the typical work volume

of one technician in one day. When Skeggs demonstrated his analyzer to the people at Technicon many of the minds at

that company were prepared for what they saw. People like Ray Roesh the field representative who heard about

Skegg’s analyzer and chased after him to see it; Edwin C. Whitehead the co-founder with his father of the company

and engineers, like Andres Ferrari. Technicon was a manufacturer of histology laboratory equipment. Their main

piece of equipment however was the Autotechniconw, a robot-like device that moved baskets of tissue sections

through 12 different fixation, dehydration, washing and staining solutions overnight completely unattended (7).

Technicon produced other automated equipment like a 200-tube column chromatography fraction collector;

an automatic pipette washer that held up to 200 pipettes and an air blower multi-slide dryer that produced dry slides

in 7 minutes.

Skeggs signed an agreement with Technicon in 1954. The first report on the automated analysis of urea, glucose or

calcium was presented by Skeggs at the September 1956 International Congress on Clinical Chemistry in New York

City (8). In February 1957 the first full paper was published and that paper is presented here. Also in 1957, Technicon

introduced the AutoAnalyzerw and sold 50 of them in the first year. In January 1958 the journal Analytical Chemistry

ran a profile on the instrument (9). By 1969 over 18 000 had been sold (3). In 1964 Skeggs and Hochstrasser published

a paper on an 8-channel analyzer with integrated sequential chemistries and a single chart report (10). Assays included

the four electrolytes, albumin, total protein, urea and glucose. Their design led to the Sequential Multiple Analyzer

(SMAw). These instruments ran up to 12 assays in 60 seconds (SMA 6/60 and 12/60) and latter the SMACw

(Sequential Multiple Analyzer with Computer) which ran 20 assays in 20 seconds (11).

Skeggs and Technicon did more than improve productivity and efficiency in clinical chemistry. The AutoAnalyzer

stimulated a level of innovation that was not duplicated by any other automated instrument in clinical chemistry at the

time. The Technicon AutoAnalyzer was an open system by design. Users were able to easily modify, improve and

adapt new methods to automated analysis. Eric von Hippel in his book The Sources of Innovation included a study on

the impact of the AutoAnalyzer on technical innovation in clinical chemistry (12). In 1977 in the United States 298

million chemistry tests in hospital laboratories were run on automated analyzers. Von Hippel reviewed the literature
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for the year 1977 and found that 46% of the hardware improvements on the Technicon AutoAnalyzer were developed

first by the customers. In addition, 74% of the most frequently run tests on the AutoAnalyzer were first adapted onto

the Technicon system by the customers. By contrast he studied a popular but proprietary closed system analyzer for the

same period (the Dupont Automated Clinical Analyzer, acaw). He could find no tests or hardware improvements that

had been developed by the customers.
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COMMENTARY TO

D
ry chemistry test papers or dipsticks for urine assays were developed by a number of researchers in the

19th century (1). For example, George Oliver in 1883 described dry-reagent dipsticks for urine glucose

and protein. He was a London physician who needed a more convenient method for the bedside testing

of patient urines. Oliver stated that he had “succeeded in all my reagents in abolishing the fluid state,

and likewise the solid form, either powder, crystal, or pellet” (2). His glucose dipsticks contained dried Fehling’s

copper reduction reagent. Various test papers for protein were also described that contained dried picric acid or

sodium tungstate reagents. He reported on the room temperature stability of the papers and compared the results

to conventional wet chemistry assays. Oliver offered to make the papers available free of charge to any physician

who requested them and asked that they report their experience with them to The Lancet (3).

Seventy-three years latter in 1956 Albert S. Keston from the New York University College of Medicine presented

a paper at the 129th Meeting of the American Chemical Society (ACS) on an enzymatic urine glucose procedure.

This was the first description of an enzymatic glucose assay in which the reagents were dried into filter paper (4).

The reagent mixture utilized glucose oxidase (GO, EC 1.1.3.4) and horseradish peroxidase (HRP, EC 1.11.1.7) in the

following two-step reaction.

(i) glucose þ O2 þ H2O ! D-glucuronic acid þ H2O2

(ii) H2O2 þ o-tolidine ! H2O þ oxidized o-tolidine

The oxygen acceptor o-tolidine produced a blue color. Yellow filter paper was used to improve the visual

reading of the results. Two years latter, Beach and Turner from the Biochemical Laboratory at the Metropolitan

Life Insurance Company published a full report on the use and preparation of Keston’s reagents for both liquid and

dried reagent paper strip format for glucose in urine (5). The authors stated that Keston had provided his reagent

formulations to them in a personal communication in March 1954, two years before Keston presented his own

report at the ACS meeting.

At the same ACS meeting in 1956 where Keston presented his paper, J.P. Comer from Eli Lilly and Co. cited

Keston and described a method for urine glucose in a dried paper strip format (6). A few months latter Comer

published a full report on the paper strips that had already been released as the commercial product TesTapew (7).

The dried paper came in a dispenser roll. A short length of the paper was torn off the roll, dipped into the urine and the

blue color read in less than a minute.

Alfred H. Free and co-workers at the Ames Company Inc. also developed a dried paper format assay for glucose

in urine based on Keston’s work. Ames in 1956 was the producer of Clinitestw, the Benedict copper reduction reagent

for urine sugars dried into a tablet format. The full description of the Ames dried paper strip method for enzymatic

glucose was submitted in December 1956 and published in the June 1957 issue of Clinical Chemistry. That paper is

presented here. In the Ames product the reagents of Keston utilizing o-tolidine were dried onto white filter paper strips

that were attached to a plastic backing. Adams, Burkhart and Free published on the specificity of the dipsticks (8).

In August 1958, a United States Patent was issued for what was sold by Ames as the Clinistixw urine dipstick (9).

Studies soon appeared which compared and validated the performance of the commercial enzymatic urine test paper

by Eli Lilly and the dipstick format by Ames (10–11).

In 1957 Joachim Kohn at Queen Mary’s Hospital in London was the first to describe the use of the enzymatic urine

glucose test strips with blood. He let fall a drop of blood from a fingertip or earlobe onto the Clinistix test strip. After

20 seconds, the blood was washed off with running tap water and the green-blue to dark-blue color was read visually

against a color chart produced by him with commercial paints (12). A comparison in 545 patient samples was

performed between the dipstick method and three alternate quantitative chemical methods. Kohn stated that the stiff

format and white background of the dipstick facilitated the use of this product in bedside use for blood glucose.

Lipscomb and co-workers in 1958 applied the Eli Lilly TesTape product to whole blood and published a similar

comparison to results by conventional methods (13).
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Over the next few years dried reagents in filter paper format were described for other assays in blood or serum.

S.S. Kind in 1958 reported on a colorimetric dipstick for acid phosphatase (ACP, EC 3.1.3.2) in semen samples for

forensic applications (14). The reagents consisted of alpha-naphthyl phosphate and diazo-o-dianisidine. The papers

were stable for up to 1 year at room temperature when stored in an opaque glass bottle. The General Diagnostics

Division of Warner-Chilcott in the early 1960s introduced an enzymatic dipstick for serum urea nitrogen. Capillary

action caused serum to rise up the filter paper strip through a layer of dried urease. A plastic barrier prevented further

rise of the liquid phase, however, the ammonia gas produced by the action of urease on urea continued past the semi-

permeable plastic barrier into a dried bromocresol indicator dye. The indicator dye turned blue and its height provided

a direct colorimetric reading of the urea nitrogen present in the sample (15). The product was sold as the Urographw

chromatography strip.

Dry reagent dipsticks for testing blood glucose improved greatly in 1964 when the group at Ames developed an

enzymatic glucose assay specifically for use with blood and sold it as Dextrostixw (16). In these strips a clear semi-

permeable barrier was attached over the filter paper that contained the dried GO–HRP–chromogen reaction

mixture. Plasma in the drop of blood diffused into the reaction mixture and the color developed. Red cells and other

cells remained on top of the barrier layer. This allowed cells to be easily washed off. This innovation prevented

blood interference with the visual readings and opened up the possibility for an instrument-based reader.

Ames introduced the first hand-held battery operated reflectance meter called the Ames Reflectance Meter (ARMe)

in 1970 (17). A smaller unit was soon introduced called the Eyetonew. By the mid 1980s various companies offered

up to 10 different enzymatic dipsticks for blood glucose testing along with 18 different models of reflectance

meters (18).

Dry reagent chemistry systems based on filter paper elements for a wide range of analytes in blood or serum were

commercialized over the next 10 years. Eastman Kodak Co. developed the multilayer Ektachemw systems (19,20);

Ames produced a reflectance meter for blood assays in dipsticks called the Seralyzerw (21); Fuji Photo Film Co., Ltd.

produced the Fuji Drichemw system and Boehringer Mannheim GmbH the Reflotronw system (22).
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COMMENTARY TO

T
he development of the pCO2 electrode has been well documented in numerous articles and book

chapters (1–8). John W. Severinghaus who is credited with the development of the first practical pCO2

electrode for blood levels has written the most complete historical reviews. Severinghaus perfected the

pCO2 electrode but Gesell, McGinty and Bean at the University of Michigan in 1926 described the first

CO2 electrode (9). These researchers covered a manganese dioxide pH electrode with a piece of wet peritoneal

membrane from a dog. Diffusion of CO2 across the membrane from expired air changed the measured pH at the

electrode surface. Richard Stow and Barbara Randall in 1954 at an American Physiological Society Meeting

described a pCO2 electrode in which they covered a pH electrode with a rubber finger cot (10,11). A thin film of water

was trapped between the semi-permeable rubber membrane and the pH electrode. CO2 gas in a blood sample diffused

across the semi-permeable rubber membrane and lowered the pH of the water at the electrode surface. The electrode

proved to be unstable and Stow chose to not apply for a patent.

Severinghaus was present at the meeting in 1954 where Stow and Randall first presented their blood gas

electrode. He listened to their paper and conceived of the idea of replacing the water between the rubber membrane

and the pH electrode with a bicarbonate buffer. He discussed this idea with Stow at the meeting. Within a week

Sveringhaus in his lab at the National Institutes of Health in Bethesda, Maryland had constructed the modified

electrode. He replaced the water with a thin film of bicarbonate buffer between the membrane and the glass bulb of a

Beckman pH electrode. The electrode was stable and provided a linear response as a function of the log pCO2 from

5 to 700 mm of mercury (2).

Severinghaus’ first report in 1958 on the new blood gas electrode for carbon dioxide tension is presented here.

As early as 1957 Severinghaus and Bradley had a pH, oxygen and CO2 electrode packaged into a single Plexiglas,

temperature-controlled water bath. Their first complete blood gas analyzer is now housed at the Smithsonian Museum

in Washington, D.C. (7). Numerous researchers including Severinghaus reported on the performance of this electrode

(12–14). In December 1958 Yellow Springs Instrument Company in Ohio produced the first commercial blood gas

analyzer which incorporated a Clark O2 electrode and the Stow–Sveringhaus pCO2 electrode. In 1960 Instrumen-

tation Laboratory, Inc. introduced a blood gas instrument that measured pH, pCO2 and pO2 in a single sample of

blood (15).
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E
isenman, Rudin and Casby in 1957 described the chemical formula for the composition of cation sensitive

glass that was selective for sodium or for other ions such as potassium with a change in the formulation

(1). With one of the formulas of glass they constructed an ion selective electrode (ISE) for measuring

sodium in aqueous solutions in the presence of potassium and other ions. Sydney M. Friedman and

co-workers at the University of British Columbia obtained glass samples from Eisenman and constructed their own

sodium electrode. The glass was blown into a cannula with a 0.5 £ 2.0 cm2 bulb that formed a flow through electrode

(2). The electrode was used to measure Naþ levels in-line in rabbit femoral arteries. They obtained potassium selective

glass from Eisenman and built a two-electrode flow through system for Naþ and Kþ(3). The electrode was also used to

measure Naþ levels in-line in dog femoral arteries and to follow the effects of sodium ions on smooth muscle tone (4).

J. A. M. Hinke in the laboratory at the Marine Biological Association in Plymouth, England obtained some of the

Eisenman glass from Friedman and constructed electrodes with 70–90 mm tips and inserted them lengthwise into the

giant axon of squids and measured intracellular sodium and potassium (5).

In the paper presented here, Friedman and Nakashima describe the performance of a static ISE for measurement

of Naþ in human blood. They constructed a 12-sample rotating valve that introduced 200 mL of blood sample into

the electrode. Recovery, precision and correlation with flame photometry data are presented. Detailed construction

diagrams and a parts list for sodium and potassium electrodes along with the description of the required electronic

hardware were published by Friedman in 1962 (6). Circuit diagrams were published for construction of a computer

interface that could monitor two electrodes in tandem (7). It was used to compare Naþ and Kþ levels in blood by ISE

to flame photometry in 1963 (8).

Commercial production of both sodium and potassium electrodes began as early as 1962. In 1981 the College of

American Pathologists (CAP) proficiency survey report indicated that 29% of all participants used an ISE for sodium

(9). In 1996 the percentage of labs using ISE’s for sodium and potassium among 6 000 labs had risen to 99% (10).
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COMMENTARY TO

T
he centrifugal analyzer was the first clinical chemistry analyzer designed for use with a microcomputer.

The inventor, Norman G. Anderson sketched out the original concept for the centrifugal analyzer on

the empty space in a full-page newspaper advertisement during a dinner in 1968 (1). A year latter a

prototype had been built and tested. His first full report on the instrument was published in Analytical

Biochemistry and that paper is presented here.

The design concept for the centrifugal analyzer was elegant and simple. Centrifugal forces moved reagents and

samples into optical cuvetts positioned around the periphery of a spinning disk. Channels and risers along the linear

axis or spokes of the spinning disk kept sample and reagents separated until angular momentum drove them to the

periphery into the cuvette. Absorbance changes were monitored with a light source and photomultiplier arranged

above and below the spinning disk of cuvettes. Reactions were monitored in real time on the fly and displayed on an

oscilloscope. An attached microcomputer processed the stream of optical data. Anderson worked for the Oak Ridge

national laboratory and the first centrifugal analyzer was called the GeMSAEC. This acronym stood for the sponsoring

organizations, the National Institute of General Medical Sciences and the Atomic Energy Commission. Anderson

published thorough reviews on the basic principals of centrifugal analyzers along with construction details (2–4).

Rotors with up to 42 cuvettes were described (5). In one design iteration, the GeMSAEC analyzer spun a 17-place

rotor at 600 rpm past a single beam photometer. Up to 10 200 absorbance readings per minute were fed into a Digital

Equipment Corp. (DEC) PD8/I computer with 8k of fast memory and a magnetic tape back-up (6).

It is interesting that in the Note section to his 1969 paper presented here, Anderson reported that three different

companies already offered prototype versions of the centrifugal analyzer. Two factors may have contributed to this

rapid commercialization of a new technology. First, centrifugal analyzers with their high throughput seemed a viable

alternative to continuous flow analysis, a technology that dominated clinical chemistry in the 1960s. A centrifugal

analyzer, for example, with a 30-place rotor could run kinetic alkaline picrate creatinine assays at the rate of 30

samples in 80 seconds (7). Secondly, the technology was developed at Federal government research centers and was

unencumbered by restrictive licensing issues.

The first commercial centrifugal analyzer was introduced in 1970 by Electro-Nucleonics, Inc. (ENI). It was called

the GEMSAECw. To avoid confusion with their original analyzer the Anderson group at Oak Ridge re-named their

GeMSAEC analyzer the Oak Ridge National Laboratory or ORNL Centrifugal Fast Analyzer. By 1972 the Oak Ridge

group had miniaturized their instrument (8). In 1974 they described a portable centrifugal analyzer that ran off

batteries with an 8-position rotor housed in a case that measured 10 £ 10 £ 10 cm (3.9 £ 3.9 £ 3.9 in.) (9).

Centrifugal analyzers performed both end point and kinetic assays. Kinetic enzymatic glucose assays with glucose

oxidase required only 15 mL of serum and were completed in 70 seconds (10). They were widely used for the analysis

of serum enzyme activities by kinetic analysis (11–12). Improvements in design and capability occurred throughout

the 1970s. Tiffany et al. designed a fluorescence module for the centrifugal analyzer in 1973 (13–14). The enzyme

multiplied immunoassay technique (EMITw) was adapted to the centrifugal analyzer (15). Immunoassays were

performed with kinetic light scattering nephelometric techniques in 30–200 seconds (16–17). Price and Spencer in

1980 edited a full textbook on centrifugal analyzers (18). By 1981 five different companies produced centrifugal

analyzers; Union Carbide (CentrifiChemw); Electro-Nucleonics, Inc. (GEMSAECw and GEMINIw); American

Instruments (Rotochemw); Instrumentation Laboratories, Inc. (Multistatw). and Roche (Cobas-Bio) (19).
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COMMENTARY TO

T
he first solid phase immunoassay was described by Catt in 1967 for use in radioimmunoassay (RIA)

(1,2). He coated antibody onto polypropylene or polystyrene test tubes followed by incubation with

radio labeled tracer and patient serum. At the end of the incubation the tubes were washed and the bound

tracer on the walls of the test tubes was counted. In another version, 12.7 mm (0.5 in.) discs punched

from poly tetrafluoethylene (PTFE) plastic sheets were coated with antibody and used as the solid phase. Eva Engvall

and co-workers in 1974 extended this format for use with the enzyme-linked immunosorbent assay (ELISA). She

coated the antibody or antigen onto the walls of micro titer wells instead of plastic test tubes (3).

Aalberse in 1973 may have been the first to describe a solid phase immunoassay on a porous membrane (4). The

assay was a sandwich immunoassay for human IgG. Five-millimeter diameter discs were punched from sheets of

Whatman Number 20 cellulose filter paper. The paper discs were activated through a cyanogen bromide reaction

followed by covalent coupling of an anti-human sheep IgG antibody to the paper. The same antibody was also

conjugated with fluorescein isothiocyanate (FITC). Serum and FITC labeled antibody were incubated with the

antibody coated paper discs in test tubes. At the end of the incubation the discs were washed, the bound FITC labeled

antibody eluted with alkali and the eluate read in a fluorometer.

Christina Glad and Anders Grubb in a proceedings abstract in 1977 described a generic immunoassay performed

entirely in a membrane format (5). A full report on this method was published in Analytical Biochemistry the next year

and that paper is presented here. In this 1978 paper the authors coated anti-human transferrin antibody onto polyvinyl

chloride (PVC) plastic sheets impregnated with a silica gel filler. After drying, the sheets were cut into 8 mm wide by

70 mm long strips. In the assay, an antibody-coated strip was mounted vertically in a small beaker containing a buffer

dilution of human serum. Capillary forces pulled the serum up the length of the plastic sheet. When the liquid reached

the top of the sheet it was rinsed under tap water and then incubated with a second anti-transferrin antibody conjugated

with FITC. Following a second washing the sheets were held under an ultraviolet lamp and the height of the second

fluorescent antibody bound to the strip was read visually. The height of the fluorescent-labeled second transferrin

antibody on the strip was an inverse measure of the transferrin in the patient’s serum.

In the Discussion section to this paper the authors propose other possible labels for the second antibody in this non-

instrument based immunoassay. Among the possible labels mentioned were enzymes and colored latex particles. In

1981 Glad and Grub followed up on their original report. They developed a similar assay for human serum C-reactive

protein (CRP) but with two major improvements. First, they used antibody coated cellulose acetate strips as the solid

support and in addition, the second antibody was labeled with horse-radish peroxidase (HRP, EC 1.11.1.7) (6).

In 1985 a group of workers at Syva and Syntex, where the enzyme-multiplied immunoassay technique (EMITw)

was invented, described a modification of the Glad and Grubb assay for the measurement of drug levels in serum or

whole blood. Whatman chromatography paper strips were coated with anti-theophylline antibody. Serum or a whole

blood sample along with an HRP-theophylline conjugate migrated up the strip of paper through capillary action. The

height of the bound conjugate after color development was inversely related to the concentration of theophylline in the

sample (7). This capillary immunochromatograhy format was expanded to include other therapeutic drugs and was

sold by Syva as the AccuLevele device (8).

Progress in the development of rapid membrane based immunoassays that did not require an instrument progressed

rapidly through out the late 1970s and 80s. The most important changes that occurred were that the capture antibody

was coated as a line and a variety of different visual labels were used. Hsu replaced enzymes as labels with red

colloidal gold nanospheres (9). Colored latex beads were described as the label in numerous patents for solid phase

immunoassays issued in the 1980s. The Campbell, Wagner and O’Connell United States patent issued in 1987 that

used 0.5 mm colored latex particles and a nitrocellulose support is an example (10).

Birnbaum et al. in 1992 described a latex-based immunoafinity chromatography assay for human chorionic

gonadotropin (HCG) that was typical of the formats at the time (11). The assay used a monoclonal antibody pair. The

first antibody was applied as a 0.5 mm line on a 40 £ 5 mm strip of Nylon membrane. The second antibody was

conjugated to 0.3 mm blue latex beads. Urine sample and antibody-latex bead conjugate were mixed and allowed to

migrate up the strip. When HCG was present in the sample it formed a sandwich on the 0.5 mm line and turned the line

blue. This technology eventually evolved into today’s widely used lateral flow membrane assays.
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COMMENTARY TO

I
n 1975 E.M. Southern at the University of Edinburgh developed a method for the transfer of DNA from an

agarose electrophoresis gel onto nitrocellulose membranes (1). Researchers soon began to call his transfer

method Southern blotting (2). In 1977 Alwine, Kemp and Stark described an alternate technique for the transfer

of RNA from agarose gels onto diazobenzyloxymethyl activated cellulose paper (3). This RNA transfer tech-

nique was called Northern blotting and an inside joke in the molecular biology community was begun. Towbin,

Staehelin and Gordon in the 1979 paper presented here extended the transfer technique to the blotting of proteins from

denaturing electrophoresis gels. Burnette in Seattle, Washington named the transfer of proteins, Western blotting and

stated,

With due respect to Southern, the established tradition of “geographic” naming of transfer techniques

(“Southern,” “Northern”) is continued; the method described in this manuscript is referred to as “Western”

blotting (4).

A year latter Reinhart and Malamud at the University of Pennsylvania described the transfer of proteins from native

isoelectric focusing gels and wrote,

While geographic and historical considerations suggested the use of Eastern blot for this technique, we

have opted for the more descriptive name native blot (5).

Peferoen, Huybrechts and DeLoof in Leuven, Belgium modified Reinhart and Malamud’s technique for native

protein transfer and stated that, “Being Europeans, we find it hard to describe this method as Eastern blotting.

Therefore we suggest to refer it as vacuum-blotting (6).”

The 1979 paper presented here by Towbin, Staehelin and Gordon for the transfer of proteins from electrophoresis

gels, now called Western blotting, is number 7 among the top 50 papers in number of citations in the entire life

sciences published in the last 40 years (7). This may be due to the fact that it is the most widely used of all the methods

for protein transfer and not because it was the first report.

In 1946, Consden, Goron and Martin blotted amino acids and peptides onto filter paper sheets from silicate gels

after electrophoresis (8). Estborn in 1959 blotted the isoenzymes of alkaline phosphatase (ALP EC 3.1.3.1) or acid

phosphatase (ACP EC 3.1.3.2) onto cellulose filter paper after starch gel electrophoresis (9). Cellulose acetate

membranes were used by Agostoni and co-workers in 1967 to blot proteins from Sephadex thin layer gels (10). Kohn

in 1968 also blotted proteins from Sephadex thin layer chromatography gels onto cellulose acetate sheets and then ran

immunoprecipitation reactions on the blotted proteins (11).

Renart and co-workers published a protein transfer method three months before the method of Towbin presented

here (12). Their procedure required chemical modification of both the paper and the proteins in the gel before

blotting. The transfer was through capillary action and took 24 hr. A similar method was published by Erlich and co-

workers also in 1979 (13). Houvet and Clerc in 1979, blotted proteins onto filter paper after starch gel

electrophoresis (14). Towbin’s blot technique differed from these methods in that it used an electric field to drive

proteins from the gel into unmodified nitrocellulose. The transfer was complete in less than 1 hr. Reinhart and

Malmud (5) blotted non-denatured proteins onto unmodified nitrocellulose through capillary action without the use

of an electric field. Peferoen and co-workers used vacuum to pull proteins from gels into unmodified nitrocellulose

(6). Proteins blotted onto membranes were free of the gel matrix and easily probed with antibodies. An in situ

sandwich enzyme linked immunosorbant assay (ELISA) could be performed on the transferred protein band.

Western blotting followed by immunoassay of the transferred proteins found widespread use in clinical laboratory

science especially in the areas of infectious diseases and autoimmunity (15). Western blotting soon became the

confirmatory method for human immunodeficiency virus (HIV) antibody detection (16).

In 1982 a number of papers were published in which antigens or antibodies were spotted directly onto

nitrocellulose membranes without the use of prior separation by electrophoresis. Immunoassay of the antigen or
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antibodies spotted on the membranes followed from the procedures developed in the original Towbin, Staehelin and

Gordon 1979 paper. These assays in spot format on membranes came to be known as dot-immunobinding assays or

dot-blots (17–19). Dot-blots offered all the technical features of conventional microwell ELISAs but with decreased

reagent and sample volumes along with increased numbers of samples per assay. Spot applications of antigen or

antibody were typically under 1 mL and the number of assay spots in a single 8 £ 10 cm2 membrane could be in the

hundreds. Huang and co-workers, for example, described a sandwich immunoassay for 24 different cytokines in

human serum (20). Up to 504 spots of capture antibody were formed in a 6 £ 8 cm2 area of membrane. The intensity

of the dots in an entire membrane could be imaged and processed with charge coupled device (CCD) cameras using

either fluorescence or chemiluminesence.

Rapid diagnostics were also developed in the dot-blot format in the 1980’s. Hybritech Inc. produced the first of

these devices with their ImmunoConcentratione (ICONe) assay for human choriogonadotropin (HCG) (21). One of

two monoclonal antibodies to HCG was bound as a dot on a white membrane. The second antibody with an enzyme

label and the patient sample were poured onto the membrane. Absorbent wicks below the membrane pulled sample

and conjugate through the membrane. After washing and color development, the sandwich ELISA spot was read with

a reflectance meter.
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COMMENTARY TO

T
he paper presented here by Jorgenson and Lukacs is the first full description of electrophoresis in a buffer

filled glass capillary with an inside diameter (id) of less than 100 mm. Hjerten in 1970 used 3 mm id

quartz capillaries (1) and Mikkers and co-workers in 1979 described electrophoretic separations in a

Teflone capillary with an id of 200 mm (2). Jorgenson and Lukacs in this paper established the

operational parameters for separations in small diameter open-tube capillaries. This form of electrophoresis came to

be called capillary electrophoresis (CE). They demonstrated rapid separations of fluorescent-labeled amino acids and

dipeptides in 75-mm id £ 100 cm long glass capillaries. A similar report by these authors appeared in the journal

Clinical Chemistry also in 1981 (3). Two years latter, Jorgenson and Lukacs separated human serum proteins by CE

(4). The inner surface of the 75-mm id £ 50 cm long fused silica capillary was coated with glycol-containing groups to

reduce protein sticking. Separated proteins were recorded directly with an optical detector set at 230 nm and focused

on a segment of the capillary that had been striped of its outer opaque coating.

Less than 17 years after this publication by Jorgenson and Lukacs over 6 000 articles and 30 books had been

published on CE (10). Applications in clinical chemistry have been thoroughly reviewed in numerous publications

(5–11). Chen and co-workers at Beckman Instruments in 1991 described 8-minute serum protein separations and 10-

minute hemoglobin variant analysis in 75-mm id £ 25 cm fused silica capillaries (12). An assay for hemoglobin A1c

was described that took less than 4 minutes and the results were compared to high performance liquid chromatography

(HPLC) (13). The first commercial CE systems appeared in the late 1980s from Microphoretics, Applied Biosystems

and Beckman Instruments. In 2000, workers at Molecular Dynamics reviewed the literature on a wide range of

applications for CE in microfabricated devices or chip platforms (14). Up to 12 or more capillary channels less than

20 mm in depth in a chip 102 £ 102 mm was described along with the potential clinical applications.
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COMMENTARY TO

E
dward R. Tufte in his book The Visual Display of Quantitative Information wrote that, “Graphical

excellence is that which gives to the viewer the greatest number of ideas in the shortest time with the least

ink in the smallest space” (1). Walter A. Shewhart accomplished this when he designed the control chart in

1924. In 1931 he published a book on the use of his control charts in process quality control (2). Shewhart

worked for Bell Laboratories in manufacturing quality control. His charts presented in a single graph the limits of

acceptability and the performance over time of any selected observation made during the manufacturing process.

Stanley Levey and Elmer R. Jennings introduced the Shewhart or control chart into clinical laboratories for the first

time in 1950. Their paper in the American Journal of Clinical Pathology is presented here. For many years, because of

this paper, the Shewhart control chart was called the Levey–Jennings chart. Archibald in 1950 claimed that daily

reference samples run with every batch of unknowns was a requirement in any laboratory quality control program (3).

The Shewhart control chart was ideally suited to the graphical presentation of the results of these reference samples

(pool serums) run every day in a clinical laboratory. Henry and Segalove in 1952 described the use of three different

control charts for use in plotting daily quality control results one of which was the Shewhart chart (4). Freier and

Rausch in 1958 utilized a pooled serum with every batch of unknowns. They established three standard deviations as a

measure of precision and plotted the daily results on a Shewhart control chart (5). Richard J. Henry in 1959 credited

the introduction of the control chart into clinical chemistry to Levey and Jennings and detailed the use of these charts

in daily quality control monitoring (6).

Many modifications of the control chart were described over the years. Westgard and co-workers, for example

introduced the decision limit cumulative sum quality-control chart in 1977 (7). In 1983 the Shewhart multi-rule chart

was published as a selected method in clinical chemistry (8).
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COMMENTARY TO

T
he effects of analytical and pre-analytical variables on the accuracy of test methods have been described

in individual reports throughout the clinical chemistry literature. J. B. Ogden for example, in his book

“Clinical Examination of the Urine and Urinary Diagnosis” published in 1900 cited morphine adminis-

tration as a possible cause of an abnormal urine albumin test (1). Wendell Caraway 62 years latter was

the first to review and pull together in one publication a wide range of analytical variables reported to interfere with

laboratory procedures. Caraway’s influential paper published in 1962 is presented here. An editorial in the journal

Clinical Chemistry only nine years after its publication referred to his paper as a “classic” (2).

Caraway organized the factors effecting test accuracy into various categories including hemolysis, lipemia, and

medications. In each category he cited specific articles in the literature that documented the effects. Wirth and

Thompson three years latter compiled into tables of all of Caraway’s literature citations along with added

publications. They listed 86 different laboratory tests alphabetically followed by the condition or drug and their effects

on the test (3). Cross and co-workers compiled a similar list for a number of urinary steroids and thyroid function tests

(4). In 1968 Elking and Kabat, two pharmacy scientists, suggested that clinical pharmacists and clinical chemists

should work together to ensure the better development of a database for monitoring drug effects on laboratory tests.

They took Caraway’s original data that Cross and co-workers had put into table form and prepared a drug list intended

for ready reference by pharmacists (5). Lubran cited Caraway and prepared a list of tests organized by drug or drug

class (6). Sunderman (7), a clinical pathologist and Christian (8), a clinical pharmacist each published tables of drug

effects on laboratory tests in 1970. In 1972, Caraway updated his original list into an alphabetical tabulation of 44

different laboratory methods and the effects of analytical variables (9).

Donald S. Young and co-workers at the National Institutes of Health in Bethesda, Maryland in 1972 published the

first computer based data file on drug effects called CLAUDE (computer list of anticipated and unintended

drug effects). The database contained 9 000 entries on drug effects. The complete list was published as a special

issue in the journal Clinical Chemistry in 1972 (10). In 1975, the list was expanded and again published as a special

issue in Clinical Chemistry (11). The popularity and utility of Young’s compilation produced three books by him and

his co-workers. One covers the effects of pre-analytical variables (12), another is a two volume set on the effects of

disease on laboratory tests (13) and finally, a two volume set on the effects of drugs. This latter book is in its fifth

edition (14).
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COMMENTARY TO

T
olbutamide (Orinasew) was the first successful oral hypoglycemic agent introduced into clinical practice

in the 1950s (1). Tolbutamide, a sulfonylurea derivative, stimulates the beta cells in the pancreas to

produce insulin. Unger and Madison in 1958 developed a tolbutamide challenge test to screen for

diabetes (2). Patients with a glucose level of 80–84% of fasting levels after injection of a standard dose

of tolbutamide were claimed to have a 50% probability of having diabetes (3). Thomas J. Vecchio and co-workers at

Upjohn pharmaceutical, the manufacturer of tolbutamide, compared the tolbutamide test to the standard oral glucose

tolerance test in 102 controls and 40 diabetics (4,5). The results were less than exciting. There was some crossover

between the patients classified as diabetic by the glucose tolerance test and those termed diabetic by the new

tolbutamide challenge test. Today, this challenge test is considered to have no value in the detection of diabetes (6).

These papers on tolbutaminde by Vecchio and co-workers and many others published during this period are of

minor historical note. They demonstrate however how limited the statistical analysis of new tests were at the time.

Vecchio in 1966 introduced the concept of the predictive value calculation and provided a statistical tool that

accurately assessed the efficacy of a laboratory test. His 1966 paper presented here provided for the first time a single

value on a % scale that directly stated the probability that a laboratory test would correctly predict a disease condition.

Vecchio first provides standard definitions for the sensitivity and specificity of a laboratory test. Sensitivity is the

ability of a test to detect the disease. Specificity is the ability of a test to give a negative result in a patient who does not

have the disease. The predictive value takes these analyses a step further. It calculates the probability that a positive or

negative test result is correct. The positive predicative value of a test is obtained from,

total positive test results

true positive results þ false positive results
100

The first application of Vecchio’s predictive value model to published clinical laboratory data may have been by

Robert S. Galen in 1974. In that same year a paper appeared in the literature that claimed that the presence of serum

antibodies to either cow’s milk protein or egg whites was a strong indicator of increased mortality following

myocardial infarction (7). From the published data in the paper on the presence of antibodies to cow milk proteins

Galen calculated the sensitivity of the test as 74.4%, the specificity as 54.0% and the predictive value as 26.6% (8).

This means that almost three-fourths of all results will be false positives. Galen then applied the statistic to the results

reported in another paper on a screening method for hepatocellular carcinoma using the alpha-fetoprotein test. He

calculated a predictive value of 70% for this test which indicated a 30% false positive rate (9). In 1975 Galen, Reiffel

and Gambino examined the efficiency of four cardiac marker enzymes and two isoenzyme markers in the diagnosis of

acute myocardial infarction (10). In 100 patients studied only two indicators had a predictive value for myocardial

infarction that was above 60%. The presence of an elevated CK-MB (Creatine kinase, EC 2.7.3.2) level or the

presence of CK-MB on electrophoresis with a flipped LDH isoenzyme (Lactate dehydrogenase, EC 1.1.1.27) pattern

both had a predictive value of 100%.

Galen and Gambino in 1975 published a book on the predictive value method (11). They applied the calculations to

the data in numerous published articles and helped establish this parameter as one of the most important measures of a

test’s efficacy.
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COMMENTARY TO

I
n 1944 E. J. King and co-workers determined that the standard used by most laboratories in the United

Kingdom for the determination of blood hemoglobin had an assigned value that was about 7% too low (1).

This, they claimed, finally explained why the normal reference range for hemoglobin in England was lower

compared to that in the United States (US) or Germany. In the US in 1947 Belk and Sunderman reported on the

results of a proficiency survey for seven different analytes (2). The results were disturbing. For the 3.15 mmol/L

(12.6 mg/dL) calcium sample for example, the range of results reported back from the 59 participating laboratories

was 1.75–7.15 mmol/L (7.0–26.6 mg/dL). The two most common reasons for this poor performance as reported

by the laboratory directors who participated in the survey were poor training and inadequate numbers of technicians.

R. J. Henry and M. Segalove in 1952 reviewed the Belk and Sunderman report and disagreed with these reasons. They

claimed incorrect standards were a major cause of the inaccurate results (3). In 1972 Pragay and co-workers collected

samples of the calcium standard used by 11 different laboratories. Each standard was assayed in a single laboratory

by atomic absorption. The range of values found was 2.38–2.88 mmol/L (9.8–11.5 mg/dL) (4). In 2004 the National

Institute of Standards and Technology (NIST) estimated that the health care costs due to inaccurate calibration of

serum calcium assays by clinical laboratories was between 60 and 199 million US dollars per year (5).

The clinical chemistry literature in the 1960s used many different and often times confusing terms to describe a

standard. These included serum standard, primary serum standard, reference serum, secondary calibrator and others.

Nathan Radin in this 1967 paper presented here clarified these terms and helped to focus the field of clinical chemistry

on the importance of standards. He defined a primary standard (a pure chemical added by weight to a defined solvent)

and a secondary standard or calibrator (a chemical added to a protein or serum base and assigned a value by assay with

a reference method). He emphasized the importance of pure chemicals and helped promote the use of Standard

Reference Materials (SRMs) from the NIST as source material for the preparation of standards and calibrators. In fact

in 1963 Radin and Gramza defined for the first time the purity requirements for a pure cholesterol preparation suitable

for standardization of clinical assays (6). Schaffer, Bowers and Melville have reviewed the history of the development

and the use of SRMs in clinical chemistry (7).

Radin also defined reference samples as the serum based, stabilized materials used for quality control monitoring.

He emphasized the importance of the reference method in the standardization process of clinical chemistry methods.

In 1999 Louis Rosenfeld edited a collection of biographies and essays on the history of clinical chemistry (8). The

collection contained reprints of 79 articles, 34 of which were biographies and the remainder were articles on the

history of clinical chemistry, except for one. Radin’s original article on what is a standard was reprinted in its entirety.
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COMMENTARY TO

R
oy N. Barnett was the first to develop a uniform testing and statistical analysis protocol for the comparison

of clinical laboratory methods. The procedures he devised came from the need to evaluate the wide

variety of commercial test kits in use in clinical chemistry at the time. In 1968, the year of the publication

presented here, test kits had been in use in clinical chemistry for over 50 years. The LaMotte Chemical

Products Company catalog in 1929, for example, offered complete test kits with pre-packaged reagents for serum urea,

glucose (sugars), icterus index, bromides, calcium and chloride (1). Advertisements for complete kits for blood

sulfonamide, bromide and other analytes routinely appeared in The American Journal of Medical Technology in

1943 (2). According to the Centers for Disease Control (CDC) there were 770 different test kits on the US market

in 1970 (3). Twenty-seven of these kits were for cholesterol alone. By1975 48% of the 6 614 laboratories in the

College of American Pathology (CAP) Proficiency Survey reported using a test kit for one or more of the reported

results (4). The regulation and review of test kits however by the Food and Drug Administration (FDA) did not

become law until late 1974 (5). In 1974 the total sales of clinical laboratory test kits in the US was $370 million and

by 1978, the figure had increased to $955 million per year (6).

Barnett’s first report on test kit performance was in 1963. He compared a newly released commercial

hemaglutination inhibition antibody based pregnancy test kit with the standard male toad bioassay (7). Of the 111

patient urines tested by both methods, 16% gave a false positive with the test kit compared to 5% with the bioassay.

The next year Barnett and co-workers compared serum cholesterol levels between a cholesterol test kit and results

with the Abell–Kendall ether extraction method (8). The test kit results for paired samples varied from the Abell–

Kendall method by as much as 3.70 mmol/L (143 mg/dL) higher to 1.79 mmol/L (69 mg/dL) lower (9). In 1968 the

work on cholesterol was expanded to include the results with 12 different cholesterol kits. That report was published as

a Special Article in The New England Journal of Medicine and it is presented here. Only two kits out of the 12 met the

criteria used to assess test kit performance. Barnett and co-workers in the following years published additional reports

on the performance of a wide range of different test kits. These included test kits for glucose (10); calcium (11);

salicylates (12) and aspartate aminotransferase (EC 2.6.1.1) (13).

The method comparison scheme developed by Barnett was published as a complete paper in 1965 (14). This was

the method used in the paper on cholesterol kits presented here. Barnett and Youdon expanded on the protocol in 1970

(15). In 1971, Barnett published a book on laboratory statistics that included the full protocol for test kit evaluation

(16). Definitions and procedures were presented for the determination of precision; accuracy; selection of a reference

method; recovery; and comparison of results with patient samples.

Barnett’s work in the area of test kit comparisons helped promote interest in the field of quality laboratory

assurance. In 1966, the American Association of Clinical Chemists (AACC) drafted a policy on test kits (17).

Westgard (18) and Logan (19) separately produced a large body of literature that expanded on the use of

method comparisons, statistical analysis and protocols. In 1979 the International Federation of Clinical

Chemistry (IFCC) produced provisional guidelines for the evaluation of clinical chemistry kits (20). The Clinical

and Laboratory Standards Institute (formerly The National Committee on Clinical Laboratory Standards,

NCCLS) was founded in 1968. Many of their consensus guidelines were intended for use in method comparison

studies (21).

Test kits and method comparison studies remain an integral part of clinical chemistry. Demacker et al. in 1983 (22)

compared the accuracy of 20 different cholesterol test kits in a report reminiscent of what Barnett and co-workers

began in 1964 (9). The January 2005 issue of the journal Clinical Chemistry contained twenty-four papers in the

“Articles” section. Nineteen of the twenty-four papers used one or more commercial proprietary test kits to generate

the bulk of the data presented in the published report (23).
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COMMENTARY TO

J
ames Herrick in 1910 was the first to describe the peculiar shape of red cells in a patient suffering from a diverse

set of symptoms including anemia (1). The patient was a 20-year old male from Granada who had come to

Chicago to attend dental school. Herrick was unable to make a diagnosis but described the appearance of this

patient’s red cells under a microscope. He wrote, “…what especially attracted attention was the large number of

thin, elongated, sickle-shaped and crescent-shaped forms” (1). He included four photomicrographs in his paper. Over

the years, additional reports appeared in the literature confirming Herrick’s findings in patients with anemia, all of

whom were of African descent (2).

The term, sickle cell anemia to describe a disease condition was first used by Mason in 1922 (3). He described the

sickle shape of the red cells in three African–American patients and proposed, based on case histories that the disease

was hereditary in nature. Neel in 1949 used conventional family history analysis and speculated on the genetic basis of

the disease. He claimed a homozygous inheritance for the sickle cell disease and heterozygous inheritance for the

trait (4). Four months latter Linus Pauling and co-workers in the paper presented here determined that the hemoglobin

molecule in sickle cell patients had a different electrical charge compared to normal patients. Electrophoresis

demonstrated that sickle cell hemoglobin was altered in molecular structure. The disease was heritable and therefore

the authors argued it was the genes that determined the molecular structure of proteins. It was the first time that the

term molecular disease had been used in the title of a scientific paper and this paper helped launch the era of molecular

medicine.

In 1949, the California Institute of Technology (Caltech) in Pasadena was one of the few institutions in the world that

had a Tiselius moving boundary electrophoresis instrument. In moving boundary electrophoresis the separated proteins

were detected by refractive index changes measured with schlieren optics recorded on photographic film. Swingle at

Caltech improved the optical design and reduced the size of the optical bench of the Caltech instrument to 4.9 m (16 ft)

(5). This was the instrument used by Pauling, Itano, Singer and Wells to separate the hemoglobin from sickle-cell and

normal patient’s blood. Electrophoresis demonstrated that hemoglobin from the two groups were separate proteins and

that the difference was based on charge. Sickle-cell hemoglobin possessed a higher isoelectric point compared to

normal hemoglobin. Sickle cell hemoglobin saturated with carbon monoxide moved at pH 7.0 like a positively charged

protein whereas normal hemoglobin under the same conditions moved as a negatively charged protein.

The discussion section of their paper linked the charge differences in hemoglobin to an altered amino acid sequence

in the molecule. Sickle-cell anemia had already been shown to be an inherited disease. Pauling and his co-workers

then claimed that it was the gene that controlled the structure and hence the charge of the protein. For the first time a

link was made between a protein, a gene and a specific disease. Seven years latter Ingram demonstrated that an amino

acid substitution in the hemoglobin beta chain was the molecular basis of sickle cell disease (6).

In 1997, Richard Horton, a senior editor at The Lancet wrote an article in which he listed 27 works as constituting

a core cannon in medical literature (7). The list included Hippocratic writings, Fleming’s description of penicillin,

Bernard’s first paper on a successful heart transplant and Pauling’s paper on sickle-cell hemoglobin.
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COMMENTARY TO

T
he hybridization of complimentary stands of DNA in solution was first described in the early 1960’s

(1,2). Rapid advances took place over the next few years with the development of solid phase

hybridization assays on nitrocellulose membranes (3,4). Automated synthesizers made probes of

18–100 nucleotides readily available and further stimulated the development of probe-based assays.

Nucleic acid hybridization assays for a wide variety of clinically important infectious diseases were developed in

numerous laboratories throughout the world during the early 1980’s.

Moseley et al. in 1980 reported on a method to screen for enterotoxigenic Escherichia coli in stool specimens (5).

They captured bacterial DNA on nitrocellulose membranes and used a radiolabled probe for detection. Hyypia et al.

in Finland expanded on the membrane based assay to hybridize nucleic acids in Chlamydia trachomatis strains in a

spot hybridization assay on nitrocellulose (6). In the paper presented here by Hyypia et al. a probe assay was presented

for the detection of C. trachomatis in clinical specimens. DNA was extracted from male urethral and female cervical

specimens collected onto swabs. Recombinant plasmid DNA was purified from pure colonies of the organism,

radiolabeled and used as the probe. The extracted DNA from the clinical specimens was spotted onto the membrane

filters and hybridization detected with autoradiography.

In 1985 Hyypia described a spot hybridization assay for the detection of adenovirus in nasopharyngeal specimens

(7). In addition to the standard radiolabeled probe, Hyypia used a biotin-streptavidin-alkaline phosphatase (EC 3.1.3.1)

conjugated probe. Enzyme-labeled probes had been described by Ward and co-workers in 1981 (8,9). The use of

enzyme probes as an alternative to radioactive labels helped expand hybridization assays into routine clinical use. The

first FDA cleared clinical diagnostic test however was for a radiolabeled DNA probe assay for culture confirmation of

Legionnaires disease (10). This first DNA-based test was released in 1985 by the Gen-Probe Corporation. In 1987

Gen-Probe obtained FDA clearance for the first enzyme labeled probe test. The assay was for C. trachomatis in

clinical specimens (11).
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COMMENTARY TO

N
ucleic acid microarrays evolved from the technique of transfer or blotting of DNA onto membranes

invented by Edwin Southern in 1975 (1). The transfer of DNA from electrophoresis gels to

nitrocellulose membranes became known as Southern blotting after its inventor. From this technology

various types of dot blots were developed. Kaftos and co-workers in 1979 spotted multiple targets on a

membrane support in an array format for direct hybridization (2). Roger Ekins extended fluorescent immunoassays to

microspot format on a solid support in 1989 (3). Laser-based confocal microscopy was used to detect fluorescent

signals from 50-micron antibody spots after development. Large amounts of oligonucleotides or antibodies can be

spotted onto membranes however they have limitations. One of the problems is that membranes change shape during

the drying process. This makes registration of micron-sized spots difficult, especially as the spot density increases.

In the paper presented here Maskos and Southern describe a chemistry for the attachment of oligonucleotides to

glass slides or beads. The desired oligonucleotides were synthesized directly on the slides. The authors used this

technology to present the first application of a solid phase glass support for a DNA array. They studied the globin

chain gene mutations in sickle cell hemoglobin in two latter papers (4,5). In 1995, Patrick O. Brown’s laboratory at

Stanford University reported on the development of a gene array on a solid glass slide (6).

In 2001 Southern wrote a chapter on the history of DNA microarrays in a book titled DNA Arrays. Methods and

Protocols (7). His opening paragraph is an ideal end to this commentary on his paper presented here and in fact, could

serve as an end, with slight modification, to this collection of landmark papers,

It may seem premature to be writing a history of DNA microarrays because this technology is relatively

new and clearly has more of a future than a past. However readers could benefit from learning something

about the technical basis of DNA microarrays, and younger readers may be curious to known something

of the origins and antecedents of this new technology.
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