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1
Introduction to Nanoreactor Technology
Yen-Chi Chen, Qiang Wang, Agnes Ostafin

1.1 What is a Nanoreactor? 

A nanoreactor is a nanosized con tainer for chem i cal reac tions. Unlike bench -
top reac tors or microreactors, the reac tion space inside a nanoreactor strongly 
influ ences the move ment and inter ac tions among the mol e cules inside. As a
result, the nanoreactor is not sim ply a hold ing ves sel, but is a crit i cal part of
the chem i cal pro cess. While nanoreactors are a rel a tively new mate rial in sci -
ence and engi neer ing, many nat u ral pro cesses uti lize nanoreactors. Some
exam ples of these include cel lu lar organelles and a vari ety of other orga nized
biological microphases whose clearly dis tin guish able struc tures sup port a cas -
cade of com plex bio chem i cal reac tions. These places include the nucleus,
mito chon dria, Golgi appa ra tus, lysosomes, mitotic bun dle, and the pores of
chan nel pro teins. There, the local con cen tra tions and arrange ments of mol e -
cules and ions are nonrandom, and this has pro found con se quences on
chem i cal and photochemical processes that may take place inside.

The kinet ics and mech a nisms of chem i cal reac tions in small-scale
restricted geom e tries has been stud ied in micelles and ves i cles [1],
microfluidic devices [2], poly mer and zeo lite pore struc tures [3], and cells
[4]. Con sid er ing an ensem ble of nanoreactors, the reac tion kinet ics found in
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restricted geom e tries are dif fer ent com pared with the same reac tions in bulk
sol vent, and they are hard to pre dict. First of all, for spaces con tain ing a dis -
crete num ber of mol e cules, the con tin uum approx i ma tion is no lon ger
appro pri ate for describ ing the sys tem. Rel a tively large fluc tu a tions in the
num ber of reagents per nanoreactor lead to very dif fer ent kinet ics and some -
times even reac tion mech a nisms among nanoreactors. One con se quence of
this is that the aver age behav ior of the ensem ble is not the same as would be
the case for solu tion mea sure ments. Sec ond, the very large wall-area-to-vol -
ume ratio (the wall fac ing the inte rior of the nanoreactor) means that the fre -
quency and type of inter ac tions between mol e cules enclosed in the space may 
be influ enced by the prop er ties of the wall and reac tant-wall inter ac tions.
These influ ences may result in molec u lar align ments, changes in molec u lar
rota tional dynam ics (slows down or speeds up), and alteration in the
mechanisms and rates of molecular relaxation. 

Because the nanoreactor con tains a finite num ber of mol e cules, the net
yield of reac tion may also be dif fer ent from what is expected in the solu tion.
Instead of the deter min is tic mean rate which is deter mined by the aver age
fre quency of the col li sions in a sys tem with large num bers of mol e cules, reac -
tions of mol e cules dis trib uted through out an ensem ble of nanoreactors are a
prob a bil ity phe nom e non. Sto chas tic approaches have to be used to model
the sta tis ti cal fluc tu a tions of the reac tions between mol e cules [17]. For
instance, the observed reac tion kinet ics of the sys tem is an aver age of the
kinet ics of all the small sys tems that inde pend ently con trib ute to the over all
kinet ics. Each may have a dif fer ent ensem ble of fac tors that influ ence the
reac tion kinet ics and mech a nisms. This reac tion rate is called the sto chas tic
mean rate. 

For a first-order reac tion (A → B), the deter min is tic mean rate and the
sto chas tic mean rate are the same. How ever, for a sec ond-order reac tion (A +
A → B), the deter min is tic reac tion kinet ics are described by: 

[ ]
[ ] [ ]
A t

A A kt

( )

0 0

1

1
=

+
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Assum ing the reac tant mol e cules in the small sys tems fol low the Pois -
son dis tri bu tion, the sto chas tic mean rate is [18, 19]:
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and where N 0  is the aver age num ber of reac tant mol e cules in small sys tem at
ini tial time, N t( ) is the aver age reac tant mol e cules left after time t, and k is
the reac tion con stant. 

The dif fer ence between deter min is tic and sto chas tic reac tion kinet ics
for a sec ond-order reac tion is more appar ent for small aver age num ber of
mol e cules. In deter min is tic reac tion kinet ics, all the reac tants in an irre vers -
ible sec ond-order reac tion after infi nite reac tion time will be even tu ally con -
sumed. How ever, in sto chas tic reac tions, since mol e cules react in a pairwise
fash ion, half of the sys tems that con tain an odd num ber of mol e cules will
have one mol e cule left after com ple tion of the reac tion. To illus trate quan ti -
ta tively, in an ensem ble of nanoreactors filled with 7 mol e cules on aver age,
up to 7% of the mol e cules will remain, and for one con tain ing 3 mol e cules
on aver age, up to 17% of the molecules will remain. 

If the sur face-to-vol ume ratio is very large, it means sur face effects on
the reac tion kinetics can not be neglected. If the con cen tra tion of reac tants is
high inside a nanoreactor, then the reac tion rate can be increased since their
mean free path within the nanoreactor is short ened by the exis tence of wall
sur faces. This sur face may repel the mol e cules gen er at ing more fre quent col -
li sions with mol e cules than would be expected from the same num ber of
mol e cules in the same vol ume, minus the walls. The way the reac tant inter -
acts with the inner sur face of the nanoreactor will affect the reac tant’s redox
poten tial and Gibb’s free energy, chang ing its reac tiv ity. Inter ac tions can
influence the for ma tion and evo lu tion of the reac tion tran si tion state. The
tran si tion state for a bimo lec u lar reac tion is a highly excited inter me di ate
state which must be formed before prod uct can be formed. If the nanoreactor 
space is restric tive, then the two mol e cules may not be able to align them -
selves ade quately to achieve this state, or to relax fully once it is formed,
changing the product yields. Sim i larly, adhe sion of the reac tant at the inter -
face can have a sim i lar effect.

Strong absorp tion of reac tants on sur faces slows down dif fu sion which
thus addi tion ally affects the reac tion rate of reac tants and coreactants. In the
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quench ing of pyrene flu o res cence by molec u lar oxy gen, where both mol e -
cules are absorbed on a sil i cate sur face, the quench ing rate for pyrene is only
∼40% of that in solu tion because both mol e cules need to dif fuse to each
other. Pyrene’s quench ing is greater on SiO2 sur faces than it is on NaCl due
to faster sur face dif fu sion rates [5]. For nonadsorbed reac tants, even peri odic
col li sions with the walls of the nanoreactor can still slow down molec u lar
motion and the diffusivity of mol e cules. This type of dif fu sion is known as
Knudsen dif fu sion [6]. The tran si tion state of the reac tion pair also expe ri -
ences this type of dif fu sion, and so can lose energy dur ing the inter ac tion, in
some cases speed ing up the reac tions, and in oth ers cir cum vent ing them.

Finally, the nanoreactor space could induce seg re ga tion or phase
 separation of the sol vents and reac tants inside influ enc ing the reac tion
kinet ics. For exam ple, polar or aro matic sol vents such as meth a nol and
ben zene in sil ica pores dis place the absorbed pyrene on pore sur face,
decreas ing the avail abil ity of sol vent in the con fined space, and increas ing
the con cen tra tion of pyrene in the solu tion phase. The amount of sol vent
adsorbed in sys tems within 4-nm pored sil ica was in the range 4.1 × 10−3 to
5.7 ×10−4 mol g−1 sil ica and led to a con cen tra tion change on the order of
10% [8].

To char ac ter ize molec u lar loca tions in nanoreactors exper i men tally
requires good knowl edge of the aver age loca tions of a mol e cule inside the
nanoreactor. Spec tro scopic meth ods are very pop u lar, since they allow for
rel a tively remote detec tion from out side the nanoreactor con fines. How ever,
the prob lem is that the spec tral prop er ties of the encap su lated mol e cule could 
be altered by other mol e cules within the nanoreactor envi ron ment and not
just their loca tion. The light-emit ting excited state of the mol e cule can be
influ enced by the pres ence of many closely located dipoles in the
nanoreactor. Depend ing on the dura tion of inter ac tion, the effects on emis -
sion yields may be sig nif i cant. For exam ple, it has been shown that the inter -
ac tion of arenes with charge trans fer sites on SiO2 sur faces decreases both the
flu o res cence yield and decay kinet ics life time [7].

Of all the effects dis cussed above, which one will be the dom i nant
effect is decided by the dimen sion of the con fined space, the num ber of mol -
e cules in each con fined space, and the inter ac tion between the wall and the
reac tants. In gen eral, as the dimen sions become smaller, and fewer react ing
mol e cules in each space increas ingly inter act with the sur face and each other,
the dif fer ence between reac tion kinet ics in con fined space and in bulk will be
larger. 
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1.2 Examples of Nanoreactor Systems 

1.2.1 Overview 

Recent years have seen the emer gence of a rich array of nat u ral and syn thetic
struc tures which are capa ble of nanoreactor func tion. These include a wide
vari ety of poly meric and lipid hol low spheres, biomineralized mem branes,
and cells. Many of these mate ri als are being devel oped for use in the prep a ra -
tion of other types of nanoparticles, to improve the effi ciency of chem i cal
pro cess ing, as stand-alone or implantable smart drug deliv ery vehi cles, as
nanomedicines, as biosensors, and as replace ment tis sues. Their devel op ment 
has been enabled by sig nif i cant improve ments in the abil ity of chem ists to
con trol nanostructure geom e try and prop er ties. Thus, a sig nif i cant por tion
of recent sci en tific research has focused on the chem is try and phys ics of these
mate ri als, and how this may affect opti mi za tion of their internal properties
and effect on reactions. Sev eral reviews of nanoreactor sys tems have been
pub lished over the last few years and the fol low ing sec tions are a sur vey of
nanoreactor types avail able. Some of these already have shown to have
clear appli ca bil ity to life sci ence and med i cine, while oth ers have poten tial in
these fields but their devel op ment to date has empha sized other tech nol ogy
areas.

The nanoreactor con cept first emerged in the late 1990s, and sev eral
early reviews point to its poten tial in chem i cal trans for ma tions and med i cine
[9–11]. Since then, other reviews high light ing the syn the sis and gen eral char -
ac ter iza tion of spe cific cat e go ries of nanoreactors have been pub lished. These 
include self-assem bled nanoreactors [12, 13], nanoreactors and
nanocontainers [14], biomineralized nanoreactors [15], pla nar, inor ganic,
poly meric [16], and com pos ite nanostructures with nanoreactor-like poros -
ity [17], amphilic block copol y mer nanoreactors [18], and polyelectrolyte
nanoreactors [19]. In gen eral, inor ganic nanoreactor struc tures have been of
inter est for high-tem per a ture, high-pres sure reac tions of indus trial impor -
tance since the inor ganic matrix is mechan i cally and chem i cally strong, and
so are able to with stand extreme con di tions of indus trial pro cesses. In con -
trast, self-assem bling organic struc tures have much broader appli ca bil ity and
are used to tem plate the syn the sis of other nanostructures as well as form ing
chem i cal res er voirs for drugs, chromo phores, and other reagents.

Molec u lar organic and biomacromolecular nanoreactors are the small -
est organic nanoreactor struc tures com posed of one, or a few large mol e cules
that are assem bled so that they form a hol low space into which can fit at least
one other mol e cule. The entrapped mol e cule can serve as a reac tant, and the
effi ciency and nature of the reac tion it may undergo, can be changed from
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what it would be in solu tion. The pocket in which the reac tant resides can
change the elec tronic dis tri bu tion or impart strain in the inserted mol e cule,
facil i tat ing sub se quent chem i cal trans for ma tions.

Porous mac ro scopic sol ids such as sil i cates and other metal oxide
frame works have long been rec og nized to have unique impact on chem i cal
reac tions that occur inside their pores. Their pore spaces are con sid ered as an
inter con nected net work of nanoreactors. Such nanoreactors are syn the sized
using a top-down strat egy and their prop er ties are largely lim ited by the com -
po si tion of the matrix mate rial and any resid ual porogenic sub stance used in
their for ma tion. Postsynthesis mod i fi ca tion of the nanoreactor spaces is pos -
si ble, although, if the size of the mono lith is sig nif i cant, uni for mity of treat -
ment through out may be dif fi cult to achieve. 

Micelles and ves i cles are much larger organic nanoreactor struc tures
com prised of thou sands, to tens of thou sands of lipid, surfactant, or
short-chain poly meric mol e cules which spon ta ne ously self-assem ble into
closed struc tures. The size, shape, and sur face chem is try of the struc tures
obtained depends on the charge and hydrophobicity of dif fer ent parts of
these mol e cules, the sol vent sys tem in which they have formed, and the pres -
ence of other sur fac tants and lipids. Micelle and ves i cle struc tures are rel a -
tively flex i ble and some what per ma nent mak ing them good hosts for
chem i cal reagents with hin der ing their acces si bil ity. There fore, they have
been used as car ri ers to solubilize chem i cal sub stances and local ize the occur -
rence of chem i cal reac tions. The state of the art for this area is being
advanced by the devel op ment of many nonnatural surfactant and lipid struc -
tures made from a vari ety of poly meric and block copolymeric mate ri als.
These offer sim i lar self-assem bling capa bil ity but with a wider array of chem -
i cal and phys i cal char ac ter is tics that allows them to be used at ele vated tem -
per a tures and pres sures, and under chem i cally harsh conditions of pH,
temperature, shear, and oxidative chemistry. 

Recently, there has been much inter est in the use of bac te rial, viral, and 
mam ma lian cells as nanoreactors. For instance genet i cally engi neered bac te -
ria pro duce com plex chem i cal prod ucts more effi ciently than would a sol u ble 
enzyme. Another exam ple is the virus capsid which can be emp tied and used
as a con tainer for reac tive sub stances. Using such struc tures takes advan tage
of the exten sive mate rial opti mi za tion that nat u ral evo lu tion has already per -
formed, along with the rich array of molec u lar trans port ers that can be used
to con trol the con tents of the inter nal space. Under stand ing these com plex
struc tures also pro vides inspi ra tion for the development of synthetic
biomimetic structures.
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1.2.2 Molecular Organic Nanoreactors

Molec u lar organic nanoreactors are gen er ally large mol e cules or molec u lar
com plexes which take on a unique shape. A cav ity inside this struc ture is
exter nally acces si ble, and one or more mol e cules are able to enter and
undergo chem i cal trans for ma tions. The cag ing nanoreactor or molec u lar
bas ket as it is called in some instances, may, or may not, par tic i pate in these
trans for ma tions directly, but its pres ence influ ences the out come. As pointed 
out ear lier in this chap ter, a wide range of enzy matic struc tures both nat u ral
and syn thetic could be included within this cat e gory of nanoreactor.
Although these have clear bio log i cal or bio med i cal impor tance, a thor ough
treat ment of these sys tems would be well beyond the scope of this text.

What effects molec u lar organic nanoreactors exert on chem i cal reac tions 
depends on the nature of the struc ture and that of the reac tants. For exam ple
uracilophanes are amphiphilic macrocycles that are made by com bin ing sev -
eral iden ti cal molec u lar pieces using a qua ter nary ammo nium bond ing. They
are able to increase the yield of the hydro ly sis of alkyl phosphonates up to
30-fold depend ing on the spe cific macrocycle struc ture [20]. Other exam ples
include the enhanced methanolysis inside molec u lar bas kets which is attrib -
uted to the abil ity of the bas ket to able to con cen trate eth a nol from a solu tion
[21], the con trolled phototransformation of stilbene in van der Waals
nanocapsules [22], and the effi cient cycloaddition of arene in a self-assem bled
nanocages [23]. Recently, very small molec u lar nanoreactors such as  rhombi-
bicubooctahedral nanocapsules 4 nm in diam e ter linked by 24-imine bonds
capa ble of encap su lat ing tetralkylammonium salts in sol vents like tolu ene for
reac tion [24], and pyrogallol 4 arene hexameric cap sules have been reported
(see Fig ure 1.1) [25]. 

1.2.3 Macromolecular Nanoreactors 

For the pur pose of this chap ter, we will con sider macromolecular
nanoreactors to refer to struc tures with mul ti ple repeat ing units. Given this
broad def i ni tion, organic poly mers, pro teins, and car bo na ceous mate ri als
will be con sid ered in this section.

Organic poly mer nanoreactors are par tic u larly rich in terms of struc -
tural vari ety. Exam ples range from rel a tively sim ple poly mer aggre gates to
block copol y mers, polymerosome, dendrimers, polyelectrolyte-lay ered mate -
ri als, and hydrogels. Organic poly mer mate ri als have been used as
microreaction cages [26], enzymes [27, 28] for photochromic dyes [29], and
other nanoparticles (see Fig ure 1.2) [30]. A clear advan tage of organic poly -
mer is that it is pos si ble to molec u larly imprint nanoreactors for exam ple, for
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R = pentyl

Fig ure 1.1 Rhombicuboctahedron nanocapsules linked by 24-imine bonds capa ble of
encap su lat ing tetralkylammonium salts in a sol vent for reac tion. Copy right Wiley–VCH.
Repro duced by per mis sion [24].

Glucoamylase

Substrate

Product

Fig ure 1.2 Sche matic rep re sen ta tion of the organic poly mer nanoreactor used as a
matrix to sup port the enzyme. The nanoreactor con sists of a poly sty rene core onto
which long chains of poly(acrylic acid) (PAA) have been grafted. Glucoamylase (enzyme) 
adsorbs spon ta ne ously from solu tion onto the spher i cal polyelectrolyte brushes if the
ionic strength is low. Copy right Wiley–VCH. Repro duced by per mis sion [28].



regioselective reac tions [31], and to gen er ate larger mono liths with
nanoreactor capability [32].

While most organic poly mers are capa ble of aggre ga tion into small col -
loi dal struc tures of rel a tively uni form size under appro pri ate sol vent com po -
si tion, ionic strength, and tem per a ture, pre cise con trol over their three
dimen sional struc ture is not pos si ble. It can, how ever, be achieved using
designer block copol y mers, which are short poly mers con sist ing of two or
more kinds of repeat ing units arranged nonrandomly in the poly mer chain.
By vary ing the num ber, spac ing, and branch ing of these blocks within the
poly mer, it is pos si ble to direct the way in which the poly mer assem bles and
inter acts with other mol e cules in the sur round ings. 

Block copol y mer nanoreactors [33, 34] can form micelles,
microemulsions, and polymerosomes, a poly mer ana log of liposomes. In
many respects, the block copol y mer can be con sid ered to be a spe cial ized
surfactant that orga nizes its struc ture so that hydro philic and hydro pho bic
domains are found at oppo site ends or sides of the struc ture. These mol e cules 
are then free to inter act with one another which can lead to self-assem bly
into closed struc tures if the change in Gibb’s free energy reduc tion com pen -
sates for loss in entropy. The famil iar pack ing fac tor con cept can apply to
these struc tures since they too may form cylin dri cal or cone-shaped mol e -
cules. How ever, since the sur face and con tact area between domains of adja -
cent macromolecules is much greater than for smaller surfactant mol e cules.
This sim ple pic ture fails to ade quately pre dict the struc tural rich ness of these
mate ri als.

 Micellar and microemulsion struc tures made from block copol y mers
have been used with much suc cess for the syn the sis of metal and metal oxide
nanoparticles and clus ters [35–39]. These nanoparticles include: PbS [40],
Au [41, 42] , Ag [43], CdS [44], doped ZnS [45, 46], as well as some oxide
nanomaterials [47]. Depend ing on the struc ture of the block copol y mer it is
pos si ble to gen er ate nanoreactors with pH-depend ent per me abil ity [48], a
vari ety of core sol vents and mate ri als (includ ing pro teins) [49–51], self-cat a -
lyz ing nanoreactors for esterolysis [52], and nanoreactors which facil i tate the
hydrolytic cleavage of organic phosphonate have been reported (see Figure
1.3) [53]. 

Drug deliv ery [54] is another area where these nanoreactors are being
explored. Rather than rely ing on con ven tional dis so lu tion, dis rup tion, or
deg ra da tion of the car rier, it has been shown that it is pos si ble to sup ple ment
some organic poly mer nanoreactors with chan nel pro teins to facil i tate con -
trolled mate rial trans port in and out of the nanoreactor [55, 56]. 
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Order ing of organic poly mer nanoreactors in two and three dimen sions 
has also been explored since for most appli ca tions a mac ro scopic phys i cal
struc ture is con ve nient for han dling [57, 58]. Nanoreactors have been
formed by gas eous voids formed using super criti cal CO2 in block copol y mer
matri ces [59], by cav i ta tion [60], or tubu lar core shell micro struc tures in
chiral diblocks [61]. In addi tion, there have been reported nanoreactors
made from block copol y mers that are able to open and close while attached
to a sur face [62], and which can cre ate arrays of metal nanodots [63].

Polymerosomes are made from block copol y mers capa ble of self-assem -
bling into closed geom e tries entrap ping a sec ond mate rial in the core space.
This mate rial could be sol vent (e.g., water), solu tions, and metals [64–67],
semi con duc tor [68], and mag netic nanoparticles [69]. Per haps the most rel e -
vant appli ca tions to biomedicine have taken place using enzymes and mul ti -
lay ered polymerosome struc tures. For exam ple, the pos si bil ity of sup port ing
cas cade reac tions of enzymes within polymerosomes was dem on strated
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Fig ure 1.3 Block copol y mer nanoreactors gen er ated with pH per me abil ity. (a) Reac -
tion scheme for the syn the sis of the PEO-GMA-DEA triblock copol y mers; (b) sche matic
illus tra tion of the for ma tion of three-layer onionlike micelles and shell cross-linked
micelles from PEO-GMA-DEA triblock copol y mers. Copy right ACS. Repro duced by per -
mis sion [48].



[70–72] as was the use of mul ti lay ered struc tures to form dif fer ent reac tion
envi ron ments in the same particle (see Fig ure 1.4) [73, 74]. While not
strictly a polymersome, it is pos si ble to use the spaces cre ated by a poly mer
brush as nanoreactors. This brush is cova lently linked to a second larger
nanoparticle for support [75, 76].

Amphiphilic or polyelectrolyte poly mers [77, 78] formed by the
sequen tial depo si tion of mul ti ple lay ers of poly mer mate rial are used for the
con struc tion of pH, thermoresponsive [79], and charge-selec tive [80]
nanoreactors. As with some of the other exam ples already men tioned, these
have been used in the syn the sis of Ag, Au, and var i ous other nanoparticles
(see Fig ure 1.5) [81–83]. Such nanoparticles can be used in catal y sis appli ca -
tions, for instance Co metal cored ones are capa ble of cat a lyzed hydro ly sis of
epoxides with 99% yield [84]. Cap sules made with embed ded enzymes [85]
and ves i cles [86, 87] also have been reported.

Dendrimers [88] are large mol e cules with extremely well-defined struc -
tures that are nearly per fectly monodisperse. Dendrimers con sist of three
major archi tec tural com po nents, a unique mul ti ple-branched core par ti cle,
branches, and end groups. They are formed by con trolled hier ar chi cal syn -
the sis, which is a bot tom-up approach, in which the mul ti ple-branch core
mol e cules act as a seed for the next layer or gen er a tion of con structed from
assymetric branched poly mers. The growth of dendrimers is self-lim it ing,
and ends when the sur face area of the ter mi nal layer is max i mally dense. Fun -
da men tal research in branched poly mers is very exten sive today and beyond
the scope of this review, but their use ful ness in the con struc tion of
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Fig ure 1.4 Sche matic rep re sen ta tion of cas cade reac tions of enzymes within poly-
mersomes. Polymersomes are formed by poly sty rene-polyisocyanopeptide (PS-PIAT)
block copol y mers. (a) CALB (enzyme) in the aque ous core of polymersomes; (b) CALB in
the bilayer of polymersomes. Copy right ACS. Repro duced by per mis sion [71].



nanoreactors was rec og nized rel a tively early [101–103]. Dendrimers are
highly ver sa tile nanoreactors for enzy matic reac tions [89, 90], and the syn -
the sis of nanoparticles of CdS [91], Cu [92], Pd [93, 94] , Pt [95], Au [96],
Ag [97]. Other appli ca tion areas include sen sors [98] and chem i cal catal y sis
[99, 100].

Hydrogels are water-sat u rated poly mers, with gen er ally excel lent
biocompatibility char ac ter is tics. Depend ing on the nature of cross-links used 
in the hydrogel, it can be made to cleave on trig ger or over time, chang ing
the poros ity and elas tic ity of the matrix. For this rea son hydrogels are used in
the devel op ment of tis sue-engi neer ing scaf folds [104, 105], and in the met a -
bolic byprod ucts of pro lif er a tion cells used to stim u late matrix deg ra da tion
accord ing to the evolv ing needs of the repair ing tis sue. This fea ture is also
use ful for drug deliv ery appli ca tions [106]. The pore spaces within the
hydrogel are nanoreactors. In these spaces, just like in many of the other
mate ri als already dis cussed, it has been shown to be pos si ble to pro duce
metal [107–110] and metal oxide nanoparticles [111, 112]. The hydrogel
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Fig ure 1.5 Sche matic rep re sen ta tion of sil ver nanoparticles syn the sized in amphiphilic 
poly es ter nanoreactors. Copy right ACS. Repro duced by per mis sion [81].



struc ture defines the dimen sion and geom e try of the void, water-filled pore
spaces, nanoparticles of var i ous shape and size and can be produced (see
Figure 1.6) [113].  The anti bac te rial action of many metal nanoparticles such 
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Fig ure 1.6 TEM image of var i ous shape of nanoparticles syn the sized with dif fer ent
hydrogel for mu la tions and a reduc ing agent: (a) uncon trolled par ti cle mor phol ogy aris ing 
from a fast reduc tion with mul ti ple nucle ation; (b) thread like mor phol ogy after slow
reduc tion with sodium borohydnde; (c) nuggetlike mor phol ogy after a reduc tion with
hydrazine. Copy right Wiley–VCH. Repro duced by per mis sion [113].



as sil ver is of par tic u lar bio med i cal impor tance and such com pos ite hydrogel
mate ri als are being devel oped for use in antiburn dress ings and bone
replacements. 

Car bon nanotubes are included in this dis cus sion since they are a kind
of organic macromolecule, con structed from numer ous car bon atoms
arranged in closely packed hex ag o nal for mat. The inner diam e ter of car bon
nanotubes is small, of the order of sev eral Ångstroms. The inner space may
be filled with flu ids like CO2 [116] and used as a nanoreactor to nucle ate
smaller nano-objects [114, 115]. Car bon nanotubes have been used to pro -
duce metal nanopowders [117], Mg3N2 [118] and iron [119] nanowires,
mag ne tite [120] and Gd2O3 nanoparticles (see Fig ure 1.7). The outer walls
of the car bon nanotubes can be functionalized with charged groups, and
these places used to bind metal cat a lysts for organic trans for ma tions [121].
In addi tion to tube geom e tries, car bon is also capa ble of yield ing a vari ety of
struc tures of vary ing size includ ing multiwalled tubes, spheres, horns [122],
onion-like struc tures [123], and branched con fig u ra tions. These too can be
used to syn the size nanoparticles and in some instances can gen er ate super
high inter nal tem per a tures (>2000° C) and pres sures (>40 GPa). 

It’s worth not ing that mate ri als other than car bon could be used to
gen er ate tube nanoreactors. Some of these include tran si tion and lanthanide
metal oxides [124], organic poly mers [125, 126], DNA [127], and pro teins
[128, 129]. Syn thetic geom e tries of DNA form nanoreactors inside which
Ag, CdS nanoparticles can be syn the sized [130–132], and pep tide
nanodoughnuts self-assem ble from pep tides and gold salts, leav ing gold
nanoparticles inside fol low ing reduc tion [127] (see Fig ure 1.8).
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Fig ure 1.7 (a) XRD pat tern and, (b) SEM image of the Mg3N2 nanowires pro duced
within car bon nanotubes. Copy right ACS. Repro duced by per mis sion [118].



Stereospecific reac tions such as chiral cen ter for ma tion and pyram i dal inver -
sion were also found to be facil i tated in a protein nanoreactor [133]. 

As with other macromolecules, pro tein nanoreactors can be con -
structed in a vari ety of forms rang ing from a sim ple core sur rounded by shell
struc tures [134], molec u lar assem blies like nanosomes, which con tain
dockerin-engi neered enzymes in chi me ric scaffoldins for cellusome func tion
[135], and three-dimen sional archi tec tures [136], includ ing tubules and lay -
ered struc tures. The alpha-hemolysin pore can be used as a nanoreactor for
the photoisomerization of azo ben zene, which acts to sta bi lize the cis state to
make more com plete photoisomerization pos si ble with less deg ra da tion
[137]. Cel lu lose fibers [138], pro tein lay ers [139], and other pro tein assem -
blies [140] can be used as a nanoreactor to make noble metal and Ga2O3

nanoparticles since the high oxy gen con tent in the under ly ing struc ture helps 
anchor metal ions into a nucle ation site.

1.2.4 Micelle, Vesicles, and Nano/Micro/Mini Emulsions

Micelle, ves i cles, and nano/micro/mini emul sions [141–143] made from
small surfactant, lipid mol e cules, or poly meric mol e cules are another cat e -
gory of nanoreactors. The rel a tively well under stood self-assem bly dynam ics
of these mate ri als, and the ease of for ma tion of enclosed struc tures with spec -
i fied size, and in some cases shape, is very attractive. 

Introduction to Nanoreactor Technology 15

Self-assembly 
with AuPMe Cl3

(a)

(b)

(c)

Reduction of Au    with short UV irradiation3+

Peptide nano-doughnut

Nano-doughnut removal
via long UV irradiation Au nanocrystal

Fig ure 1.8 (a) Pep tide nanodoughnut self-assem ble from pep tide and gold salts; (b) Au 
ions in the cav ity are reduced by short UV irra di a tion (<20 min); (c) lon ger UV irra di a tion
(>10 h) destroys the nanodoughnut to release the Au nanocrystal. Copy right ACS. Repro -
duced by per mis sion [127].



Micelles can either be oil drop lets sus pended in water or water drop lets
sus pended in oil. The descrip tion drop let is a mis no mer since the size of
these struc tures range from only a few tens of nanometers to nearly a micron
in size. Crit i cal to the sta bil ity of these nanoreactors is the pres ence of a third
mol e cule, either a surfactant or a lipid which can bridge the inter face
between the two phases, low er ing the extremely high sur face ten sion and
mak ing them sta ble for long peri ods of time, even under tur bu lent mix ing
con di tions. 

Reg u lar micelle nanoreactors with an oil core have been used for con -
den sa tion reac tions with alde hyde [144], peroxidase catal y sis of ani line poly -
mer iza tion [145] (see Fig ure 1.9) [146], Rh catal y sis of hydro ge na tion
reac tions [147], photophysical events [148], and as lubri cants [149]. Mix ing
with poly eth yl ene gly col can be used to make long cir cu lat ing nanoreactors
that evade the RES system [150].

Reverse micelles [151] with water core are com monly employed in the 
syn the sis of nanoparticles of Co [152, 153], fer rite [154], CdTe [155], CdS 
[156], gold [157], CeO2 ZrO2 [158], zincphosphonates [159], starch [160], 
PANI/TiO2 [161], magnetitie [162], ferrihydrate [163], SrTiO3, Sr2TiO4

PbTiO3 [164] and phos phors [165]. Reverse micelles are more than just a
hold ing ves sel to tem plate these reac tions. Their shape [166] (see Fig ure
1.10) may be dynamic dur ing reac tions and so the mech a nism by which
they affect the prod uct out come may be more com plex [167], than the sim -
ple solubilization of metal ions and clus ters [168]. The effects on
nanoreactor func tion are strongly depend ent on the struc ture of the
lipids/sur fac tants [169]. Other known func tions for reverse micelle
nanoreactors include scav eng ing of envi ron men tal tox ins [170], pre ven tion
of gelation and improved size con trol [171], and elim i na tion reac tions of
ter tiary alkyliodides [172].
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Fig ure 1.9 Per ox ide catal y sis of enzy matic poly mer iza tion of ani line in aque ous micelle 
solu tions. Copy right ACS. Repro duced by per mis sion [145].



Liposomes and ves i cles [173] are water-cored nanoreactors sur rounded
by a bilayer of lipids and in the case of nat u ral ves i cles, some pro teins. The
water-filled space can be filled with a vari ety of mate ri als [174, 175] and dec -
o rated with chan nel pro teins for improved mass trans port [177–179]. The
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Fig ure 1.10 The dif fer ent shapes of cop per nanocrystals pro duced in dif fer ent shape
of self-assem blies of surfactant-H2O-isoctane (reverse micelles) solu tion. (a) I. Reverse
micelles. II. TEM image of the for ma tion of nanocrystal with dif fer ent size, w, which is
con trolled by the size of water-in-oil drop lets. (b) I. Inter con nected cyl in ders. II. TEM
image of the pro duced spher i cal and cylin dri cal nanocrystals. III. cylin dri cal par ti cle
com posed of a set of deformed f.c.c.tet ra he dra bounded by (111) faces par al lel to the
five fold axis with addi tional planes. (c) I. Supra-aggre gates. II. TEM image of var i ous
nanocrystals. III. Par ti cle com posed of five deformed f.c.c.tetrahedrals bounded by (111)
planes. IV. Large, flat nanocrystals [111] ori ented and lim ited by (111) faces at the
top,bot tom, and edges. Copy right Nature Pub lish ing. Repro duced by per mis sion [166].



spaces between multilamellar ves i cles can be used as nanoreactors to syn the -
size inbetween nanoparticles lay ers [176] (Fig ure 1.11).

Emul sions are larger two-phase sys tems. Reac tants pref er en tially accu -
mu late in the core phase or at the inter face, where their increased con cen tra -
tion and favor able ori en ta tion can speed up the pro cess [180, 181]. At very
large sizes even though there is reagent con cen trated at the periph ery, the
inter face is so far removed from the mate ri als inside the core region that the
reac tion is inhib ited [182]. Nev er the less, emul sions are use ful in the syn the -
sis of nanoparticles includ ing Ag/AgI [183], ZrO [184–187], ZnSe [188],
ZnS [189–191], ZnO [192], SnO2 [193], CdS/ZnS [194, 195], BaTiO3

[196], BaZrOMeO [197], mag ne tite/sil ica core shell [198], Ag [199] semi -
con duc tors [200], and other inor ganic nanoparticles [201]. Other uses have
included mak ing fla vor delivery more effi cient for food [202], to cleave phos -
pho rous acid esters, about 1000-fold more effi ciently [203], enantioselective
enzy matic reac tions [204], PCR [205, 206], and the pro duc tion of
polythiophene by Fe3+ oxi da tion in a thiophene nanoreactor in a surfactant
droplet (O-W emulsion) [207] (Fig ure 1.12). 

18   Nanoreactor Engineering for Life Sciences and Medicine

Ampicillin

Ampicillinoic acid β-lactamase

OmpF

Polymeric scaffold

Fig ure 1.11 Sche matic rep re sen ta tion of enzyme (β-lactamase) encap su lated poly -
mer-sta bi lized nanoreactor with dec o rated chan nel pro tein (OmpF, ampicillinoic acid,
and ampicillin). Copy right ACS. Repro duced by per mis sion [179].
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polythiophene nanoparticles by Fe3+ oxi da tion in a thiophene nanoreactor in a surfactant 
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Fig ure 1.13 TEM image of Bi nanoparticles made by lyotropic liq uid-crys tal
nanoreactors: (a) Hex ag o nal phase, (b) lamellar phase, and (c) inverse hex ag o nal phase. 
Copy right ACS. Repro duced by per mis sion [212].



Liq uid crys tals, ionic liq uid films, and lipid tubules [208–211], have
also been shown to have util ity as nanoreactors to make other nanoparticles
(See Fig ure 1.13) [212–214]. Again, the struc ture of the liq uid crys tal phase
con trols the par ti cles obtained and the size and prop erty of the void space
[215]. Reac tions include Suzuki cou pling [216] and the hydro ly sis of
phosphonates and phos phate [217]. The liq uid crys tal nature of the cel lu lar
plasma mem brane, which coor di nates spa tial and tem po ral con trol of lipid
metab o lism, traf fick ing, and orga ni za tion, [218] has sim i lar capa bil ity [219].

1.2.5 Porous Macroscopic Solids 

The last cat e gory of nanoreactors are those formed by the void spaces in
larger mono liths. One of the exam ples are mesoporous sil i cates and zeolites
[220–223]. The void spaces inside these mate ri als can range from a few ang -
stroms to nanometers in diam e ter depend ing on whether they we cre ated via
the incor po ra tion of lipid, sur fac tants, or other large atoms and mol e cules.
The pore struc ture can be fur ther manip u lated by add ing mol e cules like
cyclodextrin to make worm-like geom e tries [224] or via evap o ra tion-induced 
self-assem bly of porous sil ica with nanotextures (see Fig ure 1.14) [225].
Enhanced catal y sis is achieved when surfactant is mixed with sil ica/ammo nia
molybdate cat a lysts. These later dec o rate the inner sur face of the nanoreactor 
spaces through out the mate rial and can be accessed by other reac tant solu -
tions. Such designs have been used for nanoparticle for ma tion [226],
cyclohexene oxi da tion [227] to pro duce metal nanoparticles [228, 229], to
pro duce oxide nanocrystals [230], to pro duce mag netic nanocomposites
[231], to sup port enzymes [232], for epoxidation [233], for excited-state
deprotonation [234], for oxi da tion of hydro car bons [235], for halo gen
switch reac tions [236], to form nanowires [237], for CNTs [238], and for
the diges tion of pro teins for protein analysis [239, 240].

Reac tions in the mesoporous oxide pores are dif fer ent from what hap -
pens out side the pores [241–243]. Pores improve/speed the sur face ori en ta -
tion of reagents like flu o rine attached to 1, 3, diphenylpropane, and exert
prox im ity effects on free-rad i cal reac tions [244]. The cur va ture of pores 1.6
to 2.8 nm affects H trans fer to from rad i cal inter me di ates [245]. Reagents
can also migrate along the inner sur face of the pore nanoreactors and be
absorbed [246]. A con se quence of this is that sub sti tu tion reac tions of metal
car bon yls hap pen 103-times faster when in sodium zeo lite Y nanoreactors,
because bind ing to the inner sur face of the pore affects ori en ta tions, tran si -
tion states, and yields. Sim i larly nearly 100% effi cient epoxidation of alkenes
and 80% to 90% selec tiv ity can be obtained [247]. In addi tion pro tein
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diges tion is faster and more com plete yield ing better sequenc ing [248–250],
and the oxi da tion of alkenes by CoCl2 is more selec tive [251]. These mate ri -
als have been used in the syn the sis of nanocomposites [252, 253], pro duc -
tion of photocatalysts [254], CdS [255], NbCo/Nb and other metal
nanoparticles [256], for selec tive epoxidation [257, 258], for free-rad i cal
graft ing of maleic anhy dride onto polypropylene [259], and for
photocatalysis [260].

Func tional porous mate ri als also include hol low inor ganic
nanoparticles formed through Ostwald rip en ing [261], halloysite and
polyelectrolyte cap sules [262], hol low TiO2, cal cium phos phate [263],
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Fig ure 1.14 The worm-like geom e tries when cyclodextrin is added to the pore struc -
ture of mesoporous sil i cate. To dem on strate the depend ence on the aging con di tions,
the sil ica walls are fully condensated before the metal par ti cle nucle ation and growth
starts (left side), and after (right side). Copy right ACS. Repro duced by per mis sion [244].



mono liths [264], chem i cally tai lored nanoreactors in sil i cate and zeolites
[265], hol low sil i cate with tun able wall thick ness [266, 267], and hybrid
PEG/cyclic or cubic sil ica nanoparticles [268]. Such mate ri als have found
use ful ness in lab on a chip mono lith nanoreactors [269], and three-dimen -
sional porous metal ions or metal-oxy gen clus ters net works, chains, and lay -
ers [270]. Lay ered dou ble hydrox ides con sist ing of clay-Mg-Al form ionic
lamellar sol ids (anionic based) [271, 272]. The inter sti tial spaces can be used
to make Pd [273], FePT:C [274, 275], gold [276], and mag ne tite [277]
Au/Pt [278]. For clays adsorp tion of ions, its sur face is key in the for ma tion
of nanoparticles [279], leads to the pos si bil ity for shape-selec tive chiral reac -
tions [280], and gen er ates a solid-phase coor di nat ing envi ron ment to make
nanoparticles of uniform size [281].

Other exam ples of inor ganic nanoreactors include Keggin struc tures,
[282, 283] which are nanopolyoxometalates such as phosphotungstinic acids
[284], hallyosite tubes which have expe ri enced biomineralization reac tions
inside [285], MoS2 nanotubes [286], sil ica Xerogel [287], and litho graph i cally
etched nanopores on quartz use ful in bio chem i cal sens ing poten tial [288].
Once a mate rial prod uct is formed inside, the matrix itself can be sac ri ficed
using nanoscale explo sions to release the con tents (see Fig ure 1.15) [289, 290].

1.3 Conclusions

As can be seen from this short review, nanoreactors of var i ous com po si tion
are ubiq ui tous in tech nol ogy and mate rial sci ence. Their poten tial for
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Fig ure 1.15 TEM image of MoS2 nanotubes: a) the MoS2 nanotubes with encap su lated
MoS2 nanoparticles; b) sin gle MoS2 nanoparticle and their aggre gates inside a
thin-walled MoS2 nanotube. Copy right Wiley–VCH. Repro duced by per mis sion [286].



con trol ling chem i cal pro cesses opens the door for many appli ca tions in
biomedicine rang ing from sen sors, drug deliv ery, and med i cal devices. The
sub se quent chap ters will pro vide a more in depth view of some of these tech -
nol o gies most relevant to biomedical areas.
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2
Miniemulsion Droplets as
Nanoreactors 
Katharina Landfester

The for mu la tion and appli ca tion of nanoparticle and nanocapsules com -
posed of a poly meric, with or with out an inor ganic shell mate rial, and a solid
or liq uid, inor ganic or organic core, is of high inter est for many appli ca tions
in mate ri als sci ence. Many dif fer ent approaches are used for the gen er a tion of 
poly meric nanoparticles and nanocapsules in order to obtain the demanded
prop er ties. For nanoparticles the emul sion poly mer iza tion is indus tri ally usu -
ally used. For the for ma tion of nanocapsules, the inter fa cial poly mer iza tion
of a mono mer or the inter fa cial nanodeposition of a pre formed poly mer is
car ried out [1]. Also, liposomes and block copol y mers [2] can be used for
encap su la tion or the layer-by-layer depo si tion of polyelectrolytes [3] can be
applied. In the liposome and copol y mer approach, the shell mate rial is
hydro philic and the units are not tightly bond which leads to unwanted leak -
age of the encap su lated mate rial. For the other approaches, an adsorp tion on
the sur face is required, and the for ma tion is kinetically driven. 

In order to con trol the par ti cle mor phol ogy, it takes advan tage of a
poten tial ther mo dy namic con trol for the design of nanoparticles, and the
con cept of “nanoreactors” where the essen tial ingre di ents for the for ma tion
of the nanoparticles are already in the begin ning. It is under lined that
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nanoparticle and the nanocapsule for ma tion in nanoreactors takes place in a
highly par al lel fash ion (i.e., the syn the sis is per formed in 1018 – 1020

nanocompartments simul ta neously which are sep a rated from each other by a
con tin u ous phase). This con tin u ous phase acts also as cool ing res er voir for
the reac tion. 

The idea of poly mer iza tion in a nanoreactor is tech ni cally real ized in
high per fec tion in the sus pen sion poly mer iza tion, where drop lets in the
microm e ter range are cre ated which can be poly mer ized with out chang ing
the par ti cle iden tity [4]. Here microm e ter large par ti cles are obtained. The
sus pen sion prin ci ple was trans ferred to obtain smaller drop let sizes by
Ugelstad [5] who scaled down the drop let size by apply ing high shear to a
heterophase sys tem to sev eral hun dred nanometers by shear ing the sys tem.

It is the topic of this chap ter to describe a recent devel op ment where
the avail abil ity of high-shear devices such as ultra sound and high-pres sure
homog e niz ers in com bi na tion which some applied phys i cal chem is try has
decreased the drop let or nanoreactor diam e ter down to 30 to 100 nm, still
pre serv ing the integ rity of each sin gle nanodroplet. It also appears that this
devel oped con cept is not restricted to a sin gle pro ce dure (such as rad i cal
poly mer iza tion in water), but turned out to be widely appli ca ble to gen er ate
nanocapsules via a liq uid/liq uid tech nol ogy both in reverse (aque ous sol vent) 
and inverse (organic or hydrocarbon solvent) situations. 

A sys tem where small and nar rowly dis trib uted drop lets with high sta -
bil ity and a diam e ter between 30 nm and 500 nm in a con tin u ous phase are
cre ated by using high-shear (ultrasonifier or high-pres sure homog e niz ers)
[6–8] is clas si cally called a “miniemulsion.” One of the tricks to obtain a high
sta bil ity of the drop lets is the sup pres sion of the Ostwald rip en ing which can
be achieved by the addi tion of an agent which dis solves in the dis persed
phase, but is insol u ble in the con tin u ous phase. This agent can not dif fuse
from one drop let to the other and is trapped in each drop let; this pro vides an
osmotic pres sure inside the drop lets which coun ter acts the Laplace pres sure.
The effec tive ness of the hydrophobe increases with decreas ing water sol u bil ity 
in the con tin u ous phase. This mech a nism was already used for the sta bi li za -
tion of fluoroalkane drop lets by addi tion of perfluorodimorphineopropane,
which results in an effec tive and sta ble blood sub sti tute [9].

Because of the high sta bil ity of the drop lets, each miniemulsion drop let 
can indeed be treated as a small nanoreactor. This enables a whole set of new
poly mer iza tion reac tions that lead to nanoparticles that were not acces si ble
before; rad i cal poly mer iza tion, anionic, cationic, enzy matic, cat a lytic poly -
mer iza tion, polycondensation, polyaddition, and oxi da tive poly mer iza tion
can be car ried out in the small nanoreactors. Some exam ples will be given in
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the fol low ing sec tions to show its wide appli ca bil ity, for exam ple in mate ri als
sci ence, biomedicine, phar ma ceu tics, and cos me tics.

For a typ i cal oil-in-water miniemulsion, an oil, a hydro pho bic agent
(or sev eral), an emul si fier, and water are homog e nized by high shear (see Fig -
ure 2.1) to obtain homo ge neous and monodisperse drop lets in the size range
of 30 to 500 nm. The poly mer iza tion in the drop lets can be achieved by a
sub se quent reaction. 

2.1 Different Kinds of Polymerization in the Nanoreactors 

The miniemulsion pro cess allows in prin ci ple the use of all kinds of dif fer ent
mono mers for the for ma tion of par ti cles, which are not mis ci ble with the
con tin u ous phase. In case of pre vail ing drop let nucle ation or the start of the
poly mer reac tion in the drop let phase, each miniemulsion drop let can indeed 
be treated as a small nanoreactor. This enables a whole vari ety of poly mer iza -
tion reac tions that lead to nanoparticles (much broader than in emul sion
poly mer iza tion) as well as to the syn the sis of nanoparticle hybrids, which
were not acces si ble before. 

2.1.1 Radical Polymerization 

As a model mono mer for rad i cal homopolymerization of hydro pho bic
mono mers, sty rene is described in many papers. The poly mer iza tion of
acrylates and meth ac ry lates is also well known. It could be also shown that
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Fig ure 2.1 Prin ci ple of the miniemulsion pro cess. 



the miniemulsion pro cess eas ily allows the poly mer iza tion of the
ultrahydrophobic mono mer lauryl methacrylate [see Fig ure 2.2(a)] or
isobornyl acrylate [10] with out any car rier mate ri als as nec es sary in emul sion
poly mer iza tion. Not only sim ple hydro pho bic, but also flu o ri nated
water-insol u ble mono mers were applied for the syn the sis of latexes in the size 
range of 100 to 250 nm by employ ing rather low doses of usual
nonfluorinated sur fac tants [11].

Of high inter est are semicrystalline polyacrylonitrile par ti cles. A pecu -
liar ity of polyacrylonitrile is that it is insol u ble in its mono mer which makes
it very dif fi cult to homopolymerize acrylonitrile in an emul sion poly mer iza -
tion pro cess since nucle ated poly mer par ti cles can not grow by mono mer
swell ing. Poly mer iza tion in miniemulsion, how ever, is a very suit able tech -
nique to avoid this prob lem since each drop let acts as a nanoreactor. As a
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Fig ure 2.2 TEM pho to graphs of (a) laurylmethyacrylate latex par ti cle; (b)
polyacrylonitrile latex par ti cles obtained by the direct (rad i cal) miniemulsion poly mer iza -
tion; (c) hydro philic polyacrylamide par ti cles obtained in inverse rad i cal miniemulsion
poly mer iza tion; (d) poly ure thane par ti cles obtained by polyaddition in miniemulsion; (e)
poly es ter par ti cles obtained by enzy matic poly mer iza tion; and (f) poly-ε-caprolactam
(polyamide-6) by ring-open ing anionic poly mer iza tion in miniemulsion.



result, pure polyacrylonitrile nanoparticles (PAN) were obtained [see Fig ure
2.2(b)] [12]. Due to the insol u bil ity of the poly mer in the mono mer, the
formed poly mer pre cip i tates and crys tal lizes dur ing the poly mer iza tion
within the drop lets; about 10-nm-large poly mer nanocrystals are formed.
The poly mer iza tion of more hydro philic mono mers is also pos si ble, as shown 
for methyl methacrylate (MMA) and vinyl ace tate [13–15]. In the case of
such mono mers with a pro nounced water sol u bil ity, the nucle ation in water
should be effi ciently sup pressed in order to avoid sec ond ary nucle ation in the 
water phase. This can be achieved (e.g., by using an oil-sol u ble ini ti a tor).
The use of allylmethyl car bon ate and di(eth yl ene gycol)bisallylcarbonate
allows one to obtain polycarbonate par ti cles in a rad i cal miniemulsion poly -
mer iza tion using benzoyl per ox ide as a effec tive ini ti a tor [16].

It was shown that the prin ci ple of aque ous miniemulsions could be suc -
cess fully trans ferred to nonaqueous media [17]. Here, polar sol vents, such as
formamide or gly col replace water as the con tin u ous phase, and hydro pho bic 
mono mers are miniemulsified with a hydro pho bic agent, which sta bi lizes the 
drop lets against molec u lar dif fu sion pro cesses. In the case of inverse sys tems,
hydro philic mono mers such as hydroxyethyl acrylate, acrylamide [par ti cles
see Fig ure 2.2(c)], and acrylic acid were miniemulsified in nonpolar media
(e.g., cyc lo hex ane or hexadecane) [17, 18]. Recently redox ini ti a tion sys tem
con sist ing of ceric ions and car bo hy drate-based surfactant Span 60 as a
reduc ing agent was suc cess fully used for the poly mer iza tion of AAm [19].

The miniemulsion is also well suited for the prep a ra tion of copol y mers. 
Here, a mix ture of dif fer ent hydro pho bic mono mers can be used (e.g., a mix -
ture of sty rene and methyl methacrylate [20], sty rene and butyl acrylate [21], 
butyl acrylate and vinyl ace tate [22, 23], or sty rene and buta diene [24, 25]).
MMA was shown to copolymerize with butyl acrylate [26], or with more
hydro pho bic mono mers like p-methylstyrene, vinyl hexanoate, or vinyl
2-ethylhexanoate, where one of the mono mers acts as the hydrophobe [27].
The result ing copol y mer com po si tion tended to fol low the pre dic tions of the 
reac tiv ity ratios (i.e., the reac tion pro gresses such as a bulk reac tion). Flu o ri -
nated mono mers can also be copolymerized with mono mers as MMA and
sty rene. Alter na tively, fluoro-con tain ing latexes could also be obtained by
miniemulsion poly mer iza tion of sty rene and n-butyl methacrylate using a
flu o ri nated surfmer which in incor po rated in the poly mer chain and is
located at the out side of the par ti cles result ing after film for ma tion in low
free-energy sur faces [28]. In order to obtain hydro pho bic and oleophobic
latexes, polysiloxane-acrylate latexes with small and nar rowly dis trib uted par -
ti cle sizes have been syn the sized [29]. The polysiloxane acrylate latexes were
obtained in a rad i cal poly mer iza tion pro cess; here a copolymerization with
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other vinylic mono mers is eas ily pos si ble lead ing to highly crosslinked copol -
y mer par ti cles. Due to the con fine ment of the reac tion within the
minidroplets, the mono mers are forced to copolymerize on the length scale
of the drop lets and the phase sep a ra tion is lim ited on the size of the par ti cles.
Not only the com bi na tion of two hydro pho bic mono mers can be used, but
also a hydro pho bic and a hydro philic mono mer can be copolymerized. Small 
amounts of hydro philic mono mers as acrylic acid (AA) or methacrylic acid
(MAA)) [30] or 2-hydroxyalkyl meth ac ry lates [31] could be eas ily used in a
sty rene miniemulsion poly mer iza tion. The poly mer iza tion pro cess of two
mono mers with dif fer ent polar i ties in sim i lar ratios is a dif fi cult task due to
the sol u bil ity prob lems. Using the miniemulsion pro cess, it was pos si ble to
start from very dif fer ent spa tial mono mer dis tri bu tions, result ing in very dif -
fer ent amphiphilic copol y mers in dis per sion [32]. The mono mer, which is
insol u ble in the con tin u ous phase, is miniemulsified in order to form sta ble
and small drop lets with a low amount of surfactant. The mono mer with the
oppo site hydrophilicity dis solves in the con tin u ous phase (and not in the
drop lets). 

In a sim i lar way, the hydro philic cationic mono mer [2-
(methacryloyoxy)ethyl]trimethyl ammo nium chlo ride (MAETAC) was
copolymerized with the hydro pho bic butyl acrylate using cumene
hydroperoxide/tetraethylene pentamine as a redox ini ti a tor sys tem in order
to obtain amphiphilic poly mer nanoparticles [33]. The copolymerization
with such func tional hydro philic mono mers allows a prefunctionalization of
the nanoparticles, cre at ing carboxylic or amino con tain ing sur faces where
well-defined sur face charges can be cre ated. A final functionalization can be
obtained by bind ing amino acids, pep tides, or anti bod ies onto the
prefunctionalized nanocapsules in order to achieve a high selec tiv ity (e.g., for
the uptake of the par ti cle in dif fer ent cell lines) [34]. Poly sty rene-block-
poly(methyl methacrylate) block copol y mers were pro duced in situ by con -
trolled rad i cal poly mer iza tion (CRP) through the addi tion of the sec ond
mono mer to a seed pre pared by miniemulsion poly mer iza tion with a cer tain
amount of a CRP agent [35]. With an increase in the amounts of the block
copol y mers, it was shown that the par ti cle mor phol ogy changed from a
hemi sphere mor phol ogy (for a latex with out block copol y mers (i.e., with out
the use of a CRP agent dur ing the poly mer iza tion) to clear core-shell
morphologies as a result of decreas ing poly mer-poly mer inter fa cial ten sion.

Waterborne poly(ure thane-block-sty rene) latexes were pre pared by
miniemulsion poly mer iza tion in only one batch [36]. A direct miniemulsion
of the mono mers mix ture con tain ing sty rene, isophorone diisocyanate,
2,4-diethyl-1,5-pentanediol and a diol-functionalized azoinitiator was

52   Nanoreactor Engineering for Life Sciences and Medicine



pre pared in water. The polyaddition reac tion of the poly ure thane was then
per formed in a first step at room tem per a ture, with the help of the cat a lyst
mix ture dibutyltindilaurate/dimethyldodecylamine, yield ing a poly ure thane
macroazoinitiator. In a sec ond step, the miniemulsion was heated to 72°C to
start the rad i cal poly mer iza tion of sty rene from the macroazoinitiator chains.
It was shown that 45% of a (lin ear) copol y mer con sist ing of a poly ure thane
and poly sty rene was obtained, which is a good compatibilizer for poly ure -
thane/poly sty rene poly mer blends. Trans mis sion elec tron micros copy
(TEM) from the poly mer par ti cles in miniemulsion revealed a homo ge neous
struc ture inside the par ti cles.

Already pre formed poly mers were used for the for ma tion of par ti cles
for opti cal appli ca tions [37–40]. For the elu ci da tion of the mor phol ogy,
poly mer blends in nanoparticles have been stud ied by TEM and
photoluminescence (PL) spec tros copy [41]. The TEM stud ies show that
blend par ti cles formed from two immis ci ble poly mers by the miniemulsion
pro cess exhibit biphasic morphologies. The fact that no core-shell type but
Janus-like struc tures were found indi cates that the sur face-free ener gies
between both poly mers and the solu tion-water inter face (includ ing the
surfactant mol e cules) are sim i lar; there fore, the blend mor phol ogy and com -
po si tion of the indi vid ual phases are mainly deter mined by the inter ac tion
between the two poly mer com po nents. Both the TEM stud ies and the PL
exper i ments pro vide strong evi dence that phase sep a ra tion in these par ti cles
strictly fol lows the Flory-Huggins the ory. This high lights the appli ca bil ity of
the nanoparticle approach to fab ri cate blend sys tems with well-con trol la ble
prop er ties and to study struc ture-prop erty rela tion ships under well-defined
con di tions.

2.1.2 Controlled Free-Radical Miniemulsion Polymerization 

Liv ing free-rad i cal poly mer iza tion rep re sents a prom is ing tech nique to pro -
duce poly mers with highly con trolled struc tures. Dif fer ent pos si ble sys tems
known from bulk polymerizations have been used in miniemulsions. The liv -
ing free-rad i cal poly mer iza tion of (e.g., sty rene via the miniemulsion
approach) allows one to elim i nate the draw back of the bulk sys tem where an
increase in polydispersity was found at high con ver sions due to the very high
vis cos ity of the reac tion medium [42]. Dif fer ent approaches for con trolled
rad i cal poly mer iza tion have been adapted to the miniemulsion poly mer iza -
tion pro cess. In a sta ble free-rad i cal poly mer iza tion (SFRP), the ini ti ated
poly mer chains are revers ibly capped by a sta ble rad i cal, in the case of the
nitroxide-medi ated SFRP by a sta ble nitroxide like the 2,2,6,6-
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tetramethylpyridin-1-oxyl rad i cal (TEMPO). Sta ble PS dis per sions via
miniemulsion poly mer iza tion are pre pared by MacLeod et al. with an opti -
mized ratio and amount of surfactant, hydrophobe, nitroxide, and KPS as
ini ti a tor at 135°C [43]. TEMPO can also be used in com bi na tion with
benzoyl per ox ide (BPO) [44], whereas the use to KPS ini ti a tion resulted in
more chains of lower molec u lar weight than BPO [45]. Recently,
nitroxide-medi ated poly mer iza tion of sty rene has dem on strated that it can be 
per formed in a con tin u ous tubu lar [46]. It was shown that the poly mer iza -
tion kinet ics in the tubu lar reac tor are sim i lar to those in a batch reac tor. The 
num ber aver age molec u lar weight increases lin early with con ver sion, and
chain exten sion exper i ments were suc cess ful, indi cat ing that the liv ing nature 
of the poly mer iza tion is main tained in the tubu lar reac tor. With the use of an 
acrylic β-phosphonylated nitroxide, the N-tert-butyl-N-(1-diethyl-
phosphono-2,2-dimethylpropyl) nitroxide, and a water-sol u ble alkoxyamine
as the ini ti a tor [47], faster kinet ics than those with TEMPO were observed
which allows a reduc tion of the reac tion tem per a ture. More impor tantly, this 
nitroxide was shown to be par tic u larly well suited for the con trolled poly mer -
iza tion in miniemulsion of acrylic esters such as butyl acrylate [48] and
allowed also the prep a ra tion of defined poly(n-butyl acrylate-co-sty rene) gra -
di ent copol y mers [49] or diblock copol y mers [50].

The TEMPO-medi ated sta ble free-rad i cal poly mer iza tion of sty rene in
miniemulsion could also be per formed at 100°C (and there fore in
nonpressurized reac tors) with rea son able reac tion rates by the addi tion of
ascor bic acid or a free-rad i cal ini ti a tor [51]. It was shown that the liv ing char -
ac ter of the chains was pre served; the degree of poly mer “liv ing ness” was
com pa ra ble to polymerizations con ducted at 135°C. Polydispersities were
broader than those observed in well-con trolled sys tems, rang ing from sim i lar
to 1.4–1.6, and con sis tent with expec ta tions for sys tems hav ing a low acti va -
tion rate. 

Con trolled rad i cal polymerizations in miniemulsions have also been
con ducted by de Brouwer et al. using revers ible addi tion-frag men ta tion
chain trans fer (RAFT) and nonionic sur fac tants [52]. The polydispersity
index was usu ally below 1.2. The “liv ing” char ac ter is fur ther exem pli fied by
its trans for ma tion into block copol y mers. In order to restrict all poly mer iza -
tion reac tions better to within the miniemulsion drop lets, a pre ced ing bulk
step in which dithiobenzoate-end-capped oli go mers were syn the sized, fol -
lowed by con duct ing the sec ond part after emulsification of the resul tant oli -
go mers [53]. Sta bil ity-enhanced functioanlized latexes could be obtained by
using a RAFT agent bear ing a carboxylic acid group in the miniemulsion
poly mer iza tion of methyl methacrylate [54]. A xanthate-medi ated RAFT
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poly mer iza tion in miniemulsion has been shown to facil i tate the con trolled
rad i cal poly mer iza tion of vinyl ace tate in miniemulsion [55]. Two
trithiocarbonate RAFT agents were used in miniemulsion poly mer iza tion of
sty rene and butyl acrylate and the for ma tion of seeded emul sion block copol -
y mers. The type of surfactant in rela tion to the mono mer used was found to
have a sig nif i cant affect on latex for ma tion. Con di tions are shown by which
AB and ABA-type block copol y mers can be suc cess fully pre pared via a seeded 
RAFT-medi ated emul sion poly mer iza tion [56]. The RAFT pro cess could
also be per formed as con tin u ous miniemulsion block copolymerization of
sty rene and n-butyl acrylate in a train of con tin u ous stirred tank reac tors
(CSTRs). It was shown that a train of CSTRs can effec tively be used to pro -
duce unique multiblock copol y mers [57]. The polydispersity of the poly mer
decreased as the num ber of CSTRs in the train increases [58]. A con tin u ous
RAFT miniemulsion poly mer iza tion was even per formed in a tubu lar reac tor 
which shows the fea si bil ity of this pro cess on an indus trial basis [59].

Reverse atom trans fer rad i cal poly mer iza tion (ATRP) of butyl
methacrylate was suc cess fully con ducted in miniemulsions by Matyaszewski
et al. using the water-sol u ble ini ti a tor V50 and the hydro pho bic ligand
4,4’-di(5-nonyl)-4,4’-bipyridine (dNbpy) to com plex the cop per ions.
Although the form ing rad i cal medi a tor Cu(II) com plex had a large
water-par ti tion ing coef fi cient, the rapid trans fer of Cu(II) between the
organic and aque ous phases assured an ade quate con cen tra tion of the
deactivator in the organic phase [60, 61]. The devel op ment of highly active
tran si tion-metal com plexes with hydro pho bic lig ands allows the prep a ra tion
of poly mers with well-defined compositional top o log i cal con trol [62]. A
miniemulsion ATRP via acti va tors gen er ated by elec tron trans fer (AGET)
start ing from an oxi da tively sta ble cat a lyst sys tem was shown to be suc cess ful
for the prep a ra tion of lin ear and star-shaped block copol y mers [63]. An
excess of reduc ing agents as ascor bic acid and tin(II) 2-ethylhexanoate con -
sumes the oxy gen pres ent in the sys tem and, there fore, pro vides a
deoxygenated envi ron ment for ATRP. This allowed ATRP of butyl acrylate
in miniemulsion and in the pres ence of air to be suc cess fully car ried out.
Dur ing poly mer iza tion the rad i cal con cen tra tion remained con stant and the
poly mer iza tion reached over 60% mono mer con ver sion after 6 hours [64].
Well-defined lin ear and star-shaped block copol y mers were syn the sized using 
halogenated ATRP macroinitiator via a simul ta neous reverse and nor mal ini -
ti a tion ATRP pro cess in both bulk and sta ble aque ous miniemulsion [65].
For tar geted drug deliv ery scaf folds in bio med i cal appli ca tion, sta ble bio de -
grad able nanogels crosslinked with disulfide link ages were pre pared by
inverse miniemulsion ATRP [66]. The uni formly crosslinked net work allows 
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improved con trol over the release of encap su lated agents. The nanogels can
biodegrade into water-sol u ble poly mers in the pres ence of a biocompatible
glutathione tri pep tide, which is com monly found in cells, and there fore
release encap su lated mol e cules includ ing rhodamine 6G, a flu o res cent dye,
and the anticancer drug doxorubicin.

2.1.3 Anionic Polymerization

For the anionic poly mer iza tion of phenyl glycidyl ether (PGE) in
miniemulsion, Maitre et al. used didodecyldimethylammonium hydrox ide as 
an inisurf, which acts as a surfactant and an anionic ini ti a tor by means of its
hydroxy counterion at the same time [67]. The ring-open ing poly mer iza tion
of 2,4,6,8-tetramethylcyclotetrasiloxane in miniemulsion, using mono- and
diphosphonic-acid sur fac tants gen er ates in less than 15-min lin ear
poly(methylhydrogenosiloxane) (PMHS) of large molar masses (typ i cal
num ber-aver age of 25 kg/mol), of low polydispersities (around 2), and in
good yields (up to 94%) [68]. Molar masses can be tuned at will. 

The anal y sis of homopolymerizations of octamethylcyclotetrasiloxane
and tetramethyltetravinylcyclotetrasiloxane in miniemulsion focus ing spe cif -
i cally on the rates of poly mer iza tion, back bit ing, and polycondensation pro -
cesses [69] showed that the advan tage of work ing in dis persed media is that
dif fer ent scales of reac tiv i ties are pres ent between one-chain reac tions, tak ing
place at the inter face (prop a ga tion, back bit ing), and two-chain reac tions,
located in the bulk of the par ti cles (polycondensation and intermolecular
redis tri bu tion). 

Vinyl functionalized multiblock sil i cones could also be obtained by the
pro cess of anionic ring open ing poly mer iza tion in miniemulsion.
Copolymerization of octamethylcyclotetrasiloxane with tetramethyltetra-
vinylcyclotetrasiloxane gave insight into the extent of mixed cycles’ for ma -
tion and par tic u larly how to avoid these. On this basis, rec i pes were care fully
selected so that homopolymerization and scarce copolycondensation and
redis tri bu tion prog ress at the expense of back bit ing reac tions and thus
multiblock copol y mers are formed, the microstructure of which was con -
firmed with Si-29 NMR [69]. Rehor et al. applied the anionic ring-open ing
poly mer iza tion of episulfides in emul sion. The poly mer iza tion pro ceeded
with a liv ing mech a nism, but was char ac ter ized by a lim it ing con ver sion, pre -
sum ably aris ing from the increase in vis cos ity in the poly mer [70].

The miniemulsion pro cess can be also applied for the prep a ra tion of
poly(n-butylcyanoacrylate) (PBCA) nanoparticles [71]. In the first step a
miniemulsion is pre pared from n-butylcyanoacrylate in hydro chlo ric acid
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solu tion using sodium dodecylsulfate as surfactant. In the sec ond step, a base
solu tion is added to ini ti ate poly mer iza tion and the poly meric par ti cles are
formed. Using amines or amino acids as ini ti a tors allowed the con ve nient
functionalization of the poly mer par ti cles’ sur face. The influ ence of
surfactant con cen tra tion and sonication time on par ti cle size and size dis tri -
bu tion has been stud ied as well as the influ ence of pH, con cen tra tion, and
amount of ini ti a tor on the par ti cle size and the dis tri bu tion of the molar mass 
of the poly mer. Amino acid and MethoxyPEG functionalization could be
intro duced by using aque ous solu tions as ini ti a tor for the anionic poly mer -
iza tion in heterophase [72]. All pre pared par ti cles have sizes smaller than 250 
nm and neg a tive zeta poten tials. The molar mass dis tri bu tion of the poly mer
is depend ent on the acid used as con tin u ous phase and the applied ini ti a tor
solu tion. Cells of three lines (HeLa, Jurkat, mesenchymal stem cells) were
incu bated with the par ti cles. The molar mass of the poly mer deter mines the
onset and extent of apoptosis, the total uptake is deter mined by the size and
functionalization of the par ti cles. Recently, it was shown that nanoparticles
of polyamide 6 could be syn the sized using the inverse miniemulsion tech -
nique [73]. Even though sta ble mol ten ε-caprolactam drop lets could be cre -
ated at low tem per a tures, these drop lets showed a lim ited sta bil ity at the
reac tion tem per a ture of 150°C. There fore, the mono mer ε-caprolactam, the
ini ti a tor NaH, and the clas si cal acti va tor N-acetylcaprolactam was dis solved
in DMSO in order to build the polar phase, which was stably after dis pers ing 
in the inex pen sive isoparaffinic con tin u ous phase also at 150°C. Dur ing the
poly mer iza tion, a demixing of the DMSO and the poly mer occurred and the
poly mer pre cip i tated inside the DMSO drop lets lead ing to anisotropic
nonspherical nanoparticles as revealed by TEM [see Fig ure 2.2(f)]. The
polyamide 6 exhib ited a rel a tively high molec u lar weight of 35,000 to
40,000 g·mol–1 as deter mined by viscosimetry mea sure ments. The absence
of struc tural defects, that could lead to less good mechan i cal prop er ties of the 
poly mer, could also be shown.

2.1.4 Cationic Polymerization

The cationic poly mer iza tion of p-methoxystyrene in miniemulsion could
suc cess fully be per formed by using an acidic ini ti a tor and ytter bium triflate
as a cocatalyst. Since ytter bium triflate dis so ci ates in water lead ing to a high
ionic strength, the use of an electrosteric surfactant (i.e., sodium
dodecylpolyoxyethylene sul fate) is required. The cat a lyst increases sig nif i -
cantly the poly mer iza tion rate, but only mod er ately affects the molar masses
[74]. If the poly mer iza tion is exclu sively car ried out inside the drop lets
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 preventing fast trans fer reac tions with water, the gen er a tion of
poly(p-methoxystyrene) with a molar mass of sev eral thou sand g·mol−1 is
described [75]. The cationic poly mer iza tion of sty rene was also per formed by 
using B(C6F5)(3) as a water-tol er ant Lewis acid [76].

2.1.5 Enzymatic Polymerization

The enzy matic reac tion in bulk or solu tion has the draw back that a high
amount, about 50 wt% of enzyme, is needed com pared to the mono mer,
that the con ver sion is only about 80% even after a long reac tion of up to 5
days and that the formed poly mers only show low molec u lar weight. The
prob lem is that the enzyme can not be effi ciently active in a hydro pho bic
envi ron ment. There fore, the direct enzy matic poly mer iza tion of
miniemulsions con sist ing of lactone nanodroplets in water rep re sents a new
and con ve nient path way for the syn the sis of bio de grad able poly mer
nanoparticles [see Fig ure 2.2(e)], where the chem i cal com po si tion and
molec u lar weight can be var ied in a cer tain range. Due to the amphipilicity
of the enzyme (lipase PS), the reac tion takes place at the par ti cle/water
interphase. Within a short reac tion time of about 2 hours, 100% con ver sion
is achieved and par ti cles with a high molec u lar weight of about 200,000 g/
mol are obtained. Oligoesters com pletely end-capped by an alkene or diene
group can also be made by this tech nique. These build ing blocks expectedly
extend poly es ter appli ca tion as they allow the car ry ing of improved
biodegradability, both to siloxane and resin chem is try [77].

2.1.6 Oxidative Polymerization

Polyaniline (PANI) latex par ti cles have been syn the sized using both inverse
and direct miniemulsion poly mer iza tion tech niques [78]. In the case of
inverse miniemulsion, aniliniumhydrochlorid was dis persed and could be
oxi dized by sim ple H2O2, thus result ing under opti mized con di tions in
highly crys tal line PANI par ti cles dis persed in hydro car bons with high-vol -
ume frac tion. The result ing struc ture is iden ti fied as emeraldine which, how -
ever, crys tal lizes in a new crys tal mor phol ogy. Ani line itself can be used for
the for mu la tion of direct miniemulsion using typ i cal sur fac tants, such as the
ionic sur fac tants SDS, CTMA-Cl, the nonionic surfactant Lutensol AT50,
and the block copolymeric surfactant SE3030. Oxi da tion of ani line
miniemulsions in water with diverse oxi dants from the con tin u ous phase also 
leads to highly crys tal line PANI, which, how ever, has a low col loi dal sta bil -
ity. Addi tional employ ment of a costabilizer like PVA or PVP in this case
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leads to sta ble aque ous PANI dis per sions for water-based sys tems oth er wise
unreached by local struc tural order. 

2.1.7 Catalytic Polymerization 

Eth yl ene can suc cess fully be poly mer ized in cat a lytic emul sion poly mer iza -
tion [79]. To obtain poly mer latexes, water-sol u ble com plexes can be
employed as cat a lysts. If hydro pho bic cat a lysts or water-sen si tive cat a lyst
should be used, aque ous miniemulsion con sist ing of the lipophilic cat a lyst or
cat a lyst pre cur sors dis solved in a small amount of hydro car bon can be pre -
pared. As cat a lysts, Ni(II) com plexes were used in order to obtain high molec -
u lar weight poly eth yl ene [80]. It is even pos si ble to use miniemulsions of in
situ cat a lysts which are based entirely on com pounds com mer cially avail able
from stan dard chem i cals sup pli ers, namely a chlo ri nated deriv a tive of
1,4-benzoquinone, triphenylphosphine, and bis(1,5- cyclooctadiene)nickel.
The cat a lyst is sta ble in water for hours with productivities of up to 2·103 mol 
(eth yl ene)·mol(Ni)–1·h–1. These productivities and molec u lar weights are in
the same range as con ven tional poly mer iza tion in organic sol vents [81].
Using a cobalt cat a lyst sys tem in a miniemulsion, crys tal line syndiotactic
1,2-polybutadiene could also be obtained [82]. The employ ment of a cat a lyst
miniemulsion with pal la dium(II) cat a lysts allows also the copolymerization of 
an ole fin with CO in order to obtain aque ous polyketone latex par ti cles [83].
Poly sty rene nanoparticles could also be used as organic sup ports for olefine
poly mer iza tion in miniemulsion by using metallocenes as cat a lysts. The sup -
port par ti cles are functionalized with nucleophilic sur faces such as
polyethylenoxide, polypropyleneoxide, or pyridine units allow ing an immo -
bi li za tion of the metallocene cat a lysts via a noncovalent immo bi li za tion pro -
cess. Remark ably, high activ i ties and excel lent prod uct morphologies were
obtained [84]. Chemtob and Gilbert imple mented the cat a lytic inser tion
poly mer iza tion of norbornene under miniemulsion con di tions. Using
sodium dodecyl sul fate as surfactant and hexadecane as hydrophobe, the
inser tion poly mer iza tion was ini ti ated by multicomponent cat a lysts gen er ated 
in situ by react ing allylpalladium chlo ride dimer, with a desired phos phine
ligand and then acti vat ing the result ing procatalyst with a salt
of noncoordinating anion, typ i cally the lith ium salt of tetrakis(penta-
fluorophenyl)borate. Sta ble polynorbornene latexes with a rel a tively broad
par ti cle size dis tri bu tion were pro duced. The num ber-aver age par ti cle diam e -
ter is often below 100 nm [85]. Both polynorbornene and polybutadiene-
based par ti cles were pre pared by the respec tive ring-open ing metath e sis
 polymerization of norbornene and cyclooctadiene ini ti ated by

Miniemulsion Droplets as Nanoreactors 59



(PCY3)2Cl2Ru=CHPh using also the miniemulsion pro cess result ing in
 particles of about 300 nm [86]. Air-sta ble atalytic sur fac tants could serve
as inisurf mol e cules for the ring-clos ing metath e sis poly mer iza tion in
water [87].

2.1.8 Polyaddition Reaction

As already indi cated in the intro duc tion, the exis tence of sta ble, iso lated
nanodroplets, in which chem i cal reac tions may, but do not have to, depend
on drop let exchange (the so-called nanoreactors), enables the appli ca tion of
the miniemulsion pro cess in a much broader range. Con trary to the pro cess
of cre at ing a sec ond ary dis per sion as it was used for the prep a ra tion of (e.g.,
polyurethanes and epoxide res ins), it was shown that the miniemulsion poly -
mer iza tion pro cess allows one to mix monomeric com po nents together, and
polyaddition and polycondensation reac tions can be per formed after
miniemulsification in the miniemulsificated state [88]. The prin ci ple of
miniemulsion poly mer iza tion to polyadditions of epoxy-res ins was suc cess -
fully trans ferred to mix tures of dif fer ent epoxides with vary ing diamines,
dithiols, or diols which were heated to 60°C to form the respec tive poly mers
[88]. The require ment for the for mu la tion of miniemulsions is that both
com po nents of the polyaddition reac tion show a rel a tively low water sol u bil -
ity, at least one of them even below 10–5 g·L–1. The final poly mers reveal
molec u lar weights of about 20,000 g·mol–1 with a dis par ity of close to 2. This 
means that unex pect edly ideal reac tion con di tions are pre served dur ing the
reac tion in miniemulsion, and that the prox im ity of the inter face to water
does not really dis turb the reac tion. As it was shown that also poly ure thane
latexes can be made by direct miniemulsification of a mono mer mix ture of
diisocyanate and diol in an aque ous surfactant solu tion fol lowed by heat ing;
see Fig ure 2.2(d) [89]. This is some what spe cial since one might expect a
sup pres sion of poly mer iza tion by side reac tions between the very reac tive
diisocyanates and the con tin u ous phase water. There fore, it is impor tant that 
the reac tion between diisocyanate and diol has to be slower than the time
needed for the miniemulsification step and the side reac tion of the
diisocyanate with water in the dis persed state has to be slower than the reac -
tion with the diol. Numer ous param e ters per mit ted to decrease the pro por -
tion of this side reac tion. Among them, the use of organo-tin com pounds
allowed almost tri ple the poly ure thane molec u lar weight [90]. Also, the
knowl edge of the local iza tion of the reac tion has been used for this pur pose.
For exam ple, by increas ing the par ti cle size, the isocyanate-water reac tion,
which takes place at the inter face of the par ti cle, was reduced com pared to

60   Nanoreactor Engineering for Life Sciences and Medicine



the isocyanate-hydroxyl reac tion, which is located in the core. Also, by
increas ing the amount of dodecanediol located at the inter face, the reac tion
with water decreased and the molec u lar weight increased. With out any
exten sive opti mi za tion, molec u lar weight in the range of 70,000 g·mol–1

could be obtained which is very prom is ing regard ing the poten tial of the sys -
tem. Polysiloxane ure thanes can be obtained in a polyaddition pro cess using
a diisocyanate and silanediols. Replac ing parts of the low glass tran si tion
temperature siloxanediol seg ments by alkyldiols allows one to intro duce crys -
tal line parts with higher melt ing points in the mate rial [29]. These alkyldiols
how ever have to be suf fi ciently hydro pho bic that they do not inter fere with
the miniemulsion pro cess. 

2.1.9 Polycondensation Reaction

Even though it seems to be a con tra dic tion, hydro pho bic poly es ters have
been syn the sized in miniemulsion in the pres ence of large amounts of water
[91]. The yield of the esterification and the molec u lar weight of the poly es -
ters have been deter mined for dif fer ent reac tion con di tions. It was found that 
the dis per sion state has no influ ence on the equi lib rium: the yield is the same
in 100-nm par ti cles than in very large drop lets. How ever, an impor tant
param e ter is the water con cen tra tion inside the par ti cles, as shown by an
increase of the yield with more hydro pho bic mono mers. Another impor tant
param e ter is the struc ture of the alco hol mono mer. Alco hol com pounds
bear ing elec tron-donat ing groups displace the equilibrium toward ester
formation.

2.1.10 Polymerase Chain Reaction 

Poly mer ase chain reac tion (PCR) was suc cess fully car ried out inside sta ble
and nar rowly dis trib uted water-in-oil nanodroplets with a size of 100 to 300
nm in diam e ter. The drop lets were obtained by the miniemulsion pro cess
[92]. Each aque ous drop let serves as a sin gle nanoreactor for the PCR. It was
found that the size of the drop lets highly depends on the sonication param e -
ters (i.e., time and ampli tude) and that these param e ters have a great influ -
ence on the final con cen tra tion of the PCR prod uct. The param e ters were
cho sen the way that con di tions for sin gle mol e cule chem is try were obtained,
since the three-dimen sional space is com part men tal ized in small nano-
 reactors in each of which the same reac tion takes place in a highly par al lel
fashion on every single DNA molecule. 
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2.2 Formation of Nanocapsules 

2.2.1 Generation of Encapsulated Inorganics 

It is of course of high inter est to com bine an inor ganic and the poly meric
part in order to obtain nanocapsules. If the inor ganic par ti cles are dis persed
in a mono mer and if this dis per sion undergoes a miniemulsification pro cess,
poly meric par ti cles with fully encap su lated inor ganic mate rial are obtained.
The poly meric shell pro tects the inor ganic par ti cle effi ciently. It is pos si ble to 
incor po rate just one (large) inor ganic par ti cle per poly mer par ti cle (e.g.,
CaCO3) [93], or one can incor po rate many small par ti cles (e.g.,
hydrophobized mag ne tite par ti cles), see Fig ure 2.3(b) [94].

Since car bon black is a rather hydro pho bic pig ment (depend ing on the
prep a ra tion con di tions), the encap su la tion of car bon black in the latexes by
direct dis per sion of the pig ment pow der in the mono mer phase prior to
emulsification is again a suit able way [93]. Here, full encap su la tion of
nonagglomerated car bon par ti cles can be pro vided by the appro pri ate choice
of the hydrophobe. In this case the hydrophobe not only acts as the sta bi liz -
ing agent against Ostwald rip en ing for the miniemulsion pro cess, but also
medi ates to the mono mer phase by par tial adsorp tion. How ever, this direct
dis per sion just allows the incor po ra tion of 8 wt% car bon black since the car -
bon is still highly agglom er ated in the mono mer. At higher amounts, the car -
bon clus ter broke the miniemulsion, and less defined sys tems with
encap su la tion rates lower than 100%, which also con tained pure poly mer
latexes, were obtained. To increase the amount of encap su lated car bon to up
to 80 wt%, another approach was devel oped [95] where both mono mer and
car bon black were inde pend ently dis persed in water using SDS as a
surfactant and mixed after wards in any ratio between the mono mer and
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Fig ure 2.3 Incor po ra tion of inor ganic mate ri als: (a) car bon black, (b) mag ne tite par ti -
cles, and (c) azo pig ment par ti cles. 



car bon. Then, this mix ture was cosonicated, and the con trolled fis -
sion/fusion pro cess char ac ter is tic for miniemulsification destroyed all aggre -
gates and liq uid drop lets, and only hybrid par ti cles being com posed of
car bon black and mono mer remain due to their higher sta bil ity [Fig ure
2.3(a)] [95]. This con trolled drop let fis sion and heteroaggregation pro cess
can be real ized by high-energy ultra sound or high-pres sure homog e ni za tion. 

Com pos ites of a sty rene-isoprene copol y mer and sin gle wall car bon
nanotubes (SWNTs) could be also pre pared by using the pro cess of
miniemulsion poly mer iza tion [96]. Here two strat e gies were fol lowed: In the 
first pro ce dure, the poly mer iza tion took place in the pres ence of SWNTs
lead ing to an aggre ga tion of SWNTs. Mix ing dis persed SWNTs with latex
after reac tion was able to pre serve the SWNT dis per sion and gave a poly mer
com pos ite with an elec tri cal per co la tion thresh old of 0.2%. In order to pro -
vide dif fer ent col ors for ink jet print ing, dif fer ent organic yel low, magenta,
and blue pig ment nanoparticles were effi ciently encap su lated by cosonicating 
a pig ment dis per sion and a mono mer miniemulsion in a weight ratio pig -
ment to mono mer of 80:20, fol lowed by poly mer iza tion [97]. Effi cient
encap su la tion was proven by means of ultra cen tri fu ga tion, elec tron micro -
scopic meth ods [par ti cles see Fig ure 2.3(c)] and stream ing poten tial titra tion. 
Com par ing the reac tion kinet ics of a typ i cal sty rene miniemulsion poly mer -
iza tion with cor re spond ing “ad-miniemulsion polymerizations” pro ceed ing
on the sur face of pig ment par ti cles, an influ ence of the pig ments’ molec u lar
struc ture was observed. In order to obtain dif fer ent charged par ti cle sur faces,
the encap su la tion pro cess was per formed using anionic, cationic, or nonionic 
sur fac tants. Both their amount and type have a large influ ence on the encap -
su la tion pro cess. How ever, not only the surfactant but also the mono mer can 
be var ied.

Chang ing now the hydrophilicty of the encap su lat ing mate rial from
hydro pho bic to hydro philic, the mate rial has to be hydrophobized prior to
the encap su la tion pro cess. The encap su la tion of hydro philic mag ne tite par ti -
cles into poly sty rene par ti cles was effi ciently achieved by a miniemulsion
pro cess using oleoyl sarcosine acid [98] or the more effi cient oleic acid as first 
surfactant sys tem to han dle the inter face mag ne tite/sty rene, and SDS to sta -
bi lize the inter face sty rene/water, thus cre at ing a poly mer-coated ferrofluid.
The encap su la tion of high amounts of mag ne tite into poly sty rene par ti cles
can effi ciently be achieved by a new three-step prep a ra tion route includ ing
two miniemulsion pro cesses; see Fig ure 2.3(b) [99, 100]. In the first step, a
dis per sion of oleic acid coated mag ne tite par ti cles in octane is obtained. In
the sec ond step, mag ne tite aggre gates in water are pro duced in a
miniemulsion pro cess by using sodium dodecyl sul fate (SDS) as surfactant.
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In the third step, the dis per sion with the mag ne tite aggre gates, which are
cov ered by an oleic acid/SDS bilayer, were mixed with a mono mer
miniemulsion and a sec ond miniemulsion pro cess, an ad-miniemulsification
pro cess, is used to obtain full encap su la tion. After poly mer iza tion, poly mer
encap su lated mag ne tite aggre gates were obtained. Such par ti cles can be used
for bio med i cal appli ca tions (e.g., detec tion by mag netic res o nance tomog ra -
phy and destruc tion of tumor cells by hyperthermia). 

In order to obtain “dual reporter par ti cles” mag ne tite and a flu o res cent
dye were encap su lated in poly sty rene nanoparticles [101]. The poly mer iza -
tion of the mono mer sty rene yielded nanoparticles in the range of 45 to 70
nm. By copolymerization of sty rene with the hydro philic acrylic acid, the
amount of car boxyl groups on the sur face was var ied. For bio med i cal eval u a -
tion, the nanoparticles were incu bated with dif fer ent cell types. The intro -
duc tion of car boxyl groups on the par ti cle’s sur face enabled the uptake of
nanoparticles as dem on strated by the detec tion of the flu o res cent sig nal by
flu o res cent-acti vated cell sorter (FACS) and laser-scan ning micros copy. The
quan tity of iron in the cells that is required for most bio med i cal appli ca tions
(like detec tion by mag netic res o nance imag ing) has to be sig nif i cantly higher
as can be achieved by the uptake of mag ne tite encap su lated nanoparticles
functionalized only with car boxyl groups. A fur ther increase of uptake can be 
accom plished by transfection agents like poly-L-lysine or other pos i tively
charged poly mers. This func tion al ity was also engrafted into the sur face of
the nanoparticles by cova lently cou pling of lysine to the car boxyl groups.
The amount of iron that can be transfected was even higher than with the
nanoparticles with a transfection agent added and by this only phys i cally
adsorbed. Fur ther more, the subcellular local iza tion of these nanoparticles
was dem on strated to be clus tered in endosomal com part ments. 

CdSe/ZnS core-shelf quan tum dots (QDs) could be also used for
encap su la tion pur poses [102]. It was shown that the poly mer iza tion kinet ics
were not altered by the pres ence of QDs. As expected, the flu o res cence sig nal
of the par ti cles increased with the num ber of incor po rated trioctylphosphine
oxide-coated QDs. 

2.2.2 Encapsulation of Hydrophobic Molecules 

The miniemulsion pro cess is highly suited for the incor po ra tion of all kinds
of dyes (e.g., flu o res cent dyes which allow the par ti cles to be used as tracer
par ti cles). Tronc et al. described the syn the sis and char ac ter iza tion of
latex par ti cles labeled with a brightly flu o res cent yel low dye based on the
benzothioxanthene ring struc ture. The miniemulsion poly mer iza tion worked 
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well to yield latex par ti cles of poly sty rene, poly(butyl methacrylate), and
poly(methyl methacrylate) with high mono mer con ver sion and essen tially
quan ti ta tive dye incor po ra tion [103]. As a dif fer ent flu o res cent dye, a Eu
β-ketone com plex, which has a long decay time, a large Stokes shift and very
nar row emis sion bands in com par i son to other flu o res cent dyes, could be
used for the incor po ra tion into par ti cles [104]. Highly flu o res cent car boxyl
and amino functionalized poly sty rene par ti cles with defined amounts of the
func tional groups on the sur face were syn the sized via miniemulsion poly -
mer iza tion by copolymerizing sty rene and acrylic acid or sty rene and
aminoethyl methacrylate hydro chlo ride in the pres ence of the flu o res cent dye 
N-(2,6-diisopropylphenyl)-perylene-3,4 dicarboximide [105]. The par ti cles
were used as marker par ti cles for uptake into cells. Intracellular local iza tion
of amino functionalized par ti cles was con firmed by con fo cal laser-scan ning
micros copy (see flu o res cent par ti cles in HeLa cell in Fig ure 2.4(a). It is
shown that the uptake increases with increas ing sur face charges [34].

Lanthanide com pounds have, due to their very spe cial elec tronic struc -
ture, a num ber of extraor di nary prop er ties, includ ing their opti cal, elec -
tronic, and mag netic behav ior. How ever, pure lanthanide com pounds are
usu ally crys tal line and nonductile and have low mate rial per for mance.
There fore, it is highly prof it able for com pos ites with a poly mer, thus access -
ing the poten tial for sol vent pro cess ing, the for ma tion of cohe sive films, and
flex i ble coat ing, plus some mechan i cal advan tages, for lanthanide com plexes. 
The addi tion of hydro pho bic neu tral, inert inner shell lanthanide com plexes
such as Gd(III)-(2,2,6,6, tetramethyl-3,5-heptandionate), (tmhd), Eu(III)-
(1,1,1,2,2,3,3-heptafluor- 4,6-octandionate) (fod), or Ho(III)- thmd3,
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Fig ure 2.4 (a) Con fo cal flu o res cent micros copy of HeLa cells after the uptake of amino 
functionalized flu o res cent nanoparticles (green); (b) hybrid nanoparticles with a hydro -
pho bic gad o lin ium com plex and polymethylmethacrylate; and (c) nanopilars from poly -
sty rene nanoparticles filled with hydro pho bic Pt com plexes after plasma etch ing. 



broadly avail able as NMR shift reagents, towards ester-con tain ing mono mers 
such as butyl acrylate and sub se quent poly mer iza tion in miniemulsion drop -
lets leads to the spon ta ne ous for ma tion of highly orga nized lay ered
nanocomposite par ti cles, as revealed by elec tron micros copy [see Fig ure
2.4(b)] and small angle X-ray scat ter ing [94]. Due to the very large coor di na -
tion num bers of lanthanides and the avail abil ity of f-orbitals, those
closed-shell com plexes how ever, can bind to addi tional lig ands but also
weakly ligat ing, polarizable com po nents [e.g., Gd (tmhd)3 typ i cally another
three], which defines their use as shift reagents. Via those sec ond ary valences, 
it is pos si ble to medi ate com pat i bil ity with a sec ond organic phase to allow
self-orga ni za tion and the related for ma tion of nanocomposites. The
nanocomposite com prises a lanthanide com plex phase and a poly mer phase
with a lamellar repeat period of about 3.5 nm, rather inde pend ent of the
 system com po si tion. Highly uni form and monodisperse latex par ti cles
 containing a hydro pho bic metal com plex as plat i num(II)acetylacetonate,
indium(III)acetylacetonate, zinc(II)tetramethylheptadionate (Zn(TMHD)
2), zincphthalocyanine, and chro mium(III)benzoylacetonate with dif fer ent
load ing capac i ties could be pre pared by the miniemulsion poly mer iza tion
and could be used for a new nanolithography approach. Opti mized plasma
and anneal ing pro ce dures gen er ate metal par ti cles with diam e ters appro pri ate 
to their metal con tent at interparticle dis tances given by the col loi dal size
[106]. Serv ing as etch ing masks in a reac tive-ion etch ing pro cess, the orig i nal
order of colloids is trans ferred to nanopillars and nanoholes with aspect ratios 
of up to 10; see Fig ure 2.4(c). 

2.2.3 Direct Generation of Polymer Capsules and Hollow Particles 

It was also shown that the encap su la tion pro cess is not lim ited on solid mate -
ri als, but also liq uids which are insol u ble in the poly meric shell mate rial can
be encap su lated in order to obtain nanocapsules. The syn the sis of hol low
poly meric cap sules with sizes rang ing from 50 nm to 50 µm has an intense
inter est in mate ri als sci ence. They offer unique prop er ties as nanoreactors or
microreactors and are suit able mate ri als for drug deliv ery sys tems. There are
gen er ally two approaches to make hol low poly meric par ti cles, which can be
dif fer en ti ated by the pres ence or absence of a sac ri fi cial core. In the first
method, a core par ti cle is used as tem plate and there fore coated with a poly -
meric shell. The coat ing of the sac ri fi cial core is obtained by adsorp tion of a
pre formed poly mer or by poly mer iza tion on the sur face of the core; sub se -
quently the core is removed by chem i cal or phys i cal means as dis so lu tion or
cal ci na tion. The tech nique of for ma tion of a poly meric shell by adsorp tion
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on a sac ri fi cial core com prises the layer-by-layer tech nique, putt ing alter na -
tively polyelectrolytes or nanoparticles of oppo site charges on a min eral or
organic sac ri fi cial core. This method was used for cap sule diam e ters rang ing
from 70 nm to 10 µm. The thick ness of the cap sule wall is sim ply con trolled
by the num ber of cycles of the layer-by-layer depo si tion [107]. Hol low
spheres of 200 to 400 nm were also obtained by dis so lu tion or enzy matic
deg ra da tion of the core of noncovalently con nected core-shell micelles [108]. 
Obvi ously, the tech niques that do not use a sac ri fi cial core are more suit able
since they need fewer steps for the syn the sis. In this case, the shell for ma tion
is driven by self-assem bly or by sur face ten sion forces. Thus, cap sules can be
made by the Ouzo effect [109], the self-assem bly of block copol y mers [110],
the photo-poly mer iza tion of a mono mer in phospholipid liposomes [111],
cross-link ing of polymerizable liposomes [112], or neu tral iza tion of a poly -
meric-charged core [113]. The miniemulsion tech nique was found to be a
suit able tech nique for the syn the sis of well-defined nanocapsules because of
the high sta bil ity of the drop lets act ing as a nanoreactor.

2.2.4 Encapsulation of Hydrophobic Liquids 

For the syn the sis, a mono mer and an oil are cho sen in that way, that both
com po nents are mixable in the monomeric state. As soon as poly mer iza tion
occurs, phase sep a ra tion takes place. The dif fer ences of the hydrophilicities
of the inter faces oil/poly mer and poly mer/water have to be designed so that
the for ma tion of nanocapsules is favored [Fig ure 2.5(a)] [114]. An encap su -
la tion of hydro pho bic liq uids can also be achieved by using the sta bi lizer
chitosan [see Fig ure 2.5(b)] which can be trans formed to a sta ble shell by a
polyaddition reac tion with diepoxides [115]. Sev eral other groups have also
reported that hydro pho bic com pounds could be effi ciently encap su lated in
thin shells made by free-rad i cal poly mer iza tion [116, 117]. An inor ganic
shell can be formed by adsorb ing small sil ica plates on the sur face which are
linked by a con den sa tion pro cess [see Fig ure 2.5(c)] [118]. 

Torini et al. have described the encap su la tion of hydro pho bic com -
pounds by inter fa cial polycondensation in miniemulsion [119]. The pro cess
took place in a direct sys tem (o/w) where the sta ble diisocyanate
isophorondiisocyanate (IPDI) was reacted with the 1,6-hexanediol mono mer 
at the inter face of the drop lets. Scott et al. described an orig i nal syn the sis of
nanocapsules in direct miniemulsion via inter fa cial free-rad i cal poly mer iza -
tion [120]. A sur face-active ini ti a tor was used to start an alter nat ing
copolymerization between one mono mer pres ent in the dis persed oil phase
and a mono mer pres ent in the aqueous continuous phase.
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The wall of the nanocapsules can be either formed that no leak age
occurs, or it can be formed as a per me able shell that allows a con trolled
release (e.g., of a per fume, a med i cine, and so forth). As one exam ple, the
hydro pho bic solid photoinitiator Lucirin TPO was encap su lated within a
poly mer shell by using the miniemulsion pro cess [121]. A solu tion of Lucirin 
TPO in methyl methacrylate (MMA) or butyl acrylate (BA)/MMA mix ture
was miniemulsified in water fol lowed by a poly mer iza tion pro cess in which
phase sep a ra tion of the Lucirin TPO and the formed poly mer led to amor -
phously solid i fied Lucirin TPO nanoparticles encap su lated by poly mer.
These nanocapsules were freeze-dried and could be redis persed in acidic
mono mers, which are applied in poly meric den tal adhe sives. It is shown by
NMR spec tros copy that the shell sep a rates the Lucirin TPO, which is sen si -
tive to deg ra da tion in acidic media, from an ambi ent acidic mono mer phase
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Fig ure 2.5 For ma tion of nanocapsules with: (a) poly mer shell con tain ing a hydro pho bic 
liq uid; (b) bio de grad able chitosan shell con tain ing a hydro pho bic liq uid; (c) inor ganic
SiO2 shell con tain ing a hydro pho bic liq uid; (d) a poly ure thane shell con tain ing a hydro -
philic core; (e) sil ver nanoparticles in poly ure thane nanocapsules after reduc tion of a sil -
ver salt; and (f) nanocapsule with encap su lated intact azo com po nent after
nanoexplosion.



and pro tects it from fast decom po si tion. Inves ti ga tions of the release kinet ics
of Lucirin TPO from the nanocapsules reveal that the kinet ics are strongly
depend ent on the composition of the surrounding continuous phase. 

It could be shown that embed ding of intact azoinitiators via rad i cal
poly mer iza tion of the miniemulsion drop lets at low-reac tion tem per a tures
has been suc cess fully obtained [122]. In spite of the ther mal ini ti a tion of the
poly mer iza tion pro cess with a first azoinitiator decom pos ing at low tem per a -
tures, the embed ded sec ond azoinitiators main tain their char ac ter so
that they can be det o nated at a later time at higher tem per a tures
(“nanoexplosion”). The det o na tion has to be below the glass tran si tion tem -
per a ture of the poly mer. Then the nitro gen gas devel oped dur ing the ther mal 
treat ment of the par ti cles (caused by the decom po si tion of the encap su lated
azoinitiator) build up an overpressure at the inside of the par ti cles and affect
a blow-out through which the poly mer sur face is dam aged [see Fig ure
2.5(f)]. After wards the dam aged par ti cles col lapse. This con cept allows a sud -
den release of materials which are also encapsulated in the particles. 

2.2.5 Encapsulation of Hydrophilic Liquids by Interfacial Reaction 

A ver sa tile method to obtain func tional hol low nanoreactors with a hydro -
philic liq uid core is to per form an inter fa cial reac tion in miniemulsion [123]. 
The syn the sis of hol low polyurea, polythiourea, and poly ure thane
nanocapsules was per formed by inter fa cial polycondensation or cross-link ing 
reac tions in inverse miniemulsion [see Fig ure 2.5(d)]. The miniemulsions
were built upon emulsification of a solu tion of amines or alco hols in a polar
sol vent with cyc lo hex ane as the nonpolar con tin u ous phase. The addi tion of
suit able hydro pho bic diisocyanate or diisothiocyanate mono mers to the con -
tin u ous phase allows the polycondensation or the cross-link ing reac tions to
occur at the inter face of the drop lets. The wall thick ness of the cap sules can
be directly tuned by the quan tity of the reac tants. The nature of the mono -
mers and the con tin u ous phase are the crit i cal fac tors for the for ma tion of the 
hol low cap sules, which is explained by the inter fa cial prop er ties of the sys -
tem. The result ing poly mer nanocapsules could be sub se quently dis persed in
water. The cap sules were found to be spher i cal when formamide was used as
the liq uid core, whereas elon gated cap sules were obtained with water.
Finally, these hol low nanoreactors were used as a model sys tem for the prep a -
ra tion of sil ver nanoparticles by reduc ing sil ver nitrate solu tions encap su lated 
by the polyurea shell [see Fig ure 2.5(e)]. These syn the ses are the first that
allow the encapsulation of hydrophilic compounds in miniemulsion in a
hollow structure.  
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Nanocapsules with poly meric shells of poly ure thane, polyurea, and
crosslinked dex tran con tain ing the hydro philic con trast agents Magnevist
and Gadovist are syn the sized via the same pro cess [124]. Due to the poros -
ity of the poly meric shell, exchange of water mol e cules through the cap sule
walls can be ensured and no sig nif i cant com pro mises in the T1 relaxitivity of 
the con trast com pound is observed for mag netic res o nance imag ing. This
clearly indi cates the poten tial use of the con trast-agent-filled nanocapsules
as new mag netic res o nance imag ing (MRI) con trast agents. Aque ous-core
cap sules with uni form poly meric shells and diam e ters rang ing from 0.2 to
5 µm could also be pre pared by poly mer iz ing the inter faces of inverse emul -
sion microspheres [125]. The free-rad i cal poly mer iza tion at the inter -
face of water-in-oil microspheres was per formed as an alter nat ing
copolymerization of hydro pho bic maleate esters and hydro philic
polyhydroxy vinyl ethers, in a man ner anal o gous to clas si cal inter fa cial
polycondensations. In these polymerizations, the kinet ics, shell thick ness,
and release char ac ter is tics of the result ing aque ous-core cap sules are set by
the dif fu sion-lim ited alter nat ing reac tion of the oil-sol u ble maleate esters
and water-sol u ble vinyl ethers. 

2.2.6 Encapsulation of Hydrophilic Components by Nanoprecipitation 

The mod i fied nanoprecipitation of poly mers onto sta ble nanodroplets has
been suc cess fully applied to pre pare well-defined nanocapsules whose hydro -
philic core is com pos ing of an anti sep tic agent (i.e., chlorhexidine
digluconate aque ous solu tion) [126]. The sta ble nanodroplets were obtained
by inverse miniemulsions with an aque ous anti sep tic solu tion dis persed in an 
organic medium of sol vent/nonsolvent mix ture con tain ing an oil-sol u ble
surfactant and the poly mer for the shell for ma tion. The change of gra di ent of 
the sol vent/nonsolvent mix ture of dichloro methane/cyc lo hex ane, obtained
by heat ing at 50°C, led to the pre cip i ta tion of the poly mer in the organic
con tin u ous phase and depo si tion onto the large inter face of the
miniemulsion aque ous drop lets. The monodisperse poly mer nanocapsules
with the size range of 240 to 80 nm were achieved as a func tion of the
amount of surfactant. Using var i ous poly mer con tents, molec u lar weights
and types, an encap su la tion effi ciency of 20% to 100% was obtained. The
nanocapsules could be eas ily transferred into water as continuous phase
resulting in nanocapsules con tain ing an aque ous core with the anti sep tic
agent. The encap su lated amount of the anti sep tic angent was eval u ated and
indi cated the dura bil ity of the nanocapsule’s wall.
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2.3 Crystallization in Miniemulsion Droplets 

Due to the small size of the drop lets, the dynamic crys tal li za tion and melt ing
pro cess in small, sta ble, and nar rowly dis trib uted nanodroplets of
miniemulsions is strongly influ enced. Both reg u lar and inverse sys tems were
exam ined, char ac ter iz ing in the one case on the crys tal li za tion of n-alkanes
[127, 128], the crys tal li za tion of ice in the other [127]. It was shown for both 
cases that the tem per a ture of crys tal li za tion in such drop lets is sig nif i cantly
decreased (or the required undercooling is increased), as com pared to the
bulk mate rial. This can be attrib uted to a very effec tive sup pres sion of het er -
o ge neous nucle ation. This means that a crys tal li za tion does not occur in the
binodal region of the phase dia gram, but much deeper below the spinodal
line which increases the region of metastability by another 25K. This is
impor tant for a whole vari ety of tech ni cal appli ca tions. 

Inter est ingly, the con fine ment is drop lets and also influ ences the crys tal 
mor phol ogy and crys tal struc ture, as detected by X-ray anal y sis. The more
plas tic hexadecane crys tals show a dis tor tion of the crys tal struc ture by the
adap ta tion to the close-to-spher i cal shape. A very dif fer ent behav ior was
detected for odd and even alkanes. In even alkanes, the con fine ment in small
drop lets changes the crys tal struc ture from a triclinic (in bulk) to an
orthorhombic struc ture which is attrib uted to finite size effects inside the
drop lets. An inter me di ate metastable rota tor phase is of less rel e vance for the
miniemulsion drop lets than in the bulk. For odd alkanes, only a strong tem -
per a ture shift com pared to the bulk sys tem, but no struc ture change is
observed, as both in bulk and in miniemulsion drop lets, a triclinic struc ture
is formed. 

Water, on the other hand, shows the same hex ag o nal struc ture, but the
rel a tive peak inten si ties heavily change, speak ing for a very flat shape of ice
nanocrystal. At the same time, it is that more than one ice crys tal nucle ate in
each nanodroplet, mak ing the crys tal line nanodroplet super struc ture poten -
tially look ing like a pile of pan cakes. The nanocrystal size in case of ice is
increas ing with decreas ing drop let size, which can be due to heat flow effects, 
a decreased nucle ation rate, or even a better pack ing of the nanocrystals in
smaller drop lets. Crys tal li za tion of the poly mer poly(eth yl ene oxide) in nar -
rowly dis trib uted nanodroplets also show exclu sively homo ge neous nucle -
ation result ing in sta ble crys tal lized drop lets [129]. Inside each drop let, 4–5
lamellae are formed which are not interlamellar con nected and just loosely
lay ered. Dur ing the crys tal li za tion, in each drop let, only one nucleus is
 present at the same time. At the large supercooling only about 60% of the
chains are crys tal lized indi cat ing a high imper fec tion of the super struc ture.
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How ever, a rear range ment occurs at increas ing tem per a ture. Whereas in dis -
per sion the struc ture is sta ble, upon dry ing the lamellae slid apart from each
other and arrange in a highly ordered, Zenon-struc tural way. The small est
units (the “cap” of the drop let) indeed con sists of down to one poly mer
chain. There fore, the crys tal li za tion of poly mers con fined in miniemulsion
can be also used to obtain sin gle-chain sin gle crys tals.

The crys tal li za tion of the miniemulsions of two dyes (oil blue and oil
red) with pri mary drop let diam e ters of 120 nm results in sin gle crys tal line
nanofibers of high qual ity, uni for mity, and chro matic def i ni tion [130]. As
these dyes are abso lutely insol u ble in the con tin u ous phase, the observed
growth of the crys tals must have pro ceeded via con trolled aggre ga tion and
mesoscale trans for ma tion of col loi dal inter me di ates. This is regarded as a
model case for this nonclassical crystallization process.

The fact that the crys tals of those dyes are pleiochromic reveals addi -
tional infor ma tion about the aggre ga tion pro cess. Dye absorp tion and there -
fore the max i mum dipole moment are ori ented per pen dic u lar to the growth
direc tion, which gives strong indi ca tions that the con trolled aggre ga tion
is medi ated not by dipole fields (as usu ally spec u lated), but by polar iza tion
forces. As these, for polar crys tals, add up coher ently in a highly anisotropic
fash ion, van der Waals attrac tion in cer tain direc tion can obvi ously become
very strong, much stron ger than the ionic and steric sta bi liz ers which have
kept the orig i nal miniemulsion sta ble. It was called a “super van der Waals”
force which is highly direc tional and breaks the radial sym me try of the
DLVO poten tial. As a result, highly selec tive and spa tially con trolled aggre -
ga tion takes place, which is the pre req ui site of morphosynthetical con trol of
the crys tal habitus. In addi tion, the exis tence of such forces also explain why
indus tri ally opti mized pro ce dures to make dye or drug nanocrystals suc ceed
or fail from sys tem to sys tem in a way nonpredictable from the prop er ties of
the mol e cule, alone. In this pic ture, sta ble nanocrystals can only be made
from crys tal struc tures which do not show coherent addition of molecular
polarizabilities. 

Liq uid crys tal nanoparticles using a low molec u lar weight liq uid crys tal
were also pre pared by the miniemulsion approach with a drop let size
between 180 to 630 nm [131]. DSC mea sure ments reveal a large shift in the
nematic-iso tro pic phase tran si tion tem per a ture. Fur ther inves ti ga tions on
liq uid crys tal drop lets are car ried out using AFM mea sure ments show ing that 
these par ti cles have an order of the liq uid crys tal mol e cules within the drop -
lets. Light scat ter ing mea sure ments yield the tem per a ture depend ence of the
ani so tropy and the tem po ral sta bil ity of the drop lets. An effect of the direc tor 
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fluc tu a tions within the droplets on dynamic depolarized scattering was
found.

2.4 Conclusion 

Dis per sions of liq uid mat ter in sta ble nanodroplets as nanoreactors in a
so-called “miniemulsion” open new pos si bil i ties for the syn the sis of
nanoparticles and nanocapsules. The entire range of poly mer iza tion reac tions 
from rad i cal, anionic, cationic, enzy matic poly mer iza tion to polyaddition
and polycondensation, metal-cat a lyzed, and oxi da tive poly mer iza tion can be
per formed in order to obtain dif fer ent poly meric par ti cles. Inor ganic par ti -
cles and liq uids can be encap su lated by a sub se quent sec ond miniemulsion
pro cess into a poly mer shell in order to avoid leak age. This pro tects the inte -
rior against exter nal influ ences, but may also pro tect the envi ron ment (e.g.,
the human body against toxic mate ri als). A per me able shell allows the con -
trolled slow release of sub stances into the envi ron ment; fast releases can also
be obtained by nanoexplosions inside the nanocapsules. The strength of
miniemulsion is that poly meric nanoparticles and nanocapsules can be pro -
duced con sist ing of poly mers or poly mer struc tures includ ing func tional sur -
faces and encap su lated mate ri als which are not acces si ble by other types of
heterophase poly mer iza tion. In my opin ion, the field of miniemulsion is still
on the rise since there are many pos si bil i ties for the design of new par ti cles
cov er ing many appli ca tions in mate ri als sci ence for life sci ences and
medicine.
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3
Transport Phenomena and Chemical
Reactions in Nanoscale Surfactant
Networks
Aldo Jesorka, Owe Orwar, Zoran Konkoli, Brigitte Bauer, and Ludvig Lizana

3.1 Introduction

Bio log i cal cells have evolved over time into sophis ti cated, highly struc tured
chem i cal fac to ries. They fea ture spa tially con fined mech a nisms for trans port, 
stor age, release, and mix ing of reac tants, cat a lysts, and prod ucts down to sin -
gle mol e cule quan ti ties (see Fig ure 3.1) (Alberts, John son, et al., 2002). On
the cel lu lar level, nanosized bio chem i cal reac tors are abun dant, with impor -
tant func tions in energy con ver sion, cell sig nal ing, pro cess ing of genetic
mate rial, and syn the sis of a great vari ety of essen tial func tional mate ri als. So
far, arti fi cially cre ated small-scale reac tor sys tems have never reached this
struc tural com plex ity and diver sity. How ever, path ways to new tech nol o gies
begin to open up, with soft mate ri als being used to cre ate arti fi cial envi ron -
ments with cell-like prop er ties. They make pos si ble the con struc tion of reac -
tor assem blies that can be dynam i cally con trolled, mod i fied, and restruc tured 
in order to oper ate with very small num bers of mol e cules. The nec es sary
 initiation and con trol of chem i cal pro cesses at this scale in arti fi cial
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envi ron ments can be achieved by com bin ing biologically inspired materials
and principles with man-made, engineered materials (Wu and Payne, 2004).

This chap ter high lights recent advances in soft-mat ter nanotechnology, 
largely based on phospholipid biomembrane assem blies. The infor ma tion
found here should pro vide bio med i cal research ers and pro fes sion als in the
bio phys i cal sci ences with state-of-the-art mate rial required to under stand and 
eval u ate the oppor tu ni ties and chal lenges of soft-mat ter reac tor sys tems on
the nano- and microscale. The first sec tion is ded i cated to the fab ri ca tion and 
prop er ties of ves i cle-nanotube-net works and their con stit u ents, the sec ond
sec tion is ded i cated to dif fu sion and trans port mech a nisms in such sys tems,
and the third sec tion intro duces aspects of chem i cal reac tions in the
networks, largely based on application examples.

While today’s microreaction and microscale trans port devices
(microfluidics, microelectrofluidics) are estab lished tech no log i cal areas
(Brivio, Verboom, et al., 2006) (Weibel and Whitesides, 2006) (Jayaraj,
Kang, et al., 2007), engi neer ing of chem i cal reac tor sys tems of nanometer
dimen sions and nanobiotechnological appli ca tions are still at an early stage
(Oberholzer and Luisi, 2002) (Bolinger, Stamou, et al., 2004). Research ers
in chem is try, phys ics, and mate ri als sci ence have col lected exten sive knowl -
edge about nanoscale struc tural prin ci ples found in var i ous instances in the
bio log i cal world (Clark, Singer et al., 2004) (Pitchiaya and Krishnan, 2006)
(Mavroidis, Dubey, et al., 2004) (Koh and Moon, 2006). The driv ing force
for such inves ti ga tions lays in the desire to gain deeper knowl edge of, for
exam ple, rates and mech a nisms of bio chem i cal reac tions in con fined envi -
ron ments, in the need for novel appli ca tions and tech nol o gies such as
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Chemical reactions

Release

Controlled processes
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Transport

Fig ure 3.1 Inspi ra tion from biol ogy, where solu tions for han dling sin gle mol e cules and
extremely small vol umes already exist. (a) Micro graph of adher ent eukaryotic cells (NG
108-15), (b) sche matic of the endomembrane sys tem (formed by endoplasmic retic u lum
Golgi, etc.), in which con trolled reac tions, con trolled release (and uptake) of mate rial,
con trolled translocation, and con trolled trans port are tak ing place.



ultra-small-scale ana lyt i cal devices or in the search for uncon ven tional com -
put ing par a digms (Zauner, 2005). Accord ingly, many new obser va tion and
nanoengineering tech niques have emerged recently, and the advan tages of
nanosize devices, such as low energy/mate rial con sump tion, high effi ciency,
and spe cific func tion al ity, are appar ent. Now the field is driv ing towards the
devel op ment of methods to bring such nanoscale (bio)-technologies into
service. 

Self-orga ni za tion and molec u lar self-assem bly (Huie, 2003), chem i cal
infor ma tion pro cess ing (e.g., by means of DNA) (Banzhaf, Dittrich, et al.,
1996), the oper a tion prin ci ples of molec u lar motors (Mallik and Gross,
2004), or the favor able mate rial prop er ties of a soft-mat ter archi tec ture as
found in biomembranes (Tien, Salamon, et al., 1991) (Kinoshita, 1995) are
all exam ples for prom is ing leads taken directly from nature. Spe cif i cally, in
order to con struct struc tured bio chem i cal reac tors with, at least in part,
nanoscale dimen sions, the use of con struc tion prin ci ples and mate rial choices 
found in the liv ing world is one of the most promising approaches. 

A soft-mat ter device tech nol ogy based on biomembranes that is eas ily
con structed and readily trans formed into com plex func tional units of
microreactors and inter con nect ing flex i ble nanochannels is the essence of this 
chap ter. Surfactant nanotube-ves i cle net works rep re sent some of the small est
devices known to date for per form ing con trolled chem i cal oper a tions in a
com pletely biocompatible envi ron ment. Newly devel oped means for
compartmentalization and trans port of mate ri als between con tain ers, as well
as advance ments in ini ti a tion and con trol of chem i cal reac tions in such sys -
tems have opened path ways to new devices with appli ca tions down to the
sin gle-mol e cule level (Karlsson, Karlsson, et al., 2006). 

3.2 Construction, Shape Transformations, and Structural
Modifications of Phospholipid Nanotube-Vesicle Networks

3.2.1 Phospholipid Membranes and Vesicles

Although the num ber of self-assem bling soft mate ri als is rap idly grow ing
(Ham ley, 2005) (Kato, Mizoshita, et al., 2006) (Ghoroghchian, Frail, et al.,
2005), the most widely applied bilayer-form ing mate rial in the bio sci ences is
phospholipids. They are suc cess fully uti lized in the assem bly of sup ported
mem branes (Tanaka and Sackmann, 2005) (Zana, 2005), mem -
brane-enclosed pico-to-femtoliter vol umes (ves i cles) (Houser, 1993) (Tay lor, 
Davidson, et al., 2005) (Luisi and Walde, 1999), (Segota and Tezak, 2006)
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and comp lexly struc tured net works of ves i cles inter con nected by tubu lar
struc tures (Karlsson, Karlsson, et al., 2001).

Bio log i cal cells are sur rounded by bilayer mem branes, which are
mainly com posed of phospholipids, pro teins, and car bo hy drates arranged in
a fluidic mosaic struc ture. From the per spec tive of a biomaterials sci en tist,
lipid bilayer mem branes have sev eral unique and attrac tive prop er ties. They
con sist of tightly packed, amphiphilic phospholipids mol e cules, held
together by nonconvalent inter ac tions. These mol e cules are neatly arranged
in a dou ble layer, with their polar, hydro philic phos phate heads fac ing out -
wards, and their nonpolar, hydro pho bic fatty acid tails fac ing each other.
This essen tially hydro pho bic bilayer acts as a bar rier to all ionic and many
uncharged spe cies, effec tively sep a rat ing the two oppo site sides of the mem -
brane from each other. Dif fer ent kinds of mem branes can con tain a vari ety
of dif fer ently struc tured phospholipids as well as other con stit u ents (e.g.,
cho les terol in ani mal cell mem branes), affecting both strength and flexibility
of the bilayer.

Unlike solid mate ri als or rigid macromolecular struc tures, supra mo -
lecu lar bilayers pos sess extraor di nary mechan i cal prop er ties as well as fea tures 
of a two-dimen sional fluid. The mechan i cal strength of a fluid-state lipid
mem brane is com pa ra ble to a steel sheet of the same thick ness, yet it is capa -
ble of under go ing com plex shape tran si tions (Seifert, 1997). A the o ret i cal
frame work for describ ing the elas tic prop er ties of ves i cles has been devel oped
and con stantly improved (Evans and Skalak, 1980) (Dobereiner, Evans, et
al., 1997). The most impor tant mac ro scopic prop erty of lipid bilayers is the
sur face bend ing elas tic ity, which is closely related to ves i cle shape, the chem i -
cal prop er ties of indi vid ual phospholipids in the mem brane, and the nature
of struc tural phases and their tran si tions (Evans and Needham, 1987)
(Needham and Zhelev, 1996).

3.2.2 Self-Assembly of Vesicular Systems

Most phospholipids spon ta ne ously self-aggre gate to ~5-nm-thick bilayer
mem branes when sus pended in an aque ous solu tion. Depend ing on the
assem bly con di tions and the chem i cal struc ture of the phospholipids, pla nar
bilayers, spher i cal ves i cles (liposomes), or more com plex aggre gates such as
cubosomes can be obtained (Barauskas, Johnsson, et al., 2005). Mem branes
assem bled through this self-asso ci a tion mech a nism can, under cer tain con di -
tions, com pletely encap su late vol umes of the medium they were sus pended
in, form ing nearly spher i cal, flex i ble com part ments (liposomes) with an inte -
rior vol ume that is iso lated from the external medium (Figure 3.2). 
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Par tic u larly inter est ing as chem i cal model reac tors are giant bilayer ves -
i cles with a diam e ter >10 µm, since they can be directly manip u lated under a 
light micro scope. A num ber of meth ods to cre ate giant ves i cles have been
reported. One of the meth ods is based on a dehy dra tion-rehydration pro ce -
dure (Criado and Keller, 1987). As a vari ant, the rehydration of thin dried
films obtained after the evap o ra tion of the sol vent from lipid-pro tein com -
plexes, solubilized in organic sol vents, has been used to pro duce giant
proteoliposomes (Darszon, Vandenberg, et al., 1980). The dis ad van tage of
get ting a large amount of multilamellar (onion-shell-like) ves i cles in the
rehydration pro ce dure has been over come with the electroformation tech -
nique (Angelova and Dimitrov, 1986) in which a lipid film is rehydrated in
the pres ence of an alter nat ing cur rent (AC) elec tric field. Giant unilamellar
ves i cles (GUVs) with a more homo ge neous size dis tri bu tion around 25 µm
in diam e ter are thus gen er ated. Fur ther improved vari ants of this pro ce dure
yield ing larger and more abun dant ves i cles have been reported, uti liz ing a
spin coat ing tech nique for lipid depo si tion on sur faces (Estes and Mayer,
2005).

Giant liposomes have become the foun da tion of flex i ble, soft-walled
chem i cal reac tor net works, con sist ing of a com bi na tion of giant unilamellar
ves i cles con tain ers (GUVs, diam e ter: 5 ∼ 50 µm, inter nal vol ume in the pL
range), inter con nected by mem brane nanotubes with a diam e ter of ~ 100 nm 
and a broad length range of up to sev eral hun dred µm. 
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Fig ure 3.2 Sche matic pic ture of self-assem bly of lipid mol e cules into bilayer mem -
branes and spher i cal vesic u lar struc tures (liposomes). (a) individual lipid mol e cules in
sus pen sion; (b) section of a bilayer mem brane; (c) spher i cal bilayer ves i cle; (d) structure
of the arrange ment of the phospholipid palmityl oleyl phos pha tidyl choline (POPC), a
main biomembrane con stit u ent.



3.2.3 Lipid Nanotubes

Besides the liposomes as mem brane-enclosed microcompartments, lipid
nanotubes, hav ing a diam e ter in the 10 to 300 nm range, are the other
impor tant con stit u ent of nanotube ves i cle net works (NVNs). The fun da -
men tals of nanotube for ma tion and the fac tors which define their phys i cal
dimen sions are briefly described in the fol low ing sec tion. Lipid nanotubes
form when a point force is applied to a bilayer ves i cle (Hein rich, Bozic, et al., 
1999), involv ing first-order shape tran si tions, where the thus obtained shape
is char ac ter ized by a min i mum in sur face free energy (i.e., the sur face-to-vol -
ume ratio of the struc ture is opti mized). For a small mem brane patch, which
is pulled away from a pla nar sur face, the min i mum sur face area is reached
when the point of pull ing is con nected to the sur face by an infin i tes i mally
nar row tether. Dur ing the pro cess of pull ing, the cur va ture of the mem brane
increases as the extend ing mem brane part shrinks towards this tether. Even -
tu ally a nar row tube is formed with a radius that is deter mined by the bal ance 
between sur face ten sion and bend ing rigid ity, which pre vents the col lapse of
the extended mem brane part to an infin i tes i mally nar row size. The sur face
ten sion σ can be used to describe the inter face between a ves i cle and its sur -
round ing envi ron ment. σ can be employed because only a very small part of
the mem brane is involved in tube for ma tion, and there fore the term σA con -
trib utes to the free energy of the sys tem. Assum ing the absence of spon ta ne -
ous cur va ture c0, the cur va ture free energy for a (per fectly cylin dri cal)
nanotube is writ ten as:
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where σA is the stretch ing energy con tri bu tion and  ( )κc c c
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bend ing energy con tri bu tion, with mem brane sur face area A, sur face ten sion
σ, bend ing modulus κc, and prin ci pal monolayer cur va tures c1 and c2. Ltube

and Rtube are the length and radius of the nanotube, respec tively. The
free-energy con tri bu tion of the dif fer en tial stretch ing is much smaller than
the other terms and can be omit ted together with the Gaussian cur va ture
con tri bu tion, and the con tri bu tion of bilayer sur face adhe sion. The force
required for pull ing out a tube is:

f c= 2 2π σκ (3.2)
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which is typ i cally on the order of a few pN. Impor tantly, the (steady state)
radius of a lipid nanotube, Rtube, is a force bal ance between lat eral mem brane
ten sion and cur va ture energy (Evans and Yeung, 1994) and results from
min i miz ing equa tion 3.1 with respect to R:

R tube
c=

κ

σ2
(3.3)

Because the tube-ves i cle sys tem con sists of one sin gle con tin u ous mem -
brane, the tube radius can be mod u lated dynam i cally in an exist ing struc ture
by con trol ling the lat eral mem brane ten sion in the ves i cle. The energy cost
for cre at ing a tube is directly pro por tional to its length, and a ves i cle with a
con nected tube exists, com pared to an untethered ves i cle, in a highly tense
state. A nanotubular exten sion can there fore, due to the high cur va ture, only
exist with an adja cent sus pen sion point. A free end would always retract rap -
idly to the ves i cle. This fun da men tal pro cess is of impor tance in pro cesses
like nanotube-medi ated ves i cle fusion, which, as dis cussed in a later sec tion,
finds appli ca tion in multicompartmentalization and the initiation of
chemical reactions in vesicles. 

Fur ther more, due to their very large length-to-diam e ter ratio in com -
par i son to indi vid ual liposomes, nanotubes inter con nect ing ves i cles are most
influ en tial to the rate of trans port of mate rial between indi vid ual con tain ers
and, con se quen tially, on the rates of dif fu sion-con trolled chem i cal reactions
in the network. 

3.2.4 Nanotube-Vesicle Networks, Forced Shape Transitions, and Structural
Self-Organization

While sin gle unilamellar ves i cles are inter est ing objects for the investigaton of 
mem brane prop er ties, mechan ics, and transmembrane trans port phe nom ena 
(Bagatolli, 2006) (Svenson, 2004), net works of such ves i cles con structed by
inter con nec tion of indi vid ual con tain ers with lipid nanotubes have become
an inten sively stud ied area of the biomimetic mate ri als sci ences, with par tic u -
larly intrigu ing appli ca tions as soft-mat ter micro/nanoreactor systems. 

The fab ri ca tion of such net works is achieved through a sequence of dif -
fer ent trans for ma tion pro cesses: As dis cussed above, self-assem bly of indi vid -
ual lipid mol e cules in aque ous buf fered sus pen sion leads to bilayer
mem brane and ves i cle for ma tion (Fig ure 3.3). Micromanipulator-assisted
shape trans for ma tions of these ves i cles result in lipid nanotube for ma tion,
and sub se quently addi tional con tain ers with dif fer ent inter nal ized chem i cal
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Fig ure 3.3 Sche matic rep re sen ta tion of micropipette-assisted for ma tion and inter nal
functionalization of net works of ves i cles. A micropipet is inserted into a unilamellar ves i -
cle by means of electroinjection (a), using a car bon microfiber as a coun ter elec trode.
The pipet is then pulled away form ing a lipid nanotube (b). A new ves i cle is formed by
inject ing the buffer into the nanotube ori fice at the tip of the pipet (c). Repeating this pro -
ce dure can be used to form net works of ves i cles. By exchang ing the solu tion in the pipet 
dur ing the net work for ma tion, the inte rior con tents of the ves i cles can be dif fer en ti ated
(d). (e) Micro graph of a five-ves i cle net work with a cen tral con tainer and four daugh -
ter-con tain ers con nected by sin gle nanotubes. The mem brane is stained with a flu o res -
cent dye to enhance vis i bil ity. (f) Flu o res cence micro graph of a three-ves i cle net work
dif fer en tially filled with flu o res cent solu tions by sequen tial appli ca tion of injec tion pipets 
filled with dif fer ent aque ous media. The mem brane is also stained with a flu o res cent
dye. (g) Com plex net work of seven ves i cles, con structed with five uncon nected
nanotube inter sec tions. (h) The same net work of ves i cles after stim u lated coales cence
of nanotubes, lead ing to a sur face free energy opti miz ing struc tural rear range ment of
the inter con nect ing nanotubes. The multilamellar res er voir was removed from the struc -
tures prior to tak ing the images. Images reprinted with per mis sion of the Amer i can
Chem i cal Soci ety.



envi ron ments can be fab ri cated. With more com plex net works, self-orga ni za -
tion and geo met ric self-opti mi za tion can then be achieved through mechan i -
cal stim u la tion, lead ing to further minimization of free-membrane surface
energy.

We have devel oped a tool box of exper i men tal tech niques to con trol
geom e try, dimensionality, topol ogy, and func tion al ity in surfactant mem -
brane assem blies for direct appli ca tion in nanoscale net work and device fab ri -
ca tion (Karlsson, Karlsson, et al., 2001) (Karlsson, Sott, et al., 2002) (Sott,
Karlsson, et al., 2003). These pro ce dures rep re sent nonconventional fab ri ca -
tion routes to three-dimen sional soft-mat ter devices of dif fer en ti ated func -
tion, fea tur ing geom e tries at a length scale that is dif fi cult to achieve and a
flex i bil ity that is impos si ble to achieve with modern (solid-state) clean room
technology.

Nanotube-con ju gated ves i cle net works ter mi nated at the ends by
 surface-immobilized ves i cles are most advan ta geously formed using a
microelectroinjection tech nique (Karlsson, Sott, et al., 2001). This method
pro duces unilamellar (or sin gle-walled) ves i cles (10–15 to 10–12 liters inter nal
vol ume) inter con nected by lipid nanotubes (∼25 to 300 nm in diam e ter)
[Fig ure 3.3(a–d)]. The tech niques are related to the vari ety of exper i men tal
micromanipulation tech niques devel oped for mem brane tether for ma tion
(Derenyi, Julicher, et al., 2002), such as pull ing with pipets (Evans and
Yeung, 1994), opti cal tweez ers (Dai and Sheetz, 1999), pull ing by hydro dy -
namic force (Borghi, Rossier, et al., 2003), pull ing by action of poly mers
(Fygenson, Marko, et al., 1997), and pull ing by action of molec u lar motors
(Koster, VanDuijn, et al., 2003).

To cre ate liposome-lipid nanotube net works, a unilamellar liposome
with an inter nal ized vol ume of a given com po si tion is pen e trated by a small
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Fig ure 3.4 (a) Sim ple two-con tainer net work con structed from a cul tured NG 108.-15
cell; (b) Sche matic draw ing of the prin ci ple of cell-NVN hybrid struc tures; and (c)
Three-con tainer-NVN con structed entirely from NG 108-15-derived lipid bilayer mate rial.
Images reprinted with per mis sion of the Amer i can Chem i cal Soci ety.



buffer-filled glass pipet [Fig ure 3.3(a)]. Upon retrac tion of the injec tion tip
away from the liposome, the lipid forms a tight seal around the injec tion tip.
This results in a lipid tube that is con nected between the injec tion tip and the 
orig i nal liposome [Fig ure 3.3(b)]. By slowly inject ing the buffer of a given
com po si tion at a rate of tens of femtoliters per sec ond, the nanotube expands
at the injec tion tip, thereby form ing a new liposome con nected to the orig i -
nal liposome via a lipid nanotube [Fig ure 3.3(c)]. The com po si tion of the
inter nal vol ume of the newly formed ves i cle can be dif fer ent from the first
ves i cle. The extra lipid mate rial required for growth of the liposome is drawn
from an attached multilamellar liposome [see Fig ure 3.3(a)], which acts as a
lipid res er voir. In the pro cess, lipid flows from this res er voir along the
nanotube to the newly cre ated unilamellar liposome. The flow is required to
alle vi ate the stress imposed on the bilayer mem brane when the mem brane is
expanded at the injec tion tip and mem brane ten sion is increased. It has been
dem on strated that a gra di ent or dif fer ence in mem brane ten sion across a
lipid mem brane sur face drives the lipids to flow from regions of low ten sion
to regions of high ten sion, in order to elim i nate the ten sion dif fer ence
(Karlsson, Karlsson, et al., 2002). When the expand ing liposome grow ing on 
the injec tion tip has reached a desired size, it can be adhered to a sur face. The 
pipet is then removed and, if required, exchanged to inject a solu tion of dif -
fer ent com po si tion. This pro ce dure is repeated until a net work of the desired 
size, and com plex ity is obtained [Fig ure 3.3(d)]. Nanotube-ves i cle net works
of dif fer ent con nec tiv ity [Fig ure 3.3(e–h)], inter nal com po si tion [Fig ure
3.3(f)] and diverse geom e try/topol ogy [Fig ure 3.3(g, h)] can be cre ated in
that man ner. A micropipet-assisted electrofusion pro to col for for ma tion of
net works hav ing com plex geom e tries and higher-order topol o gies is avail able 
(Karlsson, Sott, et al., 2002). Such struc tures include cir cu larly connected
networks as well as networks with three-dimensionally arranged (crossing,
but not interfacing) nanotube layers.

A char ac ter is tic fea ture of a fluid-state mem brane is the prop erty of
struc tural self-orga ni za tion and sur face-free energy minimization. In the case
of nanotube-ves i cle net works, sur face energy is inhomogenously dis trib uted
due to the extreme dif fer ence in cur va ture (by a fac tor 10 to 100) between
the ves i cle con tain ers and the lipid nanotubes. In prac tice this means that
nanotubes orig i nat ing from the same ves i cle have to be sep a rated from each
other by a dis tance at the ves i cle-nanotube inter face in order to pre serve the
geom e try of the sys tem. In Fig ure 3.3(h), red arrows point to such a con stel -
la tion (Karlsson, et al., 2002). Oth er wise, the tubes will coalesce in order to
reduce the sur face energy of the sys tem, and form a three-way junc tion that
self-orga nizes by means of the min i mum path way solu tion of the spe cific
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geom e try set by the ver tex coor di nates of the con nected con tain ers, even tu -
ally lead ing to a sit u a tion when the angle between tubes equals 120°. As dis -
played in Fig ure 3.3(g, h), this self-orga ni za tion capa bil ity can be directly
trig gered to cre ate struc tured net works with bifur cat ing lipid nanotubes. It is
ini ti ated by mechan i cal or elec tro me chani cal action, using micropipets or
microelectrodes, to merge two nanotubes and is driven by spon ta ne ous
minimization of sur face free energy. Thus, it is pos si ble to cre ate well-defined 
com plex nanometer-scale subdomain net works with a well-defined geom e try 
and topol ogy within a nanotube-ves i cle net work. (Lobovkina, Dommersnes,
et al., 2004) [Fig ure 3.3(g, h]).

Besides mod i fi ca tion of net work struc ture and inter nal con tents, an
equally impor tant fea ture of the net work is their sur face inte gra tion and
attach ment. The prac ti cal impor tance of thin, opti cally trans par ent sub -
strates for real-time obser va tion and manip u la tion in inverted micros copy
envi ron ments results in a some what lim ited choice of avail able stan dard
mate ri als. To over come this sit u a tion, chem i cal or phys i cal pat tern ing or sur -
face-treat ment tech niques can be advan ta geously employed to com mon
boro sili cate glass sub strates in order to cre ate sub strates with dif fer en tial
adhe sion char ac ter is tics towards lipid mate rial or ves i cles sur faces dec o rated
with biofunctionalized beads (Abdelghani-Jacquin, Abdelghani, et al.,
2002). Sur faces such as streptavidin-coated gold films have been used to cre -
ate defined pat terns for ves i cle adhe sion in which the coor di nates for indi vid -
ual nodes can be set with microm e ter pre ci sion (Sott, Karlsson, et al., 2003).
Addi tion ally, tech niques for for ma tion of three-dimen sional top o graphic
sub strates on the basis of high aspect ratio photoresists such as SU-8 have
been devel oped (Hurtig, Karlsson, et al., 2004). Recent reviews pro vide a
detailed intro duc tion into the the o ret i cal and prac ti cal aspects of fab ri ca tion,
inte rior con tent dif fer en ti a tion, topol ogy, mem brane mod i fi ca tion, and
surface immobilization of NVNs (Karlsson, Karlsson, et al., 2006) (Karlsson, 
Davidson, et al., 2004).

3.2.5 Membrane Biofunctionalization of Liposomes and Vesicle-Cell Hybrids

The imple men ta tion of com plex chem i cal func tions into NVNs requires
bio chem i cal functionalization of acces si ble net work com po nents. This can
be based on func tional mate ri als embed ded in the mem brane, such as mem -
brane pro teins or syn thetic multifunctional pores (SMPs) (Sorde, Das, et al.,
2003), or the mod i fi ca tion of the ves i cle’s inte rior vol ume, for exam ple by
compartmentalization or inter nal iza tion of functional (bio)-polymers. 
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For exam ple, to enable com mu ni ca tion between the inte rior and exte -
rior of a ves i cle-nanotube net work, pro vid ing exact means of exter nal con trol 
over pro cesses inside a con tainer net work, medi a tion of a chem i cal sig nal
through the mem brane is of fore most impor tance. Using mem brane pro teins 
(i.e., trans port ers), and chan nels as highly selec tive sig nal medi a tors due to
inher ent molec u lar rec og ni tion and per me abil ity prop er ties, selec tiv ity over
the trans ported chem i cal spe cies can be achieved. Many mem brane pro teins
also have an addi tional gating func tion con trolled by mem brane poten tial or
spe cific lig ands. Mem brane-based devices of this kind can be readily used
where a series of manip u la tions have to be per formed on an ini tially
extremely small vol ume con tain ing a sig nal ling mol e cule or an analyte in
ana lyt i cal, bio sen sor, and com pu ta tional devices. By com bin ing bio log i cal
and micromanipulation tech niques, a new method for pro duc ing NVNs
using recon sti tuted pro teins has also been devel oped. Mem brane-span ning
pro teins such as ion trans port ers can be intro duced to the net works either in
their sur round ing mem brane or as inte grated parts of organelles or cat a lyt i -
cally active par ti cles, con fined in indi vid ual con tain ers (Davidson, Karlsson,
et al., 2003).

As a dis tinct advan tage over all other ultra-small-scale reac tor con cepts
with respect to inte gra tion with bio log i cal com po nents, NVNs already pos -
sess a biomimetic bilayer mem brane as the main sys tem bound ary. This
offers, in prin ci ple, the oppor tu nity to obtain mem brane pro teins and lipids
from nat u ral sources in high yields, while fully main tain ing their func tion al -
ity. The func tion of mem brane con stit u ents and spe cif i cally bioconjugated
nat u ral lipids can there fore be trans ferred directly to the NVNs, either as a
prac ti cal way to study a sen si tive biomaterial (e.g., a mem brane pro tein in a
sim pli fied envi ron ment), or to cre ate biomimetic devices with a spe cif i cally
selected function. 

Gen er ally, a wide range of meth ods have been devel oped for recon sti tu -
tion of mem brane pro teins in arti fi cial SUVs (Eytan, 1982) (Rigaud, Pitard,
et al., 1995) and sub se quently GUVs, that can be used to build net works
(Davidson, Karlsson, et al., 2003). Reconstitution in GUVs include fusion of 
proteoliposomes gen er ated by deter gent-medi ated recon sti tu tion or inser tion 
of pro teins into pre formed GUVs via pep tide-induced fusion (Doeven,
Folgering, et al., 2005) (Girard, Pecreaux, et al., 2004) (Kahya, Pecheur, et
al., 2001). This approach has cer tain lim i ta tions. First, the pro teins have to
be removed from their native envi ron ment, usu ally by appli ca tion of deter -
gents, where it often is not pos si ble to ensure that all the pro teins are recon -
sti tuted uni formly in their desired ori en ta tion. Sec ondly, as the iso la tion
pro ce dures can be quite harsh, pro tein activ ity may be reduced or com pletely 
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lost. Exper i men tal work in this field can be time-con sum ing and dif fi cult to
repro duce, as suit able recon sti tu tion pro to cols for each desired pro tein need
to be devel oped. The most ben e fi cial approach with respect to these prob -
lems is the for ma tion of the NVNs directly from a native cell mem brane,
which is unfor tu nately a complicated endeavor as it is firmly attached to the
cytoskeleton. 

Sim pli fied access to the cell mem brane can be obtained by exploit ing
nat u ral reac tions of bio log i cal cells to par tic u lar means of stress. Upon chem -
i cal or mechan i cal stress (Cunningham, 1995) (Har ris, 1990) (Schutz and
Keller, 1998) (Rentsch and Keller, 2000) (Zhang, Gao, et al., 2000),
cytokinesis (Fishkind, Cao, et al., 1991) (Bur ton and Tay lor, 1997), cell
move ment (Friedl and Wolf, 2003) (Trinkaus, 1973), as well as dur ing
apoptosis (Mills, Stone, et al., 1998), cells can form unilamellar micron-sized 
pro tru sions, also known as mem brane blebs. These struc tures are com pat i ble
with the micromanipulation pro ce dures and tools used for syn thetic ves i cles
(Karlsson, Sott, et al., 2001) and serve as readily avail able pre cur sors for
NVN for ma tion. The cell pre sum ably still main tains its full func tion al ity
while adapt ing to exter nal stress fac tors by con tin u ously mod i fy ing
cytoskeletal adhe sion to the plasma mem brane. If there is a local defect in
mem brane-cytoskeleton attach ment, a bleb is extruded by infla tion of the
detached mem brane by intracellular fluid flow. The total cell vol ume, how -
ever, stays nearly constant.

In order to uti lize mem brane blebs for hybrid struc tures com bin ing the 
cel lu lar plasma mem brane with ves i cle net works, bleb for ma tion can be trig -
gered in var i ous ways. The pre ferred chem i cal method is based on using a
com bi na tion of dithiothreitol (DTT) and form al de hyde. Mem brane blebs
can be used to form sur face-adhered net works of plasma mem brane ves i cles,
with typ i cal ves i cle diam e ters of 5 to 10 µm and tube lengths of sev eral tens
of microm e ters, using the electroinjection tech nique devel oped for NVN
fab ri ca tion. This method pro vides high yields, native com po si tion, cor rect
pro tein ori en ta tion, and func tion. Only about 250 µm2 of mem brane area is
needed to build a three-ves i cle net work (given a 5-µm ves i cle diam e ter and
40-µm total tube length), thus such a net work can be prac ti cally built from a
sin gle cell. Whereas it appears likely that most cell-mem brane com po nents
can be extracted into a bleb, the sub se quent mor pho log i cal shape change and 
the pre ced ing cel lu lar pro cesses may cause a dif fer ent com po si tion of the bleb 
mem brane com pared to the native mem brane (Keller, Rentsch, et al., 2002).
For instance, mem brane pro teins that are inter act ing with the cytoskeleton
may not move over to the pro trud ing bleb, and a change in lat eral dif fu sion
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of pro teins may cause an altered spa tial mem brane pro tein dis tri bu tion
(Tank, Wu, et al., 1982).

Fig ure 3.4(a) dis plays a micro graph image of an adher ent cell with a
pro trud ing bleb, con nected via a nanotube to a daugh ter ves i cle which is still
attached to the micropipette. Fol low ing the same gen eral pro to col devel oped
for NVN con struc tion, the cell-derived bleb is used as a source for for ma tion
of a daugh ter ves i cle. In Fig ure 3.4(b), a sche matic rep re sen ta tion of the
method is shown. Organelles and cytoskeletal struc tures remain in the adher -
ent cell, while the bleb most likely encloses low-molec u lar-weight cytosolic
com po nents. The bleb and the sub se quently formed daugh ter ves i cle have
mem brane pro teins embed ded in the mem brane that are prop erly ori ented
and fully func tional. How ever, larger struc tures such as organelles, if pres ent
in the mother bleb, can not pass through the nanotubes because of size con -
straints. Using this method, net works of dif fer ent con nec tiv ity entirely
derived from bleb mem brane mate rial can be con structed. Fig ure 3.4(c)
shows a brightfield micro graph image of a net work of three ves i cles, linked to 
each other by a three-way nanotube junc tion. The pres ence of mem brane
glycoproteins in the net work bound ary was ver i fied in this par tic u lar case
using a selec tively bind ing dye (WGA-Alexa, 488), with affin ity to their sialic 
acid and N-acetylglucosaminyl residues (Bauer, Davidson, et al., 2006).

3.2.6 Internal Volume Functionalization and Compartmentalization of
Nanotube-Vesicle Networks

A rel a tively young field of research is the dynamic compartmentalization of
liposomes. Only very few exam ples of suc cess ful intro duc tion of size- or
shape-con trol la ble subcompartments into ves i cles have appeared. (Bolinger,
Stamou, et al., 2004) (Long, Jones, et al. 2005) (Markstrom, Gunnarsson, et
al., 2007). The devel op ment in this area is driven mainly by the desire to
increase com plex ity and ver sa til ity and to reach more real is tic arti fi cial cell
mod els. The com plex ity of a bio log i cal cell is very much related to the exis -
tence of dynamic inter nal func tional com part ments, a fea ture that is nor -
mally absent in vesic u lar sys tems. There fore mul ti ple and, ide ally, revers ible
compartmentalization in arti fi cially cre ated micro- and nanocontainers, such 
as giant unilamellar ves i cles, is of grow ing inter est for the con struc tion of
arti fi cial cells, both from indus trial and basic research per spec tives (Pohorille
and Deamer, 2002). Par tic u larly, a com bi na tion of mate ri als that can be
selec tively incor po rated and lib er ated from the com part ments leads to novel
model sys tems with high poten tial for drug release, the ini ti a tion of chem i cal
reac tions and sep a ra tion/fix a tion of bio log i cally rel e vant macromolecules
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(Jesorka, Markstrom, et al., 2005). A strong moti va tion for the inves ti ga tion
per formed in our group is to even tu ally uti lize dynam i cally compart-
mentalized GUVs as structurally complex, hierarchically organized chemical
reactors.

Compartmentalization is used by the liv ing cell to iso late chem i cally
and phys i cally dis sim i lar envi ron ments from each other, allow ing dif fer ent,
incom pat i ble met a bolic activ i ties to occur simul ta neously. An exper i men tal
model for cyto plas mic orga ni za tion using a PEG/dex tran aque ous two-phase
sys tem (ATPS) to cre ate het er o ge neous pro tein dis tri bu tions within
liposomes has been reported (Long, Jones, et al., 2005). Unfor tu nately, this
method is cur rently lim ited to the cre ation of one sin gle com part ment of
ran dom size [Fig ure 3.5(a)]. A high degree of flex i bil ity is pos si ble through
the uti li za tion of “smart” mate ri als, such as thermoresponsive poly mers with
the abil ity to gen er ate dense hydrogels at higher tem per a tures. Tem per a ture-
induced, fully revers ible and there fore eas ily con trol la ble compart-
mentalization is achieved using the hydrogel-form ing lower-crit i cal-solu tion- 
tem per a ture (LCST) poly mer poly(N-isopropyl acrylamide) (PNIPAam) in
the inter nal vol ume of a NVN. In a high ionic strength buffer, an in-ves i cle
formed hydrogel col lapses into a hydro pho bic com part ment that reaches a
den sity which is typ i cal for macromolecular crowd ing in liv ing cells (Ellis,
2001-1). Such compartmentalization and den sity con trol in NVNs is an
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Fig ure 3.5 Dynamic compartmentalization of giant unilamellar ves i cles as a means of
inter nal vol ume functionalization. (a) Dynamic (PEG)/dex tran aque ous two-phase sys tem
with a sin gle inter nal com part ment obtained by phase seg re ga tion inside a GUV. (Long,
et al., 2005, reprinted with Per mis sion of PNAS.) (b) Mul ti ple dynamic microgel com part -
ments within a sin gle ves i cle obtained from the thermoresponsive poly(N-isopro-
pylacrylamide, PNIPAam) upon heat ing above LCST.) (Image reprinted with per mis sion
of the Royal Chem i cal Soci ety.) (c) A ves i cle with two PNIPAam com part ments above
LCST, each with dif fer ent flu o res cent par ti cles embed ded within the com part ment.



important prerequisite for the modeling and study of truly cell-like reaction
rates and mechanisms.

The multicompartmentalized ves i cles in Fig ure 3.5(b, c) are obtained by 
a nanotube medi ated ves i cle fusion pro ce dure. A nanotube-inter con nected
two-ves i cle net work is injected with PNIPAam in aque ous buffer, and upon
heat ing the sys tem, a hydrogel is formed inside each ves i cle. This can rap idly
and con ve niently be done on-chip with sur face-inte grated resis tive heat ing
struc tures, con sist ing in this case of a thin evap o rated gold layer. The dark
lower-left cor ner in the micro graph in Fig ure 3.5(b) is the (less trans par ent)
area cov ered by such a sur face-printed heater. The hydrogel col lapses even tu -
ally, and any coinjected mate rial that is either larger than the pore size of the
col lapsed gel or has an affin ity to the gel-form ing poly mer (e.g., nanosized
beads or DNA), is trapped inside. Sub se quently, both ves i cles are joined
through ten sion-driven nanotube retrac tion, lead ing to hydro pho bic
subcompartments of dif fer ent com po si tion in a sin gle ves i cle. Fig ure 3.5(b, c)
shows con tain ers with two dif fer en ti ated inter nal gel-com part ments cre ated
by this fusion pro ce dure. In the ves i cle depicted in Fig ure 3.5(c), two kinds of
flu o res cent nanoparticles are entrapped in indi vid ual gel com part ments. 

The method is eas ily expand able to more than two com part ments, and
sev eral direc tions are, in prin ci ple, open to increas ing the com plex ity of the
sys tem even fur ther. Sur face-functionalized beads, nanometer-sized small
unilamellar ves i cles, or func tional side groups on the poly mer chains allow
for a wide range of chem i cal functionalities to be intro duced. The LCST
poly mer sys tem is fully revers ible; upon cool ing below LCST the com part -
ments dis solve, and release their entrapped con tents. Per ma nent fix a tion of
com part ments could be real ized by cross-link ing a spe cif i cally designed
LCST poly mer in the col lapsed gel state. Dif fer ent gel com part ments are cre -
ated inde pend ently from each other and can there fore con tain functionalized 
mate rial that is chem i cally interreactive, even after compartments are
combined in the same vesicle.

3.3 Transport Phenomena in Nanotube-Vesicle Networks

In nanotube-ves i cle net works, locally inter nal ized (injected or gen er ated)
mate ri als can travel through the net work struc ture. This mobil ity is gov erned 
by dif fer ent, pas sive diffusional or active, ten sion or field-induced means of
trans port. Due to their small size and struc tural flex i bil ity, NVNs allow for
con trolled trans port of ultrasmall amounts of mate rial down to the sin -
gle-mol e cule level. Size and opti cal prop er ties of the net works (essen tially
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trans par ent in the vis i ble and near UV region) mostly allow for direct mon i -
tor ing of trans port pro cesses, pro vided flu o res cent or fluorescently tagged
mol e cules are employed, as well as deter mi na tion of the mobil ity, prop er ties,
and chem i cal reac tiv ity of trans ported spe cies. The most impor tant mode,
also from a bio log i cal per spec tive, is pas sive trans port by dif fu sion. Par tic u -
larly, the under stand ing and char ac ter iza tion of mix ing and dif fu sion pro -
cesses within such con fined spaces, as laid out in this sec tion, have become
the foun da tion of our investigations of biochemical reactions, as will be
discussed in the final section. 

3.3.1 Mass Transport and Mixing in Nanotube-Vesicle Networks 

In order to uti lize ves i cle-nanotube net works as small-scale chem i cal reac tors
(e.g., for enzy matic reac tions or for stud ies of reac tions in a crowded cell-like
envi ron ment), well-defined trans port of mate ri als and sol utes through the
nanotubes con nect ing the ves i cle con tain ers is essen tial. Three fun da men tal
mech a nisms of mate rial trans port within lipid nanotubes have been inves ti -
gated to date. The first, Marangoni trans port, is based on mem brane ten sion
gra di ents and uti lizes the dynamic and fluid char ac ter of the bilayer mem -
brane. The sec ond mech a nism is elec tro pho re sis, a well-estab lished way of
mov ing flu ids and sol utes in micro- and nanofluidic devices. The third, and
prac ti cally most impor tant mode, is based on dif fu sion, a very effec tive
means of trans port over short dis tances. Fig ure 3.6 gives an over view of the
trans port modes, always assum ing that the size of the moving species is
considerably smaller than the nanotube size.

Due to the nature of the fluid mem brane, dif fer ent veloc i ties have to be 
taken into con sid er ation: the veloc ity of the sol vent in the tube (VS), the
veloc ity of the trans ported mol e cule or nanoparticle (VP), and the veloc ity of
the mem brane itself (VM). In Fig ure 3.6, for each trans port mode the rela -
tion ship of these veloc i ties to each other is denoted. 

Brightfield micro graphs of sim ple net works uti lized in the inves ti ga tion 
of the respec tive trans port modes are shown in Fig ure 3.7. The net works in
each case were con structed using the gen eral pro ce dure described in Sec tion
3.2, with the multilamellar ves i cles removed. In all sche matic draw ings, the
size rela tion between tube and con tainer is not real is tic. True size rela tions
are vis i ble in the images in Figure 3.7.

In Fig ure 3.7(a) a two-con tainer net work for dif fu sive trans port is
shown, in Fig ure 3.7(b, c) a two-ves i cle net work with a small par ti cle
entrapped in the inter con nect ing tube, uti lized to dem on strate the mem -
brane cou pled trans port upon mechan i cal cre ation of a ten sion gra di ent. The 
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par ti cle, indi cated by white arrows, trav els along the tube in the direc tion of
the gra di ent, as mem brane is moved to reduce ten sion at its source, indi cated 
by gray arrows in the fig ure. Fig ure 3.7(d) shows the basic setup of an
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Fig ure 3.6 Three dif fer ent mech a nisms for trans port through a nanotube. I: Trans port
by dif fu sion. I(a): Sche matic draw ing of a cross-sec tion of two ves i cles con nected by a
lipid nanotube. I(b): Sche matic rep re sen ta tion of diffusional trans port, driven by the con -
cen tra tion gra di ent between the two ves i cles. II: Ten sion-driven (Marangoni) lipid flow.
II(a): Sche matic of a cross-sec tion of two ves i cles con nected by a lipid nanotube. The
sys tem is at rest. II(b): Sche matic show ing Marangoni trans port. The right ves i cle is
deformed, cre at ing a ten sion gra di ent in the net work. Fluid and par ti cles trapped in the
nanotube are trans ported in the direc tion of the gra di ent. III: Elec tro pho retic trans port.
III(a): Sche matic of a cross-sec tion of a ves i cle con nected to a pipet via a lipid
nanotube. III(b): In an elec tric field across the lipid nanotube, charged spe cies, such as
DNA, are driven through the nanotube. (Images I-III(a) rep re sent a snap shot imme di ately 
after release of par ti cles in the left ves i cle; VS = sol vent veloc ity, VM = mem brane veloc -
ity, VP = veloc ity of a par ti cle being trans ported.)
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Fig ure 3.7 Dif fer en tial inter fer ence con trast (DIC) micro scope images of exper i men tal
arrange ments for the inves ti ga tion of the three trans port modes, (a) Dif fu sion trans port,
(b, c) Marangoni-trans port, (d) Elec tro pho retic trans port. Gray arrows indi cate the
mechan i cal force exerted on the mem brane to cre ate ten sion, which leads to dis place -
ment of the par ti cle entrapped in the nanotube. (The shift in posi tion is indi cated by
white arrows.) Images reprinted with per mis sion of the Amer i can Chem i cal Soci ety.



elec tro pho re sis exper i ment, with two elec trode-pipets con tact ing on one side
a ves i cle and on the other side the open ing of a sus pended lipid nanotube.
The electrodes are outside the visualized area. 

3.3.2 Transport by Diffusion

In mac ro scopic sys tems, dif fu sion is gen er ally slow and only of lim ited use
for mov ing sol utes and mate rial. When approach ing the micro- and
nanoscale region, dif fu sion becomes an effi cient trans port mech a nism for
mod er ately sized mol e cules or par ti cles. The aver age time for a mol e cule or a
col loi dal par ti cle to dif fuse over a dis tance L is given by:

τ =
L
D

2

(3.4)

D being the dif fu sion coef fi cient. D is inversely pro por tional to the size
of the mol e cule or par ti cle, and there fore large enti ties such as poly mers or
pro teins dif fuse sig nif i cantly slower than small mol e cules. Equa tion (3.4)
also sets the timescale for equilibrating sol ute con cen tra tion gra di ents across
a con tainer of size L, for exam ple, when mix ing two sol utes with out agi ta -
tion. If it is desired that the ves i cle con tents remain dif fer en ti ated, dif fu sion
through the nanotube is unwanted, and care must be taken in the design of
the net work and in the choice of sol utes. How ever, dif fu sion might also be
used as a means of active transport between vesicles in the networks. 

NVNs have three unique prop er ties that make dif fu sion inter est ing as a 
means of trans port. They are suf fi ciently small; hence, dif fu sion is effec tive as 
a mode of trans port. Fur ther more, the chem i cal poten tial in the net works
can be con trolled over time by injec tion of dif fer ent con cen tra tions of rel e -
vant spe cies into indi vid ual con tain ers. Finally, the geom e try of the net works 
can be changed over time. Thus, the directionality of trans port can be pre -
cisely con trolled. Reac tants can there fore be trans ported from one end to the
other; and sequen tially cat a lyze reac tions in dif fer ent nodes as has been
shown for dif fu sive directed trans port of alka line phosphatase (Sott,
Lobovkina, et al., 2006).

For dif fu sive trans port in nanotube-ves i cle net works, it is impor tant to
men tion that the dif fu sion time given by  (3.4) is not nec es sar ily the most rel -
e vant. It merely gives the timescale for estab lish ing a con cen tra tion gra di ent
over a tube of length L. Once this gra di ent is estab lished, it takes a much lon -
ger time to trans port the con tent of one ves i cle to another, due to the small
dimen sion of the nanotube. Diffusional trans port in a nanotube can be
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viewed as a one-dimen sional motion. The equil i bra tion time for con cen tra -
tion dif fer ences between nanotube-con ju gated ves i cles has been cal cu lated
in (Dagdug, Berezhkovskii, et al., 2003), in its simplest form the relaxation
time is

τ
πrelax

tube

tube

VL

Dr
=

2 2
(3.5)

where V is the vol ume of the nanotube-con ju gated ves i cles. The ratio
between this relax ation time and the dif fu sion time τ for a par ti cle through
the tube as given by  (3.6), takes a sim ple form.

τ

τ
relax

tube

V
V

=
2

(3.6)

The relax ation time is deter mined solely by the ratio of the ves i cle to
tube vol ume. Clearly this ratio is always large, and it can be con trolled by
adjust ing the size of the ves i cles (pipet injec tion) and dimen sions of
nanotubes (choice of mem brane mate rial and ten sion), thus allow ing to fully
con trol whether dif fu sive trans port is to be used or avoided. 

A spe cif i cally inter est ing case is the diffusional trans port in larger
NVNs. Recently, a generic model based on par ti cle dif fu sion has been devel -
oped (Lizana and Konkoli, 2005), mak ing a step for ward towards under -
stand ing the mate rial trans port prop er ties of com plex net works, where
geo met ri cal con cepts such as the lengths of the nanotubes play an impor tant
role. In com plex net works com posed of a larger num ber of con tain ers of dif -
fer ent sizes and of lipid nanotubes of dif fer ent lengths and con nec tiv ity, the
time-depend ent con cen tra tion vari a tion of molec u lar spe cies in each sep a rate 
con tainer is not triv ial to pre dict. How ever, one can derive a set of equa tions
that describe how the num ber of par ti cles in each ves i cle evolves over time.
The prob lem is approached numer i cally based on the geom e try of the net -
work, its con nec tiv ity, and the bulk dif fu sion coef fi cients of the molec u lar
spe cies. By vary ing the ini tial con di tions it is pos si ble to induce wave-like
con cen tra tion behav ior, with con cen tra tion max ima and min ima, in selected
ves i cles. This approach has been exploited in reac tion-dif fu sion net works, in
which it is pos si ble to pre dict the time-depend ent con cen tra tion changes of
sev eral spe cies; enzyme(s), sub strate(s), and prod uct(s), in each con tainer in
the net work. For exam ple, the trans port in the net works exhib its a dis tinct
sen si tiv ity to geo met ri cal changes in the struc ture. The model is expand able
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in many ways (e.g., to more sophisticated intracontainer dynamics), or
allowing particles in the system to be disturbed by each other.

Exper i ments have been per formed in which an enzyme is allowed to
dif fuse through lin ear and branched net works filled with sub strate. As an
exam ple, the dif fu sion of fluorescein (100 µM) through a net work is dis -
played in Fig ure 3.8. The fig ure shows a three-ves i cle net work homogenously 
filled with fluorescein, where two of the ves i cles (2 and 3) were photo-
bleached by laser illu mi na tion (488 nm). The dif fu sion of fluorescein from
ves i cle 1 into the rest of the net work was then mon i tored over time [Fig ures
3.8(b, c)]. The flu o res cence inten sity in the nonbleached ves i cle decayed rap -
idly, and the flu o res cence sig nal in all ves i cles even tu ally con verged to the
same value, indi cat ing an even dis tri bu tion of fluorescein through out the
net work [Fig ure 3.8(d)]. The poor recov ery of the flu o res cence in ves i cle 2
and 3 is caused by both photobleaching and leak age of fluorescein.

The exper i men tal results coin cide very well with the the o ret i cal
descrip tion (Karlsson, Sott, et al., 2005). The scope of these exper i ments is
extended fur ther in Sec tion 3.4, where chem i cal reac tions in NVNs and con -
trol of enzyme dif fu sion dynam ics by net work geom e try and ini tial con di -
tions are described in detail.
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Fig ure 3.8 Dif fu sion of fluorescein through a NVN. (a–c) Con fo cal LIF-images of an
NVN con tain ing fluorescein. The bound ary of the ves i cles and the con nect ing nanotubes 
are marked with dashed lines. (d) Graph show ing nor mal ized flu o res cence inten sity plot -
ted ver sus time. The colours of each curve cor re spond to the color of the dashed line
around the ves i cles in pan els (a–c). Dash dot ted lines show the o ret i cal val ues of the
prod uct dif fu sion. Flu o res cence images were dig i tally edited to improve image qual ity.
The scale bar in panel (a) rep re sents 10 µm. Images reprinted with per mis sion of the
Amer i can Chem i cal Soci ety.



3.3.3 Tension-Controlled (Marangoni) Lipid Flow and Intratubular Liquid Flow
in Nanotubes

The bilayer mem brane is in a fluid state (liq uid crys tal), and behaves as a
two-dimen sional liq uid. In a sys tem of two flu ids sep a rated by an inter face,
the inter fa cial ten sion must be uni form when at equi lib rium. How ever, in
nonequilibrium sit u a tions, a ten sion gra di ent can exist along the sur face of a
fluid sys tem. In gen eral, this results in a con vec tive flow. Inter fa cial ten -
sion-driven flows are gen er ally called Marangoni flows. Com mon exam ples
of this flow behav ior are the spread ing of liq uid films on a sur face due to
tem per a ture gra di ents, Ber nard-Marangoni con vec tion cells, and flows due
to surfactant con cen tra tion gra di ents (Nepomnyashchy, Velarde, et al.,
2002).

In surfactant bilayer mem branes, ten sion gra di ents can be pro duced by
var i ous means, the most direct way is through mechan i cal per tur ba tion of
the mem brane. Other means of cre at ing sur face ten sion gra di ents include
bulk hydro dy namic flows, tem per a ture gra di ents, elec tric fields, highly
focused laser spots, aspirating lipids (Bar-Ziv, Moses, et al., 1998), or sol ute
gra di ents induc ing osmotic pressure gradients.

When the mem brane ten sion is increased at a point in the mem brane,
the lipid mem brane sys tem will respond to this per tur ba tion by trans port ing
lipid mate rial from regions of lower ten sion to the point of higher ten sion.
Mechan i cal per tur ba tions using microprobes can be uti lized to locally
increase the sur face-to-vol ume ratio in ves i cles con ju gated by nanotubes and
drive flow in a desired direc tion (Karlsson, Karlsson, et al., 2002) (Karlsson,
Karlsson, et al., 2003). The estab lish ment of a ten sion gra di ent is very rapid,
typ i cally on the order of mil li sec onds, fol lowed by a steady flow of lipids
until the sys tem has equil i brated, which typ i cally takes sev eral sec onds. If the
sys tem is being grad u ally per turbed, a flow can be sustained for much longer.

A the o ret i cal descrip tion for Marangoni flow in a sim ple net work (two
ves i cles con nected by a nanotube) has been devel oped by Dommersnes et al.
(Dommersnes, Orwar, et al., 2005). The flux of liq uid driven by Marangoni
flow is given by 

J
r d

dxM
tube∝
3

η

σ
(3.7)

where r is the nanotube radius and dσ/dx is the ten sion gra di ent along the
nanotube.
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Since the ten sion gra di ent has been achieved through the defor ma tion
of a ves i cle, the hydro static pres sure in that ves i cle has increased. The pres -
sure dif fer ence between ves i cles will thus give rise to a Poiseuille flow given
by 

J
r

L
PP

tube=
π

η

4

8
∆ (3.8)

where L is the length of the nanotube and ∆P is the pres sure dif fer ence
between two ves i cles.

For large ves i cles, the inter nal pres sure is extremely low and the
Poiseuille flow is dom i nated by the Marangoni flow. In gen eral the bal ance
between Marangoni and Poiseuille flow can be found from the fol low ing
approx i ma tion

J

J

R

r
M

P

v

tube

∝ ≈ 10 3 (3.9)

where Rv is the ves i cle radius. The expres sion states that as long as the radius
of the ves i cle is much larger than the nanotube radius, the Marangoni effect
will be the dom i nant con tri bu tion to trans port in nanotubes.

When a ten sion dif fer ence is applied between two ves i cles con nected by 
a nanotube a ten sion gra di ent is estab lished very quickly with a relax ation
time τσ ∼ 1 ms. This is asso ci ated with stretch ing out the small vari a tions in
lipid den sity. As this hap pens, the ten sion gra di ent increases (Dommersnes,
Orwar, et al., 2005). This is a tran sient state where the radius of the
nanotube is unchanged. As the lipid mem brane is stretched, the nanotube
starts to change shape. This is called the peri stal tic mode where fluc tu a tions
in tube diam e ter relax with a relax ation time τr until the tube reaches the final 
sta tion ary state as long as the ten sion gra di ent is kept con stant. This sec ond
relax ation time can be thou sands of times lon ger than τσ, mean ing that while
the ten sion gra di ent relaxes very fast, the tube shape changes slowly, on the
order of sec onds. 

Impor tantly, the veloc ity of sol vent inside the tube is prac ti cally equal
to the veloc ity of lipid flow (i.e., there is a Marangoni plug flow of sol vent
inside the tube), in con trast to the par a bolic Poiseuille flow found in
solid-state chan nels. There fore, in a more com plex net work trans port can be
achieved between two selected con tain ers with out affect ing the rest of the
net work. A two-point per tur ba tion tech nique has been devel oped, where the
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mem brane ten sion in one sur face-immo bi lized ves i cle (from which mate rial
is to be taken) is decreased at the same time as the mem brane ten sion in
another sur face-immo bi lized ves i cle (to which mate rial is to be trans ported)
is increased (Karlsson, Karlsson, et al., 2003). With this two-point per tur ba -
tion tech nique, a dif fer ence in mem brane ten sion between the two tar geted
con tain ers can be cre ated, that is much larger than for all other con nected
con tain ers. Con se quently, dur ing the manip u la tion, mate rial trans port is
only tak ing place between these two con tain ers. The tech nique opens up the
pos si bil ity to use ten sion-driven lipid flow in selected regions of complex
multicontainer networks.

3.3.4 Electrophoretic Transport

Elec tric fields can also be used to trans port sol utes and par ti cles through
nanotubes con nect ing liposomes in a net work (Tokarz, Akerman, et al.,
2005). Micropipettes with inserted Ag/AgCl elec trodes were applied to
main tain an elec tro pho retic poten tial across the net work. In order to sup -
press electroosmotically driven vol ume flow through the pipette tips, the sur -
face of the pipettes was mod i fied with hexamethyl disilazane (HMDS), a
hydro pho bic agent, and the pipette tips were capped insitu with 20%
cross-linked acrylamide gel. Since the lipid mem brane is neg a tively charged,
it is pulled by the elec tric field towards the pos i tive elec trode. The move ment 
of the lipid mem brane will also cause the liq uid con tained inside the tube to
move along it. How ever, since an elec tric field is also applied inside the tube,
the result ing electroosmotic flow will coun ter the mem brane-driven liq uid
flow to a large degree. Approx i mately, there is a 10% dif fer ence between
these flows, the result ing veloc ity pro file of the fluid being dom i nated by the
electroosmotic flow at the walls and by the Poiseuille flow in the mid dle of
the tube. The elec tric field is pri mar ily applied inside the tube, and due to the 
low con duc tiv ity of the mem brane, the field at the nanotube exterior surface
is extremely small.

This tech nique in com bi na tion with con fo cal micros copy and sen si tive
flu o res cence detec tion, has been used by Tokarz et al. to trans port and detect
large (5.4 to 166 kbp) dou ble-stranded DNA mol e cules with a detec tion effi -
ciency close to unity. The size depend ence of the DNA con for ma tion inside
the nanotube was elu ci dated from the flu o res cence bursts orig i nat ing from
the indi vid ual DNA mol e cules as they are detected dur ing trans port (Tokarz, 
Akerman, et al., 2005).
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3.3.5 Solution Mixing-in Inflated Vesicles through a Nanotube

In the pro cess of con struct ing NVNs con sist ing of ves i cles with dif fer ent
con tent, mix ing of inter nal solu tion from a ves i cle A with newly
pipet-injected mate rial into a grow ing ves i cle B, has also to be taken into
con sid er ation (Fig ure 3.9). Dur ing injec tion, a mem brane flow orig i nates
from the ten sion gra di ent that is being cre ated when ves i cle B grows, draw ing 
lipid mate rial from an attached multilamellar ves i cle (mem brane res er voir).
This mem brane move ment cre ates a cou pled flow of solu tion A from ves i cle
A through the nanotube into ves i cle B.

Thus, if solu tion B in the injec tion nee dle and inter nal ized solu tion A
in ves i cle A (from which mate rial is extracted through a nanotube) are dif fer -
ent, mix ing of the two solu tions will take place in the grow ing ves i cle B. The
growth of the ves i cle gen er ates a Marangoni flow of sur fac tants in the
nanotube which in turn gen er ates a flow of sol vent A inside the nanotube,
coun ter-direc tional to the pres sure-injected sol vent B. The vol ume ratio ψ
between sol vent A and B inside the mix ing ves i cle depend only on geo met ri -
cal quan ti ties. In the sim plest case it is:

ψ = =
V

V
r
R

B

A

3

2
(3.10)
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Fig ure 3.9 Mem brane-cou pled flow leads to mix ing of inter nal ized con tent of ves i cle A 
with the injected mate rial-fill ing ves i cle B. The mix ing ratio depends only on the radii R
and r of ves i cle b and the inter con nect ing nanotube, respec tively.



where r is the nanotube radius and R is the radius of ves i cle B. This equa tion
is valid as long as R >> r under plug flow con di tions. The mix ing ratio only
depends on geo met ri cal quan ti ties. With a tube radius r = 100 nm, and ves i -
cle radius R = 3 µm, there will be 5 % of sol vent A in the mix ing ves i cle, at R
= 15 µm 1% of sol vent A and at R = 30 µm 0.5% of sol vent A. Thus, the
major ity of fluid injected to the grow ing daugh ter ves i cle comes from the
pres sure-based injec tion, and for large ves i cle sizes it dom i nates. In this sys -
tem, if mate rial dis solved or sus pended in solu tion A is smaller than the
nanotube diam e ter (2r), it will be car ried along into ves i cle B by the sol vent
flow. If it is larger, such as col loi dal par ti cles and organelles, it will be
retained in ves i cle A.When sev eral ves i cles are formed sequen tially, con trolled 
mix ing can occur, span ning sev eral orders of mag ni tude (Davidson,
Dommersnes, et al., 2005). 

An alter na tive retrac tion/mix ing method has been devel oped by
Karlsson et al. A ves i cle which has been inflated from a nanotube but still
attached to a pipet can be released by apply ing an elec tric pulse through the
pipet open ing. The net work imme di ately seeks to min i mize its sur face energy 
by retract ing the nanotube between the immo bi lized and the released ves i cle.
The released ves i cle is pulled toward the tar get ves i cle until both con tain ers
merge. The con tents mix by dif fu sion, which at the short length scales in
ques tion is a very fast pro cess. This pro ce dure has been suc cess fully used to
ini ti ate enzy matic reac tions in lipid ves i cles (Karlsson, Sott, et al., 2005), to
be described in the following section.

3.4 Chemical Reactions in Nanotube-Vesicle Networks

In chem i cal reac tors with a char ac ter is tic length scale of micro- and
nanometers, the under stand ing of reac tion kinet ics is of increas ing inter est.
Since at this small scale, dif fu sion is the pre dom i nant mode of trans port and
mix ing, the inter play between reac tions and diffusional trans port is of special 
interest.

The noncompact nature of struc tured NVNs makes the sit u a tion
rather com pli cated, and calls for a spe cif i cally adapted the ory. In the first part 
of this sec tion, an intro duc tory review of the sit u a tion is given, while in the
remain ing parts exper i men tal details of con trol and ini ti a tion of chem i cal
reac tions in NVNs are presented.

Cen tral to the dis cus sion about the dif fer ences between small scale and
large scale reac tions is the ques tion about which reac tions ben e fit from struc -
tured spaces. There are a large num ber of reac tions that run faster in a

106   Nanoreactor Engineering for Life Sciences and Medicine



net work-like geom e try. The inter play between geom e try and the nature of a
reac tion scheme becomes impor tant only when the indi vid ual reac tion steps
start to influ ence each other. Such reac tions con tain antag o nis tic cat a lytic
influ ences in the inter me di ate stages of a multistep reac tion scheme. This
approach is, for exam ple, an alter na tive way to explain cer tain aspects of
cytoarchitecture. In mito chon dria, it is assumed that the struc tured nature of 
the inner mem brane is a way of increas ing sur face area, but an addi tional
mech a nism, the ben e fi cial influ ences of struc tured space on antag o nis tic
catalytic influences, is possible (Konkoli, 2005). 

Due to their ver sa til ity, flex i bil ity and favor able mate ri als prop er ties,
ves i cle-nanotube-net works pres ent a potent sys tem to inves ti gate chem i cal
reac tions in con fined and struc tured space and under macromolecular
crowd ing con di tions. Reac tion con di tions can include inter ac tions with
biomacromolecules and cell com po nents in their native envi ron ment, while
the fluid char ac ter of the mem brane offers prac ti cal advan tages, such as fac ile
inter fac ing to injection equipment and active surfaces.

3.4.1 Diffusion-Controlled Reactions in Confined Spaces

In gen eral, dif fu sion-con trolled reac tions (DCR) are ubiq ui tous in nature.
They are cen tral to a broad range of phe nom ena start ing from mat ter anti -
mat ter anni hi la tion in the early uni verse down to the ultra-small scale reac -
tion com part ments in the inte rior of the liv ing cell. Dif fu sion is an effi cient
means of trans port when the dis tance to be trav eled by mol e cules is rather
small; there fore the con cept of dif fu sion is fre quently employed in the chem i -
cal reac tion dynam ics of biochemical reaction pathways. 

In this sec tion an intro duc tory review of gen eral and the o ret i cal aspects
of dif fu sion con trolled reac tions is given, plac ing spe cial empha sis on the rel -
e vance for chem i cal kinet ics in nano-envi ron ments (ultrasmall vol umes) that
are engi neered, for exam ple fluid mem brane nanoreactors, or are pres ent in
the liv ing cell (Golgi appa ra tus, mitochondrion, or endoplasmic reticulum).

The behav ior of DCRs in large vol umes has been stud ied inten sively in
the past. They are rather well under stood and exten sive mate rial is avail able
con cern ing the devel op ment of exper i men tal tools (Kopelman, 1988) (Yen,
Koo, et al., 1996) and the o ret i cal meth ods (Kotomin and Kuzovkov, 1992)
(Kotomin and Kuzovkov, 1996) (Ovcinnikov, Timasev, et al., 1989) to
describe such sys tems. The main goal has been to design equip ment to mea -
sure par ti cle dis tri bu tions both in space and time and to develop con sis tent
the o ret i cal frame works to describe and predict their behavior. 
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To describe the prob lem, a stan dard pro ce dure can be used where the
reac tion vol ume is divided in small units/cells C1, C2, …, Cx, …, CL

(Konkoli, 2004). The choice of the num ber of cells L is gov erned by accu racy 
require ments; nor mally a very large L is taken. A con fig u ra tion of the sys tem
is spec i fied by a set of cell occu pa tion num bers n = (n1, n2, …, nx, …, nL) that 
change in time in a sto chas tic man ner. The goal is to com pute the prob a bil -
ity p(n, t) to find the sys tem in con fig u ra tion n at time t. Start ing from
micro scopic reac tion rules, it is pos si ble to con struct a mas ter equa tion that
gov erns the dynam ics of the sys tem:

( ) ( ) ( )& , , ,p t W p t W p tm n n mn m n
mm

= −→ →∑∑ (3.11)

where &p denotes the time deriv a tive and Wm n→  denotes a rate of tran si tion
from state m into state n. In prac tice, due to the large num ber of involved
states, this mas ter equa tion is dif fi cult to solve, as it scales expo nen tially with
L. Instead of solv ing (3.11) directly, one can focus on the par ti cle
con cen tra tion:

 ( ) ( )ρ x t n p tx, ,= ∑ n
n

(3.12)

Even though this is a fre quently employed route, new prob lems
emerge: the equa tion that describes the dynam ics of ρ(x, t) involves a higher
order den sity func tion

( ) ( )ρ x y t n n p tx y, , ,= ∑ n
n

(3.13)

Such behav ior con tin ues indef i nitely, lead ing to an, in prin ci ple, infi -
nite hier ar chy of equa tions. This set of equa tions (not pre sented here since it
is model depend ent) has to be trun cated to be suc cess fully employed. DCRs
are an exam ple of an extremely com pli cated many-body prob lem, and trun -
cat ing a set of these equa tions is far from trivial.

When the sys tem size is infi nite, dif fu sion is a rather inef fi cient means
of trans port. Due to the pres ence of reac tions and the slow ness of dif fu sion,
large spatio-tem po ral vari a tions in occu pa tion num bers n may develop in
time. Any attempt to describe the prob lem using a mean-field for mal ism is
bound to fail. Mean field treat ment amounts to neglect ing infor ma tion on
fluc tu a tions by assum ing ρ(x, y, t) ≈ ρ(x, t)ρ(y, t). As a rule, this

108   Nanoreactor Engineering for Life Sciences and Medicine



approx i ma tion tends to fail below some crit i cal dimen sion, which is prob lem 
depend ent and can be as low as one or higher than three, thus indi cat ing that 
dynam ics is always fluc tu a tion dom i nated. The reac tion A + B → C is an
exam ple of a case where the crit i cal dimen sion is four. Kinet ics of this type
are nor mally referred to as fluc tu a tion dom i nated kinet ics.

Fluc tu a tion effects are impor tant in the con text of DCRs. To describe
their dynam ics cor rectly, infor ma tion on higher order den sity func tions has
to be obtained. In prac tice, one keeps track of a few low est-order cor re la tion
effects, that is, focus ing on pair-cor re la tion effects described by ρ(x, y, t)
while neglect ing higher order cor re la tions, such as by tak ing 
p x y t p x t p y t p z t( , , ) ( , ) ( , ) ( , )≈ . It is hard to fore see under which con di tions
such pro ce dure is suc cess ful. Every newly devel oped model has to be solved
indi vid u ally from the begin ning, since there is no uni fy ing solv ing for mal ism 
avail able.

When shift ing the focus towards reac tion vol umes in the nanometer
range, the par ti cle con cen tra tion ceases to be a use ful con cept and has to be
aban doned. It is more help ful to focus on the par ti cle num ber instead. As an
alter na tive to the occu pa tion num ber rep re sen ta tion p(n, t), one has to focus
on dis tri bu tion func tions that spec i fies both the exact num ber of par ti cles
and their posi tion within the reac tion vol ume. For exam ple, four par ti cles 2A 
and 2B before a reac tion A + B → C could be described by a prob a bil ity dis -
tri bu tion func tion PAABB(r1, r2, r3, r4, t). After the reac tion A + B → C has
taken place one would have three par ti cles in the sys tem, A, B, and C, and
the dynam ics of these par ti cles would have to be describe in terms of a new
prob a bil ity dis tri bu tion PABC(r1, r2, r3, t). To fully spec ify the equa tions that
gov ern the behav ior of these prob a bil ity func tions is beyond the scope of this
intro duc tion. Equa tions that inter re late PAABB(r1, r2, r3, r4, t) and PABC(r1, r2,
r3, t) are writ ten as

 
( ) ( )[ ]

( )
&& , , , , ,

, , , ,

P r r r r t r r

P r r r r t

AABB AB

AABB

1 2 3 4 1 3

1 2 3 4

= − +σ K

+K
(3.14a)

 ( ) ( ) ( )& , , , , , , ,P r r r r t r r P r r rABC AB ABC1 2 3 4 1 2 1 2 3= − +σ K (3.14b)

Par tic u lar terms were omit ted in (3.14). For exam ple, expres sions that
describe dif fu sion are absent as well as reac tion terms that describe the inflow 
of prob a bil ity. Also, not all out flow terms (neg a tive con tri bu tions) are
included.
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It is appar ent that when the num ber of par ti cles increases, the for mal -
ism pre sented in (3.14) becomes imprac ti cal both in terms of keep ing track
of the par ti cles and in terms of per form ing the actual cal cu la tion. For larger
num bers of par ti cles, it is more desir able to for mu late a the o ret i cal frame -
work that is some where in-between the approaches described in (3.11) to
(3.13) and (3.14). It is hard to pre dict where the limit of appli ca bil ity of
(3.14) is, This depends largely on the speed of the com put ing hard ware. An
increase in par ti cle num ber again leads to prob lems, since the size of the con -
fig u ra tion space, after per form ing a suit able dis crim i na tion pro ce dure, scales
exponentially with the number of particles.

Addi tional phe nom ena have to be con sid ered here. Exclu sion effects
start to become impor tant, since the size of the reac tants is of the same order
of mag ni tude as the size of the reac tion vol ume they are con fined in. For
exam ple, the pres ence of a reac tion prod uct can not be strictly neglected any -
more: a prac tice fre quently employed when study ing infi nite vol umes. Prod -
ucts of irre vers ible reac tions occupy con sid er able por tions of space and have
to be accounted for. Steric effects become impor tant since mol e cules need to
adopt a spe cific ori en ta tion in order to react (Konkoli, Johannesson, et al.,
1999). Also, for prob lems with built-in sym me try (con ser va tion law) one has 
to keep the infor ma tion on all dis tri bu tion func tions. For exam ple, in the
case of a reac tion A + B, the dif fer ence in the num ber of A and B par ti cles is
con served, and higher order dis tri bu tion func tions have to be kept in order
to describe the dynam ics cor rectly (Konkoli, Karlsson, et al., 2003). Finally,
prob lems asso ci ated with infi nite vol umes have to be addressed. For exam ple, 
reac tions still influ ence the pair dis tri bu tion func tion which might never
reach sta tion ary state, and effec tive reac tion rates become time depend ent.

The major ity of bio chem i cal reac tion pro cesses can be described using
the the o ret i cal frame work dis cussed so far (i.e., focus ing on DCRs in a range
of reac tion vol umes being extremely large, small, or being some where in
between). How ever, when address ing real bio log i cal sys tems at nanometer-
length scales, a few addi tional issues have to be men tioned. As more details
are revealed about the com plex mech a nisms of liv ing cell bioreactions, a
 picture where reac tants move in static, well-iso lated vol umes becomes less
rel e vant, no mat ter how large or small that vol ume may be. Any attempt to
suc cess fully model bio chem i cal reac tions has to take into account their
complexity.

The geom e try of the prob lem can be rather com plex. For exam ple, the
reac tion vol ume in the cell inte rior is far from homo ge neous or smooth. The
con cen tra tion of macromolecules in the cyto plasm can be as high as
30% by weight (Luby-Phelps, 2000), result ing in an envi ron ment that is
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inhomogeneous with a high degree of crowd ing. In vivo reac tion vol umes are 
struc tured, such as in the Golgi appa ra tus, in mito chon dria, or in the
endoplasmic retic u lum (Stryer, 1992). The geo met ri cal arrange ment of reac -
tants can be quite com pli cated, as in the case of pro tein com plexes that per -
form met a bolic chan nel ing (Kuthan, 2001). It is pos si ble to iden tify types of
chem i cal reac tions that are strongly affected by the fact that geom e try is not
com pact, both in terms of reac tion speed and accu racy in gen er a tion of the
reac tion prod uct. There, for instance, it was found that reac tions with neg a -
tive cat a lytic influences draw benefits from being run in structured space.

When mov ing from infi nite to highly con fined spaces, a need for sto -
chas tic descrip tion becomes appar ent. When reac tion vol umes are small, one
has to con sider a sit u a tion where the num ber of par ti cles is very low. In prin -
ci ple, all pro cesses on the subcellular level that were dis cussed in the pre vi ous
para graph have to be described in a sto chas tic man ner. How ever, a full-scale
sto chas tic sim u la tion of such reac tion envi ron ments is computationally too
inten sive and highly imprac ti cal, if at all pos si ble. In gen eral, it is unlikely
that one can describe a highly com pli cated reac tion envi ron ment inside the
liv ing cell with out using some means of multiscale mod el ing (Takahashi,
Yugi, et al., 2002). The asso ci ated prob lem is that spe cial tech niques that rely 
on multiscale mod el ing remain to be devel oped, though some work has
already been done in this direc tion. For exam ple, there are stud ies that focus
on sep a rat ing the deter min is tic from the sto chas tic part of the prob lem
(Bentele, Lavrik, et al., 2004) (Bentele and Eils, 2005) (Uhrmacher,
Degenring, et al., 2005). The con cept here is to use a sto chas tic descrip tion
of the reac tion path way, while clas si cal chem i cal kinet ics equa tions, cor re -
spond ing to mean field equa tions for the par ti cle den sity ρ(x, t), can be used
to describe the rest of the prob lem. A sig nif i cant chal lenge in this strat egy is
to iden tify the specific parts of chem i cal reac tion path ways that need a sto -
chas tic descrip tion. Solv ing this prob lem could be quite impor tant for rea -
sons other than pure the o ret i cal under stand ing. For exam ple, in med i cal
bio chem is try it might be extremely impor tant to pin point which part of a
chem i cal reac tion path way car ries or pro cesses the infor ma tion that is rel e -
vant for a spe cific patho log i cal mech a nism lead ing to dis ease. In a sec ond
stage this knowl edge can directly or indi rectly lead to detailed under stand ing
of how to manip u late the par tic u lar part in order to design a spe cific drug or
treat ment. Fol low ing a sim i lar line of rea son ing, one could address more gen -
eral ques tions, such as which pro cesses in the liv ing cell (or larger organ isms
such as the human body) need to be described using sto chas tic con cepts.
One exam ple could be cell apoptosis. Sim u la tions dis cussed in (Bentele,
Lavrik, et al., 2004) revealed inter est ing fea tures of the thresh old mech a nism
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for CD95-induced cell apoptosis that is strongly related to a low (dis crete)
num ber of lig ands. More over, in (Puchalka and Kierzek, 2004) it is shown
that sto chas tic effects aris ing from dynam ics of a few par ti cles can prop a gate
upwards and influ ence other path ways involv ing a large num ber of par ti cles.
Very likely, there are many more instances of such behav ior that that remain
to be dis cov ered.

A mul ti tude of issues needs to be addressed when con struct ing
multiscale mod els, (e.g., slow and fast degrees of free dom have to be sep a -
rated). An attempt to develop a for mal ism to deal with a sit u a tion where
reac tion space is divided in regions of fast and slow dif fu sion has been pre -
sented in (Lizana and Konkoli, 2005). How ever, sys tem atic under stand ing
of how exactly the dynam ics is altered when mov ing from large, towards
medium and small vol umes is still lack ing (Konkoli, Karlsson, et al., 2003).
In gen eral, reac tion and trans port scales have to be separated. 

Both the under stand ing of fun da men tal issues and the avail abil ity of
novel com pu ta tional tools for mod el ing dif fu sion-con trolled reac tions rel e -
vant for liv ing cell bio chem is try still need improve ment and refine ment,
espe cially when treat ment of effects of nanoscale sys tems and vol umes is
desired. The devel op ment of com pu ta tional tech niques that can address such 
prob lems is one of the main challenges for future research.

3.4.2 Chemical Transformations in Individual Vesicles

The sim plest sys tem to study reac tions in a biomimetic mem brane envi ron -
ment is by com bi na tion of reac tants in sin gle phospholipids ves i cles. A
straight for ward fluid mem brane reac tor con cept based on this method has
already been reported in 1999 (Chiu, Wil son, et al., 1999). Indi vid ual
unilamellar phospholipid ves i cles with a diam e ter of a few microm e ters were
filled with either sin gle reagents or a com plete sys tem of reac tants and immo -
bi lized for manip u la tion. Mix ing and chem i cal trans for ma tions were then
ini ti ated either by electroporation or by electrofusion, in each case through
appli ca tion of a short elec tric pulse, deliv ered across a pair of
microelectrodes. A sim ple model reac tion, con vert ing the dimly flu o res cent
(back ground due to unavoid able con tam i na tion) chelator calcein into a flu o -
res cent Ca2+-com plex was employed, and prod uct for ma tion was mon i tored
by far-field laser flu o res cence micros copy. The char ac ter is tic of this reac tion
vol ume as an ultrasmall con fined space led to rapid diffusional mix ing and
allowed for the study of fast chem i cal kinet ics. This tech nique has been
estab lished as well suited for the study of reac tion dynam ics of bio log i cal
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mol e cules within lipid-enclosed nanoenvironments that mimic cell
membranes (see Figure 3.11).

Fig ure 3.10 depicts in two series of images the con cept of ves i cle-inter -
nal ized mix ing/reac tion ini ti ated by electrofusion. In pan els 3.10(a–d) a
sequence of images shows the load ing of adja cently placed phospholipids ves -
i cles with flu o resc ing dyes of dif fer ent emis sion wave lengths, and their com -
bi na tion to a sin gle ves i cle by electroporation/electrofusion of the ves i cles.
The con cept has been extended to the ini ti a tion and mon i tor ing of a chem i -
cal complexation reac tion, dem on strat ing the abil ity of phospholipids ves i -
cles to func tion as an ultrasmall vol ume reac tor. In the image sequence
3.10(e–h) the load ing of two ves i cles with calcein solu tion (rec og niz able
through its low ini tial back ground flu o res cence) and a Ca2+-ion solu tion, and 
their fusion to a sin gle ves i cle. As the main out come, a brightly flu o res cent
ves i cle inte rior doc u ments the abil ity to ini ti ate chem i cal reac tions in a
soft-mat ter con tainer, a start ing point for more com plex and struc tured
chem i cal reac tor sys tems, that are not only con trol la ble by mem brane fusion, 
but also by nanotube-medi ated merg ing and by geo met ri cal and dimen sional 
manip u la tions. The prin ci ple has dis tinct advan tages over direct incor po ra -
tion meth ods, where the reac tants are encap su lated in ves i cles dur ing their
for ma tion pro ce dure. The low degree of encap su la tion, depend ence on the
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Fig ure 3.10 Mix ing (a–d) and chem i cal trans for ma tion (e–h) in sin gle ves i cles ini ti ated
by ves i cle fusion. (a, c): Brightfield micro graph of a pair of ves i cles, each filled with a dif -
fer ent flu o res cent dye, before (a) and after (c) fusion/mix ing. (b, d): laser induced flu o -
res cence images of the same sys tem, before (b) and after (d) fusion/mix ing. (e, g)
brightfield micro graph of a sim i lar pair of ves i cle, one with inter nal ized fluo3, the other
one with Ca2+, before (e) and after (g) fusion/reac tion, (f, h) Laser induced flu o res cence
images of the same sys tem, before (f) and after (h) ini ti a tion of the reac tion. (Images
reprinted with per mis sion of Sci ence Mag a zine.)



chemical nature and sensitivity of the material, and concentration limitations 
are quite effectively overcome.

3.4.3 Enzymatic Reactions in Nanotube-Vesicle Networks

The sim ple one-con tainer reac tor can con ve niently be extended to a more
struc tured sys tem, using the soft-mat ter fab ri ca tion tech nol ogy, out lined in
Sec tion 3.2, as a foun da tion. The NVNs thus obtained can essen tially be
viewed as biocompatible, trans port-con trolled reac tors that are most advan -
ta geously used as hosts for biocatalytic (enzy matic) reactions. 

The assump tions of ideal con di tions when describ ing enzy matic reac -
tions in gen eral, such as infi nite vol umes, homog e nous solu tions, con cen tra -
tions of enzymes being much lower than sub strate con cen tra tions, and a very
dilute sol vent sys tem do not apply under con di tions pres ent in liv ing cells.
Cel lu lar vol umes are small and com part men tal ized (struc tured space) and
react ing mol e cules are often asso ci ated with mem brane sur faces, tubules, or
biomacromolecules. Sur faces and microtubules in par tic u lar can lead to
enhanced reac tion rates of dif fu sion-con trolled reac tions, since sur face-asso -
ci ated mol e cules need less time to find their reac tion part ners when the
search is lim ited to less than three dimen sions, in con trast to ordi nary
through-vol ume-dif fu sion. Sim i larly, compartmentalization can enhance
reac tion rates, since the through put of sub strate and prod uct is more effi cient 
when the par tic i pants of a com plex reac tion are spa tially well struc tured and
acces si ble. Another effect influ enc ing the rates of some reac tions or pro cesses, 
such as pro tein fold ing under bio log i cal con di tions, is macromolecular
crowd ing, aris ing from the effect of, typ i cally, 5% to 40% pro tein con tent in
the cel lu lar cyto plasm (Schnell and Turner, 2004). The high con cen tra tion
of macromolecules leads to an increase in the strength of nor mally rel a tively
weak molec u lar inter ac tions, and influ ences the mobil ity of affected mol e -
cules (Pagliaro, 2000). More over, in highly crowded media, the vol ume for
free dif fu sion of reac tants depends on their indi vid ual size. Small mol e cules
expe ri ence fewer restric tions than larger species, and the rate of reactions
involving partners of larger size, being forced to move slower, decreases. 

Fur ther more, the con trol of the acces si ble reac tion vol ume can have a
large effect on reac tion kinet ics. Vol ume alter ation can be achieved by reduc -
ing the over all reac tion vol ume, hin der ing trans port, or reduc ing the
dimensionality of the reac tion sys tem. In order to inves ti gate chem i cal and
bio chem i cal reac tions in restricted envi ron ments, a num ber of solid-state
approaches have been devel oped, such as nanovials (Nagai, Murakami, et al.,
2001) (Litborn, Emmer, et al., 1999) or cap il lar ies (Lin, Feldman, et al.,
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1997) (Song and Ismagilov, 2003). Appar ent prob lems here are the expo sure 
of reac tants, espe cially biocatalysts, to dena tur ing, nonbiological sur faces;
even more com pli ca tions arise from evap o ra tion or unspe cific adsorp tion. To 
cir cum vent such dif fi cul ties, the use of vesic u lar sys tems as ultrasmall reac tors 
is some times use ful; there fore, ini ti a tion and con trol of enzy matic reac tions
in such biocompatible envi ron ments will be discussed in the remaining
sections of this chapter. 

To illus trate the ini ti a tion of chem i cal reac tions in NVNs, an enzyme-
cat a lyzed reac tion that pro duces a flu o res cent prod uct was cho sen as a model
reac tion (Karlsson, Sott, et al., 2005). The enzyme alka line phosphatase,
used in the fol low ing exam ples, cat a lyzes the trans for ma tion of its sub strate
fluorescein diphosphate (FDP) into fluorescein (F) through a two-step cleav -
age of phos phate groups from the sub strate. The (sim pli fied) reac tion scheme 
which applies to this sys tem is sche mat i cally depicted in Figure 3.11.

The reac tion is fairly com plex and many of the micro scopic rate con -
stants are not entirely elu ci dated, yet it can be mod eled as a sim ple first-order 
reac tion dur ing the sub strate deple tion phase.

3.4.4 Controlled Initiation of Enzymatic Reactions

Even though ves i cle fusion and electroporation pro to cols for reac tion ini ti a -
tion are quite effec tive, all elec tric field (volt age pulse) based meth ods suf fer
from the draw back of release of some mate rial dur ing the time period the
mem brane needs to react to the pulse. A more con sid er ate way of achiev ing
the same goal of mix ing reac tant vol umes is the merg ing of ves i cles that are
inter con nected by nanotubes. In this pro cess, the already exist ing con nec tion 
between the ves i cles is used to avoid the harsh con di tions of open ing pores in 
the mem brane as a pre req ui site for fusion. In prin ci ple, sev eral ves i cles can
be cre ated from a com mon “mother” ves i cle and be tem po rarily placed on a
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Fig ure 3.11 Struc ture of fluorescein diphosphate (FDP) and a sim pli fied scheme out -
lin ing the enzy matic clevage of FDP into fluorescein via fluorescein monophosphate.
(Reprinted with per mis sion of the Amer i can Chem i cal Soci ety).



sur face, while the con tents of the injec tion nee dle may be changed for every
newly cre ated con tainer. Due to the high cur va ture and cor re spond ingly high 
state of elas tic energy that inter con nect ing tubes pos sess, ves i cles can be
mechan i cally pushed together, caus ing the tubes to retract rap idly and to
even tu ally dis ap pear into a joint ves i cle with com bined volumes. The surplus 
membrane is drained into the mother vesicle in the process.

Fig ure 3.12 shows a sequence of images, illus trat ing this cre ation and
merg ing pro ce dure. This strat egy explic itly avoids the cre ation of pores in the 
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Fig ure 3.12 Sche matic of the nanotube-medi ated merg ing of con tent-dif fer en ti ated
lipid ves i cles. (a, b) Sequen tial cre ation of ves i cles from a com mon “mother” ves i cle.
The black arrow indi cates the motion of one nanotube against the other, lead ing to
coales cence. The white arrows indi cate the two indi vid ual tubes. (c, d) Ini ti a tion of a
chem i cal reac tion by tube-medi ated merg ing. The black arrow indi cated the motion of
the ves i cle that leads to fusion. Images reprinted with per mis sion of the Amer i can Chem -
i cal Soci ety.



mem brane, and can con se quently be used to manip u late very small amounts
of enzyme mol e cules in an accu rate man ner. In this exam ple, using the alka -
line phosphatase/FDP sys tem as a model reac tion, prod uct buildup was
mon i tored in a non con tin u ous man ner. Since con sid er able photobleaching
occurs under laser exci ta tion con di tions, a FRAP pro to col based on a prod -
uct buildup/mea sure ment/bleach ing cycle was employed for detec tion
(Karlsson, Sott, et al., 2005). The result ing inten sity ver sus time depend ency
was eval u ated, and the rate con stant appeared at first sight much lower than
that found in bulk mea sure ments of the same enzy matic reac tion sys tem.
Dis crep an cies arise from the fact that the enzyme, but not the FDP sub strate, 
is known to adsorb to the walls of the glass injec tion pipet, low er ing sig nif i -
cantly the avail able cat a lyst con cen tra tion. The true num ber of enzyme mol -
e cules in the ves i cle was thus deter mined by com par i son with a bulk
cal i bra tion curve (fol low ing pseudo first-order kinet ics). This com par i son led 
to the find ing that the actual enzyme con cen tra tion in the vesicle can be as
low as 0.5% to 8% of the initial concentration in the pipet. 

The vol ume of a sin gle reac tor of that type was deter mined to be 1.9 ×
10−13 L and the enzyme con cen tra tion as 130 pM, which cor re sponds to 15
enzyme mol e cules in the inte rior vol ume of the ves i cle reac tor. After deple -
tion of sub strate, new ves i cles can be filled and the reac tion can be reinitiated
by the same merg ing pro ce dure. This tech nique thus offers the pos si bil ity to
replen ish reacted mate rial and study dilu tion effects in a con fined envi ron -
ment with out chang ing the amount of enzyme involved.

The exper i men tal reac tion in this case is too com plex to be fully
described the o ret i cally, and a sim pli fied, one-step reac tion path was used
instead of the two-step cleav age of FDP. Based on this sim pli fi ca tion, a
model was devel oped and solved with a sur vival prob a bil ity approach, assum -
ing an infi nite E-S reac tion rate. For var i ous rea sons, the applied model
could not ade quately describe the exper i men tal find ings quan ti ta tively.
How ever, qual i ta tive trends are suf fi ciently well pro nounced to pro vide a
use ful basis for fur ther con sid er ations (Karlsson, Sott, et al., 2005). These
find ings open path ways to future research and serve as a bridge between sim -
ple reac tor con cepts and com plex func tional net work approaches, as
described in the final example. 

3.4.5 Control of Enzymatic Reactions by Network Architecture

The pro ceed ing of an enzy matic reac tion in a NVN is strongly affected by
the geom e try and the con nec tiv ity of the sys tem. Since the reac tion rate is
depend ent on the diffusional free dom of the sys tem, con trol and restric tion
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of dif fu sive trans port leads directly to reac tion con trol. A tran si tion from a
com pact geom e try (sphere) to a struc tured geom e try (sev eral spheres con -
nected by nanotubes) in NVNs induces an ordi nary enzyme-cat a lyzed reac -
tion to dis play wave-like prop er ties. The reac tion dynam ics are directly and
actively con trolled by net work geom e try. Such a net works can be viewed as a
chem i cal wave form syn the sizer. The results have bear ing both for under -
stand ing cat a lytic reac tions in bio log i cal sys tems and for design ing soft-mat -
ter nanotechnological devices.

An enzy matic reac tion, ordi narily fol low ing Michae lis-Menten kinet -
ics, can dis play wave-like behav ior where reac tions occur as a cas cade through 
a series of reac tion nodes being tied together by nanotubes. These sys tems are 
con tin u ous with respect to net work archi tec ture but ini tially dis con tin u ous
with respect to their inte rior chem i cal net work con nec tiv ity. Net work geom -
e try can be con trolled dynam i cally; the flex i bil ity of the lipid mate rial makes
it pos si ble to change, for exam ple, net work con nec tiv ity, tube lengths, or ves -
i cle vol umes dur ing the course of the reac tion. (Karlsson, Karlsson, et al.,
2001) (Karlsson, Sott, et al., 2001) (Karlsson, Sott, et al., 2002) (Karlsson,
Sott, et al., 2005) (Sott, Lobovkina, et al., 2006). In this way the net work
struc ture can be altered dynam i cally to amplify and opti mize cer tain prop er -
ties of the dynam i cal pro cess it sus tains. The cat a lytic dephosphorylation of
FDP by alka line phosphatase, intro duced in the pre vi ous sec tion, is used here 
as a model reac tion, and flu o res cence aris ing from the prod uct (fluorescein)
is mon i tored and ana lyzed in a cor re spond ing kinetic model. Fig ure 3.13
shows the pro cess of fab ri cat ing a chem i cally dif fer en ti ated net work using the 
microinjection pro ce dure intro duced in Sec tion 3.2. First, the sub strate-con -
tain ing ves i cles are cre ated, fol lowed by the enzyme con tainer. A
multilamellar ves i cle serves as mem brane res er voir. The dif fu sion pro cess,
lead ing to reac tion ini ti a tion, starts imme di ately after inject ing the enzyme.
The total time require ments for this dif fu sion-con trolled reac tion (in the
order of tens of minutes) makes the short (seconds) injection period
uncritical for the course of the reaction.

In this approach, one enzyme-filled ves i cle is cou pled to sev eral sub -
strate-filled ves i cles, and a pat tern con sist ing of waves of prod uct for ma tion
devel ops. Fig ure 3.14(a–c) shows a lin ear net work where ves i cle 1 is filled
with enzymes and 2–4 with sub strates. Enzyme mol e cules dif fuse through
the net work and sequen tially con vert sub strates in ves i cles 2–4 into prod ucts. 
Fig ure 3.14(d) shows the cor re spond ing inten sity graph. When the cat a lyst is 
intro duced, the con cen tra tion of the dif fer ent spe cies (i.e., enzyme, sub strate, 
and prod uct) in the down stream con tain ers var ies in time as cou pled
(over-damped) har monic oscil la tions where the ampli tude and angu lar
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fre quency are func tions of net work struc ture and the dis tri bu tion of reac -
tants. The slope of the inten sity curves (i.e., the rate of the reac tion) is a func -
tion of enzyme con cen tra tion (large slope indi cates a high enzyme
con cen tra tion). The height of the curve is pro por tional to the prod uct con -
cen tra tion and thus the num ber of avail able sub strate par ti cles in com bi na -
tion with dis si pa tion (i.e., leak age and bleach ing). The decrease in
flu o res cence intensity, after the maximum is reached, is caused by dissipation 
and substrate depletion.

Trans port prop er ties of the reac tants vary with net work geom e try, and
there fore the direc tional, tem po ral, and spa tial coor di nates of a reac tion wave 
can be con trolled by sys tem con fig u ra tion param e ters. Fig ure 3.14(e–g)
shows a bifur cat ing net work where the sub strate ves i cles are placed in a
V-shaped man ner. Ini tially, ves i cle 1 con tains enzymes, and ves i cles 2–4 con -
tain sub strates. Fig ure 3.14(h) dis plays the flu o res cence inten sity mea sure -
ments for each of the nodes. By dif fu sion from ves i cle 1, the enzyme first
reaches ves i cle 2 and start to cat a lyze the con ver sion of the sub strate into the
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Transition from compact
to structured geometry

Fig ure 3.13 Sche matic draw ings of cre ation and uti li za tion of the NVN geom e try.
Panel (a) depicts the sphere to net work tran si tion pro cess from com pact to struc tured
geom e try with out chang ing the topol ogy or vol ume. Pan els (b–j) show the
microelectroinjection-based con struc tion of a chem i cally dif fer en ti ated net work. The
num bers of the ves i cles reflect the order in which the indi vid ual ves i cles were gen er -
ated. Image reprinted with per mis sion of the Amer i can Chem i cal Soci ety.



prod uct. From this bifur ca tion node, the enzyme dif fuses to ves i cle 3 and 4
(or returns to ves i cle 1). Since nanotube II is shorter (12 µm) than nanotube
III (68 µm) they reach ves i cle 3 before ves i cle 4. Fig ure 3.14(i–k) shows
another bifur cat ing net work sim i lar to the pre vi ous except that another ves i -
cle was added to the left branch. Ves i cle 1 is filled with enzymes and ves i cles
2 to 5 are filled with sub strate. Fig ure 3.14(l) shows flu o res cence inten sity

120   Nanoreactor Engineering for Life Sciences and Medicine

(a) (b) (c)

(d)

(e) (f) (g)

(h)

(i) (j) (k)

(l)

(m) (n)

(o)

N
or

m
al

ize
d 

in
te

ns
ity

 
N

or
m

al
ize

d 
in

te
ns

ity
 

N
or

m
al

ize
d 

in
te

ns
ity

 

N
or

m
al

ize
d 

in
te

ns
ity

 

0

0

0

0

0

0

0

0

20

20

20

50

40

40

40

100

60

60

60

150

100

100

120
Time [min]

Time [min]

Time [min]

Time [min]

80

80

80

0.2

0.2

0.2

0.2

0.4

0.4

0.4

0.4

0.6

0.6

0.6

0.6

0.8

0.8

0.8

0.8

1

1

1

1

Vesicle 4

Vesicle 4

Vesicle 4

Vesicle 4

Vesicle 3

Vesicle 3

Vesicle 3

Vesicle 3

Vesicle 2

Vesicle 2

Vesicle 2

Vesicle 2

Vesicle 1

Vesicle 1

Vesicle 1

Vesicle 1

Vesicle 5

Vesicle 5

13 min 44 min

83.5 min50 min17 min

33.5 min8.5 min0 min

90 min50 min10 min

Fig ure 3.14 Flu o res cence micros copy images (a–c, e–g, i–k, m, n) show ing prod uct
for ma tion in net works with dif fer ent geom e tries. (d, h, l, o) show the nor mal ized flu o res -
cence inten si ties of the cor re spond ing mea sure ments plot ted ver sus time. Ini tially, the
enzyme-filled ves i cles are ves i cle 1 in pan els (a–c), (e–g), and (i–k), and ves i cles 1 and 5
in (m–n). The rest of the ves i cles are filled with sub strate. The dash-dot ted lines in
graphs (d, h, l, o) show the the o ret i cal fit to the exper i men tally mea sured prod uct for ma -
tion. Flu o res cence images were dig i tally edited to improve image qual ity. The scale bar
rep re sents 10 µm.) Images reprinted with per mis sion of the Amer i can Chem i cal Soci ety.



mea sure ments of prod uct for ma tion in each node. Even though the travel
dis tance between ves i cles 2–5 is lon ger than between ves i cles 2–4 (115 µm
com pared to 79 µm), the enzyme reaches ves i cle 5 before ves i cle 4. This is
because the inter me di ate con tainer 3 locally dilutes the enzyme con cen tra -
tion and there fore pres ents a bar rier for effi cient dif fu sion of enzyme to the
ves i cle 4. Thus, the rate-lim it ing step is not dif fu sion in the nanotubes
(which is fast once the enzymes have entered) but rather the low prob a bil ity
of find ing the entrance ori fice to the nanotube from the con tainer space
(Dagdug, Berezhkovskii, et al., 2003; Lizana and Konkoli, 2005).

The appear ances of chem i cal wave forms evi dently depend on con nec -
tiv ity to enzyme-filled ves i cles. In addi tion to the sin gle source of enzyme
that dif fuses down its con cen tra tion gra di ent in the net works, it can be dem -
on strated that two dis crete sources of enzyme cre ate a pat tern of coun -
ter-prop a gat ing prod uct waves. Fig ure 3.14(m–o) show prod uct for ma tion
in a net work con sist ing of three con nected sub strate ves i cles (ves i cles 2–4)
posi tioned between two enzyme-filled con tain ers con ju gated to the ter mi nal
ves i cles 1 and 5. In this sys tem with two sources of coun ter-prop a gat ing
enzymes, ini tial prod uct for ma tion is observed simul ta neously in ves i cles 2
and 4 (sit u ated close to the enzyme con tain ers), fol lowed in time by prod uct
for ma tion in the mid dle ves i cle.

The model devel oped to fit the exper i men tal data, after appli ca tion of
back ground cor rec tion, is based on rate equa tions and describes the dynam -
ics of the reac tion-dif fu sion sys tem in NVNs. Reac tions in the tubes are
neglected due to the very small vol ume. The rate equa tions allows for map -
ping the con cen tra tion of enzyme (E), sub strate (S), and prod uct (P), respec -
tively, in the dif fer ent net work nodes as a func tion of time and reads:
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The three terms on the right-hand side rep re sent trans port (dif fu sion),
reac tion, and dis si pa tion, respec tively. A the ory for dif fu sive trans port in a
net work of con tain ers cou pled by thin tubes was recently devel oped in
(Lizana and Konkoli, 2005) where it was dem on strated that the rate for par -
ti cle trans port from con tainer i to j is given by ( )k D a Vij

q

q j ij= π 2 l  where
Dq is the dif fu sion coef fi cient of sub stance q, a is the tube radius, l ij  is the
length of the tube con nect ing con tain ers i and j ⋅ Vj is the vol ume of ves i cle j. 
A Michae lis-Menten enzy matic reac tion is assumed:

E S ES E P
k

k

k cat+  →
←   → +

−

1

1

and a steady-state approx i ma tion on the inter me di ate enzyme-sub strate com -
plex leads to terms con tain ing ( ) ( )c t c tE Si i

 with ( )K k k kM cat= + −1 1 . In
addi tion to reac tion and dif fu sion, there is con tin u ous loss of par ti cles from
the sys tem due to leak age of prod uct through the ves i cle wall. The sub strate,
how ever, has a low ten dency to translocate across bilayer mem branes. Addi -
tion ally, the prod uct is sus cep ti ble to photo-bleach ing by the high-inten sity
laser illu mi na tion. These leak age and bleach ing effects are described by a

phenomenological loss term ( )kdissip

q

. . The the o ret i cal pre dic tions for dif fus ing

enzyme-cat a lyzed reac tions in the NVNs employed in this study were based
on solv ing (3.15a), which tracks prod uct for ma tion as indi cated by dash-dot -
ted lines in the graphs in the Fig ure 3.14(d, h, l, o). 

The behav ior of this com plex sys tem strongly sug gests that the degree
of spa tial sep a ra tion of reac tion con tain ers in net work struc tures both in
biol ogy and in nanofluidic reac tion devices can directly influ ence and mod u -
late the dynam ics of an enzy mat i cally cat a lyzed reac tion. Thus, many reac -
tions that appear to be “oscil la tory” or time vary ing, or have oth er wise
anom a lous behav ior can some times be explained by the par tic u lar geo met ri -
cal struc tur ing of the space in which they occur, that is, they do not need to
be inher ently autocatalytic or feed back modulated.

3.5 Summary and Outlook

Net works of phospholipids nanotubes and giant unilamellar ves i cles are
 versatile and uniquely flex i ble archi tec tures for con fine ment of com plex
 mixtures of chem i cal reac tants and for stud ies of chem i cal reac tions in ultra-
small vol umes, espe cially in a bio log i cally rel e vant microenvironment. The
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advan ta geous prop er ties of phospholipid bilayer mem branes, par tic u larly the 
bot tom-up fab ri ca tion strat egy by self-assem bly from aque ous lipid sus pen -
sions and sub se quent shape trans for ma tions, enable con trolled con struc tion
of com plex, struc tured con tainer-nanotube assem blies. Sev eral means of
mem brane functionalization, direct inter nal iza tion, and manip u la tion of
mate ri als includ ing mem brane pro teins, enzymes, (bio-)poly mers like DNA
or poly-(N-isopropyl acrylamide) have been estab lished and eval u ated, with
the result of a highly ver sa tile biomimetic reac tor model. The active and pas -
sive trans port of small mol e cules, submicron par ti cles, and
biomacromolecules through nanotubes enables ini ti a tion and con trol of
chem i cal reac tions within the mem brane bound aries of such net works. Due
to the small spa tial dimen sions and short path lengths for mol e cules to travel, 
dif fu sion is the pre dom i nant mate rial trans port mode, and the
impermeability of the phospholipid mem brane to all ionic and many
nonpolar chem i cal enti ties con fines reac tants to the net work inte rior. Some
ben e fi cial and in some cases unique features of vesicle-nanotube reactor
networks are summarized in Figure 3.15.
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Fig ure 3.15 Selected unique fea tures of nanotube inter con nected ves i cle net works
com posed of soft mat ter mem brane mate rial, pro vid ing a mul ti tude of options for ini ti a -
tion and con trol of chem i cal reac tions, for inter fac ing to the exte rior envi ron ment, and
for obser va tion and anal y sis.



Deeper insights into bio log i cal and bio phys i cal prin ci ples are expected
to arise from the devel op ment of biomimetic, mem brane-based reac tor con -
cepts, with high poten tial to pro vide better under stand ing of cel lu lar trans -
port and reac tion sys tems, for exam ple, macromolecular crowd ing
phe nom ena or the func tion of nat u ral and arti fi cial ion chan nels. Entirely
new nanoscale fab ri ca tion tech nol o gies should be expected to emerge, open -
ing doors to func tional biomimetic devices of very high com plex ity. Espe -
cially fur ther com part men tal ized ves i cles with embed ded func tional units,
mem brane inter act ing sub struc tures, and bioelectronic inter faces as well as
mem brane mate ri als of increased chem i cal and mechan i cal sta bil ity are some
prom is ing direc tions to fol low. Advanced hybrid devices with mem brane
nanotubes inter con nect ing ves i cles and liv ing cells will even tu ally lead to new 
insights into nat u ral trans port and reac tion phe nom ena and might aid the
extrac tion and utilization of cell constituents in even more sophisticated
biomimetic reactors.

Cur rent lim i ta tions of the vesic u lar reac tor net works are, for exam ple,
dif fi cul ties to extract or remove reac tion prod ucts from the inte rior, and to
some extent the lim ited mechan i cal and chem i cal sta bil ity of the net works
due to loss of the mem brane integ rity over time. These lim i ta tions are cur -
rently being addressed. Strat e gies to over come the issues include chem i cal
sta bi li za tion of mem branes, hydrogels as inte rior mate ri als, and more sophis -
ti cated “lab-in-a-drop let” set ups for pre cise con trol of osmotic conditions,
surface properties, and pH.
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4
Ordered Mesoporous Materials
Rob ert Nooney

4.1 Introduction

The pre fix “meso” is derived from the Greek word mesos mean ing mid dle
and, accord ing to IUPAC clas si fi ca tion [1], mesoporous mate ri als have pore
diam e ters rang ing from 2 to 50 nm. Mate ri als with diam e ters smaller that 2
nm and larger than 50 nm are clas si fied as micro- and macroporous, respec -
tively. With regard to the design of biosensors or nanoreactors for appli ca -
tions in life sci ences, the most likely appli ca tion of mesoporous mate ri als
would be in the sep a ra tion or sort ing of biomaterials based on size exclu sion.
This is because mesoporous mate ri als have pore dimen sions which match
closely with a vari ety of com mon pro teins. At the start of the 1990s, all hard
mesoporous mate ri als were amor phous sol ids such as sil ica, acti vated car -
bons, tran si tional aluminas, or mod i fied lay ered mate ri als, such as pil lared
clays and sil i cates. The pores in these struc tures were irreg u larly spaced and
broadly dis trib uted in size and, despite many efforts, mesoporous mate ri als
with reg u lar, well-defined chan nel sys tems remained elu sive. None the less,
amor phous hard mate ri als have been used fre quently as a sup port for the
immo bi li za tion of biomaterials, par tic u larly vita mins and cel lu lar struc tures
via the sol-gel pro cess. How ever, the amor phous nature of this material has
lead to irreproducible encapsulation and activity. 
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In 1992, sci en tists from the Mobil Cor po ra tion pub lished the syn the sis 
of a novel mesoporous sil i con diox ide pow der called MCM-41 (Mobil Com -
po si tion of Mater-41) [2, 3]. This mate rial con tained monodispersed pores
sur rounded by an amor phous sil ica wall with long-range order in its pores,
which were observ able using both TEM and X-ray dif frac tion. It was the first 
mate rial to be clas si fied as an ordered mesoporous mate rial (OMM). A trans -
mis sion elec tron micro graph of a mesoporous sil ica nanoparticle with
monodispersed pores is shown in Figure 4.1.

Although MCM-41 was clas si fied first, it is not the first occur rence of
OMM syn the sis. In 1997, Di Renzo et al. repeated a pro ce dure for the syn -
the sis of low-den sity sil ica from a pat ent filed in 1969 by Chiola et al. and
obtained a mate rial iden ti cal to that pub lished by Mobil [5, 6]. None the less,
it is the Mobil sci en tists who are cred ited with rec og niz ing the poten tial of
ordered mesoporous mate ri als and who are respon si ble for ignit ing sci en tific
inter est in this mate rial, which has con tin ued to expand ever since. A search
using the online aca demic data base, Web of Sci ence, from 1992 to 2006,
returned over 12,300 pub li ca tions con tain ing the word mesoporous in their
title or abstract.

It is expected that OMMs will pro vide a more con trolled envi ron ment
for the size-selec tive encap su la tion of biomaterials with greater sta bil ity and
func tion al ity than other amor phous hard mate ri als. There are now many
OMMs made from a range of inor ganic mate ri als with both con trolled pore
dimen sions and pore sym me try. More over, it is now pos si ble to con trol the
over all par ti cle archi tec ture of these mate ri als on the nano- or microm e ter
scale. For exam ple, sev eral mesoporous sil ica mono liths have been pre pared
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Fig ure 4.1 A trans mis sion elec tron micro graph of a mesoporous sil ica nanoparticle.
The scale bar cor re spond to a length of 25 nm [4]. 



in a vari ety of dif fer ent shapes such as gyroids, heli coids, or dis coids [7–9].
These new mate ri als offer great poten tial in the design of novel
micromechanical devices for application in life sciences or medicine. 

4.2 The Mechanism of Self-Assembly of Mesoporous Materials

The first OMMs were pre pared via the hydro ther mal con ver sion of an inor -
ganic gel, com monly sil ica, in the pres ence of a struc ture-direct ing tem plate.
The tem plate was a surfactant con tain ing a hydro philic head group and a
long car bon tail. In aque ous solu tions the car bon tails clus tered to form
micelles with the head groups fac ing out into the water phase. The inor ganic
mate rial was attracted to the hydro philic head groups and pre cip i tated
around the tem plate. The for ma tion mech a nism is sim i lar to the for ma tion
of a zeo lite, whereby charged sil ica and alu mina pre cip i tate around an
organic tem plate. Finally, the tem plate was removed via cal ci na tion or sol -
vent extrac tion leav ing the inor ganic shell (see Figure 4.2 for a computer
image of an OMM).

The basic mech a nism for the syn the sis of OMMs is the liq uid crys tal
templating (LCT) mech a nism pro posed by Beck et al. (see Fig ure 4.3) [2].
There are two pos si ble path ways for the self-assem bly of OMMs accord ing to 
Beck’s mech a nism. The first is a liq uid-crys tal-ini ti ated path way whereby the 
surfactant self-assem bles into an ordered mate rial, for exam ple a micellar rod
or hex ag o nal array, prior to the pre cip i ta tion of the inor ganic phase. The sec -
ond is called the sil i cate-ini ti ated path way whereby the sil ica forms neg a tively 
charged oli go mers that attract the surfactant mol e cules and pro vide the nec -
es sary free energy for the self-assembly to proceed.

Mesostructures are unusual, because they can form at pHs above 12
(where sil ica is sol u ble) and at surfactant con cen tra tions well below the min i -
mum con cen tra tion required for liq uid crys tal struc tures to form under
aque ous con di tions. For exam ple, syn the sis of OMMs has been per formed
using the surfactant cetyltrimethylammonium bro mide (CTABr) at con cen -
tra tions of less than 1 wt %. Nor mally, aque ous CTAB requires con cen tra -
tions above 25 wt % to form hex ag o nal phases and above 70 wt % to form
lamellar phases. Clearly there must be a strong inter ac tion between the inor -
ganic gel and the surfactant for the reac tion to pro ceed. This strong reac tion
is reflected in the rapid pre cip i ta tion of OMMs when sil ica pre cur sors and
CTAB are mixed at room tem per a ture. Lindel et. al. per formed an in-situ
X-ray dif frac tion study of the ini tial stages of MCM-41 syn the sis and
observed mesophase for ma tion within the first three min utes of anal y sis [10].
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Based on an anal y sis of exper i men tal results, Monnier et al. iden ti fied
three pro cesses as crit i cal to the for ma tion of a sil ica mesostructure: 1) multi -
den tate bind ing of sil i cate oli go mers to the cationic sur fac tants; 2)
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Fig ure 4.2 Struc ture of an OMM with the space group P1 viewed down the (001) axis.
The spheres rep re sent oxy gen and sil ica atoms within the amor phous sil i con diox ide
wall. In this model the pore and wall diam e ters were set at 3 and 2 nm, respec tively.

Surfactant
micelle

Micellar
rod

Hexagonal array

Silicate

Silicate

Calcination

MCM-41

1

2

Fig ure 4.3 Liq uid-crys tal templating mech a nism for the syn the sis of MCM-41 as pro -
posed by Beck et al. The first and sec ond path ways relate to the liq uid-crys tal-ini ti ated
and sil i cate-ini ti ated mech a nisms, respec tively [2].



pref er en tial sil ica poly mer iza tion in the inter face region; and 3) charge den -
sity match ing between surfactant and the sil i cate. The Gibbs free energy for
the process has been defined in the following way [11].

 ( ) ( ) ( ) ( )G A P G A G P G A P G sol, ,= + +intra wall inter and

where G intra (A) relates to the energy inside the surfactant micelle, such as
van der Waals inter ac tion poten tial between each of the car bon chains and
elec tro static inter ac tions between the hydro pho bic head groups. G wall (P)
accounts for the inter nal energy of the sil ica frame work and G inter (A, P)
defines the energy at the inter face between the inor ganic phase and the
micelle. G sol is the free energy of the solu tion phase. The term A refers to the 
head group area of the surfactant and P relates to the com po si tion of the oli -
go mers in the sil ica wall. Under stand ing the con tri bu tions of each of these
param e ters to the over all free energy pro vides a better under stand ing of the
mech a nism of OMM for ma tion. The param e ters con sid ered to be most
impor tant are G intra (A) and G inter (A, P). At the start of self-assem bly, the 
sil ica oli go mers are dom i nated by par tially con densed sil ica groups and have
a high sur face-charge den sity. The sur fac tants are forced to pack closely in an
unfa vor able for ma tion to bal ance the charge on the oli go mers and lower the
free energy of the inter face region. At this point, the free energy is dom i nated 
by the G inter (A, P) term and these OMMs have a lamellar-type sym me try.
Mesoporous mate ri als formed at high pHs, where the sil ica oli go mers are
highly charged, also exhibit the same free-energy con straints and exhibit
lamellar sym me try. On increas ing the reac tion time, at lower pHs, the sil ica
oli go mers con dense and lower their sur face charge den sity. The sur fac tants
can now relax to form a mesophase with a lower head group charge den sity,
increas ing the free energy of the micelle, G intra(A). This relax ation pro cess
leads to a change in the pore struc ture from a lamellar- to a hex ag o nal-type
sym me try. At this point the struc ture of the mesophase is con trolled more by
the G intra (A) energy and the head group area, A, approaches its opti mum
value, Ao. One should be aware that opti miz ing G intra (A) and G inter (A, P)
does not always lead to a sim ple trans for ma tion from a lamellar to a hex ag o -
nal sym me try in the mesostructure. There are many other struc tures that can
form includ ing mate ri als with cubic Ia3d and cubic Pm3n sym me tries. 

Israelachvili et al. stated that it was also pos si ble to pre dict the struc ture 
of a mesoporous mate rial using the dimensionless pack ing param e ter g,
which is related to Ao by the equa tion, g = V/(Ao.lc). V is the effec tive vol ume
of the hydro pho bic chain and lc is the crit i cal hydro pho bic chain length of
the surfactant [12]. Under cir cum stances where the surfactant pos sesses a
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large polar head group, the pack ing param e ter is small and spher i cal-type
struc tures are pre ferred. Alter na tively, if the head groups are small and tightly 
packed, then lamellar or rod like aggre gates are preferred (see Table 4.1). 

In a novel study, Huo et al. pre pared gem ini sur fac tants, with two qua -
ter nary head groups sep a rated by an alkene chain of vari able length [13].
This struc ture is more com plex since each surfactant has two charges and the
dis tance between each charge is fixed depend ing on the alkene chain length.
This com bi na tion enabled a high degree of con trol over the size of pack ing
param e ter. Using this tem plate, a mesostructure with three-dimen sional hex -
ag o nal (P63/mmc) sym me try was obtained which has no lyotropic
water/surfactant equiv a lent. This mate rial was labeled SBA-2 after the Uni -
ver sity of Cal i for nia, Santa Barbara, where it was first synthesized. 

There have been many exper i men tal inves ti ga tions into the effects of
vary ing con cen tra tions of the start ing mate ri als on the final struc ture of the
mesoporous mate rial. Vartuli et al. inves ti gated chang ing the surfactant to
sil ica ratio from 0.5 to 3 and obtained a vari ety of dif fer ent struc tures [14].
There are now sev eral exper i men tally con structed phase dia grams of the
depend ence of the mesophase formed on sil ica pre cur sor, surfactant, and cat -
a lyst con cen tra tions available in the literature [15].

It is now pos si ble to make mesoporous mate ri als using a vari ety of dif -
fer ent metal oxides and sur fac tants under a range of pH con di tions. Stucky et 
al. pro posed four gen eral routes for syn the sis. The first is the direct con den sa -
tion of anionic inor ganic spe cies with cationic sur fac tants (denoted S+I−
where + denotes the charge on the surfactant, S, and “−” denotes the charge
on the inor ganic spe cies, I). MCM-41 is a clas sic exam ple of this; other
exam ples include cubic (point group Ia3d), hex ag o nal anti mony VI oxide,
and lamellar tung sten IV oxide [16]. The sec ond route employs a sim i lar
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Ta ble 4.1
The Ex pected Struc ture of a Mesoporous Ma te rial

Ver sus the Dimensionless Pack ing Pa ram e ter, g

g Struc ture Ex am ples

1 Lamellar MCM-41

1/1–2/3 Cu bic (Ia3d) MCM-48

1/2 Hex ag o nal (p6) SBA-3

1/3 Cu bic (Pm3n) SBA-1



approach but with the charges reversed (S−I+). Exam ples include hex ag o nal
phase iron oxide and lamellar phase Mg, Al, Mn, Fe, Co, Ni, and Zn oxides
using C12H25PO4H2 as the tem plate [16]. The third route employs a
medi ated path way (S+X−I+). The medi at ing spe cies (X−) is usu ally a chlo -
ride or bro mide ion. One exam ple is the syn the sis of lamellar zinc phos phate
with the com po si tion [CnTMA]+X−[CHZnPO4]+ [16]. The fourth route
is sim i lar to the third route with the charges reversed (S−X+I−). One exam -
ple of this is the syn the sis of zinc oxide where CH3(CH2)16COO−X+ is
used as the tem plate. Fol low ing the four ini tial routes, a fur ther route involv -
ing a neu tral templating route was devel oped by Tanev et al [17]. This mate -
rial referred to as hex ag o nal mesoporous sil ica (HMS), uses a neu tral pri mary 
amine as the surfactant (So), and a neu tral inor ganic pre cur sor (Io). The
exper i ment was car ried out in deionized water to remove any com pet ing cat -
ions or anions that could dis rupt the surfactant-inor ganic inter face. It was
assumed the surfactant and inor ganic group were attracted to each other via
hydro gen bond ing. This weak inter ac tion enabled the fac ile, envi ron men -
tally benign recov ery of costly sol vents via sol vent extrac tion meth ods. 

In 1999 Ryoo et al. pre pared CMK-1, a new OMM made from car bon 
(car bon molec u lar sieve from KAIST, the Korea Advanced Insti tute of Sci -
ence and Tech nol ogy) [18]. In this syn the sis, sucrose was absorbed into the
pores of cal cined mesoporous sil ica, MCM-48 and con verted to car bon
through a mild car bon iza tion pro cess using sul fu ric acid. The removal of the
sil ica tem plate resulted in a trans for ma tion of the car bon struc ture into a
novel, three-dimen sional struc ture with a dif fer ent sym me try. When SBA-15 
was used as the tem plate, an exact rep lica of the mesoporous sil ica struc ture
was obtained with out any trans for ma tion [19]. Unlike hydro philic sil ica
mate ri als, mesoporous car bon is hydro pho bic. This is impor tant because
most bio log i cal com pounds inter act more strongly with a hydrophobic
surface [20].

4.3 Functionalization of the Pore Walls

Another impor tant fea ture of all OMMs is the abil ity to attach func tional
groups to the pore walls that react strongly with biomaterials. Com mon
func tional groups include amines, carboxylic acids, cyanobromide, or
sulfhydryls, such as disul fides or maleimides. In the case of sil ica OMMs
these func tional groups are attached to the pore wall via the addi tion of a
bifunctional organosiliane. At one end of the organosilane is an alkoxysilane
group, such as triethoxysilane for cova lent bind ing to the sil ica net work and
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at the other end is the bioreactive func tional group. A typ i cal exam ple is
aminopropyltriethoxysilane. There are two prin ci ple mech a nisms for
 attachment of an organosilane: cocondensation and postsynthesis graft ing.
Cocondensation involves the addi tion of an organosilane along with the sil -
ica source dur ing the self-assem bly pro cess. This method has the advan tage
of dis trib ut ing the organosilane homo ge neously through out the sil ica net -
work. How ever, the organosilane can affect the sta bil ity of the sil ica wall and
the energy at the inter face between the sil ica phase and micelle, lead ing to a
less sta ble mesostructure or a change in sym me try of the mate rial.
Postsynthesis graft ing requires an addi tional syn thetic step, whereby the
organosilane is added after the OMM has been syn the sized and gen er ally
after the organic tem plate has been removed. How ever, if the organosilane is
too large it can block the pores, reduc ing the diffusion of biological material
into and out of the OMM. 

4.4 Controlling the Mesopore Diameter

A unique fea ture of OMMs is the abil ity to tai lor the pore size by vary ing the
alkyl chain length of the surfactant. Monier et al. reported on the addi tion of
car bons to a quarternary ammo nium surfactant CnH2n+1[N(CH3)3]

+ for 14 <
n < 22, that the ini tial pore diam e ter increased by between 0.1 and 0.12 nm
per car bon [11]. Another method for increas ing the pore diam e ters of
OMMs is to add aux il iary hydro car bons such as alkylated benzenes (for
exam ple 1, 3, 5-trimethylbenzene) [2]. These smaller organic mol e cules
are called expand ers and insert into the micelle arrays caus ing them to swell
in size.

A highly ordered mesoporous mate rial with larger pore diam e ters and
thicker pore walls capa ble of con sum ing larger biomolecules was pre pared by
Zhao et al. [21]. The new mate rial was called SBA-15, (Santa Barbara Amor -
phous) and was pre pared under highly acidic con di tions using an
amphiphillic triblock copol y mer of poly(eth yl ene oxide) and poly(pro pyl ene
oxide). The pore diam e ter ranged from 7.5 to 32 nm with pore wall thick -
ness from 3.1 to 6.4 nm. To achieve the larg est pore diam e ters, the cosolvent, 
1,3,5-trimethylbenzene, was added. Dif fer ent struc tures were formed
depend ing on the ratio of eth yl ene oxide to pro pyl ene oxide. At low ratios,
hex ag o nal sym me try type mate ri als were formed, whereas at high ratios,
cubic type sym me try mate ri als were obtained. Fol low ing this work, the same
team pre pared mesocellular sili ceous foam (MSF) using a sim i lar mech a nism
[22]. This mate rial con tained a highly ordered array of large spher i cal cells
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con nected by nar row win dows. This mesostructured mate rial, with its indi -
vid ual cel lu lar com part ments, is a prom is ing can di date for the absorption,
sep a ra tion, and transformation of larger biomolecules.

4.5 Characterization

The pore size of OMMs is gen er ally char ac ter ized using a com bi na tion of
 liquid nitro gen adsorp tion, X-ray dif frac tion, and trans mis sion elec tron
micros copy (TEM). For most OMMs the liq uid nitro gen adsorp tion iso -
therm is type IV in IUPAC clas si fi ca tion [23]. A typ i cal adsorp tion iso therm
of mesoporous nanoparticles is shown in Figure 4.4. 

At low-par tial pres sures, a monolayer of nitro gen mol e cules is adsorbed 
onto the mesopore walls and relates to the sharp rise in the amount adsorbed. 
This is called the Henry’s law region where adsorp tion is pro por tional to
changes in pres sure and pro vides infor ma tion on the total sur face area of the
mate rial. Typ i cal OMMs, such as MCM-41, have a sur face area approx i mat -
ing 1000m2 g−1

, which is greater that the com bined area of four ten nis courts
for one gram of mate rial. The sec ond region of the iso therm, at a par tial pres -
sure of approx i mately 0.2, relates to cap il lary con den sa tion in the mesopores. 
A unique fea ture of iso therms of OMMs is the absence of hys ter esis between
the adsorp tion and desorption steps in the cap il lary con den sa tion region.
This is due to the fact that the highly ordered pore struc ture enables the
nitro gen mol e cules to dif fuse into and out of the mate rial with out
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Fig ure 4.4 Liq uid nitro gen adsorp tion iso therm of mesoporous sil ica nanoparticles [4].
The inset shows the pore radius dis tri bu tion deter mined using the mod i fied Kel vin
equa tion. 



obstruc tion. Less well-ordered mate ri als con tain bot tle necks, which lead to
higher energy bar ri ers for dif fu sion of the nitro gen mol e cules and sub se quent 
hys ter esis. The third region at par tial pres sures close to 1 relates to adsorp tion 
between par ti cles and is typ i cal of nanosized mesoporous par ti cles.

The clas si cal method for esti mat ing the pore-size dis tri bu tion from liq -
uid nitro gen iso therms is to use the Barret-Joy ner-Halenda (BJH) mod i fi ca -
tion of the Kel vin equa tion [23, 24]. The Kel vin equa tion relates the radius
of a pore to the molar vol ume of the adsor bate and its sur face ten sion. How -
ever, it is now thought that the BJH method under es ti mates mesopore diam -
e ters and results from this method should be backed up by other
mea sure ments such as TEM. More accu rate meth ods for esti mat ing pore size 
use either den sity func tional the ory, molec u lar dynam ics, or grand canon i cal
Monte Carlo sim u la tions, which model the inter ac tion of the adsor bate with
the silica walls at a molecular level [25, 26].

A typ i cal X-ray dif frac tion pat tern of a mesoporous sil ica nanoparticle
is shown in Fig ure 4.5. The peaks occur at rel a tively short angles of reflec tion 
com pared to zeolites and, to a sci en tist more famil iar with the X-ray anal y sis
of zeolites, this result is often sur pris ing. For zeolites, the dis tance between
dif frac tion planes and, hence, the angle of reflec tion is related to the dis tance
between the lat tice planes of atoms in the crys tal, which is of the order of
Ang stroms. How ever, for mesoporous mate ri als, the reflec tions come from
Bragg reflec tions of the rep li cat ing sil ica wall, which is of the order of
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nanometers. The peaks of the MCM-41 pow der shown in Fig ure 4.1 can be
indexed to the dif frac tion planes (100), (110), (200), and (210) of a hex ag o -
nal unit cell. The high est num ber of reflec tions observed is for mesoporous
mate ri als formed on sur faces using evap o ra tion induced self-assem bly mech -
a nism under acidic con di tions. Such mate ri als are extremely well-ordered
over large dis tances and reflec tions from the first and second overtones are
clearly observed.

Another pow er ful tech nique for inves ti gat ing the pore struc ture of
OMMs is TEM. TEM is an imag ing tech nique whereby a beam of elec trons
is focused onto a spec i men result ing in the cap ture of an enlarged image on a
flu o res cent screen, pho to graphic film or CCD cam era. A TEM pic ture of
spher i cal mesoporous NPs with an inset of the hon ey comb struc ture is
shown in Fig ure 4.1. Other fea tures observ able using TEM micro graphs
include lamellar and cubic-type pore struc tures, dis or dered regions, and crys -
tal defects, such as disclination planes sim i lar to those found in
liquid-crystal-type structures.

4.6 Protein Adsorption and Enzyme Activity

There is a great deal of work on the adsorp tion and activ ity of pro teins con -
fined in the mesopores of OMMs. The con trolled adsorp tion of pro teins is
essen tial in the fields of enzy matic catal y sis, biosensors, and dis ease diag nos -
tics [27, 28].

Vinu et al. stud ied the adsorp tion of horse heart cytochrome C and
hen-white lysozyme into three dif fer ent OMMs: MCM-41 (pore diam e ter
3.54 nm), MCM-41 (pore diam e ter 4.10 nm), and SBA-15 (pore diam e ter
10.98 nm) [29, 30]. Horse heart cytochrome C is an elec tron-car ry ing pro -
tein that switches between fer ric (Fe3+) and fer rous (Fe2+) states. It is a spher i -
cal pro tein approx i mately 3 nm in diam e ter and is small enough to fit into
the pores of all three OMMs. Hen-white lysozyme is a small glob u lar enzyme 
with two main sec tions (3.0 by 4.5 nm2 and 3.0 by 3.0 nm2) and is also small 
enough to fit into the pores of all three OMMs. Lysozymes act like anti bi ot -
ics and bind to the sur face of bac te ria, facil i tat ing phagocytosis. They are also 
prev a lent in human secre tions, includ ing tears and saliva. 

Adsorp tion iso therms of cytochrome C and lysozyme into OMMs at
pH 10.5 are shown in Fig ure 4.6 [29, 30]. The iso therms have type I (or
Langmuir) char ac ter in IUPAC clas si fi ca tion [23]. These iso therms are
 characteristic of an adsorp tion pro cess lim ited by the acces si bil ity of the pore
vol ume rather than the inter nal sur face area. The total amount of pro tein
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adsorbed increased with increas ing pore diam e ter of the OMMs for both
pro teins. For cytochrome C the par tial vol ume occu pied changed from
13.7%, to 26.4%, to 28.3% with increas ing pore diam e ter. For hen-white
lysozyme the par tial vol ume occu pied changed from 20.1%, to 30.3%, to
35.1% accord ingly. Based on math e mat i cal mod el ling of spher i cal pro tein
adsorp tion inside OMMs, these per cent ages cor re spond to closely packed
con fig u ra tions of the proteins inside the mesopores [31].

The struc tural sta bil ity of hen-white lysozyme inside the pores of
SBA-15 and MCM-41 was inves ti gated using dif fuse reflectance infra red
Fou rier trans form anal y sis. The major absorp tion bands for lysozyme
remained intact on adsorp tion indi cat ing no dena tur ation had occurred [29]. 
Vinu et al. also per formed a detailed study on the effects of chang ing pH on
the adsorp tion of hen-white lysozyme inside OMMs and observed a max i -
mum adsorp tion at a pH of 10.5 [29]. The isoelectric point of lysozyme is
approx i mately 11 and the isoelectric point of the sil ica wall is approx i mately
2.5. If elec tro static inter ac tion between the pro tein and sup port is the over -
rid ing poten tial in the absorp tion pro cess, one would expect an increas ing
adsorp tion of hen-white lysozyme as the pH is dropped from 11. How ever,
exper i men tal results showed decreas ing adsorp tion as the pH was dropped.
The pH of max i mum adsorp tion is quite close to the isoelectric point of
lysozyme at which point the pro tein is uncharged. This result indi cates that
the lat eral repul sion between adja cent pro teins is more sig nif i cant that the
inter ac tion between the pro teins and sup port. Another fac tor is the diam e ter
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of lysozyme, which changes with pH. At a pH of 11 the diam e ter of lysozyme 
is 13.5 nm, which is close to its crys tal line value. How ever, at a pH of 4 it is
significantly larger, with a diameter of 26.6 nm. 

Washman-Kriel and cowork ers immo bi lized sev eral enzymes into
OMMs and mea sured their enzy matic activ ity [32, 33]. The smaller
enzymes, such as cytochrome C and trypsin were found to adsorb to a greater 
extent than the larger enzyme peroxidase which was assumed to bind only to
the sur face. Graft ing of organosilanes, such as aminopropyltriethoxysilane or
4-trichlorosilyl butyronitrile, stopped the enzymes from leach ing at high pH. 
It was assumed that the organosilanes reduced the pore aper tures by up to
1.2 nm, thereby phys i cally entrap ping the enzymes. Trypsin is a pro te ase
pro tein and its main bio chem i cal func tion is to cleave the amide bonds of
other pro teins. Washman-Kriel et al. mea sured the hydro ly sis of
N-á-benzolyl-DL-arginine-4-nitroanilide (BAPNA) using trypsin in
MCM-41. Although Trypsin was found to remain sta ble inside the
mesopores, its activ ity was only 13% of that expected from an equiv a lent
amount of free enzyme. More over, it was sig nif i cantly less active than
enzymes bound to other sup ports such as arti fi cial mem branes (activ ity of
41%), copol y mers (65%), and amor phous sol-gel (45%). It was assumed
trypsin, being of com pa ra ble size to the mesopore, was act ing as a plug and
hin der ing dif fu sion of BAPNA into and out of the pores and that this was
the rea son for the low activ ity. Although amor phous hard mate ri als pre pared
via the sol-gel pro cess dis play high activ ity, they have sev eral dis ad van tages.
For exam ple, the enzyme can become dena tured dur ing sol-gel syn the sis; the
enzymes often aggre gate and the amor phous pore struc ture cre ates obstruc -
tions and mass-trans fer prob lems. In a sep a rate study cytochrome C was
immo bi lized inside MCM-48 and its activ ity was mea sured using cyclic
voltammetry. MCM-48 adsorbed sig nif i cantly higher amounts of enzyme
than MCM-41. This is because it three-dimen sional net work enabled greater 
dif fu sion of the enzyme into the pore net work with out pore block ing. In this
case, the activ ity was much higher and was com pa ra ble to that of enzymes
encap su lated in amor phous sol-gel mate ri als. More over, MCM-48 pro vided
a model plat form with no aggre ga tion, and an open pore struc ture that could 
be tai lored to match the size of a spe cific pro tein. The cytochrome C also
retained its redox activ ity for several months and remained active in
aggressive solvents that would normally denature the protein.

Yiu et al. inves ti gated the molec u lar siev ing prop er ties of SBA-15 for a
vari ety of pro teins of increas ing size [34]. To pre vent irre vers ible adsorp tion
of the pro tein, a propylthiol group was grafted to the sil ica wall. The mech a -
nism for adsorp tion of pro tein was divided into two steps. The first step was
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a revers ible physisorption inter ac tion between pro tein and pore wall dur ing
which time an equi lib rium for the amount adsorbed was estab lished. The
sec ond step involved a strong chemisorption between the thiol groups on the
pore wall and the pro tein, lead ing to an irre vers ible immo bi li za tion of the
pro tein. The thiol functionalized SBA-15 molec u lar sieve was assumed to
have a mean pore diam e ter of 5.1 nm. The smaller pro teins up to and includ -
ing â-lactoglobulin all showed sig nif i cant adsorp tion in SBA-15, but the
larger pro teins were excluded. This molec u lar siev ing prop erty of OMMs
lends itself to pos si ble future appli ca tions, such as the sep a ra tion or sort ing of 
bio log i cal material in nanoreactors or micromechanical devices. 

A sig nif i cant prob lem asso ci ated with mesoporous sil ica mate ri als is
their poor sta bil ity under aque ous con di tions. For mate ri als with thin ner
pore walls, par tic u larly MCM-41, hydro ly sis of siloxane bridges can lead to
struc tural col lapse. An alter na tive mate rial is mesoporous car bon. Unlike sil -
ica, it is highly sta ble under aque ous con di tions. More over, it is elec tri cally
neu tral and is less likely to cause defor ma tion of biomolecules immo bi lized
inside its pores. As stated pre vi ously, car bon OMMs are pre pared via the
poly meri sa tion of a car bon source inside a mesoporous sil ica tem plate. The
poly mer-sil ica com pos ite is pyrolyzed at ele vated tem per a tures to car bon ize
the poly mer. Fol low ing this, the sil ica is removed using either con cen trated
sodium hydrox ide or hydro flu oric acid. The adsorp tion of lysozyme at pH
11 into four car bon OMMs with increas ing pore diam e ters is shown in
 Figure 4.7 (CMK-1, pore diam e ter 2.3 nm (a), CMK-3, 3.0 nm (b),
CMK-3-130, 4.3 nm (c), and CMK-3-150 6.5 nm (d)) [35]. The car bon
OMM with the small est pore diam e ter was pre pared using MCM-48 as the
sil ica tem plate. The other three mate ri als were pre pared using SBA-15 as the
tem plate where the pore diam e ter was increased by rais ing the tem per a ture of 
syn the sis. The amount adsorbed increased with increas ing pore diam e ter in
agree ment with pub lished work for adsorp tion into mesoporous sil ica mate -
ri als. The adsorp tion into CMK-1, which has a pore diam e ter sig nif i cantly
smaller than the size of the pro tein is assumed to be adsorp tion onto the
exter nal sur face of the mate rial. The total adsorp tion in CMK-3-150 cor re -
sponds to a vol ume occu pancy of only 15%, which is sig nif i cantly less than
the adsorp tion into sil ica mate ri als. This low occu pancy is likely due to
block ing of the pores from crosslinking of the larger car bon rods by small
rods cre at ing regions of microporosity. In agree ment with work on sil ica
OMMs, the amount adsorbed var ied sig nif i cantly with pH. Again, the max i -
mum adsorp tion occurred at a pH of 11, close to the isoelectric point of
lysozyme. At low and very high pHs, the elec tro static charge on the pro teins
forced them to move apart lead ing to much lower pack ing effi cien cies.
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Hartmann et al. stud ied the adsorp tion of vita min E into CMK-3 [36]. Vita -
min E is impor tant in the food indus try and life sci ences. It func tions as an
anti ox i dant pre vent ing cell mem brane dam age and dis rupt ing free-rad i cal
chain reac tions. Vita min E, which is hydro pho bic, adsorbed more effi ciently
into the pores of CMK-3 than amor phous acti vated car bon. The rea son for
the higher adsorption of vitamin E inside CMK-3 is most likely due to closer
contact between the proteins in the ordered pores leading to enhanced van
der Waals interactions. 

4.7 Morphogenesis of Nano- and Microparticles 

So far we have talked about the mech a nism and char ac ter iza tion of the pore
struc ture of OMMs, and have not con sid ered ways of con trol ling the over all
size and archi tec ture of the par ti cles. There are now sev eral meth ods avail able 
to con trol both the size and shape of mesoporous par ti cles on the nano-,
micro-, and macrometer scale. Spher i cal mesoporous par ti cles with sizes
rang ing from 65 nm to 740 nm can be syn the sized using a one-step
self-assem bly pro ce dure [4]. A sil ica source, for exam ple tetraethylortho-
 silicate, is mixed with a surfactant in the pres ence of a cat a lyst at low
 concentrations. The syn the sis con di tions are called het er o ge neous if the sil -
ica  dissolution time (SDT) is faster than the gelation time (GT), and
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homo ge neous for the reverse case [37, 38]. Het er o ge neous syn the sis occurs
under aque ous con di tions and leads to the for ma tion of par ti cles of irreg u lar
spher i cal shape with highly ordered mesoporous chan nels. Homo ge neous
syn the sis occurs under eth a nol/water cosolvent con di tions and yields smooth 
spheres with a starburst mesopore struc ture extending from the center of the
particle to the circumference (Figure 4.8). 

The size of the par ti cles can be reduced by increas ing the water-to-sil ica 
molar ratio, referred to as the R-value in sol-gel chem is try [4]. From trans -
mis sion elec tron micro graphs in Fig ure 4.9 we can see that the par ti cle size
changes from 70 nm to 460 nmon reduc ing the R value from 4,000 to 1,000 
under het er o ge neous con di tions. The con cen tra tion of the surfactant, CTAB 
was .7 × 10-3 M for the prep a ra tion of sam ple A, which is sig nif i cantly lower
than pre vi ous con cen tra tions used in the syn the sis of mesoporous pow ders
(1.1 to 4.9 × 10-2 M) [38, 39]. The con cen tra tion of the surfactant is also
two orders of mag ni tude lower than CMC2 for the micelle-to-rod tran si tion
under aque ous con di tions and fur ther sup ports the view that par ti cle for ma -
tion is driven by an inter ac tion between the surfactant and sil ica as dis cussed
in the for ma tion mech a nism sec tion.

Another method for the pro duc tion of mesoporous spher i cal
nanoparticles is the aero sol assisted self-assem bly method, where reac tants
are con fined within an aero sol drop let. As the sol vents evap o rate, the
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Fig ure 4.8 Trans mis sion elec tron micro graphs of spher i cal mesoporous sil ica
nanoparticles pre pared under homo ge neous con di tions (left-hand side with scale bar =
500 nm) and a mag ni fi ca tion of the starburst mesopore struc ture ema nat ing from the
cen ter of the nanoparticle (right-hand side with scale bar = 25 nm). Cour tesy of Rob ert
Nooney, Uni ver sity of Notre Dame.



con cen tra tion of the reac tants increases to a point where self-assem bly of a
mesoporous struc ture is favorable [40].

Sim ple alkoxysilanes such as tetraethylorthosilicate are not sol u ble in
water but become hydro philic when par tially hydro lysed. Using emul sion
chem is try tech niques, one can manip u late this chang ing sol u bil ity of
alkoxysilanes to syn the size a vari ety of mesoporous sil ica morphologies.
Schacht et al. added tetraethylorthosilicate (TEOS) to a ben zene
microemulsion in water sta bi lized by the surfactant CTAB. The TEOS
migrated into the ben zene phase where it was sol u ble and started to
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hydro lyze. The par tially hydro lyzed TEOS moved out of the ben zene phase
and con densed at the inter face region between the water and ben zene. The
sta bi liz ing CTAB also acted as the tem plate for the for ma tion of a
mesophase. This reac tion led to the for ma tion of hol low spheres [41]. Alter -
na tively, one can use tetrabutylorthosilicate, TBOS, which forms its own
microemulsion in water, negat ing the need for ben zene. As the alkoxysilane
hydro ly ses it migrates to the inter face region and forms a con densed shell (as
is the case when using TEOS). Even tu ally the entire TBOS is consumed and
a mesoporous sphere is formed [42, 43].

In the late 1990s, Ozin et al. pub lished a series of papers on the
morphogenesis of mesoporous sil ica under acidic con di tions [7–9]. The
word “morphogenesis” derives from the Greek words, morphê mean ing shape 
and gen e sis mean ing cre ation. Sev eral dif fer ent archi tec tures were pre pared
includ ing dis coids, flat tor oids, spi rals, fibers, hol low tubes, and hol low heli -
coids with dimen sions rang ing from nanometers to hun dreds of microns. In
gen eral, syn the sis was per formed using hydro chlo ric acid as the cat a lyst,
cetyltrimethylammonium chlo ride as the tem plate, and TEOS as the sil ica
source. Reac tions were per formed under qui es cent con di tions close to the
isoelectric point of aque ous sil ica, which occurs at a pH of 2. High con cen -
tra tions of ammo nium and formate ions were added to enable the for ma tion
of mesoporous silica at this low pH. 

Morphogenesis was divided into two mech a nisms based on the pH of
the aque ous solu tion. At pHs below 2, the reac tion was thought to be driven
by a silification of a liq uid-crys tal tem plate, where dif fer ent shapes orig i nated 
from disclination defects in the growth of the liq uid crys tal [8]. Sokolov et al. 
stated that the free energy of the liq uid crys tal was inversely pro por tional to
the radius of cur va ture of the grow ing mesostructures [44]. At extremely low
pHs, (i.e., below the isoelectric point of sil ica) oli go mers are highly charged
and would be harder to bend due to elec tro static repul sion, lead ing to a
higher modulus of defor ma tion. To keep the free energy low, the radius of
cur va ture would have to remain high, lead ing to the for ma tion of straight
fibers, as is observed. As the pH is increased to the isoelectric point, the
repul sion between neigh bor ing sil ica groups is reduced thereby enabling the
struc tures to relax to lower energy con for ma tions with higher cur va ture such
as dis coids or gyroids (see Fig ure 4.10). The tem per a ture can also affect the
mesostructures observed, because free energy is pro por tional to ther mal
energy. Apply ing the Sokolov rela tion ship, the radius of cur va ture should
also be inversely pro por tional to the tem per a ture. At lower tem per a tures,
straight fibers are pre dicted, whereas at higher tem per a tures, struc tures with
lower radii of cur va ture, such as dis coids and gyroids, are more likely.
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Exper i men tal results performed at different temperatures matched these
predictions. 

The sec ond mech a nism is referred to as the supra mo lecu lar ori gami
model and occurs at a pH of 1.9, very close to the isoelectric point of sil ica
[9]. In the first stages of this self-assem bly pro cess a film forms at the
air/water inter face. The low acid ity and high-ionic strength of the reac tion
mix ture favor a slow rate of silification. As the film thick ens and expands
across the sur face, dif fer ent rates of poly mer iza tion induce con trac tion of the
sil i cate micelle rods lead ing to fold ing of the sil ica film. Depend ing on the
rel a tive rates of fold ing par al lel and per pen dic u lar to the micelle rods, hol low
tubes or heli coids are formed. The hol low heli coids have the shape of an
“Archimedian screw” (see Figure 4.10).

Mesoporous sil ica morphologies may find appli ca tion in chiral catal y sis 
of macromolecules or the sep a ra tion of bac te rial and viral par ti cles. These
archi tec tures could also act as micromolds for the fab ri ca tion of metal or
mag netic microdevices. The abil ity to pre pare a vari ety of dif fer ent struc tures 
also points the way to the design of micromechanical machines. The struc -
tured mate ri als described above resem ble the min eral shells of liv ing organ -
isms such as dia toms and radiolaria. More over, the mech a nism of
morphogenesis may pro vide a valu able insight into how biomineralization
occurs in the natural world.

4.8 Drug Delivery

The abil ity to load mesoporous mate ri als with bio log i cal and chem i cal com -
pounds make these mate ri als highly desir able as solid phase sup ports for
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Fig ure 4.10 Scan ning elec tron micros copy images of mesoporous sil ica par ti cles with
gyroid and hellicoid morphologies [7, 9].



con trolled drug deliv ery. The gen eral method for drug deliv ery is to use a
sup port that releases drugs when put in con tact with water. For exam ple,
bio de grad able poly mers which release drugs via hydro ly sis induced ero sion of 
the car rier struc ture [45]. How ever, this method may not be suit able in cases
where highly toxic chem i cals (such as antitumor drugs) are used and where
chem i cal release before reach ing the tar get cells or tis sue can not be tol er ated.
If mesoporous mate ri als are used, it is pos si ble to con trol the time and rate at
which the drug is release through controlled blocking of the mesopores. 

Kishor, Mal et al. were the first to dem on strate active con trol over the
release of chem i cals from an OMM [46]. In this work 7-[(3-
triethoxysilyl)propoxyl] coumarin was postsynthetically grafted onto the
pore walls of MCM-41. Upon irra di a tion with UV light of wave length <
310 nm the coumarin crosslinked to form a cyclobutane coumarin dimer.
Sub se quent irra di a tion with UV light, approx i mately 250 nm in wave -
length, photocleaved the coumarin dimers regen er at ing the coumarin
mono mers. This pro cess is revers ible and the coumarin pore clos ing and
open ing action was described as a “dou ble-hinged door.” The pores of
MCM-41 were filled with the ste roid cholestane, which has a molec u lar
diam e ter small enough to fit inside the pores. The amount of cholestane
absorbed, stored, and released was con trolled pho to chem i cally. The same
exper i ment was repeated using amor phous sil ica pre pared via the sol-gel
pro cess. Although photodimerization of the coumarin was still pos si ble in
the sol-gel, the cholestane leaked from unblocked pores and it was not pos si -
ble to con trol the release rate. MCM-41 was an effec tive sup port because the 
uncon nected one-dimen sional pores enabled con trolled block ing of all the
pore open ings.

The release of drugs from the mesopores of OMMs can also be con -
trolled chem i cally. Lai et al. pre pared spher i cal mesoporous nanoparticles
approx i mately 200 nm in diam e ter and loaded the pores with adenosine
triphosphate (ATP) [47]. They then grafted a lin ear organosilane to the pore
walls con tain ing two func tional groups; a disulfide bond and a ter mi nal pri -
mary amine. Fol low ing this, they added a CdS flu o res cent quan tum dot, QD 
approx i mately 2 nm in diam e ter, functionalized with a carboxylic group.
The CdS QD bound to the exter nal pore open ings via the for ma tion of an
amide bond with the pri mary amine group of the organosiliane. The CdS
QD was very effec tive in stop ping the ATP from leak ing from the pores. In
water at pH 7.4, only 1% of the ATP, was released over a 12-hour period.
How ever, on addi tion of a reduc ing agent, such as dithiothreitol, the
disulfide link age of the organosilane was bro ken and the CdS QD moved
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away from the pore open ing. In the fol low ing 36 hours 85% of the ATP dif -
fused out from the mesoporous nanoparticle.

The biocompatability of this deliv ery sys tem was tested in vitro using
the neuroglial cells, astrocytes. Neuroglial cells pro vide struc tural integ rity to
the ner vous sys tem and func tional sup port enabling neu rons to trans mit
infor ma tion effi ciently. The word neuroglia in Greek means “nerve glue.”
ATP bind ing to the sur face of these cells is known to pro mote the release of
[Ca2+], which can be observed using a cal cium-bind ing flu o res cent dye. On
injec tion of the mesoporous nanoparticles and sub se quent cleav age of the
CdS QD, a sig nif i cant increase in [Ca2+] was observed indi cat ing the ATP
had indeed reacted with the astrocyte cells.

In most cases, drug deliv ery sys tems have a con stant release rate or a
rate that decreases with time. How ever, for many med i cal con di tions such as
dia be tes or heart rhythm dis or ders, con trolled “on/off” drug deliv ery in
response to an exter nal trig ger would be far more desir able. One pos si ble
method for on-off or pulsatile drug deliv ery is the use of ultra sound, which is
both noninvasive and can pen e trate deep into the inte rior of the human
body. It is also easy to con trol the phys i cal prop er ties of ultra sound, such as
fre quency, power den sity, duty cycle, and time of appli ca tion. In one study,
Kim et al. pre pared a com pos ite of a mesoporous sil ica and
poly(dimethylsiloxane) (PDMS) for the con trolled release of ibuprofen using 
an ultra sound trig ger [48]. Firstly, mesoporous sil ica was loaded with
ibuprofen and then phys i cally mixed with PDMS. The com pos ite was then
cured in a Tef lon mold to the desired shape. Fig ure 4.11 shows the pulsed

Ordered Mesoporous Materials 153

PDMS only
PDMS plus mesoporous silica

20 40

2

4

6

8

10

Ib
up

ro
fe

n 
re

le
as

ed
 (%

)

12

60 80 100
Time (mins)

Fig ure 4.11 Ultra sound-trig gered release of ibuprofen from pure PDMS and
PDMS-mesoporous sil ica com pos ite (the down arrows indi cate the start of ultra sound
irra di a tion which was con tin ued for a period of 10 min utes) [48].



release of ibuprofen from both a block of pure PDMS and a mesoporous sil -
ica PDMS com pos ite using an ultra sound trig ger. Although the pure PDMS
was loaded with an equal amount of drug the amount released decreased after 
the sec ond ultra sonic pulse. How ever, for the com pos ite, the amount
released in response to each irradiation cycle was relatively constant.

4.9 Bioactive Glasses for Tissue Engineering

There is a great deal of inter est in the use of bioactive glasses (BG) for the
recon struc tion of bones and teeth. In gen eral, BGs are com posed of a com -
bi na tion of SiO2, CaO, P2O5, and MO, where M can be Na or Mg, for
exam ple. The BG acts as a glue, enabling implants to bind to soft and hard
tis sue via the for ma tion of a bio log i cally active hydroxy apa tite layer.
Hydroxy apa tite is a min eral with the chem i cal for mula Ca10(PO4)6(OH)2

and is the main min eral com po nent of bone. BGs are also non toxic and do
not induce immune responses or inflam ma tion. In 2004 Yan et al. pre pared
a mesoporous bioactive glass (MBG) using amphiphillic triblock copol y -
mers as the tem plate [49]. The MBGs were highly ordered with p6mm sym -
me try, high-sur face areas and pore diam e ters rang ing from 4.4 to 7.1 nm in
diam e ter. A stan dard test of the per for mance of a BG is to mea sure the rate
of for ma tion of hydroxy apa tite on the sur face of the BG in the pres ence of
sim u lated body fluid (SBF) invitro. In gen eral, the rate of for ma tion of
hydroxy apa tite is extremely slow requir ing an induc tion period of at least
24 hours before any min eral is observed. For MBG, nanoparticles of
hydroxy apa tite were observed after only 4 hours of soak ing in SBF. More -
over, the nanoparticles had a rod-shaped mor phol ogy sim i lar to nat u rally
formed par ti cles in human bones. It is likely that the high-sur face area and
large-pore vol ume of MBG are the rea sons for the increased rate of hydroxy
apa tite for ma tion. For exam ple, the mesopores could facil i tate trans por ta -
tion of dis solved Ca2+ and SiO2 to the min eral as it grows. In fur ther work
Shi et. al. mixed MBG with an ammo nium phos phate buffer solu tion to
form a paste that could be molded into dif fer ent shapes or extruded from a
syringe [50]. The new mate rial, called mesoporous bioactive glass cement
(MBGC), set to form a hard mate rial within 10 min utes. Such a mate rial
could be injected into irreg u larly shaped defects such as cracks in bones or
teeth. More over, the mesopores can be loaded with drugs or enzymes to
accel er ate the pro cess of bone for ma tion, or pro vide nutri ents to the bone or 
scar tis sue as it reforms.
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4.10 Summary 

Ordered mesoporous mate ri als are gen er ally pre pared via the hydro ther mal
con ver sion of an inor ganic gel, com monly sil ica, in the pres ence of a struc -
ture-direct ing tem plate. The basic mech a nism for the syn the sis of OMMs is
the liq uid-crys tal templating (LCT) mech a nism. Ulti mately, the for ma tion
of an OMM requires care ful bal anc ing of the Gibbs free energy con tri bu -
tions from the surfactant micelle, the sil ica wall, and the charged inter face
region sit u ated between micelle and wall. A sim ple method for pre dict ing the 
struc ture of an OMM is to mea sure the pack ing param e ter, g. Under cir cum -
stances where the surfactant pos sesses a large polar head group, g is small and
spher i cal type struc tures are pre ferred. How ever, if the head groups are small
and tightly packed, g is larger and lamellar or rod-like aggregates are
preferred.

It is now pos si ble to pre pare mesoporous mate ri als using a vari ety of
dif fer ent metal oxides and sur fac tants under a range of pH con di tions. Typ i -
cal met als used include Si, Mg, Al, Mn, Fe, Co, Ni, and Zn. To syn the size
car bon OMMs, sucrose is absorbed into the pores of cal cined mesoporous
sil ica and con verted to car bon through a mild car bon iza tion pro cess using
sul fu ric acid. The sil ica is then etched away to leave an ordered carbon
network. 

The inter nal pore sur face of sil ica OMMs can be coated with
organosilanes for selec tive bind ing of biomaterials. At one end of the
organosilane is a sil i con alkoxide group for cova lent bind ing to the sil ica net -
work and at the other end is a bioreactive func tional group. 

The pore size of OMMs can be increased incrementally to match the
diam e ter of a spe cific pro tein. The most sim ple method is to increase the
alkyl chain length of the surfactant. If a larger pore size is needed then an
aux il iary hydro car bon is added, for exam ple mesitylene. These hydro car bons
enter the surfactant micelle caus ing it to swell fur ther. Another strat egy for
pre par ing OMMs with very large pore diam e ters is to use an amphiphillic
triblock copol y mer as the surfactant. The pore size of OMMs are char ac ter -
ized using a com bi na tion of liq uid nitro gen adsorp tion, X-ray diffraction,
and TEM.

The mea sure ment of pro tein adsorp tion in mesoporous mate ri als is
essen tial in the fields of enzy matic catal y sis, biosensors, and dis ease diag nos -
tics. Pro teins small enough to fit inside OMMs show adsorp tion iso therms
with type I char ac ter in IUPAC clas si fi ca tion. The pro teins form a
close-packed con fig u ra tion inside the OMM with par tial vol ume occu pan -
cies up to 30.3%. The high est amount of pro tein adsorbed occurred at a pH
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close to the isoelectric point of the pro tein. Larger pro teins were excluded
from the inter nal pores and only partly adsorbed onto the exter nal sur face of
the OMMs. This molec u lar siev ing prop erty of OMMs lends itself to pos si -
ble future appli ca tions, such as the sep a ra tion or sort ing of bio log i cal mate -
rial in nanoreactors or micromechanical devices. Enzymes immo bi lized in
lamellar-type sym me try OMMs exhib ited lower activ ity than enzymes inside
amor phous sol-gel. This was because the enzyme acted as a plug and blocked
chem i cal dif fu sion into the mesopores. OMMs with a three-dimen sional
mesopore struc ture, where plug ging was not pos si ble, adsorbed sig nif i cantly
more enzyme and showed an activ ity com pa ra ble to amor phous sol-gel.
Enzymes immo bi lized inside OMMs also main tain their activity in
aggressive solvents that would normally denature a protein. 

Spher i cal mesoporous NPs can be pre pared using a sim ple self-assem -
bly pro cess where the size of the par ti cles is con trolled through a vari a tion of
the water-to-sil ica molar ratio. Other meth ods for the prep a ra tion of spher i -
cal mesoporous NPs include the aero sol-assisted method or the for ma tion of
a water/oil microemulsion. Under acidic con di tions close to the isoelectric
point of sil ica, a vari ety of OMM with microscale archi tec tures can be pre -
pared. Exam ples include dis coids, flat tor oids, fibers, hol low tubes, and hol -
low heli coids. These archi tec tures are poten tially use ful in sev eral research
areas, such as chiral catal y sis of macromolecules, the sep a ra tion of bac te rial
and viral par ti cles, the fab ri ca tion of micromolds for microdevices, and the
construction of micromechanical machines. 

OMMs offer sev eral advan tages over con ven tional meth ods for drug
deliv ery. The com mon method for deliv ery is to use a sup port that releases
the drug on con tact with water. How ever, if the drug is highly toxic it is
impor tant to con trol both the start time and release rate. In the case of an
OMM fully sat u rated with a drug, the pore open ing can be blocked using
either a chem i cal or a phys i cal bar rier. The bar rier can then be removed using 
either chem i cal or pho to chem i cal acti va tion. It is also pos si ble to con trol the
release rate using ultra sound. When the ultra sound is switched on, the drug
is released, and when it is switched off deliv ery stops. This method is also
noninvasive and can penetrate deep into human tissue.

Bioactive glasses are used to bind implants to soft and hard tis sue via
the for ma tion of a min eral layer. Whereas con ven tional BG takes 24 hours to 
form a min eral layer mesoporous, BG can form a layer after only four-hours
immer sion in sim u lated body fluid. More over, mesoporous BG can be mixed 
with ammo nium phos phate buffer solu tion to form a paste that sets to a hard 
mate rial in under ten min utes. This paste could be used to repair defects in
bones or teeth.
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5
A Novel Nanoreactor for Biosensing
Agnes Ostafin, Hiroshi Mizukami, Philip Wingert, and Hartley Schmidt

5.1 Introduction

Over the past decade, a rev o lu tion in biosensing has been under way in
response to the rapid advance ments tak ing place in the fields of
nanomaterials and nanotechnology. In con trast to the first-gen er a tion
nanomaterials, which mostly rely on the response of a detect able,
nanoparticle-bound mol e cule to a spe cific tar get analyte, these advanced
nanodevices are designed to orches trate inter ac tions among sev eral reac tants
inside a nano-con fine ment such that detec tion is pos si ble only when a tar get
analyte is encoun tered. Although sim i lar in con cept, the com plex ity of such a 
mate rial is still quite ele men tary when com pared with what is found in a liv -
ing cell. Nev er the less, the per for mance of the reac tants in such con fine ments
will be often supe rior over those imple mented as a solu tion. Pre sented here is 
an exam ple how detec tion of a low con cen tra tion of reac tive oxy gen spe cies
(ROS) could be carried out under a hostile environment. 
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5.2 Basic Design of a Nanoreactor for ROS Detection

5.2.1 Overall Mechanism

The nanoreactor of con cern senses reac tive oxy gen spe cies (ROS) and emits
flu o res cence at the near-infra red (NIR) region, which is detect able in the bio -
log i cal sys tems, while being iso lated from chem i cal and spec tral inter fer ences
(Fig ure 5.1). Being encap su lated in a biocompatible cal cium phos phate cage, 
the inter nal reac tions are pro tected from out side con tam i nants. The ROS
per me ates through the cage quickly and induces chemiluminescence, whose
energy is trans mit ted via res o nance energy trans fer (RET) to an accep tor
fluorophore and flu o resces at the NIR region. Shift ing the emis sion wave -
length to the NIR avoids spec tral inter fer ences of the bio log i cal mate rial out -
side the cage and the detec tion of ROS becomes fea si ble and sim ple even in
highly absorb ing matri ces such as blood. Such nanoreactors can be used to
eval u ate the poten tial for harm from oxi dants, and their quick mon i tor ing
may become a vital tool for the prevention of various types of diseases.

5.2.2 Chemiluminescence of Luminol

Gen eral mech a nisms of luminol chemiluminescence in response to oxi da tion 
of per ox ide and co-oxi dants in alka line aque ous sys tems have been pro posed
pre vi ously with hematin as a cat a lyzer [1–3]. Evi dence from the absorp tion
spectropohotometry has sug gested that the chem i cally excited state of
3-aminophthalate (3AP*) ion [Fig ure 5.2(a)] is the final emit ter of
chemiluminescence. Inter me di ate for ma tions of com plexes between hematin 
and per ox ide have been sug gested, such as a ter tiary com plex between
luminol, hematin, and per ox ide, based on the kinetic evi dences found for
par tic i pa tion of such com plexes in the chemiluminescence reac tion. Accord -
ing to Olsson [2], the luminol reac tion may be for mu lated for the case of
hematin catalysis as shown in Fig ure 5.2(b).

5.2.3 Resonance Energy Transfer Inside a Nanoreactor 

Detec tion of ROS in bio log i cal sys tems using chemiluminescent light in the
range of vis i ble wave lengths is often obscured by endog e nous light-absorb ing 
chromo phores in the same wave length range. The moti va tion to develop a
novel ROS sens ing nanoreactor suit able in bio log i cal sys tems is depend ent
on the pos si bil ity of avoid ing such inter fer ences by shift ing the sys tem’s light
emis sion to the near-infra red region, tak ing advan tage of RET inside the
nanoreactor. 
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(b)

(a)

Fig ure 5.2 (a) Sug gested gen eral chemiluminescence mech a nism of a luminol-H2O2
reaction in basic aque ous solu tion, where per ox ide inter acts with luminol in the pres -
ence of a cat a lyst (not shown) to form nitro gen and the excited-state 3-aminophthalate
(3AP) ion, which emits light upon its change to ground state. (b) Sug gested mech a nism
of a spe cific luminol-hematin-H2O2 (L-H-P) CL reac tion, where it is sug gested that an
inter me di ary com plex struc ture between L, H, and P exists as luminol is oxi dized by the
nucleophilic attack of a sec ond mol e cule of P. Shown here are the steps from the per ox -
ide adduct to 3-aminophthalate, nitro gen, and light emis sion. 

hν

ROS

CaP shell

Liposome

Reactive oxygen species
Luminol
Fluorophore
Resonance energy transfer pair
Hematin
Carboxyethylphosphonic acid

Fig ure 5.1 Sim pli fied rep re sen ta tion of a nanoreactor respond ing to reac tive oxy gen
spe cies and emit ting near-infra red flu o res cence.



In solu tion, RET between an energy donor and accep tor via Förster’s
dipole–dipole inter ac tions [4] or elec tron exchange by Dex ter’s dou ble elec -
tron exchange mech a nism [5] is inef fi cient because the chance of
donor-accep tor encoun ter within the Förster radius of accep tor mol e cule
dur ing the life time of the donor’s excited state is small. Rel a tively long
excited-state life times for the accep tor dye can improve the chances of a fruit -
ful encoun ter in solu tion. How ever, plac ing these mol e cules inside
nanoreactors where they remain in close prox im ity with lim ited mobil ity is
hypoth e sized to enhance the effi ciency of RET between them to lev els far
greater than that in a solu tion, lead ing to emis sions mostly at the wave length
of the energy accep tor. 

The ori gins for improved RET in nanoreactors can be most clearly
under stood by con sid er ing the details of Förster’s the ory which described the 
rate of nonradiative energy trans fer between a sta tion ary excited donor spe -
cies and a nearby accep tor within a lim ited range of dis tance as: 
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where τD is the donor life time in the absence of an accep tor, and r is the
donor-accep tor dis tance. The Förster dis tance R0 is the dis tance between
mol e cules at which the energy trans fer rate is equal to the decay rate:
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where R0 is related to the ori en ta tion fac tor, κ2 between donor and accep tor
(gen er ally taken to be an aver age value of 1/2), the medium’s index of refrac -
tion, n, ΦD, the quan tum yield of the donor in the absence of accep tor, and J
is the over lap inte gral between the donor and accep tor in the absence of
accep tor. It may be expressed as, 

( ) ( )J F dD A= ∫ λ ε λ λ λ4 (5.3)

In this equa tion, FD(λ) is the peak-nor mal ized flu o res cence spec trum of 
the donor at wave length λ and εA(λ) is the molar absorptivity of the accep tor. 

Despite its wide spread use, the ori en ta tion fac tor, κ2, for dipoles used
in Förster’s the ory is still not a well-under stood quan tity. In gen eral terms,
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the lon ger the life time of the opti mal ori en ta tion of two mol e cules, the faster
will be the rate of RET. Förster’s the ory, orig i nally devel oped for a sta tion ary
donor and accep tor pair, was extended to freely mov ing mol e cules in vis cous
solu tions [6, 7] and near sur face dipoles [8]. Inside nanoreactors the ori en ta -
tions of charged mol e cules are sig nif i cantly restricted by mutual repul -
sive/attrac tive inter ac tions with each other, and the nanoreactor walls, so the
ori en ta tion life time of aligned dipoles should be long. Since their
translational motions and aver age sep a ra tion dis tance is reduced com pared to 
that in solu tion, favor able ori en ta tions should be main tained even at ele vated 
tem per a ture. These con sid er ations pro vide an oppor tu nity to design
nanoreactors that strongly favor RET between two chromo phores inside.
Molec u lar pairs for RET should also have: (1) a suf fi cient over lap of the
emis sion and exci ta tion spec tra of the donor and accep tor; (2) a spa tial dis -
tance between the two of 1 to 10 nm; (3) a favor able spa tial ori en ta tion; and
if pos si ble; and (4) a donor with a high-flu o res cence quan tum yield and long
excited-state life time, τD. 

As men tioned, hav ing a long excited-state life time makes a mol e cule a
much better donor, since the effi ciency of energy trans fer, ED, is: 

( )E D DA D= −1 τ τ (5.4)

where τD is life time of the donor, and τDA life time of the donor in the pres -
ence of the accep tor [9, 10]. Sim ply put, there is more oppor tu nity for an
energy accep tor to inter act with a long-lived donor, which increases the
prob a bil ity that a suc cess ful encoun ter will occur. Con fine ment of sig nif i cant 
num bers of mol e cule pairs inside a nanoreactor keeps the aver age dis tance
between them short, reduc ing the need for a long-lived donor. At the same
time, their close prox im ity increases the like li hood that self-quench ing of the
ter mi nal flu o res cent state will take place. As shown in Fig ure 5.1 for a
nanoreactor con tain ing luminol and a fluorophore, this leads to the appear -
ance of a sig nif i cant amount of flu o res cence emis sion. In this case, the
fluorophore is a good energy accep tor spe cies for luminol but its other char -
ac ter is tics and con cen tra tion in this exam ple have not been opti mized for the 
pro cess. The trend how ever is clear.

In addi tion to the improved advan tage of RET in the nano-
 environment, advan tage over col li sion fre quency may also be antic i pated.
The fre quency of col li sions, z, between two mol e cules of diam e ter, d, in gas is 
expressed as,
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Z Nd c= 21 2 2π (5.5)

where N is the num ber of mol e cules per unit vol ume and c is the aver age
speed of the mol e cules. This equa tion, with some mod i fi ca tion, is also appli -
ca ble to a solu tion and sug gests that the col li sion fre quency increases as the
con cen tra tion of mol e cules and/or their size are increased. A higher col li sion
fre quency between donor and accep tor dyes will improve the res o nance
energy trans fer effi ciency, while a too high fre quency could begin to degrade
both the sta bil ity of the chem i cally excited luminol inter me di ate, as well as
lead to flu o res cence self-quench ing between the terminally excited
fluorescent molecules. 

5.2.4 A Kinetics Model of Nanoreactor Chemiluminescence and Fluorescence

A sim pli fied kinetic mech a nism for oxi dant detec tion through
chemiluminescence-RET-flu o res cence of a nanoreactor is shown in Fig ure
5.3. In this model, only the major rate con stants are indi cated. A dot ted rect -
an gle rep re sents a nanoreactor and shows that ROS, hydro gen per ox ide,
enters through the cal cium phos phate shell and liposome layer at the per me -
ation rate con stant of k1 and in reverse k2. Inside the nanoreactor, chem i cal
reac tion between hydro gen per ox ide and luminol with the help of the molec -
u lar cat a lyst hematin forms an excited state of the 3 aminophthalate
(luminol) dianion, 3AP*, at a rate of k3. A frac tion of 3AP* may
chemiluminesce at 430 nm and return to the ground state. The inten sity of
this chemiluminescence is greatly affected by the con cen tra tion of some
metal ions and hematin. Another frac tion of the excited-state 3AP* may
expe ri ence dipole-dipole inter ac tion with nearby flu o res cent mol e cules, F,

166   Nanoreactor Engineering for Life Sciences and Medicine

k

k k

k k
2

3 4

5 6

H  O2 2H  O2 2

k1
+ Luminol

Nanoreactor

hνFhνCL at
530 nm

at
430 nm

3AP*

3AP 3AP + F

3AP:F*

F

Fig ure 5.3 Illus tra tion of kinetic steps for ROS detec tion by a nanoreactor through
chemiluminescence res o nance energy trans fer. Note that both chemiluminescence (430
nm) and flu o res cence (530 nm) may be observed.



such as fluorescein, at a rate of k4. The prod uct of this is an inter ac tion pair
3AP:F*, and, if their inter ac tions sat isfy the con di tions described for RET,
there will be flu o res cence from an accep tor fluorophore, hνFl, at 530 nm for
fluorescein, for exam ple. This sim pli fied fig ure shows only the emissive path -
way for fluorescein relax ation, but some energy will be lost by direct tran si -
tion of 3AP*, 3AP:F*, and F* to their respec tive ground states. These
pro cesses would become more sig nif i cant at higher over all con cen tra tions. 

The pro cesses shown in Fig ure 5.3 may be expressed math e mat i cally.
First, for the entrance of ROS to the nanoreactor is expressed as: 
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and the change of 3AP* may be expressed as,
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where KFR is a com plex value that depends on the con di tion of the RET pair
for ma tion, a given total con cen tra tion of fluorescein, as well as that of

luminol. Since 
d AP

dt
[ *]3

 relates to the total inten sity of lumi nes cence, it is

evi dent that in the absence of F, the lumi nes cence is only from chemi-
 luminescence. Increas ing con cen tra tion of F shifts the lumi nes cence to
 fluorescence, but the increase will not be a lin ear depend ence on the con cen -
tra tion of F and requires exper i men tal deter mi na tion. 

From this sim ple model it is appar ent that there will be a con cen tra tion 
opti mum where the detect able, oxi dant-depend ent flu o res cence is at an opti -
mum. At first, in order to con firm the improved res o nance trans fer in
nanoreactor, much higher con cen tra tions of ROS over luminol should be
used to keep the level of excited-state inter me di ate rel a tively con stant. In
prac tice, the nanoshell sys tem is intended to sta bi lize and max i mize the oxi -
dant-depend ent sig nal when the con cen tra tion of the oxi dant is very small,
so oxi da tive dam age to either the luminol or fluorescein is expected to be
small dur ing the duty cycle of these materials.
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A num ber of flu o res cence dyes, such as fluorescein, eosin Y, and
rhodamine 6G are good can di dates as the RET accep tors of 3AP* hav ing
their absorp tion max ima at 490, 520, and 525 nm and their dom i nant emis -
sion peaks at 530, 550, and 555 nm, respec tively. How ever, more sat is fac -
tory energy accep tor can di date in the bio log i cal tis sue sam ples will be water
sol u ble Ru(bpy)2(dcpby)(PF6)2 (molec u lar probes), since its absorp tion is at
458 nm and emis sion at 650 nm, which is in the range of NIR. 

5.3 Synthesis of a Nanoreactor

5.3.1 Outline of Nanoreactor Synthesis

The steps of nanoreactor syn the sis are sche mat i cally rep re sented in Fig ure
5.4. First, the desired kind of phospholipid will be hydrated in a solu tion of
reac tants to be encap su lated and multilamellar phospholipid bilayers will be
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phospholipid will be hydrated in a solu tion of reac tants to be encap su lated and
multilamellar lipid bilayers will be formed. They are extruded through the mem brane hav -
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sat u rated phos pho ric acid and cal cium chlo ride solu tions are added to ini ti ate
pre cip i ta tion of cal cium and phos phate ions on the neg a tively charged sur face of
liposomes. Ionic inter ac tion-induced lay er ing of cal cium and phos phate ions will con -
tinue to increase the thick ness of the cal cium-phos phate shell as needed, and the
growth is ter mi nated by cov er ing the sur face with CEPA. 



formed. They will be extruded through the mem brane hav ing pores of
selected size to pro duce uni form liposomes. To the sized liposomes, a high
con cen tra tion of phos pho ric acid and cal cium chlo ride solu tions are added to 
ini ti ate its supersaturation pre cip i ta tion [11] on the neg a tively charged sur -
face of liposomes. Ionic inter ac tions induced lay er ing of cal cium and phos -
phate ions that will con tinue to increase the thick ness of the
cal cium-phos phate shell as needed, and the growth is ter mi nated by cov er ing 
the sur face with carboxyethylphosphonic acid (CEPA). More detailed
description of synthetic procedures will fol low. 

5.3.2 Encapsulation of the Reactants in Liposomes

Encap su la tion pro cess is the crit i cal first step to con fine the reac tants in a
nano-sized liposome com part ment, while assur ing selected types of ROS to
per me ate through the liposome layer. Var i ous kinds of phospholipids may be 
used to syn the size a liposome, but one type of phos pha tidic acid lipid,
1,2-dioleoyl-sn-glycero-3-phos phate (DOPA), is cited as an example.

Mate ri als: All chem i cals used were re agent grade and used with out fur ther
pu ri fi ca tion, un less stated oth er wise. Hematin (por cine), fluorescein, and
carboxyethyl phosphonic acid (CEPA) were ob tained from Sigma-Aldrich
(St. Louis, Mis souri). The phos pha tid ic acid lipid DOPA was ob tained as
lyophilized pow der from Avanti Lipids (Al a bas ter, Al a bama). 

Liposome Prep a ra tion: The liposomal tem plates for aque ous-cored cal cium
phos phate nanoreactors were formed by the in ter ac tion of highly con cen -
trated chemiluminescence re agent stocks con tain ing luminol and hematin
close to their max i mum sol u bil ity lev els in phos phate buf fered sa line (PBS)
at pH 9.5. Af ter mix ing, the con cen tra tion of luminol (L) was ap prox i mately 
1.0 mM, fluorescein (F) 0.8 mM, and hematin (H) 0.032 mM. An aliquot of 
the mix ture was mixed with lay ered dry DOPA lipid caus ing its swell ing and
bud ding of the film into multilamellar (on ion-like) liposomes. 

Liposome Extru sion: Hy drated DOPA lipid sus pended in the so lu tion of CL 
re agents was mixed with a 3/4 inch mag netic stir ring bar at 1,000 RPM for 1 
hour in a 20-ml scin til la tion vial. A 25-mm polycarbonate ex tru sion mem -
brane with 100-nm pore size was fit ted to a handheld 1-ml ex tru sion ap pa ra -
tus (Avanti Po lar Lipids). The 100-nm pore-size fil ter was cho sen based on
the suc cess ful re sults of pre vi ous work [12] and later other pore-size fil ters
were tested for this re search to study the re la tion be tween the size of a
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nanoshell and the CL per for mance. A 1-ml sus pen sion of DOPA lipid-hy -
drated L-H-F sus pen sion was passed through the ex trud er 25 times. To mea -
sure the par ti cle size dis tri bu tion, un di luted nanoparticle sus pen sions were
first fil tered through a 1.2-µ CA fil ter to re move dust. A Brookhaven In stru -
ments Cor po ra tion (BIC) ZetaPALS Par ti cle Sizer with a He-Ne la ser and a
de tec tor an gle of 90 de grees was used. Each 3-min ute scan was av er aged 6
times to ob tain a stan dard de vi a tion of the dis tri bu tion mean size. The re -
sults are shown in Fig ure 5.5 (open cir cles) and are 100 ± 40 nm in di am e ter. 
Once the ex tru sion was com pleted, it was ob served that there was neg li gi ble
vol ume loss due to the fil ter or in side of the ex trud er via mea sur ing the loss.
The re sult ing CL liposome sus pen sion was left to rest for 1 hour af ter ward
be fore coat ing the liposome with a cal cium phos phate shell.

5.3.3 Self-Assembly of Calcium Phosphate Shells over the Liposomes and
Nanoreactor Stabilization with CEPA

In con trast to the drop-wise self-assem bly of a cal cium phos phate shell over
the liposomes, an alter na tive one-step self-assem bly under super-sat u ra tion
appears sim ple and equally sat is fac tory results are obtained. A sim pli fied dia -
gram matic descrip tion of super-sat u ra tion self-assem bly of cal cium phos -
phate shells is already illus trated in Fig ure 5.4. After CL liposomes were left
undis turbed in dark ness for 1 hour, 1 ml of the sus pen sion was added to a
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50-ml glass beaker con tain ing 25-ml DI water and 125 ml of 0.1M phos -
pho ric acid adjusted to pH 7.0 with 1M NaOH. Within 5 sec onds a 125 ml
of 0.1M cal cium chlo ride was added to the solu tion. The solu tion was then
stirred con tin u ously in a 50-ml glass beaker at 600 RPM for 4 hours. In the
basic solu tion, the sur face of DOPA liposomes will be neg a tively charged and 
func tion as the nucle ation sites for pos i tive ions. Thus, addi tion of near-sat u -
rated cal cium chlo ride and phos pho ric acid solu tions will ini ti ate an ionically 
attracted layer of cal cium ions on the sur face of liposomes, and in turn the
phos phate ions. As will be shown later, they are not in per fect order, but
subquent for ma tions of Stern lay ers will force an increase in the thickness of
the now calcium phosphate (Ca/P) shells.

To arrest the nanoshell growth, a 400 ml of 0.1 M CEPA at pH 7 was
added and the sus pen sion stirred for an addi tional 30 min utes. It was then
left undis turbed for at least 1 hour. An exam ple of the size dis tri bu tion of
Ca/P shell-coated liposomes (i.e., nanoreactor), is shown in Fig ure 5.5
(closed cir cles) and is 150 ± 60 nm in diam e ter.

5.4 Characterization of a Synthesized Nanoreactor

5.4.1 Physical Feature of a Nanoreactor

A TEM image of a typ i cal nanoreactor is shown in Fig ure 5.6(a). Shells pro -
duced via this syn the sis appear hol low and visu ally more uni form than the
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light-scat ter ing results sug gest, with a diam e ter of 150 ± 60 nm (n = 100)
and shell thick ness of 10 to 20 nm (n = 100). The diam e ter of a nanoreactor
observed using the atomic force micros copy (AFM) seems to agree with the
result of TEM [Fig ure 5.6(b)]. AFM images of the as-syn the sized cal cium
phos phate nanoreactors were obtained using a Multimode IIIa NanoScope
(Dig i tal Instru ments) oper at ing in tap ping mode with OTESPA probes
(Dig i tal Instru ments) of 15-nm nom i nal diam e ter. The same grid used for
visu al iza tion by TEM was also used for top o graphic imag ing by AFM. TEM
grids were fixed to an AFM sam ple puck (Ted Pella) with dou ble-stick tape.
The NanoScope v. 5.12 r3 soft ware bear ing anal y sis tool was used to deter -
mine the aver age height of the par ti cles. There were between 100 to 1,000
par ti cles per square micron.

The effec tive ness of using CEPA as the sta bi lizer of nanoreactor sur face 
is evi dent by the increased negativity of the Zeta poten tial obtained, and as
shown in Fig ure 5.7. The pla teau reached indi cates that CEPA has sat u rated
the sur face and no fur ther increase can be achieved. Zeta poten tials were
mea sured by immers ing the polycarbonate elec trode of the ZetaPALS
machine in a 4-ml 1-cm polyacrylate cuvette with 1.5-ml sam pler vol ume.
An aver age of 10 runs was recorded as the mean value with stan dard
deviation in mV. 

These obser va tions seem to con firm the assumed struc ture of a
nanoreactor that is shown in Fig ure 5.1. 

172   Nanoreactor Engineering for Life Sciences and Medicine

Saturated
CEPA: DOPA at 2:1

DOPA: CEPA

0 0.1
−60

−55

−50

−45m
V

−40

−35

−30

0.2 0.3 0.4 0.5

Fig ure 5.7 A plot of Zeta poten tial as a func tion of DOPA to CEPA ratio, which effec -
tively mea sures the increas ing neg a tive charge, as CEPA is added to the sur face of the
par ti cles. 



5.4.2 Internal Structure of the Calcium Phosphate Shell

The over all shape of the nanoreactor appears spher i cal both in TEM and
AFM, and the thick ness of the shells appears to be depend ent on the dura -
tion of supersaturation depend ent shell for ma tion. The inter nal struc ture of
porous Ca/P shells appears to have only been revealed through the results of
energy dispersive scat ter ing (EDS) obtained from a PGT eXcalibur detec tor
attached to a Hitachi H-8100 TEM at North west ern Uni ver sity’s EPIC
facil ity. The X-ray dif frac tion (XRD) ring pat terns were obtained via TEM
using the Hitachi H-8100 and dem on strates the absence of struc ture in the
shell of nanoreactor [Fig ure 5.8(a)], while the pres ence is evi dent in
hydroxyapatite crystals [Figure 5.8(b)]. 

5.4.3 Concentrations of Reactants in Nanoreactors

Absorp tion spec tra of nanoreactors filled with luminol, hematin, and
fluorescein in PBS at pH 9.5, and the empty nanoshell sus pen sions are
shown in Fig ure 5.9. Assum ing the molar absorp tivity of luminol to be ε350 =
6,741, hematin ε400 = 54,933, and fluorescein ε490 = 67,188 [1, 13], their
esti mated molar con cen tra tions are 5.2 × 10–5 M, 1.8 × 10–6 M, and 3.4 ×
10–5 M, respec tively. The num ber of nanoreactors in sus pen sion is approx i -
mately in the nanomole range, and for the nanoreactor with 120 nm in
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diam e ter, the con cen tra tions of luminol and fluorescein inside nanoreactors
are approx i mately 0.5 and 0.3 mM for luminol and fluorescein, respec tively,
for this prep a ra tion. Being able to main tain rel a tively high con cen tra tion of
reac tants inside the nanoreactors is an impor tant fea ture to assure high effi -
ciency of RET.

5.5 Detection of ROS with the Nanoreactor

The main objec tives of this sec tion are to dem on strate that encap su la tion of
the reac tants for chemiluminescence and RET improves the effi ciency of
RET for effec tive detec tion of ROS in bio log i cal envi ron ment, as well as the
over all ROS detec tion sen si tiv ity. Rel a tively high con cen tra tions of ROS,
mostly H2O2, were used to com pare the results in solu tion and in
nanoreactors.

5.5.1 Stopped Flow Analyses of Luminescence

Time-resolved mea sure ments of lumi nes cence were per formed using an
Aminco-Mor row stopped-flow device (Amer i can Instru ment, Sil ver Spring,
Mary land). Appro pri ate con cen tra tions of nanoshell sus pen sion and a 5-mM 
H2O2 solu tion in PBS at pH 9.5 were each placed in one of the two pneu -
mat i cally driven mix ing syringes of the appa ra tus. The result ing light
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emis sion was detected using a Hamamatsu R928 photomultiplier (PMT)
tube (Hamamatsu) and ampli fied using a Keithley cur rent ampli fier (Cleve -
land, Ohio). The sig nals were dig i tized at a sam pling rate of 5 to 100 Hz
using a LabView I/O card (National Instru ments, Aus tin, Texas), and
recorded via a home made LabView 6i pro gram to dis play the rel a tive inten -
sity of CL over time. At least three traces were aver aged to dis play the
luminescence change over time. 

5.5.2 Time-Resolved Luminescence of Luminol in Solution and Inside
Nanoreactors

The kinet ics of light emis sion within the range of wave lengths detect able by
the stopped-flow appa ra tus from nanoreactor sus pen sion and equiv a lent
con cen tra tions of luminol, hematin, and fluorescein in PBS at pH 9.5 mixed
with an equal vol ume of 5-mM H2O2 in PBS at pH 9.5 are shown in Fig ure
5.10. The ini tial rise of lumi nes cence inten sity of nanoreactor is nearly as fast 
as that of lumi nes cence in solu tion, sug gest ing that the rate of H2O2 per me -
ation through the shell is almost equal to the rate of dif fu sion in solu tion,
and the ini tial inten sity is higher in nanoreactor over the equiv a lent sys tem in 
solu tion. The time-resolved lumi nes cence are the result of both chemi-
 luminescence and flu o res cence, and the total emis sion as deter mined by inte -
gra tion of the expo nen tially decreas ing inten sity over time appears to be
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larger in nanoreactor than it is for the equiv a lent reagents in solu tion. Since
the total lumi nes cence inten sity is defined by the con sump tion of luminol,
which is equal in both cases, the increased lumi nes cence may be a reflec tion
of over all sen si tiv ity of the nanoreactor. This con clu sion is still sup ported
even though the rel a tive emis sion inten si ties at the wave lengths for
chemiluminescence and for fluorescence are not adjusted relative to each
other. 

5.5.3 Spectrophotometric Chemiluminescence and Fluorescence Analyses
Show That RET Is Significantly Enhanced in Nanoreactors 

Lumi nes cence emis sion spec tra were obtained using a SPEX SLM Model
8100 spectrofluorometer (Edi son, New Jer sey). Lumi nes cence emis sion
spec tra of 1-ml nano–CRET sus pen sion or a solu tion with equiv a lent
reagents in PBS at pH 9.5 were obtained by man u ally mix ing with 1 ml of 5
mM M H2O2 in the same PBS in a quartz cuvette. The scan ning of emis sion
wave lengths was started imme di ately after mix ing at a step ping rate of 12
nm/sec ond over the range of 350 to 650 nm with the exci ta tion lamp turned
off (Fig ure 5.11). Lumi nes cence emis sion spec tra of nanoreactor sus pen sion
(heavy line) and a solu tion of CRET reac tants (thin line) are shown over the
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range of 350 to 650 nm, and the spec tral inten si ties have been cor rected for
the expo nen tial time-depend ent decrease in the emis sion dur ing the time of
inten sity mea sure ment from 350 to 650 nm. Both luminol
chemiluminescence at 410 nm and fluorescein flu o res cence at 530 nm are
evi dent in each spec tra, since some frac tion of luminol show
chemiluminescence and another frac tion of excited-state 3AP* engage in res -
o nance energy trans fer with fluorescein and emits light as flu o res cence from
fluorescein. The flu o res cence inten sity is sig nif i cantly greater in nanoeactor
than in solu tion, while the chemiluminescence inten sity is decreased,
showing that resonance energy transfer is enhanced in nanoreactor. 

The enhanced flu o res cence emis sion can be jus ti fied by con sid er ing the 
aver age dis tance between react ing mol e cules inside the nanoshells. For suc -
cess ful energy exchange the dis tance of the donor and accep tor in the RET
cou ple must be at or near their respec tive Forster radii, approx i mately 1 to 10 
nm. If we con sider luminol, hematin, and fluorescein to be equiv a lent, the
nanoshell con tains 8.8 × 10–5 M encap su lated mol e cules. The approx i mate
con cen tra tion of nanoshells is ~1 nM of par ti cles, which means that 88,000
mol e cules are pres ent in each par ti cle. Approx i mat ing the aver age vol ume of
a sin gle 150-nm nanoshell of vol ume 1.413 × 10–20 m3 as a cube of dimen -
sion 2.42 × 10–7 m3 on each side, a cubic array of 44 equally spaced mol e cules 
would be dis trib uted through out this cube. This would mean an aver age sep -
a ra tion between each mol e cule of about 6 nm, well within the 1 to 10 nm
Forster resonance energy transfer radius of most molecules. 

5.5.4 The RET Takes Place Inside Nanoreactors

In order to dem on strate that the flu o res cence of fluorescein at 530 nm is the
result of res o nance energy trans fer between 3AP* and fluorescein both inside
the nanoshells, the emis sion spec tra of nanoshells con tain ing only luminol
and hematin reacted with H2O2 in PBS at pH 9.5 is com pared with the same
nanoshells sus pended in a solu tion of fluorescein in PBS at pH 9.5 then
reacted with H2O2 (Fig ure 5.12). The molar ratio between luminol inside the 
nanoshells and fluorescein in the sur round ing solu tion is kept at 1:1 and the
spec tra are com pared after cor rect ing for dilu tion. Both sam ples show
chemiluminescence at 425 nm, but fluorescein emis sion at 530 nm is absent, 
except very small lumi nes cence, which could have been trig gered with a
 contamination of chemiluminescence sys tem on the sur face of the shells,
dem on strat ing that res o nance energy trans fer across the shell of the
nanoshells is absent.

A Novel Nanoreactor for Biosensing 177



5.6 Reactive Oxygen Species (ROS) and Diseases

5.6.1 Significance of ROS in Human Bodies

The bal anced pro duc tion and con sump tion of each ROS is key to good
health. For exam ple, low con cen tra tions of H2O2 are used in the body to reg -
u late cell devel op ment, cell pro lif er a tion, cell death, and sig nal transduction
[14] by directly affect ing other redox sys tems like NADPH/NADP, ascor bic
acid/dehydroascorbate, glutathione/oxi dized glutathione, thioredoxin/oxi -
dized thioredoxin, and pro tein carbonylation, and disulfide bond for ma tion.
Higher con cen tra tions not ade quately reg u lated by catalase, glutathione
peroxidase, and other chem i cal reac tions can be toxic. Dur ing infec tion and
dis ease, increases in over all lev els of ROS are stim u lated by a vari ety of
chemoattractant pep tides, chemokines, for eign sub stances, and bac te ria
which induce neu tro phils, macrophages, and even nonphagocytic cells to
increase pro duc tion of O 2

•- . ROS lev els in the body are now known to be
asso ci ated with dis eases, such as cir cu la tory infec tion by H. pylori [15] (7)
gen eral bac te rial infec tions [16–18], hyper ten sion [19–24, 33], can cer
[25–28], aging [29–31], and dia be tes [34]. Adverse symp toms can arise
directly from the cytotoxic prop er ties of ROS, or by their indi rect impact on
met a bolic reg u la tion. For exam ple, in con di tions like hyper ten sion, ROS
pro duc tion by vas cu lar cells in var i ous organs is increased, which low ers
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nitric oxide (NO•) bioactivity, inter feres with nitric oxide sig nal ing, and
leads to blood pres sure disregulation and even tual cor o nary heart dis ease. 

Sev eral spe cies of ROS are found in tis sues and blood stream, includ ing
highly reac tive super oxide (O 2

•- ), and the rel a tively more sta ble sec ond ary
oxi dants derived from it via enzy matic or chem i cal trans for ma tions: hydro -
gen per ox ide (H2O2), hydroxyl rad i cal (OH•), hypochlorous acid (HOCl),
and peroxynitrate (ONOO). In neu tro phils, macrophages, and
nonphagocytic healthy mam ma lian cells superoxide, O 2

•-  is formed through
the enzy matic action of NADPH oxidase, uncou pled nitric oxide synthase,
xanthine oxidase, cytochrome P450 mixed–func tion oxi dases (liver), and
mito chon drial res pi ra tion [34, 35]. In addi tion to react ing with and dam ag -
ing com plex cel lu lar mol e cules such as fats, pro teins, or DNA, O 2

•-  quickly
forms H2O2 through the action of super oxide dismutase: 2 O 2

•-  + 2H+ →
H2O2 + O2, OH• by the reac tion of superoxide with H2O2 and
Fe3+/Fe2+-medi ated Fenton reac tion O 2

•-  + H2O2 → O2 + OH + OH-, HOCl
by the reac tion of myeloperoxidase with H2O2 in the pres ence of chlo rine
anions, and ONOO by the reac tion with NO•. Nitric oxide (NO•) is not
pro duced directly from O 2

•- , but is pro duced by nitric oxide synthase in the
pres ence of molec u lar oxy gen, dur ing the con ver sion of the amino acid
L-arginine to nitric oxide and L-citrulline. In gen eral, ROS other than H2O2

have short life times mak ing an esti mate of their true pro duc tion rates in
blood using cur rent tech nol ogy chal leng ing.

5.6.2 Conventional Methods of ROS Detection Are Cumbersome and Often
Error Ridden Due to the Influence of Compounds Found in the Body

Enzy matic assays for the detec tion of ROS using horse rad ish peroxidase or
catalase depend on the oxi da tion of a detec tor com pound [22], but nat u ral
bio log i cal sub stances may lead to under es ti ma tion of ROS lev els by as much
as 100% [34]. Given the time required for removal of bio log i cal com po nents 
before detec tion [35] and con di tions where glutathione peroxidase-reductase 
sig nif i cantly con trib utes to metab o lism of H2O2, cal cu lated con cen tra tions
will be underestimated [36]. 

Spec tro scopic mea sure ments, par tic u larly chemiluminescence (CL) are
pre ferred meth ods for oxi dant detec tion over enzy matic and elec tro chem i cal
meth ods in solu tions due to their sen si tiv ity, min i mal per tur ba tion of the
sam ple, and poten tial for remote detec tion. CL is an emis sion of light with -
out exci ta tion energy from spe cific classes of mol e cules, chem i cally acti vated
at the level of picomolar oxi dant con cen tra tions. CL using luminol-based
reagents and lumigen-enhanced meth ods [37, 38] are being used to pro vide
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impor tant infor ma tion about the oxi da tive state of cells and tis sues [39–41],
loss of neutrophil activ ity by H.pylori in blood [15], dur ing the respi ra tory
burst of macrophages and neu tro phils [42], and to diag nose vas cu lar
dysfunctions [43]. A wide vari ety of deriv a tives and con ju gates of luminol
[44–49] or isoluminol [50, 51], which retain their CL capa bil ity can also be
syn the sized. These reagents have been used to mea sure the con cen tra tion of a 
wide range of oxi dants in gases, water [52], oxi dant-gen er at ing enzyme solu -
tions [53], and cells [42, 54, 55], making CL a routine method for HPLC
analyte detection [56, 57]. 

The fact that CL reagents inter act strongly with other mol e cules in
their sur round ings can be both an advan tage and a dis ad van tage. For
instance, CL emis sion can be com pet i tively inhib ited by biomolecules with
sulfhydrl and thioether groups, metalloenzymes, horse-rad ish peroxidase,
hematin, sug ars, and even bicar bon ate. Fur ther more, lumi nes cence in the
vis i ble range may be obscured by myoglobin in the mus cle and hemo glo bin
in eryth ro cytes. In addi tion to ROS, other oxi dants such as ferri cyanide,
hypochlorite, and per sul fate can stim u late CL emis sion. L-012, a deriv a tive
of luminol, was found to be bright enough to be detected in highly
vascularized tis sues and serum-based cell cul tures, but its emis sion is affected
other chem i cals includ ing uric acid, deferoxamine, DMSO, mannitol, and
sodium azide, and is light sen si tive, so mea sure ments are made in the dark
[58]. Inter ac tions between CL reagents and other mol e cules can be taken
advan tage of to shift the emissive wave length of detec tion to a more con ve -
nient one, by add ing a res o nant energy accep tor, or sensitizer mol e cule like
fluoroscein, rhodamine, bilurubin, ribo fla vin, and many oth ers, which can
increase CL out put as well as shift its energy to a region of the light emis sion
spec trum that is more ame na ble for detec tion. Microheterogenous sus pen -
sions of liposomes and micelles can be used to favor ably ori ent and fix the
posi tions of the CL and RET spe cies to enhance the effi ciency of their inter -
ac tions [59]. How ever, in com plex and vari able bio log i cal flu ids, liposomes
and micelles are dif fi cult to main tain and other unpredictable effects on CL
output and interactions with sensitizers can result. 

5.7 Conclusions

Spec tro pho to met ric pro ce dures are one of the most sen si tive ana lyt i cal meth -
ods requir ing rel a tively sim ple oper a tions and widely used in many areas of
dis ci plines, but their direct appli ca tions in the bio log i cal sys tem may be seri -
ously affected by the mate ri als found in them. Dis cussed in this chap ter is a
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use of reor dered energy trans fer inside recently devel oped nano-enclo sures to
residue envi ron ment while enhancing the detection effi ciency. 
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6
Surface Nanoreactors for Efficient
Catalysis of Hydrolytic Reactions
I. M. Okhapkin, V. I. Lozinsky, V. V. Vasilevskaya, and A. R. Khokhlov

In this chap ter the notion of a sur face nanoreactor is intro duced and the
main prin ci ples of its per for mance are described. A surface nanoreactor is a
bound ary between two immis ci ble phases of a nanoscale thick ness that can
accu mu late react ing spe cies and pro mote the increase of reac tion rate. Two
types of nanoreactors are dis cussed: inter faces of emul sion drop lets, and poly -
mer inter faces formed in glob ules and fine poly mer aggre gates. Hydrolytic
reac tions were found to sig nif i cantly speed up in the nanoreactors.

6.1 Introduction

Accu rate con trol of the chem i cal reac tion rate is of sig nif i cant fun da men tal
and prac ti cal inter est. This requires ver sa tile and pre cise means that can pro -
vide both reac tion accel er a tion, and decrease in reac tion rate in case of over -
heat ing. For many decades, cat a lysts, both homo ge neous and het er o ge neous, 
are the prin ci pal com po nents of most reac tions. Cat a lysts are mostly used to
speed-up the rate of reac tions that do not prac ti cally run in cat a lyst-free con -
di tions due to very high kinetic bar ri ers. An alternative way to increase the
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reac tion rate is to accu mu late the reagents in a set of microreactors dis trib -
uted uni formly in the reac tion medium. To con cen trate reagents in a lim ited
vol ume, var i ous het er o ge neous sys tems can be used [1], such as poly mer gels
[2–4], dendrimers [5], micellar solutions, and microemulsions [1, 6–12]. 

Chem i cal reac tions can be accel er ated by two orders of mag ni tude in
micellar solu tions [1, 6–8]. Such an effect is caused by the con cen trat ing of
reac tants within the micelles; it depends on the vol ume frac tion occu pied by
the micelles in the solu tions [6–8]. Micellar solu tions can be used for accel er -
at ing reac tions pro vided the react ing spe cies have high affin ity to micellar
phase, so that absorp tion of the reac tants can pro ceed. In most cases such
absorp tion is favored both by hydro pho bic and elec tro static inter ac tions and
nor mally micelles of ionic sur fac tants are most effi cient. Micellar sys tems can 
pro mote the reac tions in which sub strate and cat a lyst are capa ble to be con -
cen trated in micelles. An alter na tive scheme for con cen trat ing reac tive agents 
and reac tion-effi ciency con trol involves the use of small poly mer par ti cles
that accu mu late hydro pho bic sub strates [13–15]. In order to pro vide con ver -
sion of the sub strate, these par ti cles should have a hydro pho bic interior and
pendant catalytic groups therein. This type of con ver sion might be quite
sim i lar to the pro cesses that orig i nate from bio log i cal sys tems. Indeed, this in 
par tic u lar relates to enzyme-sub strate bind ing pro cesses. Sev eral enzymes like 
ace tyl cho line esterase and pep sin con tain hydro pho bic groups at their active
sites, which effi ciently con trib ute to the bind ing of the sub strate, while spe -
cial func tional groups pro mote the catal y sis.

A quite pro spec tive tool to increase the rate of cat a lytic reac tion may be
real ized via inter fa cial adsorp tion where sur face-active mol e cules tend to be
con cen trated at the bound aries of immis ci ble phases. If the adsorb ing mol e -
cules can react with each other (say con ver sion of a sub strate that can be cat a -
lyzed in homo ge neous con di tions), the inter fa cial layer becomes a reac tor of
nanoscale thick ness, in which chem i cal pro cesses speed up. In our recent
papers, this layer was referred to as a “sur face nanoreactor” [16–20]. The
con cept of sur face nanoreactors is rel e vant for bio log i cal and med i cal appli ca -
tions. Liv ing organ isms accu mu late a great num ber of inter faces, and their
reac tions might play a sig nif i cant role in the metab o lism. In a typ i cal exam -
ple of inter fa cial reac tions, it is appro pri ate to men tion pheromone iden ti fi -
ca tion by the anten nas of insects where the lat ter act as a kind of sur face
nanoreactor that con cen trates phero mones before they acti vate the response
of the recep tors. One of the major active fac tors of such bioanoreactors is the
sur face dif fu sion of cap tured pheremones to the recep tors. The anal o gous
pro cess might be typ i cal for recep tor-hor mone bind ing and response mech a -
nisms, which need sep a rate ver i fi ca tion and con sid er ation. Nev er the less,
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when a pheromone or hor mone binds to a sur face or inter face, its con cen tra -
tion at the inter face is mark edly higher than in the three-dimen sional media,
which might be a significant factor in the response that follows. 

Thus the phe nom e non of sur face nanoreactors has some trends sim i lar
to those which can be located in biosystems and may be taken into account
in stud ies where bio log i cal inter faces are the objects.

As far as the basic model for sur face nanoreactors is con cerned, emul -
sions prove to be the sim plest.  In emul sions the inter face of a drop let can act
as a medium for the reac tion, which can then be accel er ated. Reac tant con -
cen tra tions may be sev eral orders of mag ni tude higher at such inter faces than 
in bulk phases. Both the o ret i cally [16, 18] and by means of com puter sim u -
la tion [21] it was shown that at a cer tain size of emul sion drop lets (nor mally
around sev eral hun dred nanometers) the reac tion rate func tion exhib its a
max i mum. In Fig ure 6.1, a series of dependences of reac tion rate ver sus
drop let radius are pre sented for dif fer ent adsorp tion energy at the drop let
inter face, ε (in kT units). The reac tion rate (M ) is nor mal ized by the reac -
tion rate in homo ge neous emul sion-free solu tion (M 0). The drop let radius
(R ) is nor mal ized by the sur face layer width (d ). The data was obtained by
com puter sim u la tion (Monte Carlo method). The posi tions of the max ima
were found to be sen si tive to ε; the lower energy of adsorp tion required the
lower opti mum size of emul sion drop lets. 

Indeed, if the drop lets are small, the sur face layer area is large; con se -
quently the con cen tra tion of reac tants that are dis trib uted over this sur face is
not very high com pared to the vol ume con cen tra tion. The reac tion rates as
results are small. With an increase in the drop let size (and decrease in sur face
layer area, accord ingly), the sur face con cen tra tions of the reac tants grow. In
turn, this pro motes an increase of the reac tion rate. At higher drop let sizes,
the decrease in the reac tion rate is observed because the growth of drop let size 
results in the dim i nu tion of the sur face area. There fore, the “sur face” con tri -
bu tion to the reac tion rate is small and the pro cess mainly takes place in the
bulk phases. It is worth men tion ing here that pos si ble depend ence of the
drop let size, both on sur face activ ity or con cen tra tion of the reactants in
[16–18, 21] was ignored.

It is inter est ing that the reac tion rate does not depend lin early on the
sub strate con cen tra tion for the sys tem described. Fig ure 6.2 dis plays the cor -
re spond ing depend ence. The cat a lyst sur face activ ity is taken to be high: εB =
−12. This means that the cat a lyst mol e cules are mostly located at the
inter face. 

At low εA, both sub strate con cen tra tion and reac tion rate increase until
sub strate mol e cules sat u rate the sur face layer. Fur ther increase in the
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Fig ure 6.1 Reac tion rate (M0) depend ence on drop let diam e ter R at equal sub strate
and cat a lyst con cen tra tions ϕA = ϕB = 4.8·10-4, dis persed phase vol ume frac tion Vin/V=0.1 
and var i ous sur face activ i ties of the reac tants, εA=εB= εS: −4 (a); −5 (b); −6 (c); -14(d).
Adapted from [20].
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Fig ure 6.2 Reac tion rate (M0) depend ence on sub strate con cen tra tion (ϕA) at cat a lyst
con cen tra tion ϕB=7.6·10-3, cat a lyst sur face activ ity εB=−12, dis persed phase vol ume
frac tion Vin/V=0.1 and var i ous sur face activ i ties of sub strate εA: -16 (a); -8 (b); -6(c).
Adapted from [20].



sub strate vol ume con cen tra tion leads to var i ous non lin ear effects depend ing
on sub strate-to-cat a lyst sur face activ ity ratio. If εA < εB, sub strate mol e cules
can dis place cat a lyst mol e cules from the sur face which leads to the drop of
reac tion rate val ues. Inversely, if εA > εB no sub sti tu tion of the cat a lyst by the
sub strate is observed. There fore, after the sur face is sat u rated by the sub -
strate, the reac tion rate vari a tion stops and the depend ence attains pla teau
(Fig ure 6.2) show ing Michae lis-Menten–like pro file. This anal ogy to the
enzyme kinetics will be dis cussed in the con clud ing remarks.

6.1.1 Emulsion-Based Surface Nanoreactors

Com puter mod el ing and the o ret i cal con sid er ation have shown a pos si bil ity
to increase the rate of cat a lytic reac tions while car ry ing them out in sur face
nanoreactors. Below we will dwell on the exper i men tal real iza tion of such
pos si bil ity. First, oil-in-water emul sions [22] are con sid ered as the source of
the nanoreactors; sec ond, nanoreactors based on fine poly mer dis per sions
[19, 23] will now be described.

For prep a ra tion of the cor re spond ing oil-in-water emul sion,
n-dodecane was used as the com po nent of the dis persed phase. Vol ume frac -
tion of the hydro car bon was 1%. The emul sion was pre pared by ultra sonic
homog e ni za tion at a fre quency of 20 kHz. A small amount of poly
(N-vinylpyrrolidone-co-acrylic acid) (25% of acrylic acid, Mw = 96000) was
added for sta bi li za tion of the emul sion. As sur face nanoreactor, the ultrathin
oil-water bound ary of an emul sion drop let was con sid ered. Hydro ly sis of
p-nitrophenyl butyr ate was cho sen as a model reac tion to be stud ied in the
pres ence of sur face nanoreactors (Scheme 1). It was pos si ble to use the
homological p-nitrophenol esters of n-car bonic acids as sub strates for hydro -
ly sis. p-Nitrophenyl butyr ate was the opti mal one tak ing into account solu -
tion and sur face prop er ties of the sub strates. 

Hydro ly sis of p-nitrophenyl esters is eas ily cat a lyzed by imidazole moi -
eties. To pro vide higher sur face activ ity of cat a lyst that is required by the the -
ory of the method, two ways can be employed. First, it is pos si ble to
syn the size a surfactant con tain ing a long hydro pho bic tail and an imidazole
ring. Sec ond, imidazole moi eties can be intro duced into a water-sol u ble
poly meric surfactant. In our work, the sec ond vari ant was cho sen due to the
spe cial prop er ties of poly meric surfactant to be adsorbed per ma nently to
hydro pho bic sur faces. Indeed, the adsorp tion of sur fac tants is a dynamic pro -
cess: nor mally there is a mass exchange between sur face layer and vol ume
phase. Poly mer sur fac tants undergo desorption and readsorption at much
smaller rate than low-molec u lar sur fac tants which can dimin ish pos si ble
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diffusional lim i ta tions aris ing from mass-exchange pro cesses. To hydro lyze
p-nitrophenyl butyr ate a copol y mer of N-vinylimidazole and
N-vinylcaprolactam (PVCL-Vim, Scheme 2) (20% of N-vinylimidazole
(NMR), Mw = 15000 (SLS)) was pre pared. The prep a ra tion pro ce dure is
described else where [19]. N-vinylcaprolactam groups con fer sur face activ ity
to the copol y mer, whereas N-vinylimidazole pro vide cat a lytic prop er ties.
Futhermore, copol y mers of poly(N-vinylcaprolactam) are widely known for
their spe cific thermoresponsive prop er ties [24–27]. These copol y mers are
water sol u ble at low tem per a tures. How ever they exhibit a lower crit i cal solu -
tion tem per a ture (LCST) in water and undergo a coil-to-glob ule tran si tion
accom pa nied by aggre ga tion at higher tem per a ture. The result ing poly mer
par ti cles pos sess devel oped sur face areas which ren der them pros pects to be
used as sur face nanoreactors with out any sup ply of addi tional com po nents
such as emul sion drop lets (this pos si bil ity is con sid ered below).

To mon i tor the reac tion prog ress, a spec tro pho to met ric method was
used since the hydro ly sis of p-nitrophenyl butyr ate results in the release of
col ored p-nitrophenolate-anion absorb ing at 402 nm. The reac tion was car -
ried out in phos phate buffer medium at pH 7.4, 25°C. Phos phate con cen tra -
tion was 0.5 mM. Cat a lyst con cen tra tion was 0.05 mg/ml. After inject ing
the sub strate into the reac tion medium, the solu tions were incu bated at 25°C 
for the fixed-time period. After that period, the reac tion medium was
promptly fil tered using Millex SLGV R33 fil ters before the mea sure ment
since it was impos si ble to reg is ter the opti cal den sity of the prod uct in tur bid
emul sion. The reaction rate was calculated according to:

V dD dt F= ⋅ ⋅− −ε 1 1 (6.1)

where dD/dt is the ini tial slope of opti cal den sity vari a tion with time, å is the
extinc tion coef fi cient of p-nitrophenolate-anion (18 500 L·mol−1·cm−1)), and 
F is the deprotonation degree of p-nitrophenol at pH 7.4 (F = 0.6, as found
by spectrophotometry).

The reac tion inten si fi ca tion in emul sion can only be observed if it par -
tially occurs in the nanoreactors formed by sur face lay ers of the drop lets.
This is pos si ble if both sub strate and cat a lyst are sur face-active and they con -
cen trate at the sur face of emul sion drop lets. This is the case for both
p-nitrophenyl butyr ate and PVCL-Vim. If either cat a lyst or sub strate is sur -
face-inac tive, con cen trat ing effect of the sec ond com po nent should be inef fi -
cient and no inten si fi ca tion of the reaction should be observed. 
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It is well-known that p-nitrophenyl esters are sub jected to spon ta ne ous
hydro ly sis in aque ous solu tions. This pro cess is cat a lyzed by hydroxyl ions
and by any other base. As the hydro ly sis of p-nitrophenyl butyr ate was stud -
ied in a phos phate buffer, two cat a lysts are pos si ble for the reac tion: hydroxyl 
ions and PVCL-Vim. The first one is sur face-inac tive, the sec ond one is sur -
face active. Fig ure 6.3 dis plays four dependences of p-nitrophenyl butyr ate
hydro ly sis in var i ous con di tions. The reac tion was stud ied both in emul sion
and in homo ge neous solu tion. In the pres ence of PVCL-Vim, the reac tion
was cat a lyzed both by the poly mer and by hydroxyl ions. When no
PVCL-Vim was intro duced in the sys tem, the reac tion was cat a lyzed by the
ions only. The data of Fig ure 6.3 indi cate that in the pres ence of PVCL-Vim
the reac tion rate is sev eral times higher in emul sion than in homo ge neous
solu tion. How ever, if spon ta ne ous hydro ly sis is con sid ered, there is no inten -
si fi ca tion of the reac tion in emul sion media com pared to the case of homo ge -
neous solu tion. On the con trary, a small rate drop is observed. Thus, the
reac tion is sped up in emul sion only in the pres ence of the sur face-active cat -
a lyst; such an effect is not observed in spon ta ne ous hydro ly sis stim u lated by
sur face-inac tive cat a lysts. That is, the reac tions in emul sion can be sped up
only if the react ing spe cies are sur face active (that is when they can be
adsorbed on inter faces). This fact is a seri ous sup port to the the o ret i cally

Surface Nanoreactors for Efficient Catalysis of Hydrolytic Reactions 193

10 −1 .V, mmol  L. . s−16

−1  , mmol  L.Csubstrate
0.04 0.08

4

4

3

3

1

1

0.12

2

2

Fig ure 6.3 Hydro ly sis of p-nitrophenyl butyr ate in pres ence of PVCL-Vim in emul sion
(1) or in homo ge neous solu tion (2) and spon ta ne ous hydro ly sis of p-nitrophenyl butyr ate
in emul sion (4) and in a homo ge neous solu tion (3). (After: [21].)



pro posed hypoth e sis that dis perse sys tems can be a medium for reac tion
inten si fi ca tion when local concentration of the reactants is increased in
surface nanolayers of the dispersed particles.

As far as the drop of the spon ta ne ous hydro ly sis rate is con cerned (Fig -
ure 6.3, lines 3, 4), it is pos si bly con nected with the fact that the part of the
sur face-active sub strate might be elim i nated from the reac tion media to
drop let sur faces. At these sur faces, the reac tion does not pro ceed as they are
depleted of the sur face-inac tive catalyst. 

It is worth men tion ing that the con tri bu tion of spon ta ne ous hydro ly sis
to the over all reac tion rate is not neg li gi ble in the pres ence of PVCL-Vim.
The data of Table 6.1 illus trate this state ment. Pseudo-first-order rate con -
stant of spon ta ne ous hydro ly sis is about 30% of that in the pres ence of
PVCL-Vim (the pro cesses cat a lyzed by basic ions and PVCL-Vim are taken
to be inde pend ent and their rates are taken to be addi tive). There fore, if one
subtracts the spon ta ne ous hydro ly sis rate con stants from the over all ones,
he/she will derive the val ues for PVCL-Vim only. These val ues are pre sented
in Table 6.1. The ratio of this val ues (P = 3.7) gives a fac tor of reac tion rate
increase in emul sion for the sit u a tion when both the sub strate and cat a lyst
can be adsorbed at phase bound aries.
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Ta ble 6.1
Ki netic Pa ram e ters of p-nitrophenyl Bu tyr ate Hy dro ly sis Un der Var i ous Con di tions 

Pro cess
Re ac tion rate  con stants of pseudo- 
first-or der, 105·k, s-1

In emul sion
In ho mo ge neous
so lu tion

Fac tor of re ac tion 
rate in crease
in emul sion for
PVCL-Vim

Spon ta ne ous
hy dro ly sis

0.15 (k1) 0.26 (k2)

Hy dro ly sis in the 
pres ence of PVCL-Vim
(PVCL-Vim plus 
spon ta ne ous hy dro ly sis)

2.4 (k3) 0.87 (k4) P = 3.7  (P = k6/k4)

Con tri bu tion of 
PVCL-Vim only

2.25 (k5= k3-k1) 0.61 (k6=k4-k2)

Source: [21].



6.1.2 Polymer-Based Surface Nanoreactors (Case of Polymer Aggregates)

The con sid er ations that were per formed for the emul sion-based sur face
nanoreactors are valid as well for poly mer sys tems hav ing devel oped bound -
aries, namely, for the dis per sions of poly mer asso ci ates or glob ules.
Low-molec u lar weight sub strates that exhibit surfactant prop er ties can
adsorb at the sur face areas formed between poly mer and sol vent. Such sur -
face areas are typ i cal for poly mer solu tions in poor sol vent con di tions. Poly -
mers undergo intra- and intermolecular aggre ga tion in poor sol vent: poly mer 
mol e cules fold into com pact glob ules which nor mally show a ten dency to
asso ci a tion. Fur ther more, if the poly mer is com posed of hydro pho bic and
amphiphilic (or hydro philic) mono mer units, in aque ous solution the lat ter
tend to occupy sur faces of macromolecular glob ules and asso ci ates. In case
the hydro philic mono mer units cat a lyze chem i cal trans for ma tion of the
adsorb ing sub strate, the poly mer bound ary may be con sid ered as the sur face
nanoreactor with chem i cally bound cat a lytic groups.

Thermoresponsive poly(N-vinylcaprolactam-co-N-vinylimidazole)
(PVCL-Vim) was found to be suit able as sur face-active cat a lyst in emul sion-
based sur face nanoreactors. How ever, as it was stated above, the copol y mer
can phase sep a rate itself upon tem per a ture increase in aque ous solu tions.
This results in the for ma tion of fine aggre gates with devel oped sur faces.
Imidazole moi eties of the copol y mer are much more hydro philic than
N-vinylcaprolactam units [28], and should be pref er en tially located at the
sur faces of the aggre gates. Thus, such aggre gates were pro spec tive to be tested 
as sur face nanoreactors. 

We employed poly(N-vinylcaprolactam-co-N-vinylimidazole) as cat a -
lyst for hydro ly sis of p-nitrophenyl ace tate (Scheme 1) in both dis solved and
aggre gated states. Besides poly(N-vinylcaprolactam-co-N-vinylimidazole),
poly(N-isopropylacrylamide-co-N-vinylimidazole) (Scheme 2) was also
inves ti gated. This copol y mer exhib its thermoresponsive prop er ties in water
solu tions as well. It was expected that the copol y mers should be more effi -
cient cat a lysts when aggre gated. 

The poly mer syn the sis has been described else where [19]. Ini tial mono -
mer solu tions in abso lute eth a nol (30 vol% of mono mers) con tain ing
2,2’-azoisobisbutyronitrile as an ini ti a tor were incu bated in argon atmo -
sphere at 50°C for 48 hours. Then the reac tion solu tion was diluted with
eth a nol and poured into diethyl ether. White pre cip i tate was col lected. It was 
dis solved in deionized water, dia lyzed, and freeze-dried. The char ac ter is tics
of the poly mers obtained are pre sented in Table 6.2. Kinetic mea sure ments
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were per formed accord ing to a pro ce dure which was spe cially devel oped for
the stud ied poly mer solu tions [18].

As the aggre gates of the copol y mers were formed upon rais ing the tem -
per a ture of solu tion, the effects of aggre ga tion and tem per a ture on the cat a -
lytic prop er ties of the copol y mers over lapped. There fore, the cor re la tion of
the cat a lytic prop er ties with the aggre ga tion was inves ti gated using the reac -
tion rate ver sus tem per a ture depend en cies, which nor mally give a lin ear plot
on semilogarithmic (Arrhenius) coor di nates. Pos si ble influ ence of the aggre -
ga tion should result in a deviation from the linear law.

Fig ure 6.4 shows the Arrhenius depend en cies for the four copol y mer
cat a lysts, 1-methylimidazole and poly(N-vinylimidazole) (Scheme 2) as
 reference sam ples, at iden ti cal con cen tra tions of imidazole groups. For
1-methylimidazole and poly(N-vinylimidazole), the depend en cies were quite
lin ear, show ing that those cat a lysts fol lowed the Arrhenius-type behav ior. For
copol y mer cat a lysts, the rate-tem per a ture depend en cies were not lin ear in
Arrhenius coor di nates. In the tem per a ture range 35°C to 45°C, the growth
law was faster than the lin ear one. When the tem per a ture was raised fur ther,
the oppo site effect was observed, namely, the reac tion rate slowed down.

The rela tion between the cat a lytic prop er ties and aggre ga tion of the
copol y mers was illus trated using the dynamic light-scat ter ing method.
Hydro dy namic diam e ter dis tri bu tions obtained from light-scat ter ing data
showed that at tem per a tures below 35°C the copol y mers existed in the state
of coils, while aggre gates were formed upon heat ing above that tem per a ture
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Ta ble 6.2
Char ac ter is tics of the Poly mers Tested in Hy dro ly sis of p-nitrophenyl Ac e tate 

Mw Ttran si tion

N-vinylimidazole
con tent in % Mol,
ti tra tion

N-vinylimidazole
con tent in % Mol,
NMR

Poly(N-vinylimidazole)
(PVim)

46,000 — — —

PNIPA-Vim-11a 48,000 35 — 11

PNIPA-Vim-13a 79,000 35 — 13

PVCL-Vim-20a 32,000 40 19 20

PVCL-Vim-29a 41,000 42 28 30

aThe poly mers are num bered ac cord ing to the N-vinylimidazole con tent; PNIPA-Vim means
poly(N-isopropylacrylamide-co-N-vinylimidazole). Source: [18].



(Fig ure 6.5). At low tem per a tures the aver age diam e ter of the poly mer par ti -
cles did not exceed 20 nm. Upon heat ing, new peaks at 100 to 200 nm
emerged account ing for the poly mer aggre gates. For all the copol y mers stud -
ied, the tem per a ture inter vals of aggre ga tion pre ceded those of rapid growth
of the reac tion rate in the region 35°C to 45°C. Thus, the observed inten si fi -
ca tion of the reac tion was found to be closely con nected with the aggre ga tion 
phe nom e non in solu tions of the thermosensitive copol y mers; the assump tion 
is jus ti fied that poly mer aggregates can act as the surface nanoreactors
promoting the reaction. 

Fur ther more, a Michae lis–Menten pro file of the cat a lyzed reac tion was
observed for the thermosensitive copol y mers stud ied (Fig ure 6.6). In enzy -
matic catal y sis, the cat a lytic act is pre ceded by a com plex for ma tion between
cat a lyst and sub strate. Because of the com plex for ma tion, enzy matic reac -
tions fol low Michae lis–Menten–type kinetics according to:

[ ]
[ ]

V
V S

K Sm

=
+

0 (6.2)
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where V0 = kcat[E0], kcat is the first-order-rate con stant for break down of the
sub strate–cat a lyst com plex, [E0] is the con cen tra tion of the cat a lyst, [S ] is
the con cen tra tion of the sub strate, and Km is the Michae lis con stant, which is
the dis so ci a tion con stant of the enzyme-sub strate com plex. For a
PNIPA-Vim copol y mer con tain ing 11% of imidazole groups, a kinet ics
curve in V–[S] coor di nates was obtained which could be well fit ted with
(6.2) giv ing V0 = 8.6·10 –4 mmol·L −1·s−1 and Km = 10.5 mmol·L −1. This
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addi tion ally con firms that poly mer aggre gates can inten sify the reac tion of
hydro ly sis via adsorp tion of the sub strate that form a kind of com plex with
them.

6.1.3 Polymer-Based Surface Nanoreactors (Case of Polymer Globules)

The copol y mers described above undergo intermolecular aggre ga tion in
aque ous solu tion upon tem per a ture increase; the bound aries of the aggre -
gates formed can act as sur face nanoreactors. A gen er ous pro spec tive of fur -
ther use of such copol y mers con sisted in sup press ing intermolecular
aggre ga tion so that only glob ule for ma tion or very slight aggre ga tion could
pro ceed when sol vent qual ity gets poorer. This pro spec tive is real iz able by
using so-called pro tein-like copol y mers. This con cept was first intro duced in
[29, 30] to denote macromolecules which can assume con for ma tion sim i lar
to that of glob u lar pro teins. Such macromolecules should be com posed of
two hydro pho bic and hydro philic mono mer units bound in a specific
sequence that enables for ma tion of glob ules with hydro pho bic core and
hydro philic shell. This struc ture pre vents the glob ules from aggre ga tion. The 
sub se quent devel op ment of the con cept resulted in the o ret i cal pre dic tion of
some prop er ties that should be characteristic for real polymers with
protein-like sequences [31].
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Along with the the o ret i cal stud ies, sev eral suc cess ful attempts at pre -
para tive syn the sis of pro tein-like copol y mers have been reported [32]. The
syn the ses were car ried out using either chem i cal mod i fi ca tion of poly meric
pre cur sors [33] or copolymerization [34–37] or copolycondensation [38] of
mono mers with dis tinct hydrophobicities. In par tic u lar, we pre pared copol y -
mers that had pro nounced pro tein-like prop er ties [34, 37, 39] by free-rad i cal 
copolymerization of N-vinylcaprolactam and N-vinylimidazole in water-
DMSO mix ture at a tem per a ture above the phase tran si tion thresh old of the
result ing poly mers (pre cip i ta tion poly mer iza tion at 65°C). It was shown that 
the tar get pro tein-like macromolecules were only formed in a very nar row
range of ini tial mono mer ratios and that the pro cess yielded a mix ture of
poly mer frac tions that dif fered in water sol u bil ity at ele vated tem per a ture.
They were referred to as ther mally pre cip i tat ing (tp-65) and ther mally
nonprecipitating (ts-65) frac tions. In view of the physicochemical char ac ter -
is tics, the lat ter was iden ti fied as con sist ing of pro tein-like macromolecules
[37, 39]. Along with this, con trol sam ples were syn the sized in the same sol -
vent at a tem per a ture below the phase tran si tion point (solu tion poly mer iza -
tion). In this exper i ment, two poly mer frac tions have been obtained, too.
The first one pre cip i tated upon tem per a ture increase (tp-25), the sec ond one
(ts-25) was not sen si tive to tem per a ture vari a tion. The mono mer com po si -
tion of the four frac tions was quite sim i lar as well as the mono mer feed ratios. 
Fig ure 6.7 illus trates the prop er ties of those frac tions. Conformational tran si -
tions of N-vinylcaprolactam copol y mers can be mon i tored by high sen si tiv -
ity dif fer en tial scan ning cal o rim e try [27, 39]. Nor mally, thermograms
obtained dur ing heat ing of the copol y mers show a sin gle broad and asym -
met ric peak of heat capac ity, observed within a tem per a ture range of 10°C to 
80°C. The peak accounts for a coop er a tive tran si tion which is accom pa nied
by a con sid er able endo ther mic heat effect. Frac tions tp-65 and tp-25
undergo the tran si tion as seen from the cor re spond ing peaks in Fig ure 6.7.
The ts-25 frac tion does not pre cip i tate and no tran si tion has been observed
for this copol y mer. As for ts-65 frac tion, its solu tions are trans par ent dur ing
heat ing while a heat ing peak indi cates that ts-65 frac tion under goes
coil-to-glob ule tran si tion with out the pre cip i ta tion of glob ules.

Ran dom copol y mers of N-vinylcaprolactam and N-vinylimidazole syn -
the sized in eth a nol were suc cess fully tested as sur face nanoreactors in hydro -
ly sis of an ester sub strate (see Sec tion 6.3) and there fore it was chal leng ing to
test the ts-65 frac tion (syn the sized in an aque ous medium) in sim i lar exper i -
ments. Indeed, the ts-65 frac tion can be rather effi cient as it is expected to
form nearly monomolecular glob ules capa ble of adsorb ing sur face-active sub -
strates. More over, such glob ules should have very high con cen tra tion of
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N-vinylimidazole groups at the sur face (since this is a pro tein-like copol y -
mer) that is, most hydro philic groups should be located in the glob ule shell
to pre vent aggre ga tion. 

It was highly impor tant to elu ci date depend ence of the cat a lytic prop -
er ties on the conformational state which is deter mined by the tem per a ture of
the copol y mer solu tion. Indeed, below 38°C macromolecules of ts-65 frac -
tion exist in a coil con for ma tion. They undergo a tran si tion to a glob u lar
pro tein-like con for ma tion above that tem per a ture. Macromolecules of ts-25
do not change their conformational state upon heat ing (Fig ure 6.7). There -
fore, to find out whether the glob u lar con for ma tion has an effect on the cat a -
lytic prop er ties of pro tein-like copol y mers it was suf fi cient to com pare the
cat a lytic activ ity of both fractions at lower and higher temperatures. 

Ts-65 and ts-25 frac tions were pre pared by a pro ce dure described in
detail pre vi ously [37]. Poly mer iza tion was car ried out in 10% aque ous
dimethyl sulfoxide at two tem per a tures, 25°C (solu tion poly mer iza tion) and
65°C (pre cip i ta tion poly mer iza tion). The over all con cen tra tion of the mono -
mers was 0.35 mol/l and the N-vinylcaprolactam to N-vinylimidazole molar
ratio was 85:15, these con di tions were shown pre vi ously [37] to ensure the
high est yields of the ts frac tions. The ammo nium per sul fate–N, N, N’,
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N’-tetramethylethylenediamine redox pair was used as the ini ti a tor. The
prod uct was puri fied from monomeric and oligomeric com po nents by dial y -
sis and freeze-dried. Then it was redissolved in water and cen tri fuged at 65°C 
and 8,000 rpm for 30 min utes. The supernatant con tain ing the ts frac tion
was decanted, cooled, and freeze-dried. Some char ac ter is tics of these frac -
tions are sum ma rized in the Table 6.3. 

Ts-65 and ts-25 frac tions were tested in hydro ly sis of p-nitrophenyl
pro pi o nate (Scheme 1) at 25 or 50°C in buffer solu tions of
N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES)–NaOH
(0.05 M) at pH 7.3 and 8.2. 

Fig ure 6.8 shows the curves for absorbance vari a tion of
p-nitrophenolate-anion at 348 nm dur ing incu ba tion of the solu tions (pH
8.2) at 25°C (i.e., below the con for ma tion tran si tion tem per a ture of the
ts-65 sam ple) or at 50°C (a for ti ori above the con for ma tion tran si tion tem -
per a ture of this frac tion). Decom po si tion of NPP in the pres ence of the ts-25 
frac tion both at 25°C (Fig ure 6.8, line 2) and at 50°C (Fig ure 6.8, line 5)
was found to pro ceed at approx i mately the same rate as the spon ta ne ous
hydro ly sis. In other words, at the con cen tra tion used, the macromolecules of
the ts-25 frac tion did not show reli ably detect able esterolytic activ ity at 25°C
or 50°C. Coil-shaped macromolecules of the ts-65 frac tion very slightly cat a -
lyzed hydro ly sis of NPP at 25°C (like ts-25 sam ple, Fig ure 6.8, line 3). How -
ever, after the tran si tion of the ts-65-frac tion to the pro tein-like (glob u lar)
con for ma tion, the sub strate cleav age pro ceeded approx i mately 2.3-times
faster (Fig ure 6.8, 6) than the spon ta ne ous hydro ly sis or hydro ly sis in the
pres ence of ts-25 (50°C, Fig ure 6.8, lines 4, 5). As the tem per a ture was raised 
from 25°C to 50°C, the rate of the lat ter pro cess increased ∼5.2-fold (cf.
curves 1 and 4, Fig ure 6.8), while in the pres ence of ts-65, the reac tion rate
increased ∼12-fold (cf. curves 1 and 6, Fig ure 6.8). This dem on strates the
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Ta ble 6.3
Char ac ter is tics of the Poly mers Tested in Hy dro ly sis of p-nitrophenyl Pro pi o nate 

Mw Ttran si tion

N-vinylimidazole
con tent in % mol,
(NMR)

ts-25 120,000 — 38

ts-65 40,000 38 27

Source: [23].



cat a lytic effect caused by spe cific fold ing of the copol y mer chains where
hydro philic groups of N- alkylimidazole were accu mu lated in the sur face
areas of pro tein-like poly meric par ti cles capa ble of adsorb ing hydro pho bic
sub strate. Depend ing on the con cen tra tion, those are either sep a rate
macromolecules or micelles con sist ing of sev eral macromolecules [39]. 

Since spon ta ne ous hydro ly sis of NPP is rather nota ble at 50°C and pH 
8.2 (Fig ure 6.8, line 4), it was dif fi cult to elu ci date the effects of low con cen -
tra tions of poly meric cat a lysts; hence, we also stud ied hydro ly sis in less-alka -
line HEPES/NaOH buffer at pH 7.3. The results are pre sented in Fig ure
6.9. In this case, a sub stan tial (4.1-fold) increase in the reac tion rate was
observed in the pres ence of the pro tein-like ts-65 frac tion even at 25°C
( Figure. 6.9, 2) as com pared to hydro ly sis by the buffer ions (Fig ure 6.9, 1),
while the nonprotein-like ts-25 frac tion did not affect hydro ly sis of the
 substrate, and the reac tion rate was iden ti cal to that of spon ta ne ous hydro ly -
sis (the curve is not shown in Fig ure 6.9 to avoid super po si tion of almost
iden ti cal data). This result sug gests that ordered regions may well exist in
the struc tures of macromolecules of the pro tein-like ts-65 frac tion below
the conformational tran si tion tem per a ture. This is con sis tent with the
conformational mem ory-effect pre dicted the o ret i cally for this type of
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copol y mers [29–31, 34]. In addi tion, the increase of the reac tion in the case
of ts-65 frac tion was mark edly greater at pH 7.3 than at pH 8.2. Indeed,
spon ta ne ous hydro ly sis rate increased 5.4-fold at pH 7.3 (at pH 8.2,
5.2-fold) when the tem per a ture was raised from 25°C to 50°C (cf. curves 1
and 3, Fig ure 6.9). In the pres ence of the ts-65 frac tion, the reac tion rate
increased 21.6-fold (curves 1 and 4, Fig ure 6.9) whereas at pH 8.2, a
12-fold accel er a tion was observed (see above, the dis cus sion of Fig ure 6.8).
The kinetic curve for hydro ly sis by the ts-65 frac tion at pH 8.2 (Fig ure 6.9,
5) is located some what higher than that for pH 7.3 (Fig ure 6.9, 4), which is
quite under stand able in view of more inten sive spon ta ne ous hydro ly sis at
pH 8.2. 

Thus, we have shown that thermoresponsive pro tein-like copol y mers
are capa ble of effi cient hydro ly sis of ester sub strate in glob u lar con for ma tion
com pared to the copol y mers that exist only in unfolded con for ma tion. Such
prop erty is most prob a bly con nected with the for ma tion of the devel oped
sur faces in which cat a lyt i cally active imidazole moi eties are locally accu mu -
lated. Those inter faces are acces si ble for sub strate mol e cules that can thus
con cen trate near cat a lyt i cally active groups. 
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6.2 Conclusion

In sum mary, it was dem on strated that emul sion drop lets, poly mer aggre -
gates, and poly mer glob ules can be the media for effi cient inten si fi ca tion of
hydrolytic reac tions. The increase in the reac tion rate is caused by the
 substrate and cat a lyst con cen trat ing at the par ti cle sur faces. In emul sions,
both sub strate and cat a lyst are sur face-active which leads to the fact that
they adsorb at the hydro pho bic bound aries. In fine copol y mer dis per sions,
sub strate adsorbs at copol y mer sur faces, while cat a lyt i cally active
N-vinylimidazole units enter into the com po si tion of the copol y mer.
Imidazole rings are hydro philic; they are prone to min i mize the con tact of
hydro pho bic inte rior of the copol y mer par ti cles with water by locat ing pref -
er en tially at their sur faces. In pro tein-like copol y mers this effect must be
larger than in copol y mer aggre gates. In the ory, such effect is pro grammed by
a spe cial sequence of mono mer units which respect Levy-Flight sta tis tics
[29–31] (nonprotein-like copol y mers of N-vinylcaprolactam and
N-vinylimidazole are ran dom). The bound aries that can accu mu late sub -
strate and cat a lyst, thus inten si fy ing the reac tion rate, are called here sur face
nanoreactors. 

The results obtained are pro spec tive for devel op ment of nanosized
catalytical sys tems which reac tion rate can be increased by solely con trol ling
their phys i cal param e ters. Sur face nanoreactors were suc cess ful for con trol of
model hydrolytic reac tions. It was shown that the idea to con cen trate sub -
strate and cat a lyst at the sur faces could be real ized for inten si fi ca tion of the
reac tion. After check ing it for the model reac tion, test ing the idea for syn -
thet i cally impor tant reactions is a natural next step.

For the sys tems stud ied, there is one more aspect to dis cuss. Both the
emul sion drop lets and poly mer par ti cles whose inter faces are capa ble of car -
ry ing sub strates and cat a lysts could be con sid ered as sim ple enzyme mod els.
Indeed, it was already Perutz [40] who pro posed an anal ogy between the
hydro pho bic core of a poly mer glob ule and nonpolar organic sol vents. We
have shown the o ret i cally (see Sec tion 6.1) that catal y sis in emul sion drop lets
fol low Michae lis-Menten kinet ics, whereas exper i ments has proved that this
is the case for dis per sions of poly mer aggre gates. In fact, emul sion drop lets or 
poly mer par ti cles rep re sent a reac tor in which sub strate adsorp tion and
desorption are pos si ble, as well as sub strate con ver sion and prod uct
desorption. Such a reac tor rep re sents an ana logue of the hydro pho bic
enzyme glob ule core and the pro cesses occur ring to the sub strate mimic for -
ma tion of an enzyme-sub strate com plex and the con ver sion of the sub strate
in the active site (Fig ure 6.10). As for the active site, this can be mod eled by
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cat a lyt i cally active groups per ma nently attached to the sur face of the reac tor.
How ever, it should be noted here that the ana logies pre sented in this chapter
do not pre tend to be full, since they only empha sizes some similar physical
effects characteristic both for enzymes and for surface nanoreactors.
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7
Nanoreactors for Enzyme Therapy
Chang-Won Lee and Agnes E. Ostafin

7.1 Enzymes and Disease

In the human body, enzymes pro duce enantiomerically pure bio chem i cal
com pounds at ambi ent tem per a tures and pres sures, often in a sin gle step,
some thing that is very hard to accom plish by con ven tional organic chem is -
try. For exam ple, ω-transaminase per forms a revers ible reac tion to trans fer
amine groups between amino and keto acids (Fig ure 7.1). The chiral amine
prod ucts pro duced by this trans for ma tion are bio log i cally active and com -
mer cially used in the pro duc tion of car dio vas cu lar and antihypertensive
drugs [1]. 

Enzymes are indis pens able for metab o lism, sig nal transduction and cell 
reg u la tion, diges tion, mus cle move ment, and intracellular trans port. The
par al lel action of many enzymes leads to the cre ation of self-reg u lated,
multistep met a bolic path ways, in which the prod uct of one enzy matic trans -
for ma tion acts as a sub strate for another. Upset ting the bal ance of this sys tem 
can lead to a cas cade effect in which an entire set of enzy matic reac tions are
shifted to a new equi lib rium. Occa sion ally, even a slight upregulation of one
step can close a met a bolic cycle alto gether. It is now well-known that
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enzy matic path ways are hijacked in the patho log i cal mech a nisms of virus
infec tions, and seri ous and even fatal dis eases can occur if a crit i cal enzyme is
dis abled, or the con trol mech a nism of a met a bolic path way is altered. Listed
in Table 7.1 are sev eral dis eases which arise as a result of a defect in one or
more critical enzymes in the human body. 

7.2 Enzyme Therapy

Enzyme ther apy involves the replace ment of a defec tive or miss ing enzyme,
as well as the use of inhib i tors or sup ple men tal sub strates to con trol
misregulated enzymes. Because of their unique spec i fic ity, enzymes admin is -
tered in place of syn thetic drugs, seem to avoid seri ous side effects. For exam -
ple, proteolytic enzymes are widely used as antiinflammatory agents in place
of antiinflammatory drugs such as aspi rin and Ibuprofen, because they treat
the unpleas ant inflam ma tory symp toms with out inter fer ing with the pro duc -
tion and per for mance of cir cu lat ing immune com plexes [24]. Roughly
100,000 Amer i cans each year end up hos pi tal ized as a result of immune sup -
pres sion linked to the use of antiinflammatory drugs [22, 23]. Other exam -
ples of effec tive enzyme ther a pies include the use of col la gen ase to help heal
der mal ulcers or burns [25], and lysozyme in cases of sys temic infec tion,
which along with anti bi ot ics degrade bac te rial cell walls [26]. Apart from
minor gas tro in tes ti nal dis tur bances, few seri ous side effects of enzyme ther -
apy have been documented.

Typ i cal sources for highly puri fied, well-char ac ter ized enzymes use ful
in the treat ment of dis eases such as those listed in Table 7.2 are the human
pla centa, spleen, and urine. Genetic engi neer ing meth ods now per mit selec -
tive, high-yield pro duc tion of spe cific desir able enzymes in con trolled cell or
tis sue cul ture envi ron ments. This reduces the dan ger of unex pected con tam i -
na tion by viruses, and other bac te ria, sim pli fies the puri fi ca tion pro cess,
increases yields, and allows fine tun ing of the enzyme per for mance by sub sti -
tut ing, add ing, or deleting specific amino acids [27]. 
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Ta ble 7.1
List of Dis eases As so ci ated with En zyme Mal func tions

Name of
Dis ease

Ex am ples of
En zyme Af fected Symp toms Ref er ence(s)

Di a be tes,
type 1

glucokinase Fail ure to pro duce in su lin, the hor mone
that “un locks” or in su lin re sis tance, el e -
vated blood glu cose lev els, di a betic
retinopathy and pos si ble blind ness, di a -
betic neu rop a thy, heart disease, stroke.

[2, 3]

Fabry 
dis ease

α-galactosidase-A Ac cu mu la tion of
globotriaosylceramidesevere
neuropathic, red dish-pur ple blem ishes
on their skin, im paired ar te rial cir cu la -
tion, heart at tacks, strokes, kid ney fail -
ure.

[4]

Gaucher 
dis ease

glucocerebrosidase Ac cu mu la tion of globotriaosylceramide,
pain, fa tigue, jaun dice, bone dam age,
ane mia, and even death.

[5]

Gly co gen
stor age
dis ease type
II (GSD II)

acid α-glucosidase
(GAA)

Hypotonia, feed ing prob lems,
hepatosplenomegaly, and
cardiomyopathy, death.

[6]

Hunter 
syn drome

iduronate-2-
sulfatase

Stat ure, joint stiff ness, coarse fa cial fea -
tures, hepato splenomegaly, and pro -
gres sive men tal re tar da tion.

[7]

lymphoyctic
leukemias

asparaginase Ac cu mu la tion of asparagine. [8]

Lesch-Nyhan
syn drome

hypoxanthine-
gua nine
phosphoribosyl-
transferase (HPRT1)

Ex cess ac cu mu la tion of uric acid, gout,
urate stones, men tal prob lems, mus cle
weak ness.

[9] 

Ma ple 
syrup urine
dis ease

al pha-ketoacid
dehydrogenase
(part of BCKD com plex)

Ac cu mu la tion of leucine, isoleucine and
valine al pha-ketoacid ac cu mu la tion in
urine, neurodegeneration, death.

[10]

Mucopoly
saccharidosis 
type I (MPS I)

α-L-iduronidase Hepatosplenomegaly, up per air way ob -
struc tion, heart dis ease, joint stiff ness,
skel e tal dysplasia, cor neal cloud ing, and
neu ro log i cal de gen er a tion, death.

[11], [12]

Niemann–
Pick dis ease

sphingomyelinase Ac cu mu la tion of sphingomyelin. [13–15]



7.2.1 Intravenous Administration and Chemical Modification of Enzymes for
Therapeutic Use

The activ ity of enzymes injected directly into plasma decreases expo nen tially 
with time after injec tion due to dena tur ation and pro te ol y sis. The rate of
dena tur ation and pro te ol y sis depends on molec u lar size, charge, sur face
func tional groups, and glycosylation. Strat e gies for pro long ing the effec tive -
ness of enzyme ther apy include: intra ve nous injec tion, the use of chem i cally
 modified enzymes that pro long cir cu la tion half-life, anti body, and viral vec -
tor tar get ing to increase reten tion in spe cific cells and tis sues, and micro- or
nanoencapsulation to pro tect the enzyme until it is needed or reaches a tar -
get site.

In addi tion to struc tural and chem i cal changes, intra ve nously admin is -
tered enzymes can be blocked by inhib i tors pres ent in the blood. These are
usu ally organic or pep tide mol e cules that either, resem ble the desired sub -
strate and com pete for inter ac tion, or occlude the enzyme’s active site. Most
healthy organ isms man age to con trol the level of inhib i tors by a com plex bal -
ance of pro duc tion and elim i na tion reac tions. In the case of enzymes exter -
nally admin is tered to replace a miss ing or defec tive enzyme, the patient may
also not have a con trol sys tem for the reg u la tion of inhib i tors for that
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Ta ble 7.1 (con tin ued)

Name of
Dis ease

Ex am ples of
En zyme Af fected Symp toms Ref er ence(s)

Obe sity li po pro tein lipase
stearoyl-CoA
desaturase-1 (SCD-1)

11beta-hydroxysteroid
dehydrogenase type 1
(11beta-HSD1)

Leptin de fi ciency, in creased stor age 
of fat.

[16, 17] 

Pheny-
lketonuria

phenylalanine 
hy drox y lase

Buildup of phenylalanine. [18]

Refsum 
dis ease

PAHX - phytanoyl
coenzyme A
dydroxylase

Ac cu mu la tion of phytol, pe riph eral neu -
rop a thy, ataxia, retinitis pigmentosa,
bone and skin changes.

[19]

Tay-Sachs
dis ease

en zyme
β-hexosaminidase A

Ac cu mu la tion of GM2 ganglioside, 
pa ral y sis, de men tia, blind ness and early
death to a chronic adult form that ex hib -
its neu ron dys func tion and psychosis.

[20], [21]



par tic u lar enzyme. Since this would lower the ther a peu tic effec tive ness, this
must be taken into account when for mu la tion is designed. Sim i larly, the
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Ta ble 7.2
List of En zyme-Car ry ing Nanoparticles

Method/
Lo ca tion Ma te rial Size (nm) En zyme Ref er ence(s)

Emul sion/
en trap ment

poly(lactide-co-
glycolide)

196-226 L-asparaginase [63]

Emul sion/
en trap ment

polyacrylamide 31 Horse rad ish peroxidase [64]

Emul sion/
sur face

Phospholipid shell
with poly sty rene

300–500 Acetylcholinesterase,
choline oxidase, 
horse rad ish peroxidase

[65]

Emul sion/
en trap ment

gold 50–95 Horse rad ish peroxidase [66]

Emul sion/
en trap ment

sil i cate <100 Horse rad ish peroxidase [69]

Emul sion/
en trap ment

sil ica coated sliver 40 Horse rad ish peroxidase [70]

Emul sion/
sur face

sil i cate 30–100 Glu cose oxidase [71]

Emul sion/
sur face

sil ica coated Fe3O4 9.1 β-lactamase [72]

Emul sion/
sur face

Poly sty rene-b-
polyacrylate coated
Fe2O3

50 T4 DNA ligase [73]

Biosilification/
en trap

R5 pro tein with 
sil i cate

500 Horse rad ish peroxidase [74]

Dendrimer/
en trap ment

sil ica coated PAMAM 
dendrimer

162 Horse rad ish peroxidase [75]

Gold re duc tion/
sur face

gold 30 Glu cose oxidase [76]

Gold re duc tion/
sur face

gold 10 Catalase [78]

Gold re duc tion/
sur face

gold 13 Esterase [79]

Coat ing/
en trap ment

sil i cate 4-8 Chymotrypsin, trypsin [80]



patient may expe ri ence an aller gic reac tion to the for eign enzyme stim u lat ing 
accelerated denaturation and removal from the body [28]. 

Direct chem i cal mod i fi ca tion of enzymes in order to increase res i dence
time in the body, and pro tect against pro te ol y sis, inhib i tors and immune rec -
og ni tion has shown some suc cess. For exam ple, chem i cal mod i fi ca tion of
phenylalanine ammo nia lyase (PAL) by pegylation pro duces a pro tected
form of PAL that pos sesses better spe cific activ ity, pro longed half-life, and
reduced immunogenicity in vivo. Sub cu ta ne ous admin is tra tion of pegylated
PAL to PKU mice had the desired met a bolic response (pro longed reduc tion
in blood and brain Phe lev els) with greatly atten u ated immunogenicity [29].
Catalase, an enzyme which degrades hydro gen per ox ide, a major prod uct in
the metas ta sis of can cer cells, is another exam ple of an enzyme ther a peu tic
whose reten tion time and inhi bi tion of pul mo nary metastases is significantly
improved by pegylation [30]. 

7.2.2 Antibody and Viral Vector Targeting of Enzyme Therapies

While pegylation improves the dura bil ity of ther a peu tic enzymes in the
body, it has lit tle effect on tar get ing the enzyme to spe cific cells or tis sues
which may be most affected by enzyme mal func tion. Enzymes admin is tered
directly to the blood stream may not have access to cer tain tis sues/cells
because of their phys i cal prop er ties, or the dif fer en tial expres sion of recep tors 
in cer tain cell types. Such envi ron ments include the brain, bones, lymph
nodes, ner vous sys tem, and other dif fer en ti ated cells with spe cific func tions.
For instance, β-hexosaminidase admin is tered intra ve nously to a patient with
gangliosidosis appeared in the liver, but not in cerebrospinal fluid or biopsied 
brain tis sue [31]. Direct admin is tra tion of the enzyme into the cerebrospinal
fluid also did not improve the accu mu la tion of enzyme in the brain. In con -
trast, anti body-con ju gated [34] β-galactosidase was able to enter the brain in
sig nif i cant amounts [37]. How ever, enzymes con ju gated to anti bod ies also
increase the prob lem of immunogenicity and require the use of
immunosuppressive agents, which have their own dan gers. Lipophilic
nanoparticles less than 500 Da in size can dif fuse across the blood-brain bar -
rier by direct per me ation [32], but may be eas ily removed by efflux trans -
port ers [33].

Gene ther apy may be another way to deliver enzymes to desired cells or
tis sues [35, 36]. Instead of deliv er ing enzymes or pro teins to the tar get intra -
ve nously or by sub cu ta ne ous injec tion, a gene which encodes the struc ture of 
the desired enzyme is deliv ered to the tar get cell by a virus where its expres -
sion is induced. Viral vec tors used in gene ther apy are typ i cally adenoviral
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vec tors and are designed to inte grate the desired gene sequence into the
genome of tar get cells from where it can be expressed to pro duce func tional
enzymes using the cell’s nor mal pro cesses. Gene deliv ery does lit tle to pro -
tect the long-term via bil ity of enzymes prod uct or to reduce its
immunogenicity. Its main advan tage is that it cre ates a con tin u ous and
 permanent source of new enzymes in the tar geted tis sues. There are many
other unsolved  problems asso ci ated with gene deliv ery includ ing how to
ensure deliv ery to spe cific tar get cells, achiev ing site-spe cific inte gra tion
into the host  chromosome, con trol ling the expres sion, and con trol ling the
immune response of the patients if they are aller gic to the enzyme prod uct
[39]. Uncon trolled, these problems can lead to serious side effects, and
 fatality [38].

7.2.3 Microreactor Immobilization of Enzyme Therapies

A con cep tu ally sim pler way to deliver enzyme ther a peu tics is to immo bi lize
them in or on micro- or nanoparticles. Because these par ti cles retain the
chem i cal activ ity of the enzyme they are often referred to as micro- or
nanoreactors. This strat egy seems to increase the sta bil ity of eas ily dena tured
enzymes, obscures them from immune rec og ni tion, and pro longs their cir cu -
la tory half-life. In the first gen er a tion of such prod ucts, enzymes were sim ply
attached to sur faces of poly meric or inor ganic par ti cles via physisorption,
cova lent bond ing or ionic inter ac tions. Although sur face immo bi li za tion
tech niques are rel a tively easy, enzymes lose activ ity due to a ran dom ori en ta -
tion of immo bi li za tion which blocks or lim its the acces si bil ity to enzyme’s
active site. Depend ing on the par ti cle’s sur face chem is try, the flex i bil ity and
struc ture of enzymes can be com pro mised by phys i cal bind ing of the part of
the enzyme to the par ti cle sur face. Since the enzyme remains con tin u ally
exposed to its sur round ings, changes in chem i cal com po si tion and air dry ing
can still lead to dena tur ation and loss of activ ity. Nev er the less, more than
5,000 papers and pat ents have been pub lished on enzyme immo bi li za tion
tech nol o gies [40] since Nel son and his col leagues first immo bi lized invertase
on Al(OH)3 by sim ple adsorp tion [41]. Poly mer beads such as Eupergit C
and chitosan [42, 43] and γ-PGA-graft-L-PAE nanoparticles [44] have been
widely used for the sur face immo bi li za tion of enzymes.

Entrap ment of enzymes inside poly mer matri ces can be achieved by
mix ing mono mers and enzymes together and then crosslinking the poly mer
to trap enzymes inside gaps in the net work. The abil ity of this approach to
main tain the enzy matic activ ity was first dem on strated in slab gels of inor -
ganic sil ica [46]. Other poly mer gels used for entrap ping enzymes include
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polyacrylamide [47, 49], pHEMA (polyhydroxyethylmethacrylate) [48], sil i -
cate [45], dex tran [50], alginate [51], and PU (poly ure thane) [52]. Com mon 
char ac ter is tics of these poly mer sys tems are their hydrophilicity, mild poly -
mer iza tion pro cess con di tions such as neu tral pH and room tem per a ture, few 
reac tion side prod ucts to inhibit or dena ture enzymes, and enough poros ity
to allow sub strates and prod ucts to pass while still keeping enzymes trapped
inside. 

How ever, slab gels are not ideal for the deliv ery of enzyme ther a peu tics, 
even in the form of long-term implants, since their mac ro scopic size cre ates
intrin sic mass-trans port bot tle necks and results in an over all slowed enzy -
matic reac tion rate. One of only a few exam ples using slab gels for enzyme
ther apy is the entrap ment of cyto sine deaminase in an epoxy-acrylic
resin/ure thane prepolymer hydrogel implant for can cer che mo ther apy [53].
Another exam ple is mil li me ter-sized poly-(lac tic-co-glycolic acid) slab gel
implants used to achieve sus tained deliv ery of inhib i tors of aldose reductase
in a rat model [54]. A sec ond prob lem with the slab gel size, is that there is a
poten tial for for eign body and inflam ma tory responses from the body [55].
From a ther a peu tic per spec tive, the loca tion of the implant is an impor tant
con sid er ation. In many cases, the tar gets that need to be treated are spread
through out the body or located in inac ces si ble spots mak ing it dif fi cult to
implant a relatively large-sized material.

An ele gant way to pro tect enzymes for ther a peu tic func tion while min i -
miz ing trans port bot tle necks is to use hol low microparticles, called
microreactors [36, 45]. Microreactors are designed spe cif i cally to be hosts for 
chem i cal reac tions, and encap su lated enzymes are held in a drop of fluid sep -
a rated from their sur round ings by a semipermeable layer of a poly mer, lipid,
or inor ganic sub stance. The coat ing layer must be semipermeable to allow
the sub strate access to the enzyme, but still limit the acces si bil ity of other
sub stances. The dif fu sion of the sub strate, and to a greater or lesser extent
that of the prod uct, estab lishes the immo bi lized enzyme’s over all activ ity. If
the poros ity of the encap su lat ing layer is allowed to become too large then
the enzyme can leach out.

The advan tage of using hol low microreactors can be seen by con sid er -
ing Fick’s law (7.1). The veloc ity of dif fu sion of an enzyme sub strate is: 

v D
F
r

Sd e= ⋅ ⋅ ∆ (7.1)

Where De is dif fu sion con stant (m2/s), F is dif fu sion sur face area (m2), r
is dif fu sion dis tance (m) and ∆S is dif fer ence between sub strate con cen tra tion 
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at the begin ning (bulk con cen tra tion) and the end (con cen tra tion at the cen -
ter of the bead or slab) of the dif fu sion dis tance (mM/m3). For a given solid
matrix and enzyme, reduc ing the dif fu sion dis tance, r or increas ing dif fu sion
sur face area F, improves sub strate flux and lead to more effi cient reac tion.
For a microreactor con sist ing of a hol low liq uid-filled core sur rounded by a
nanometers-thin coat ing, r is extremely small. Only nonideal effects inside
the microreactors, such as increased vis cos i ties and elec tro static inter ac tions
near the inter faces can reduce the veloc ity of sub strate uptake sig nif i cantly.

For a solid microparticle enzy matic reac tions can appear to fol low a
range of kinet ics rang ing from Michae lis-Menten at the sur face to nearly
first-order kinet ics on the inte rior. The rate is lim ited by the con cen tra tion of 
sub strate at var i ous depths within the par ti cle. This can be expressed via a
dimensionless quan tity called the Theile modulus Φ [56], 

Φ = ⋅
⋅

r V

K Dm e3
max (7.2)

where r is the dif fu sion dis tance (m), Vmax and Km are the Michae lis-Menten
kinet ics reac tion con stants and De is dif fu sion con stant (m2/s). Only when
the Thiele modulus is close to zero is the sub strate/prod uct dis tri bu tion uni -
form through out the par ti cle. In the case of hol low microreactors, once
steady state has been achieved, there should be no sig nif i cant gra di ent in the
sub strate or prod uct con cen tra tion inside the liq uid core of this type of
microparticle. The dif fu sion coef fi cient of the sub strate inside the
nanoreactor should be close to that in the solu tion yield ing max i mum reac -
tion effi ciency. The thick ness of the microreactor coat ing is the only fac tor
which con trols the reac tion veloc ity (per me abil ity). A low ered per me abil ity,
and a fast enzy matic reac tion results in a low-aver age con cen tra tion of sub -
strate in the microreactor and a lower turn over rate. In con trast, an improved 
per me abil ity leads to a higher aver age con cen tra tion of sub strate and faster
turn over. In such a case the effec tive ness fac tor, η, which is the ratio of the
appar ent reac tion rate to that eval u ated in dilute solu tion should be close to
one. The rela tion ship between the Theile modulus and effec tive ness fac tor is
typ i cally illus trated by graphs such as that shown in Fig ure 7.2.

7.2.4 Nanoreactor Immobilization of Enzyme Therapies

Microreactors are rel a tively large struc tures sim i lar in size to patho genic cells
and so may become trapped in tis sue cap il lar ies or rec og nized by the immune 
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sys tem as a for eign cell. As a result, nanoreactor immo bi li za tion of ther a peu -
tic enzymes is of increas ing inter est. Nanoparticles and nanoreactors can be
eas ily trans ported into cells, and even the nucleus of cells, with either pas sive
dif fu sion [57] or active trans port using sig nal ing mol e cules [58]. Unlike
much larger microparticles, the sur face charge of nanoparticles assists in
shield ing van der Waals forces, and min i miz ing sur face reac tions that would
oth er wise neu tral ize the par ti cles and cause them to aggre gate. The smaller
the size, the more likely they will behave as mol e cules whose Brownian
motion is ener getic enough to over come grav ity so that the sus pen sion
remains well-dis persed [59]. Par ti cle set tling veloc ity, υ, can be expressed by
Stoke’s law:

( )
υ

ρ ρ

µ
=

−d g s l

l

2

18
(7.3)

where g is grav i ta tion accel er a tion (9.8 m/s), ρl is liq uid den sity (997 kg/m3

for water at 25°C), and µl is the vis cos ity of liq uid water (0.00089 Pa/s). If
we assume the par ti cle’s den sity, ñs, to be 1,200 kg/m3 (a typ i cal poly mer
den sity), we can cal cu late the set tling veloc ity, v, of the nanoparticles in
water. For a 1-nm diam e ter par ti cle, the set tling veloc ity as 0.00124 (nm/s),
while for 10-nm par ti cles, it is 0.124 (nm/s) and for 1-µm par ti cles, it is
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1,240 (nm/s). By Ein stein’s fluc tu a tion-dis si pa tion the ory, we can express
the aver age Brownian dis place ment x in time t as:

x
k Tt

d
B=

2

πµ
(7.4)

where kB is the Boltzman con stant (1.38 × 10-23 J/K), and T is tem per a ture in 
Kel vin. If the water tem per a ture is 25°C, the Brownian dis place ment of
1-nm diam e ter nanoparticles is 54,250 nm/s, for 10 nm, it is 17,155 nm/s
and for 1 µm, it is 1,716 nm/s. These val ues are well above those for the
grav i ta tional set tling veloc ity, so the nanoparticles can stay uni formly dis -
persed in liq uids. 

Enzy matic nanoreactors, both solid and hol low, have been pro duced
using a wide range of mate ri als and syn the sis pro ce dures, the more nota ble of 
which are listed in Table 7.2.

7.2.4.1 Emulsions

Emul sion meth ods are one of the most widely used meth ods for pre par ing
nanoreactors. If enough energy is pro vided to a mix ture of two immis ci ble
sol vents, the sol vents will dis perse as small drop lets inside the other. Hard en -
ing or sta bi li za tion of the emul sion using emul si fi ers is required to make a
nanoparticle. The scheme for this pro cess is illus trated in Figure 7.3. 

Quintanar-Guerrero et al. showed that larger amounts of emul si fi ers
can reduce the size of nanoparticles well into 100-nm in diam e ter range [60]. 
The stir ring rate [61] and pres sure [62] are also impor tant param e ters.

Enzymes immo bi lized in emul sion-pre pared nanoreactors appear to
retain much of their native activ ity. In 1998, Gasper et al. entrapped
L-asparaginase into poly(lactide-co-glycolide) (PLG) nanoreactors pre pared
by water/oil/water emul sion meth ods [63]. They showed that higher molec -
u lar weight PLG had a higher load ing and slower release of pro tein from
nanoparticles than did lower molec u lar weight PLG nanoreactors. Later,
Poulsen et al. showed that horse rad ish peroxidase (HRP) embed ded in
polyacrylamide nanoparticles pre pared by the emul sion method retained
75% of its activ ity, as mea sured by the response of coentrapped flu o res cent
dyes to the reac tive oxy gen spe cies gen er ated by this enzyme [64]. 

Multistep enzy matic reac tions are more effi cient using nanoreactors. A
series of enzymes were immo bi lized onto 360-nm diam e ter
phospholipid-coated poly sty rene nanoparticles pre pared by emul sion meth -
ods. Acetylcholinesterase, choline oxidase, and horse rad ish peroxidase were
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coimmobilized on the nanoparticle and series of enzyme reac tions car ried out 
to con vert the pri mary sub strate, ace tyl cho line chlo ride to hydro gen per ox ide 
which was detected by the oxi di za tion of tetramethylbenzidine [65]. The
sequen tial reac tions on the nanoparticles were found to be sig nif i cantly faster 
than that of the enzyme mix ture in solu tion, and attrib uted to the close local -
iza tion of key enzymes for the reactions. 

Even though emul sion meth ods are one of the most widely used meth -
ods to pre pare enzyme nanoreactors, the method has some basic draw backs.
Expo sure of enzymes to organic sol vents or emul si fier dur ing the for ma tion
pro cess may lead to dena tur ation of the weaker enzymes and aggre ga tion
between the nanoparticles dur ing the poly mer iza tion can reduce the sur face
accessibility. 

7.2.4.2 Gold

Gold nanoparticles [77] have also been used to con struct nanoreactors for
enzy matic immo bi li za tion. Gold is gen er ally thought to be safe to use in liv -
ing organ isms, since tox ic ity is related with reac tive and sol u ble Au+ and Au3+

spe cies [82]. The prev a lence of aller gic reac tions trig gered by gold affect up
to 13% of population. 
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Enzymes are attached to the gold nanoparticles sur face by cova lent sur -
face immo bi li za tion, or adsorp tion. Li and cowork ers [76] reported that the
immo bi lized glu cose oxidase showed improved ther mal sta bil ity com pared to 
free enzyme. Other exam ples include catalase [78] and hexa-arginine tagged
esterase [79] which retained about 60% of their activity. 

Kumar et al. pre pared hol low gold nanoreactors with a mean diam e ter
around 50 to 95 nm using gold-coated sil ver nanoparticles pre pared using a
reverse micelle sys tem, by leach ing out a core sil ver chlo ride (AgCl) and leav -
ing an outer shell of gold [66]. They showed that they can effec tively encap -
su late HRP with out com pro mise in activ ity in these par ti cles. Small
sub strates which were able to pass through the pores of the par ti cle were used 
to mea sure the entrapped enzyme’s Michae lis-Menten kinet ics. As expected
based on the siev ing effect of the gold lat tice, large sub strates did not induce
activ ity. How ever, the enzyme kinet ics study using smaller sub strates showed 
that the entrapped enzymes were still active, although they seemed to have
less affin ity for the sub strate com pared to the free enzymes. This was attrib -
uted to the con strained dif fu sion of sub strates inside the nanoreactors, unlike 
the case of hol low microreactors where the liq uid vol ume is large enough and 
local con cen tra tion of enzyme low enough that steric prob lems are less
important and normal kinetic prevail.

7.2.4.3 Silica

Sil ica nanoreactors are pre pared using sol-gel meth ods [67–69], using mildly
acidic or basic con di tions and sil ica pre cur sors such as tetramethoxysilane
(TMOS) or tetraethoxysilane (TEOS). Meth a nol or eth a nol, respec tively, is
a side prod uct of the for ma tion of a Si-O-Si back bone. Sil i cate is gen er ally
con sid ered a non toxic com pound for human health and no adverse effects
are observed at expo sure lev els of 50,000 ppm [82]. Typ i cally, enzymes are
mixed directly with the aque ous sil ica poly mer iza tion solu tion prior to its
poly mer iza tion and become entrapped inside the net work dur ing gel for ma -
tion. By per form ing the hard en ing reac tion in aque ous phase at neu tral pH
and min i miz ing the use of dena tur ing sol vents like n-hex ane, sil ica encap su -
lated enzymes such as HRP are able to main tain much of their native activ ity. 
Glu cose oxidase immo bi lized on the sur face of sil i cate nanoreactors with
vary ing nanosized diam e ters between 30 to 100 nm had better resid ual activ -
ity on smaller nanoparticles sug gest ing that the sur faces of smaller
nanoparticles had less of a denaturing effect on the enzymes [71]. 

Tsang et al. pre pared sil ica-coated-mag netic nanoreactors in a water-in- 
oil emul sion [72]. Tetraethoxysilane (TEOS) was used to form porous sil ica
shells over superparamagnetic Fe3O4 nanoparticles 9.10 ± 0.39 nm in
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diam e ter, that was fur ther functionalized with aminopropyltriethoxysilane
(APS) to pro vide amine groups on the sur face for enzyme crosslinking.
β-lactamase cova lently attached by glutaraldehyde exhib ited Michae -
lis-Menten kinet ics param e ters as good as those of the free enzyme. Sim i larly, 
Herdt et al. reported mag netic Fe2O3 nanoparticles encap su lated within
crosslinked poly sty rene-block-polyacrylate copol y mer micelle shells [84]. The 
50-nm par ti cles sur face were functionalized with Cu2+-iminodiacetic acid
and His-tagged T4 DNA ligase suc cess fully attached. 

Another inter est ing approach to pre pare sil ica nanoreactors is to uti lize
templating com pounds such as the silaffin pro tein R5 (H2N-
SSKKSGSYSGSKGSKRRIL-COOH) from Cylindrotheca fusiformis to cat a -
lyze the for ma tion of sil ica. Naik and col leagues used this nat u ral prod uct to
pro duce enzy matic nanoreactors [74]. To gain more con trol over
nanoreactor size and homo ge ne ity, dendrimers, spe cial ized self-assem -
bling-branched poly mers can be uti lized as a tem plate for silification. Unlike
unbranched sym met ric poly mers which aggre gate ran domly by van der
Waals and some time elec tro static inter ac tions, or the R5 pep tide, the
branched poly mers used to make dendrimers are asym met ric and their
assem bly is direc tional from the inside out. Miller et al. described a method
to pre pare HRP-filled sil ica nanoparticles by using amine-ter mi nated
dendrimers (Polyamidoamine, PAMAM) as a tem plate [76]. The amine-ter -
mi nated dendrimer acted as a cat a lyst for the con den sa tion reac tion of
Si(OH)4 to cre ate sil ica coat ing which also trapped the enzymes inside the
net work. On aver age sev eral dendrimers and enzymes were encap su lated in
one 162 ± 92-nm diam e ter par ti cle. Although this approach is sim i lar to the
sil ica sol-gel meth ods men tioned above except for the dendrimer, the
enzyme’s spe cific activ ity decreased about 50% dur ing the pro cess. 

Sil ica sol-gel chem is try has also been used to form hol low sil ica
nanoreactors encap su lat ing HRP [70] and alco hol dehydrogenase [82]. In
the case of alco hol dehydrogenase gold nanoparticles were used as a plat form
to first bind the enzyme, which was then overcoated with a layer of sil i cate.
To enhance the sur vival of the enzyme dur ing this pro cess the pH of the
reac tion was shifted from that of the opti mum pH for enzyme activity. 

The small est pos si ble enzyme nanoreactor reported to date would be a
sin gle enzyme nanoparticle (SEN) cre ated by Kim et al. from Pacific North -
west National Lab o ra tory [80]. Pro teases (α-chymotrypsin and trypsin) were
coated with a bar rier layer of sil i cate applied in two dif fer ent poly mer iza tion
steps. The enzyme was first mod i fied with acryloyl chloride to intro duce
polymerizable vinyl units on the sur face of the enzyme and then poly mer ized
with mono mers con tain ing both vinyl and trimethoxysilane groups. Once
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the rad i cal poly mer iza tion by vinyl groups was com plete, the sec ond con den -
sa tion reac tion by trimethoxysilane groups was used to cover the enzyme
sur face 

SENs made of chymotrypsin and trypsin retained 38% to 73% of their
orig i nal activ ity com par ing to the free enzymes, along with much improved
ther mal and proteolytic sta bil ity. For exam ple, after incu ba tion in 30°C
buffer solu tion for two days, the activ ity of free chymotrypsin was less than
10% while SEN-chymotrypsin did not show any decrease of activity.

7.3 Summary

Many strat e gies have been devel oped to over come the intrin sic prob lems
asso ci ated with ther a peu ti cally admin is tered enzymes. The lat est include the
use of micro- and nanoreactors as car rier ves sels for enzymes. By choos ing a
biocompatible, chem i cally inert sub stance as the matrix, such as bio de grad -
able poly mers, gold or sil i cate, a ver sa tile ther a peu tic car rier can be designed
that retains much of the activ ity of the native enzyme. The matrix can also be 
used as a plat form for the attach ment of sec ond ary com pounds, such as
inhib i tors or reg u la tors of enzy matic path ways, and site-direct ing units such
as anti bod ies to direct their car ri ers to affected tis sues, or pro long their cir cu -
la tory half-life. The small size of nanoreactors min i mizes trans port bot tle -
necks, leads to more sta ble sus pen sions, and allows uptake by cells via
endocytosis. While there are cur rently no clin i cally used nanoreactor for mu -
la tions for enzymatic therapy, this technology is definitely on the horizon.
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8
Nanoractors in Stem Cell Research
Volker Mailänder and Hubert Schrezenmeier

The focus of this chap ter will be two fold: First there is the aspect of stem cells 
as nanoreactors and how regen er a tive med i cine can explore and har ness these 
met a bolic mir a cles for repair ing organ func tions and tis sue loss. As an intro -
duc tion for the reader who is not involved in stem cell research, we will
describe how the stem cell con cept evolved from basic exper i ments in the
hematopoetic sys tem. Based on this pre clin i cal work hematopoetic stem cell
trans plan ta tion was devel oped as a ther a peu tic option for many pre vi ously
untreat able dis eases. We will then describe what led to the dis cov ery of new
stem and pro gen i tor cell types dur ing the last decade and how they might be
used for repair ing impaired func tions of organs and tis sues. Here we will
focus on a highly inter est ing stem cell pop u la tion, mesenchymal stem cells
(MSC), also called mesenchymal stroma cells.

Sec ondly, we will explore the terms for inter ac tion of nanoparticles as
they get in con tact with mam ma lian stem cells and how they are inter nal ized
into stem cells and other dif fer en ti ated cells. Nanoparticles can be used for
var i ous appli ca tions: selec tion of stem cells, detec tion of hom ing and traf fick -
ing of stem cells by label ing them with nanoparticles, as ther a peu tic agents
that alter the dif fer en ti a tion poten tial of stem cells and aid in enhanc ing the
ther a peu tic options in stem cell ther apy. Nanoparticles can influ ence cel lu lar
func tions and can be used as car ri ers for DNA and drugs. Pre req ui sites on
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both sides—the nanoparticles and the (stem) cell biology side—will be
discussed.

Sec tion 8.1 to 8.4 is a primer for the reader inter ested but not daily
involved in stem cell research, in order to under stand the dis cus sions going
on in this field. Read ers only inter ested in nanotechnology may skip these
sec tions.

8.1 Stem Cells Are a Crucial Cell Population in Animal and
Human Organisms

In higher organ isms like in ani mals and humans that repro duce by fusion of
two germ cells an omnip o tent cell is formed (for def i ni tion of potency see
Table 8.1). This cell will divide and the off spring of the fer til ized ovum will
give rise to cells which are toti- or omnip o tent (i.e., that can form any type of 
tis sue includ ing germ cells and these will form a new organ ism). The most
excit ing exam ple is exem pli fied by monozygotic twins where it hap pened by
chance that two cells of the first daugh ter gen er a tion of the fer til ized ovum
were divided spa tially and devel oped into two com plete beings. The
omnipotency of germ cell tis sue is also seen in malig nant tumors—
teratocarcinomas—that can form every type of tis sue and a mix ture of dis or -
ga nized tis sues is found in these tumors. These include hair, teeth, skin, but
also liver, kid ney, and heart mus cle tis sue. Cells derived from the ear li est
stages of embryogenesis have been inves ti gated for their poten tial in regen er -
a tive ther apy [1]. But the use of these embry onic stem cells remains con tro -
ver sial. In ani mal stud ies these cells have shown that they can form tumors in 
mice after trans plan ta tion (e.g., after implan ta tion into an area of myo car dial 
infarc tion) [2].

Pluripotency is not always clearly sep a rated from toti- or omnipotency
by many authors. It can be defined as the abil ity to give rise to all types of
cells (includ ing germ cells) but hav ing lost the abil ity to form a new organ -
ism. Multipotency is the abil ity to give rise to dif fer ent types of com mit ted
cells (also called dif fer en ti ated cells), but not to germ cells. The dif fer en ti a -
tion poten tial of these cells is lim ited to a defined set of cell types. The best
known and stud ied exam ple is the hematopoetic stem cell that gives rise to
diverse cells that exert very dif fer ent func tions in our body, like trans por ta -
tion of oxy gen (eryth ro cytes), defense against bac te ria, viruses, and nonself
cells with a broad range of spe cial ized cells (neu tro phils, macrophages, lym -
pho cytes, den dritic cells, and so on) and cells that aid in stop ping bleed ing
(thrombocytes) [3, 4].
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Stem cells are nec es sary for humans and ani mals to replace cells that
have ceased because they have reached the end of their life span or because
some kind of injury occurred. The life span of the organ ism is sig nif i cantly
higher than that of many of its dif fer en ti ated cells. This is eas ily illus trated by 
the rel a tively short life span of neutrophil granu lo cytes which die after a few
days or thrombocytes that have a life span of about 10 days, with eryth ro -
cytes hav ing a life span of 120 days while a stem cells per sist life long. This
means, for exam ple, that in an adult per son the con tent of eryth ro cytes of
about 40 to 50 ml of whole blood (about 3 × 109 eryth ro cytes per kg of body
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Ta ble 8.1
Def i ni tions of Terms Used In Stem Cell Bi ol ogy

Term Def i ni tion

Self-re newal Abil ity of a cell pop u la tion to give rise to the same un dif fer en ti ated cell type
for an ex tended time (e.g., life long).

Con sec u tive
transplantability

Cells har vested from a do nor an i mal (D) can re pop u late and re con sti tute the
cells in a re cip i ent an i mal (R1) af ter the do nor an i mal has been de prived of the 
in ves ti gated cell pop u la tion. Af ter a rel a tively long time in the re cip i ent (R1)
the cell type can be har vested again from the first re cip i ent (R1) and trans -
ferred to a sec ond re cip i ent (R2). These cells of do nor or i gin (D) give also rise
to a self-sus tain ing tis sue for a pro longed time in the R2.

Asym met ric cell
di vi sion

Af ter cell di vi sion the two cells have dif fer ent abil i ties: one has all the prop er -
ties of the mother cell while the other cell has started to dif fer en ti ate into an -
other cell type and does not dis play the stem cell fea tures of self-re newal and 
con sec u tive transplantability.

Omnipotency/
Totipotency

Giv ing rise to a va ri ety of dif fer en ti ated cells and also germ cells, hav ing the
abil ity to form a new or gan ism as a whole, and even extraembryonic tis sue
(fe tal pla centa).

Pluripotency Giv ing rise to a va ri ety of dif fer en ti ated cells and also germ cells but with out
the abil ity to form a new or gan ism as a whole.

Multipotency Giv ing rise to a va ri ety of dif fer en ti ated cell ex clud ing germ cells. The dif fer -
en ti a tion po ten tial is re stricted to some cell types, usu ally within the same
germ layer (ectoderm, mesoderm, entoderm).

Un dif fer en ti ated 
cell

Cell type which main task is to give rise to dif fer en ti ated cells. Al though
some times it per forms spe cific met a bolic func tions, or other func tions not
seen in the pro gen i tor or off spring in an an i mal, this is not the main pur pose
of this cell pop u la tion.

Dif fer en ti ated
cell

Cell type which per forms a spe cific met a bolic or other func tion in the con text
of a tis sue or an i mal. 



weight) has to be pro duced every day by the hematopoetic stem cells. There -
fore, roughly 7g hemo glo bin has to be syn the sized every day just in order to
com pen sate for the loss of eryth ro cytes that were removed as they had aged.
After a severe bleed ing event the erythropoesis can even pro duce up to ten
times of this amount. 

In the fol low ing sec tions we will only con sider adult stem cells as every -
body is car ry ing around a large quan tity of these cells and some of them have
been used suc cess fully in clin i cal appli ca tions. In addi tion to this phys i o log i -
cal replace ment of aged cells, stem cells are in par tic u larly nec es sary for repair 
of tis sues after var i ous kinds of injury.

8.2 (Stem) Cells as Nanoreactors 

Stem cells and other cells are objects of microscale dimen sion; typ i cally they
are sev eral microm e ters in size. Nev er the less, many func tions are in the
nanoscale range. Cells them selves com prise many subcellular com part ments
which exert spe cial ized func tions for the cell itself and for other cells. These
are best illus trated by elec tron micros copy. Even the sim plest look ing com -
part ments that are sur rounded by a lipid bilayer ful fill impor tant func tions in 
an orches trated way inside the cell. One of these more sim ple com part ments
is, for exam ple, a lysosome in which mate rial that is taken up from the out -
side of the cells is exposed to a low pH [5]. This is achieved by H+ pumps
that are inte grated into the lipid bilayer. But for traf fick ing of these
nanocompartments, and for selec tion of the cor rect mate rial that should end
up in such lysosomes a mirac u lous machin ery is needed [6]. Other del i cately
reg u lated sets of pro tein are involved in uptake or trans port of spe cific mol e -
cules (e.g., transferrin and ferroportin for the trans port of iron) [7]. The
uptake of such trans port pro teins or other mate rial from out side the cell
involves a whole set of mol e cules: a recep tor that binds the trans port mol e -
cule, an intracellular domain of this recep tor that sig nals that the trans port
mol e cule has bound to it, sev eral pro teins that bind to the lipid bilayer from
inside the cell (the cytosolic side) and form a grid (e.g., clathrin) that bends
the lipid bilayer. By bend ing the lipid bilayer more and more a sack-like
struc ture is formed. Finally, an energy-driven pro cess is needed to clip the
sack and close the mouth of the sack. This is achieved by dynamin [8]. In
other nanoscale com part ments—like the endoplasmatic retic u lum—new
pro teins are syn the sized by assem bling amino acids. These are then packed
into ves i cles trans ported through a stack of lipid bilayers—the Golgi appa ra -
tus—finally bud ding from there. They are trans ported to the cell mem brane
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where they are exocytosed [9]. In this way larger mol e cules like col la gen can
be syn the sized in the cell and can then be released to the extracellular space
where these pro teins can aggre gate into fibers for bone for ma tion or lig a -
ments [10]. Smaller mol e cules are some times syn the sized in the cytosol—the 
noncompartimentalized rest of the cell. Some of these prod ucts can dif fuse
through the lipid bilayer or spe cial ized mem brane pro teins form pores. These 
pores are truly nanoscale enti ties by them selves as they are often com prised of 
sev eral sub units that form the pores, and the size and chemicophysical prop -
er ties of the pores deter mines the type of mol e cule that can pass through
[11].

8.3 The Concept of Stem Cells is Born: Definition of the
Hematopoetic Stem Cell 

All organ isms live in a steady-state equi lib rium of los ing or dying cells and
replaced or divided cells. A first def i ni tion of the term “stem cell” can be
given as fol lows: The main func tion of stem cells is to be pres ent in an organ -
ism in such quan ti ties so that they can give rise to suf fi cient num bers of var i -
ous tis sue cell types. The func tion of these dif fer en ti ated cells is inher ited by
the genetic and epigenetic set ting of the stem cells and there fore stem cells are 
the key cell type in order to under stand and influ ence the func tions of these
dif fer en ti ated cells. Stem cells them selves are not pri mar ily thought of as
met a bolic enti ties. Although they are not pri mar ily addressed as
bionanoreactors their descen dants’ key func tion is, in many cases, a spe cific
met a bolic task. In order to under stand better how the con cept of the “stem
cell” was defined we will recall the crucial experiments to its definition.

For many years the best defined stem cell was the hematopoetic stem
cell which gives rise to all types of blood cells [e.g., red blood cells,
monocytes/macrophages, lym pho cytes, granu lo cytes (neu tro phils, basophils, 
eosinophils)]. All these cells have a lim ited half-life which can be very short
(e.g., 48 hours for neutrophil granu lo cytes). In the early 1960s McCulloch
and Till had per formed the cru cial exper i ments [12]. They had shown that
mice will die after a defined dose of irra di a tion. The causes of death at the
low est lethal dose were mostly infec tions because the dif fer en ti ated cells of
the immune sys tem dis ap peared from the organ ism as they were not replen -
ished any more. When these mice were given bone mar row from a
nonirradiated mouse these mice would sur vive. All red blood cells, and also
the leu co cytes, were donor-derived cells. The spleen of these mice was punc -
tu ated and they were able to show that “islets” of hematopoiesis had formed
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and each islet was derived from a sin gle pro gen i tor cell as irra di a tion had
caused spe cific chro mo somal changes. Just by exam in ing these cells, and also
by look ing at bone mar row aspi rate micro scop i cally, it was evi dent that not
all cells would con trib ute to the donor-derived cell pop u la tions. There fore,
bone mar row aspi rates as a mix ture of cells needed to be divided into
subpopulations. Two inven tions paved the way to deter mine the
hematopoetic stem cell: First rais ing anti bod ies against spe cific sur face anti -
gens. termed clus ter of dif fer en ti a tion (CD), made it pos si ble to define
subpopulations not merely by dif fer ences in cell mor phol ogy. Sec ondly the
inven tion of a machine, flu o res cent-acti vated cell sorter (FACS), that could
sort cells that were tagged with a spe cific flu o res cent anti body against such a
CD mol e cule made it pos si ble to sort out a few cells from thou sands and mil -
lions of nonstem cells [13]. This tech nol ogy takes advan tages of the stem cell
pop u la tion char ac ter ized by the pres ence of mark ers like CD34, CD133,
CD117, and the absence of lin eage-spe cific mark ers which appear later dur -
ing dif fer en ti a tion. Thus, each stage of dif fer en ti a tion is reflected by a spe -
cific immunophenotypic pat tern of pres ence or absence of sur face mark ers. 

How ever, the lit mus test for a cell being a true stem cell is still a func -
tional test: hematopoetic stem cells must dem on strate their abil ity for
long-term recon sti tu tion in a recip i ent and their abil ity to be trans planted
con sec u tively. For exam ple the hematopoetic stem cells can be trans planted
from a donor mouse to a recip i ent mouse (first gen er a tion, R1) and in the
recip i ent mouse R1 cells of the hematopoesis of the donor D will be found.
The donor cells (D) in the bone mar row of recip i ent R1 can be aspi rated
again even after a long time and can be trans planted into a sec ond gen er a tion 
of recip i ents (R2). R2 will not only be res cued from the lethal irra di a tion but
will also bear donor cells (D) life long. While there are still many cells in the
bone mar row that can give rise to dif fer en ti ated cells, but will dis ap pear after
a few weeks or months, stem cells will replen ish not only the pool of dif fer en -
ti ated cells but will also keep the num bers of undif fer en ti ated cells con stant
life long (see Fig ure 8.1). This first fea ture of stem cells has been termed con -
sec u tive transplantability. Thus, the poten tial of the long-term repop u lat ing
HSC (LT-HSC) is illus trated best by exper i ments in which a sin gle cell can
repop u late a lethally irra di ated donor for the rest of its life span [14, 15]. This 
is achieved by the hematopoetic stem cells by asym met ric cell divi sion
[16]—another impor tant fea ture of stem cells. Stem cells will divide into two 
cells with one of these cells still hav ing all the char ac ter is tics of a long-term
repop u la tion stem cell (LT-HSC) while the other off spring will be pre des -
tined to divide fur ther and this cell and its off spring will lose the undif fer en -
ti ated stem cell phe no type and will give rise to dif fer en ti ated cells. Another
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cell pop u la tion, the short-term HSC (ST-HSC) (see Fig ure 8.1) can give rise
to a pop u la tion of dif fer en ti ated cells for a few weeks. How ever, this is not a
sus tained pro duc tion. After a few cell divi sions these cells will dis ap pear and
cell counts for dif fer en ti ated cells will decline in periph eral blood after a
while. Another cell type is the com mit ted pro gen i tor cell which implies that
it will not be able to replen ish their own pool indef i nitely (the pool of pro -
gen i tor cells) by them selves and have only a lim ited dif fer en ti a tion poten tial.  
For exam ple there is a cell type for the myeloid lin eage of cells (com mon
myeloid pro gen i tor; CMP), one for the lym phoid lin eage (com mon lym -
phoid pro gen i tor; CLP), and so on (see Fig ure 8.1). 
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Fig ure 8.1 Dif fer en ti a tion of hematopoetic stem cells. The long-term repop u lat ing stem 
cell (LT-HSC) is the most prim i tive stem cell that can be seri ally trans planted with a high
capac ity for self-renewal as depicted by the half-cir cle arrow. The short-term repop u la -
tion stem cell can still pro duce all cell types but can not sus tain to pro duce off spring for a 
pro longed time and there fore can not be seri ally trans planted (ST-HSC). The pro gen i tor
cell com part ment—that does not show asym met ric cell divi sion—is com prised of cells
that can only give rise to myeloid (com mon myeloid pro gen i tor, CMP) or lym phoid (com -
mon lym phoid pro gen i tor, CLP) off spring. There is an even higher restric tion in the fol -
low ing pro gen i tor cell pop u la tions. Dif fer en ti ated cells com prise the last com part ment
(T, B, and NK cells). MEP = megkaryotic/erythroid pro gen i tor, GMP = myelomonocytic
pro gen i tor. (After: [4].)



All of these dif fer ent pro gen i tor cells and dif fer en ti ated cells have been
char ac ter ized by anti bod ies against sur face mark ers [see clus ters of dif fer en ti -
a tion (CD) above.] Besides the immunophenotypic dis tinc tion of dif fer ent
stem and pro gen i tor cell com part ments there has been an increas ing inter est
in expres sion of other mark ers that are not pre sented on the sur face and are
mostly tran scrip tion fac tors [4, 18]. 

None of the new stem cells described in the fol low ing para graphs have
been scru ti nized by such a rig or ous pro ce dure par al lel ing the exper i ments for 
HSC. Espe cially con sec u tive transplantability (D → R1 → R2) is not shown
for most of these stem cells. This is due to three cir cum stances: it is not triv ial 
to get enough tis sue-spe cific stem cells from a recip i ent (like the mus cle stem
cell, the sat el lite cell). Sec ondly, there is mostly no easy and spe cific way to
delete all or at least most of the tis sue-spe cific stem cells in the recip i ent, and
fur ther more, hom ing of the tis sue-spe cific stem cells to their niche is not eas -
ily achieved. Lastly, most other tis sues as com pared to the hematopoietic sys -
tem do not have such a high turn over rate (e.g., car diac myocytes, neu rons)
and there fore it is hard to detect if the stem cells have given rise to dif fer en ti -
ated cells. It seems that in the hematopoetic sys tem it was a lucky chance to
develop the con cept of stem cells as all these obsta cles do not apply to HSC. 

Nev er the less, many groups have defined tis sue-spe cific stem cells by
apply ing less rigid cri te ria. These would be life long per sis tence of a spe cific
cell type and the abil ity to regen er ate the tis sue or spe cific cell types of that
tissue. 

8.4 “New” Stem Cell Types

Until the mid-1990s the con cept of stem cell prop er ties was exem pli fied by
hematopoetic stem cells (see above). The regen er a tive poten tial of dif fer ent
tissues was cat e go rized into three groups: (1) tis sue with a high cell turn over
and a nearly life long capa bil ity of heal ing tis sue dam age (“mitotic tis sue,”
e.g., hematopoesis, intes ti nal epithelia, der mal epi the lial cells). (2) Tis sue
with a low cell turn over but with a lim ited capa bil ity of regen er a tion of tissue 
when tis sue dam age occurred [i.e., these cell losses can be repaired (“fac ul ta -
tive mitotic/revers ible mitotic tis sue,” e.g., liver, kid ney)]. (3) Tis sue with out 
the abil ity to heal tis sue dam age [i.e., these cell losses can not be repaired
(“postmitotic tis sue,” e.g., heart mus cle, neurons)]. Stem cells were thought
to be pres ent in mitotic tissues only. 

In the late 1990s there was accu mu lat ing data that cells of a spe cific tis -
sue type may be able to transdifferentiate into cells of other tis sues [19–21].
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They would there fore be pluripotent—one of the char ac ter is tics of stem cells
(see Table 8.1). We want to exem plify this work that has been done in sev eral 
groups by the work of Mezey et al. When Mezey et al. were try ing to elu ci -
date which cells are the pro gen i tors of a spe cific phagocytosing cell type of
the brain, they were trans plant ing HSC into mice—the pro to type of a
phagocytosing cell. It is one of the well-known cell types that HSC gives rise
to. In these exper i ments they found that HSC would not only dif fer en ti ate
into these phagocytosing cell types but also in other cells sur round ing the
neuronal cells in the brain and even into neuronal cells them selves. 

The pos si bil ity of “turn ing blood into brain” [22] or “turn ing brain
into blood” [20] turned over the par a digm of postmitotic tis sue and opened
the pos si bil ity that dam aged neu rons as one of the hard est tar gets for tis sue
regen er a tion could one day be replaced by cells of quite another ori gin—
hematopoetic stem cells. This phe nom e non was termed transdifferentiation.
The pub li ca tion of this work resulted in an ava lanche of work on
transdifferentiation of dif fer ent cell types into a vari ety of ter mi nally dif fer en -
ti ated tis sue cells of another tis sue type, that is in patients that had under gone 
an allogeneic HSC trans plan ta tion for a hematopoetic dis ease (mostly some
type of leu kae mia) male donor cells with a Y chro mo some were found in the
heart mus cle of female recip i ents there fore prov ing that male donor-derived
cells had inte grated them selves into heart tis sue [23]. Donor cells were also
found in liver tis sue, intes ti nal epi the lium, and other tis sues [24]. More and
more cell types were described that were able to dif fer en ti ate or
transdifferentiate into spe cific tis sue cell types (for an over view see [25]).
How ever, the prin ci ple of transdifferentiation has been chal lenged later on
since sev eral alter na tive mech a nisms could explain the exper i men tal find ings
[26, 27]. The way these cells get inte grated into the tar get tis sue remains an
issue of debate as some groups have shown that not transdifferentiation, but
fusion of a dying (recip i ent) tis sue cell (e.g., liver cell) with a (donor) pro gen -
i tor cell occurs, and results in inte gra tion of donor cells into recip i ent tis sues
[28, 29]. Thus, “cell fusion causes con fu sion” [30].

Many of these pro gen i tor cells have been termed “stem cells” by the
authors although they do not ful fill all the cri te ria that apply to stem cells like 
hematopoetic stem cells do. Most of them show an inter est ing vari ety of cell
types into which they can be dif fer en ti ated in vitro or in vivo. Many of them
are also highly proliferative. On the other hand, data on asym met ric cell divi -
sion [i.e., that there are still stem cells after induc tion of (trans-) dif fer en ti a -
tion] is mostly lack ing. Also, con sec u tive transplantability has not been
shown. One of the main draw backs of many of these “stem” cell pop u la tions
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is that they can not be accessed with out destruc tion of tis sue and that the
quan tity of cells har vested by these pro ce dures is rather low. 

There fore we want to focus on a well-acces si ble pro gen i tor cell pop u la -
tion that is also highly inter est ing as it can be expanded or cul tured in high
cell num bers more eas ily than oth ers: mesenchymal stem cells (also called
mesenchymal stromal cells thereby avoid ing the term stem cell [31]).

8.4.1 Mesenchymal Stem Cells (MSC)

Friedenstein et al. intro duced an ex vivo assay for exam in ing the clonogenic
poten tial of multipotent mar row cells [32]. One of the cell types spec i fied in
this assay were stromal cells, referred to as col ony-form ing unit-fibroblasts
(CFU-F). In 1999 these cells were shown to be able to dif fer en ti ate into a
vari ety of stromal tis sue types, namely adi pose tis sue, car ti lage, and bone
[33], and have been renamed as mesenchymal stem cells by these authors.
Fur ther more dif fer en ti a tion into neuronal cells [34] or car diac mus cle has
been shown (see Fig ure 8.2) [35]. They can be eas ily har vested from bone
mar row and many other tis sues by plas tic adhe sion and cul tured in min i mal
media. The pre cur sor fre quency is esti mated to be in the range of one MSC
pre cur sor per 105 to 106 bone mar row cells. Mor pho log i cally, these cells
show a high degree of pleomorphy. Immunophenotypically, these cells are
char ac ter ized by a set of mark ers (expres sion of CD9, CD73, CD90,
CD105, CD146, CD166 while lack ing CD34 and hematopoietic lin -
eage-spe cific mark ers). Their high-pro lif er a tion rates gives yields of about 1 ×
108 cells after a three to four week expan sion from a sin gle bone mar row aspi -
ra tion [36]. Even after this pro longed time under cell cul ture con di tions
MSCs keep their multipotent dif fer en ti a tion poten tial. There fore, they have
gained a lot of inter est dur ing the last few years. 

Tri als with MSC for tis sue repair have been con ducted. In these tri als
the dif fer en ti ated cells restore nor mal organ func tion (like bone for ma tion
for osteoblastic dif fer en ti a tion [37], car ti lage after chondrogenic dif fer en ti a -
tion), and the cells are used as potent pro duc ers of extracellular matrix which
are mostly dif fer ent types of col la gen and other extracellular biopolymers. In
these tri als patients with a defect of bone for ma tion called osteogenesis
imperfecta had less bone frac tures when they were treated with MSC. They
have also been used exper i men tally for car dio vas cu lar repair [38, 39], treat -
ment of lung fibro sis [40], spi nal cord injury [41], and recellularization of
heart valves [42].  

MSC have also been inves ti gated for sup port of hematopoetic
engraftment after periph eral blood HSC trans plan ta tion [43]. It was
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spec u lated that MSCs pro duce a hith erto uniden ti fied humoral fac tor that is
boost ing the engraftment and the pro lif er a tion of HSC.

After it was dis cov ered that MSCs were not rejected even in allogeneic
set tings, their immunosuppressive poten tial was elu ci dated in vitro and in
ani mal stud ies. There fore stud ies on sup pres sion of allo- or auto im mune,
dis eases and other con di tions in which immune cells play a pre dom i nant role 
in the pathogenesis have been con ducted [44]. Treat ment of graft-ver -
sus-host dis ease—a sit u a tion in which the trans planted immune cells from
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Fig ure 8.2 Illus tra tion of the dif fer en ti a tion poten tial of mesenchymal stem cells and
their pos si ble appli ca tions for regen er a tive med i cine. 



the donor recognize recip i ent cells as “for eign” cells and try to destroy
them—has been done in humans. These tri als are among the fore front of cel -
lu lar ther a pies [45]. In a study of the Euro pean Group for Blood and Mar -
row Trans plan ta tion (EBMT) evaluating cotransplantation of ex vivo
expanded MSC in con junc tion with trans plan ta tion of HSC there were less
acute and chronic graft-ver sus-host dis ease, thereby preventing this
complication [45, 46]. 

Most inter est ingly in the con text of stem cells as nanoreactors, MSCs
have been pro posed as poten tial pre cur sors of tumor stroma and as MSC home 
to tumors they could be used as vehi cles for tumor ther apy [47]. Here
transfection of sui cide genes would trans form MSC into a Tro jan horses by
using the MSC as a met a bolic pro duc tion site of nox ious agents. Other stud ies
have looked at the pos si bil i ties of MSC get ting trapped in lung cap il lar ies [48]. 
There has also been inves ti ga tions of migra tion of MSC (e.g., in the brain)
where they could pro duce spe cific mol e cules (e.g., neurotransmitters) [49].

Over all, there is enthu si asm for the use of adult stem/pro gen i tor cells
for tis sue repair in end-stage dis eases for which there are either no ther a pies
or only ther a pies with rather insuf fi cient results. How ever, still many pre cau -
tions on poten tial adverse effects of stem cell ther apy have to be con sid ered
[50]. As research on tis sue repair by stem cells go on we will need tools to
mod u late func tional prop er ties of stem cells and tools to track stem cell fate,
and we will need better defined and purely selected stem cell pop u la tions.
Nanotechnology could help to pro vide all of this. In the fol low ing para -
graphs we will dis cuss how nanoparticles can be used for these purposes. 

8.5 Nanoreactors/Nanoparticles and Mammalian (Stem) Cells

In the fol low ing sec tions we will explore how nanoreactors and nanoparticles 
have been used in con junc tion with stem cells and dif fer en ti ated mam ma lian
cells, what is being devel oped, and which nanodevices could be imag ined in
the future.

8.5.1 Prerequisites for Polymers and Other Components of Nanoparticles and
Nanoreactors for Use in Stem Cell Biology

The use of nanoparticles and nanoreactors in mam ma lian (stem) cell research 
must take into account that the nanoparticles with all their com po nents
should either not alter the spe cific func tions of the tar get cells as in diag nos tic 
use, or should alter the bio log i cal func tions only in a defined way as in
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theraputic use. When ever nanomaterials are in con tact with cells—not only
stem cells but also dif fer en ti ated cells—they should be non toxic (unless they
are used as chemotherapeutic agents in tumor ther apy) and should not affect
the growth kinet ics of the cells. The cells should still per form their reg u lar
func tions, such as syn the sis of extracellular matrix, pro duc tion and release of
cytokines, met a bolic func tions like deg ra da tion of prod ucts, sig nal ing to
neigh bor ing cells, tis sue repair, and so forth). These inves ti ga tions are only
infre quently car ried out [51]. These func tions will have to be deter mined
depend ing on the type of cell inves ti gated. Fur ther more the abil ity of the
stem cells to migrate and inter act with other cells (e.g., by sur face expressed
recep tors or by paracrine hor mone secre tion) should not be altered in an
unde sired way [52]. In stem cell biol ogy fur ther func tions should not be dis -
torted includ ing the abil ity of self-renewal—yield ing off spring with the
capac ity to give rise to the same vari ety of dif fer en ti ated cells as the mother
cell did—and show ing asym met ric cell divi sion [53]. Fur ther more, the vari -
ety of dif fer en ti a tion poten tial is to be assessed. Even when undif fer en ti ated
stem cells after expo sure to nanomaterials are still pres ent after sev eral pas -
sages in vivo or in vitro there is still the pos si bil ity that the dif fer en ti a tion
poten tial of the stem cells is altered in an unin ten tional way by the influ ence
of the nanomaterial. There is a debate about whether mesenchymal stem cells 
(MSC) lose their chondrogenic dif fer en ti a tion poten tial after incu ba tion
with superparamagnetic iron oxide par ti cles for mu lated with dex tran (SPIO
[54, 55]). Inter est ingly, this has also been dem on strated for quan tum dots
which are made of cad mium and selen [56] thereby point ing towards the
pos si bil ity that this effect on chondrogenesis of MSC may not depend on the 
type of reporter mol e cule or assem bly in the nanoparticles but other com po -
nents or prop er ties may be effec tive. On the other hand, these find ings open
the pos si bil ity to poten tially steer the dif fer en ti a tion of MSC away from the
chondrogenic path if this is not the desired dif fer en ti ated cell pop u la tion. 

8.5.2 Components of Nanodevices to Be Considered in Affecting (Stem) Cell
Functions

When ever an influ ence of nanoparticles on cell behav ior and espe cially on
stem cell behav ior is dem on strated, the caus ative com po nent of the
nanodevice should be eval u ated. Most nanomaterials are com posed of dif fer -
ent sub stances and nanoreactors can be even more com plex than the rather
sim ple nanoparticles used in many appli ca tions. Even so, these and future
nanomaterials will have sev eral of the fol low ing com po nents involved: They
may be con structed of inor ganic mate rial (superparamagnetic iron oxide in
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SPIOs, CdSe for quan tum dots, mesoporous sil ica, gold, and so forth)
mostly used as a reporter sub stance, an organic (shell) mate rial (e.g., dex tran,
poly-butylcyanacrylate, poly-L-lactide, poly-ε-aminocaprolactone, poly sty -
rene just to name a few, see Sec tion 8.5.4, “Poly mers Used for Appli ca tions
in Mam ma lian Cells”), and sur face mod i fi ca tions (like amino or car boxyl
groups of comonomers—there fore chem i cally bounded into the poly meric
shell mate rial, see Fig ure 8.3, or absorbed to the sur face by layer-by-layer
tech nique). All of these will need to be eval u ated in terms of their influ ence
on (stem) cell func tions (e.g., the mono mer used for syn the sis of the
nanoparticles) [57]. Also fur ther mod i fi ca tions like amino acids, pep tides,
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Fig ure 8.3 (a) Com po nents and assem bly of poly meric nanoparticles as obtained by
the miniemulsion pro cess. (b) Uptake of amino-functionalized nanoparticles into
mesenchymal stem cells illus trat ing that amino-functionalized nanoparticles are more
effec tively taken up but an increase in amino groups is not pro mot ing cell uptake. (c, d)
com par i son of HeLa (car ci noma cell line) and MSC in terms of uptake of car boxyl
functionalized nanoparticles. Num bers at the end of the par ti cles’ name denote the
amount of comonomer (acrylic acid) used. MSC show ing a higher uptake than HeLa
cells. Com par i son of (d) with (b) illus trates that amino functionalization is supe rior in
terms of nanoparticle uptake. P1: unfunctionalized par ti cle for com par i son. For details,
see [158].



pro teins or lig ands will alter the bio log i cal behav ior of the nanomaterial [58]
by selec tively being absorbed to spe cific cell types or even inter nal ized by
these cells. These later mod i fi ca tions will mostly mod u late bio log i cal
responses inten tion ally. Also other com po nents like sur fac tants, not-reacted
mono mers, sta bi liz ers (like cit ric acid), or other com po nents involved in the
man u fac tur ing pro cess (e.g., traces of the con tin u ous phase like cyc lo hex ane) 
may influ ence (stem) cell func tions. We have shown, for exam ple, that the
length of the poly mer chain of polybutylcyanacrylate is impor tant for
nanoparticle tox ic ity [59].

To com pli cate things even more, it may be of impor tance for the bio -
log i cal func tion if the com po nent is located on the par ti cle sur face or if the
mate rial is encap su lated inside of the nanoreactor and if the mate rial is acces -
si ble by a leaky shell. Sub stances encap su lated in a nanomaterial that is not
acces si ble from the out side and as long as the encap su lat ing mate rial is
nondegradable under phys i o log i cal con di tions, the encap su lated sub stance
should not exert any bio log i cal effects.

8.5.3 Synthesis of Nanoreactors and Nanoparticles for Use in (Stem) Cell
Biology and Therapy

For the syn the sis of nanoreactors and nanoparticles sev eral syn thetic pro -
cesses have been uti lized. The method of choice for the syn the sis of
nanoparticles and nanoreactors in our group is the miniemulsion pro cess
which is highly adapt able to a vari ety of mono mers, sur face func-
 tionalizations, and mate ri als incor po rated (see Chap ter 2).

In order to ana lyze the fate of the nanoparticles in bio log i cal envi ron -
ments, it would be desir able to encap su late a flu o res cent reporter. How ever,
due to dif fu sion pro cesses dur ing the stan dard method of emul sion poly mer -
iza tion, these meth ods do not eas ily allow for the encap su la tion of reporter
mol e cules like flu o res cent dyes or other sub stances that are to be encap su -
lated for a later release. For the prep a ra tion of flu o res cent nanoparticles and
also for the encap su la tion of var i ous (bioactive) sub stances, it was shown that 
the miniemulsion pro cess is excel lently suited [60]. The mono mer, a dye, a
hydro pho bic agent for the sup pres sion of Ostwald rip en ing and pos si bly
other sub stances, which are to be encap su lated, are dis persed by apply ing
high shear. Then, a sta ble mix ture of small, sta ble, and nar rowly dis trib uted
nanodroplets in an aque ous surfactant solu tion is formed. The nanodroplets
can be per ceived as nanoreactors in which the mono mer is poly mer ized after -
wards, lead ing to par ti cles with a nar row-size dis tri bu tion in the range of 50
to 500 nm in diam e ter [61].
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8.5.4 Polymers and Surface Modifications Used for Applications in
Mammalian Cells and Medical Applications

Dif fer ent poly mers have been inves ti gated for their use in tar geted
nanoparticulate drug deliv ery. This appli ca tion is one of the most prom is ing
tech niques for increas ing the effi ciency of drugs [62]. With the incor po ra tion 
or adsorp tion of drugs into a car rier sys tem, the drug can be effec tively pro -
tected from deg ra da tion or metabolization after its admin is tra tion so the
drug can be released slowly and grad u ally [63, 64]. As car rier sys tems, dif fer -
ent types of poly meric nanoparticles have been pro posed. For some appli ca -
tions, like vac ci na tion, par ti cles of nonbiodegradable poly mers like
poly(methyl methacrylate) (PMMA) are proposed. For sus tained-release
appli ca tion, (bio)degradable poly mers like poly(alkyl cyanaoacrylate)s
(PACA) or poly es ters (e.g., poly(ε-caprolactone), poly(D,L-lactide)) are the
first choice [64–68]. Despite the pro tec tion of the drug, not all of it reaches
the site where it is required. Sev eral rea sons can inter fere with the effec tive
deliv ery of the drug to the desired des ti na tion. The drug may lose its pro tec -
tion due to a rapid deg ra da tion pro cess of the car rier sys tem, the car rier sys -
tem shows unspe cific affin ity to any type of tis sue, the par ti cles might be
opsonized by absorp tion of serum pro teins and phagocytosed by
macrophages or they may be excreted from the organ ism.

Tar get ing to or avoid ance of spe cific cell types—mostly
macrophages—on one hand and simul ta neous pro tec tion of the par ti cles on
the other hand should over come these obsta cles. The most com mon
approach to pro tect par ti cles from opsonization is the for ma tion of a hydro -
philic corona, for exam ple from PEG (see Fig ure 8.4) or car bo hy drates,
around the par ti cles [69–72]. This shell min i mizes unspe cific adsorp tion of
pro teins on the par ti cle sur face, which ren ders the par ti cles “invis i ble” for
macrophages (“stealth” effect). There fore the par ti cles remain unaf fected in
the cir cu la tion, thereby increas ing the chance that the site of dis ease is
reached by the par ti cles, and as metastases of a tumor show an enhanced per -
me abil ity with a decreased rate of clear ance, more nanoparticles are trapped
at the site of the dis ease (“pas sive tar get ing”) [73–75].

8.5.5 Selection of Stem Cells for Transplantation

There are three main sources for hematopoetic stem cells: first the bone mar -
row, sec ondly they can be mobi lized into the blood stream after che mo ther -
apy or/and after treat ment with a growth fac tor (e.g., G-CSF or GM-CSF), or 
they can be acquired from neo na tal blood (cord blood cells) [76]. In all these
cases not only stem cells but also other cells like immune cells (T cells, B cells,
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monocytes, neu tro phils), red blood cells, and in the case of bone mar row also
stromal cells are col lected. In fact, true HSC only com prise a minor ity of all
white blood cells in these cel lu lar prod ucts [76]. Some times this may be
advan ta geous. For exam ple, donor T-cells help to elim i nate recip i ent
hemopoietic cells and there fore cre ate space for engraftment of donor cells in
the bone mesh work. Also donor stromal cells can facil i tate engraftment—
one of these cell types are mesenchymal stem cells [43]. On the other hand
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Fig ure 8.4 Mak ing NP invis i ble (stealth): (a) Cell uptake of polybutylcyanacrylate
(PBCA) nanoparticles; (b) Uptake of PBCA nanoparticles as detected by laser-scan ning
micros copy com par ing a neg a tive con trol (no nanoparticles) with unfunctionalized
nanoparticles; (c, d) com par i son of unfunctionalized and PEG-functionalized nano-
 particles with PEG-functionalized PBCA par ti cles are pro tected from uptake (for details,
see [59]).



donor T-cells can attack cells of the recip i ent and can even tu ally have lethal
con se quences (graft-ver sus-host dis ease, GvHD) [77, 78]. Finally, the stem
cell graft might also be con tam i nated with cells of the under ly ing dis ease (e.g., 
tumor cells or leu kae mia cells) in the set ting of autologous trans plan ta tion.
There fore “puri fi ca tion” of stem cells has been devel oped. While the ear li est
meth ods used neg a tive selec tion (i.e., deplet ing the prod uct of the unwanted
cell pop u la tions by “rosetting”—a tech nique where T-cells would attach to
sheep red blood cells), pos i tive selec tion for stem cell mark ers like CD34 or
CD133 was applied later on [79]. These later pro ce dures were done by using
(superpara-)mag netic micro- and nanoparticles. The select ing anti bod ies were 
attached to the nanoparticles, these bind spe cif i cally to their anti gen on the
cell sur face and the marked cells are trapped in a mag netic field on an iron
wool col umn [80, 81]. By remov ing the mag netic field the cells can be recov -
ered from the col umn. This tech nique has enabled selec tion of stem cell grafts 
with a very high purity of CD34+ or CD133+ cells and is one of the ear li est
exam ples of nanotechnology that has now been employed for more than a
decade as a rou tine pro ce dure in hematopoietic stem cell transplantion. 

In some sit u a tions an ideal match ing stem cell donor can not be found
and there fore even donors are con sid ered who are not (fully) histocompatible 
with the recip i ent. A HSC prep a ra tion con tain ing a sub stan tial num ber of
immunocompetent T-cells would inev i ta bly result in a severe, life-threat en -
ing GvHD. Immunomagnetic selec tion allows prep a ra tion of a CD34+ cell
prep a ra tion almost com pletely depleted of con tam i nat ing T-cells. This
allows trans plan ta tion even in sit u a tions with only a haploiddentical match
(e.g., trans plants with dona tion of stem cells of a par ent for the child) [82].
While in these cases com pletely deplet ing the immune cells is the only way to 
trans plant, in other cir cum stances cer tain types of immune cells are desir able
(NK-cells, den dritic cells). They aid in defend ing the host from infec tions
[83–85]. By tak ing out only the most aggres sive sub types of cells (mostly B
and T-cells) these grafts can be “tuned” as desired [86]. This will aid in min i -
miz ing the side effects of these ther a pies.  On the other hand selec tion of
stem cells has been prop a gated for deplet ing con tam i nat ing tumor cells from
the stem cell grafts [87]. Although this seems to be a desir able approach,
selec tion of stem cells is not per formed in all trans plants and the risk reduc -
tion is dis cussed con tro ver sially [87–89].

8.5.6 Diagnostic Use of Nanotechnology in Stem Cell Biology

There are many new tools based on nanoreactors and nanoparticles that have
been reported in the lit er a ture. In this sec tion we want to focus on two
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appli ca tions where a con tact between stem cells and other mam ma lian cells
and nanoparticles/nanoreactors have been estab lished by research and devel -
op ment efforts dur ing the last decade: nanoparticles as con trast agents for
MRI and nanocapsules or drop lets as nanoreactors.

8.5.6.1 Nanoparticles and Nanocapsules as Markers for MRI

Cell track ing and hom ing stud ies are cru cial for under stand ing the fate of
new stem cell ther a peu tics. Under stand ing these mech a nisms will aug ment
the ben e fit of these novel ther a peu tic approaches by tai lor ing the cells and
their migra tory poten tial for a spe cific indi ca tion, for exam ple migra tion to
an infarcted tis sue in the heart. In order to detect hom ing and migra tion of
trans planted cells, tech niques like bioluminescence [90, 91], radio ac tive sub -
strates [92], near-infra red flu o res cence [93, 94], and label ing with mag netic
res o nance imag ing (MRI) con trast agents are applied in small ani mal stud ies. 
Of these, only label ing with radio ac tive agents and MRI con trast agents are
suit able for stud ies in humans as well. 

For MRI mainly two classes of sub stances are used as con trast agents.
While gad o lin ium can be used for cell label ing and detec tion by MRI [95]
most approaches uti lize superparamagnetic iron oxide par ti cles (SPIO) for
this pur pose. SPIOs are neg a tive con trast agents and are com mer cially avail -
able and FDA-approved for use in humans [96, 97]. How ever in order to
achieve intracellular uptake of nanoparticles, transfection agents are needed
in most stud ies [96, 98–101]. These transfection agents like Superfect,
DOTAP, Lipofectamin [98, 100], poly-l-lysine (PLL) [100, 101], or
protamine [99] are mostly cationic, pos i tively charged mol e cules. Higher
con cen tra tions of these agents are toxic [102, 103] and—with the excep tion
of protamine—are not approved for clin i cal use. Avoid ing a transfection
agent in the pro cess of cell label ing seems to be favor able as this would sim -
plify the approval of such stud ies in humans.

Inter est ingly, it has been shown that Feridex-labeled cells can be fol -
lowed in the liv ing ani mal for up to three weeks [97]. In Resovist (generic
name: ferucarbotran) mag ne tite nanoparticle aggre gates are sta bi lized by
carboxydextran, in Feridex (generic name: ferumoxides) by
nonfunctionalized dex tran. Trig gered by obser va tions in light micros copy
stud ies after Prus sian blue stain ing we have shown that Resovist was taken up 
spon ta ne ously, (i.e., with out the need for a transfection agent), and that the
load of intracellular iron can be as high as with the use of a transfection
agent. 

As cel lu lar tar gets we chose human mesenchymal stem cells (MSC)
and a tumor cell line [104–106]. Focus ing on the dif fer en tial behav ior
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con cern ing the uptake into cells between the two nanoparticles Resovist and
Feridex, we hypoth e sized that the car boxyl groups in the carboxydextran of
Resovist are respon si ble for a more effi cient uptake. By using the func tional
mono mer acrylic acid as a comonomer, dif fer ent den si ties of car boxyl groups 
on the sur face of the poly meric nanoparticles can be obtained by vary ing the
amount of the comonomer in the miniemulsions (see Fig ure 8.3, for details
see [107]). Hereby exper i men tal poly meric nanoparticles with increas ing
amounts of car boxyl groups on their sur face as model sys tems can be syn the -
sized, and the uptake behav ior of nanoparticles can be stud ied.

For gad o lin ium—a pos i tive MRI con trast agent—encap su la tion is
favor able in order to deliver a high con cen tra tion of mol e cules at one site. In
the lit er a ture, three main dif fer ent approaches have been fol lowed. Aime et
al. [108] pre sented an agent based on compartmentalization of Gd com -
plexes in apoferritin cav i ties. Although this approach results in a very high
relaxivity of about 80 mM−1s−1, the very lim ited pay load per cap sule lim its
the appli ca bil ity of the tech nique as a tar get con trast agent. A very prom is ing
approach has been reported by Morawski et al. [109], who incor po rated a
large num ber of Gd-DTPA com plexes on the sur face of perfluorcarbon
nanocapsules. They reported rather high relaxivities value of 17 mM-1s-1
and high pay loads of up to 100,000 Gd-DTPA com plexes per cap sule. 
Reynolds et al. [110] reported a poly meric core-shell nanocapsule approach
for achiev ing high para mag netic pay load but the T1 relaxivity value is not
reported. The chal lenge here is that the shell of these nanocontainers has to
be per me able to the water mol e cules as they need direct inter ac tion with the
gad o lin ium [111], but the gad o lin ium com plex itself should not dif fuse
through the cap sule shell. 

We have dem on strated that by the indi rect miniemulsion tech nique
and sub se quent trans fer ring these nanocapsules to the water phase that poly -
ure thane, polyurea, and crosslinked dex tran nanocapsules con tain ing a con -
trast agent (Magnevist, Gadovist) can be syn the sized [112]. The shell of these 
nanocapsules is highly per me able for water allow ing almost free exchange
with the bulk water. In com par i son with the nonencapsulated agent, T1

relaxivity mea sure ments revealed a slight decrease of relaxivity in water as
well as in human blood after encap su la tion of Gd-DTPA (Magnevist) [112].
Since for tar geted con trast agents, the lim it ing fac tor is the num ber of local
recep tors sites, the local relaxivity is gov erned by the num ber of bound cap -
sules. Con sid er ing the pos si ble high Gd load of a sin gle cap sule between
roughly 10−17 mMol (50 nm) and 10−14 mMol (300 nm) while at least main -
tain ing the relaxivity of the embed ded agent, the pos si ble enhance ment per
bind ing site is sig nif i cantly boosted com pared to con ven tional para mag netic
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extracellular con trast agents. The sug gested approach appears not to be lim -
ited to the encap su la tion of Magnevist as proven by the Gadovist exam ple,
and can likely act as a new basis for ver sa tile con trast agents in MRI. A
functionalization of the nanocapsules will allow the spe cific tar get ing of cer -
tain molec u lar tar gets for detec tion of spe cific dis eases. For exam ple, folic
acid [113] and transferrin [114] has been used for imag ing of tumors
overexpressing the recep tors for these mol e cules. 

8.5.6.2 PCR in Nanoreactors 

Poly mer ase chain reac tion (PCR) is a com mon method that is used to cre ate
cop ies of a spe cific region of a deoxy ri bo nu cleic acid (DNA) sequence, in
order to pro duce high enough quan ti ties of DNA for fur ther bio chem i cal
anal y sis [115]. A few DNA mol e cules, which act as tem plates, are rap idly
ampli fied by PCR into many bil lions of mol e cules. In prin ci ple, one sin gle
DNA mol e cule is the min i mum amount that is needed to per form a PCR
exper i ment. For exam ple, Walsh and cowork ers [116] devel oped a sin -
gle-tube “hang ing drop let” nested reverse tran scrip tion PCR. Other research
groups [117–120] described the reac tion with a sin gle mol e cule DNA in
water-in-oil drop lets. The drop lets were formed by stir ring the reac tion mix -
ture with the mag netic stir rer. The sizes of final drop lets were polydisperse
rang ing from 2 to 15 µm. Due to the large size dis tri bu tion, the num ber of
the ini tial tem plate dif fers sig nif i cantly among these drop lets. This leads to
the wide vari a tion in the amount of the final prod uct per drop let vol ume.
There fore, the use of more homo ge neously dis trib uted drop lets is of high
inter est, so that only one DNA mol e cule will be pres ent and a sin gle reac tion
per drop let will take place with out inter act ing or mix ing with other DNA
mol e cules. It is also of high inter est to reduce the size of the drop lets in order
to have only a small vol ume per one sin gle mol e cule because then more
nanoreactors can be pres ent in the sys tem.

We have shown that a sin gle-mol e cule PCR reac tion can be per formed
in aque ous nanodroplets as small com part ments [121]. This will enable to
study the pro cess of PCR in a com part men tal ized sys tem. But also accu mu la -
tion of sev eral hun dreds and thou sands of cop ies from a sin gle DNA mol e -
cule in an ultrasmall com part ment is a highly attrac tive fea ture of this
approach. This could be used either as diag nos tic tool or for transfection in
cells as described below. For exam ple it could be imag ined that sin gle-strand
DNA frag ments ampli fied in such a way together with a cromophor and
quencher can be used as a diag nos tic nanodevice (see also molec u lar bea cons
[122]) in order to detect tar get sequences in cells with the molec u lar bea con
always encap su lated or bound to the inner sur face of a nanocapsule. The
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advan tage of this approach would be that the molec u lar bea con could be pro -
tected from enzy matic deg ra da tion and could not dif fuse through the entire
cell but would be con cen trated in a com part ment yield ing a stron ger local -
ized sig nal.

8.5.7 Therapeutic Options of Nanoreactors and Nanoparticles in Stem Cell
Transplantion

Although the hype for gene transfection and gene mod i fi ca tion in humans
has flat tened, the need for cor rec tion of genetic defects is still a chal lenge.
Espe cially in the hematopoetic sys tem like in severe com bined immu no de fi -
ciency syn drome (SCID) and other dis eases like genet i cally caused bleed ing
dis or ders in hemophilic patients. Cor rec tion of the under ly ing genetic defect
is still inves ti gated [123]. HSC with the genetic error can be transfected even
in vitro, and then reinfused in an autologous recip i ent thereby cir cum vent ing 
many of the obsta cles like tar get ing the transfection vehi cle to the right cell
type. Genetic cor rec tion with mod i fied viruses have shown to have severe
side effects because of the inte gra tion of the cor rected genes in the chro mo -
somes [124] and by the transduction vehi cles–the genet i cally engi neered
viruses–them selves. While the inte gra tion of the cor rected gene into the
chro mo some is a pre req ui site of viral gene ther apy, in order to have sta ble
expres sion of the cor rected gene prod uct, side effects caused by the viruses
them selves can be avoided. There fore, nonviral transfection meth ods are an
inter est ing topic. Here nanoparticles which were loaded with
premanufactured DNA snip pets or nanocapsules in which the cor rected
DNA snip pet has been syn the sized in the way described above can be uti -
lized. While cal cium phos phate par ti cles have evolved from the cal cium
phos phate pre cip i ta tion method [125], the addi tion of sil ica par ti cles to a
transfection agent/DNA com plex can enhance the transfection effi ciency by
alter ing the intracellular local iza tion of the transfected DNA [126, 127].
Espe cially the escape from the endosome and hereby avoid ing lysosomal deg -
ra da tion of the DNA has been addressed by add ing polyethylenamine to the
nanoparticles or by incor po rat ing pho to sen si tiz ing mol e cules like
phthalocyanine that dis rupt the endosome once illu mi nated [128].  Also, the
com bi na tion of gold nanoparticles and electroporation has been used to
transfect cells [129]. Although electroporation is only fea si ble in vitro and
can not be applied in vivo it is highly attrac tive as high-transfection effi cien -
cies were shown for hematopoetic stem cells–a cell pop u la tion hard to
transfect oth er wise [130].  Also, mag net-assisted transfection has been pro -
posed to enhance the uptake of nanoparticles into cells [131]. Fur ther more
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the transfection rate can be var ied by nanoparticles made from
thermoresponsive mate rial [132]. 

8.5.8 Enhancing Effectiveness of Nanoparticles and Nanoreactors in Human
(Stem) Cells–Understanding and Influencing the Uptake of
Nanostructured Materials in (Stem) Cells

Uptake of nanoreactors and nanoparticles into cells is a cru cial step for sev -
eral bio med i cal appli ca tions like cell label ing for mag netic res o nance tomog -
ra phy [133–136], transfection (see above), or drug tar get ing to dis eased
tis sue [137–139]. For the uptake of these nanostructured mate ri als fac tors
influ enc ing two impor tant pro cesses will be dis cussed in detail here: first
there is the inter ac tion to the cell sur face (adsorp tion/adhe sion), and sec -
ondly the inter nal iza tion by endocytosis into the cell. Fur ther mech a nisms
that are involved are intracellular traf fick ing and release of the mate ri als from 
endosomes and lysosomes. In order to be able to improve the cel lu lar uptake
into cells for advanc ing the pos si ble bio med i cal appli ca tions it is essen tial to
char ac ter ize both the inter ac tions of nanoparticles with the tar get cells, and
the endocytosis of the nanoparticles. The inter ac tion to the cell and the
uptake pro cess of poly meric nanoparticles into cells can be influ enced by sev -
eral param e ters, such as: a) an amphiphilic poly mer which is phys i cally
adsorbed on the nanoparticles’ sur face; b) sur face groups which are cova -
lently bound to the nanoparticles’ sur face; and c) the struc ture and mor phol -
ogy of the poly mer of the nanoparticles them selves. Espe cially par ti cle size
seems to be an impor tant fac tor in transfection effi ciency [140].

8.5.8.1  Uptake Modified by Surface Coating with Polymers

The uptake of nanostructured mate ri als can be effi ciently manip u lated by
using poly mers phys i cally adsorbed on the par ti cles’ sur face. These poly mers
are mostly cationic, pos i tively charged mol e cules and lead to an increase in
cell uptake. Prom i nent exam ples are poly(eth yl ene imine) (PEI), [141]
superfect [142], polyfect [96], lipofectamine [96], effectene [96], and
poly-l-lysine (PLL) [96, 142]. The dis ad van tage of phys i cally adsorbed poly -
mers is the pos si bil ity of detach ment and even tual tox ic ity at higher
con cen tra tions.

Cell adhe sion of the nanoparticles is depend ent on the inter ac tion of
the nanoparticles with plasma pro teins. Coat ings of the nanoparticles that
min i mize the inter ac tions with the plasma pro teins are mostly deriv a tives of
dex tran [142], but the effect is even more pro nounced with poly eth yl ene gly -
col (PEG) [143], poloxamers, and poloxamines [144–146].
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8.5.8.2 Uptake Modified by Covalently Bound Functionalization of the Surfaces

Another pos si bil ity of vary ing the uptake behav ior is the functionalization of
the par ti cles’ sur face by using groups which are cova lently bound to the par -
ti cles. This can be either unspe cific sur face mod i fi ca tions like alter ing the
sur face charge (see Fig ures 8.3 and 8.5), or attach ing anti bod ies or lig ands
for cel lu lar recep tors. Altered uptake behav ior in nonphagocytotic HeLa,
Jurkat, and mesenchymal stem cells was observed after sur face mod i fi ca tion
of poly sty rene (PS) nanoparticles with carboxy or amino groups (see Fig ure
8.3) [147, 148]. By copolymerization of sty rene with the hydro philic acrylic
acid, the amount of car boxyl groups on the sur face was var ied. A fur ther
increase of uptake can be accom plished by transfection agents like
poly-L-lysine or other pos i tively charged poly mers (see Fig ure 8.3). This
func tion al ity was also engrafted into the sur face of the nanoparticles by cova -
lently cou pling the car boxyl groups with lysine. The amount of iron that can
be transfected by these lysine-mod i fied nanoparticles was even higher than
with the nanoparticles with a transfection agent added, and there fore only
phys i cally adsorbed. 

While carboxy functionalized PS nanoparticles of a size of 100 nm only 
show a slight increase of total par ti cle uptake after 24 hours, com pared to
nonfunctionalized PS par ti cles of the same size, also amino functionalized
par ti cles can be obtained by a copolymerization pro cess with out the need to
employ a cou pling reac tion after nanoparticle syn the sis. These par ti cles show 
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Fig ure 8.5 Dif fer ences of adhe sion and uptake behav ior depend on the cell line. (a)
KG1a cells (model cell line for CD34+ HSC): amino-functionalized nanoparticles are
attached to the cell sur face and there fore are visu al ized in the over lay as yel low spots
(arrow). (b) MSC: amino-functionalized nanoparticles are taken up (arrow head). (c) HeLa 
(malig nant cell line): car boxyl functionalized nanoparticles are taken up (arrow head). For 
details, see [159].



an up to 40-fold increased in total uptake. These cationic sur faces resem ble
the coat ing of nanoparticles with cationic poly mers like SuperFect, and oth -
ers. Since transfection agents are toxic and not approved for clin i cal use, and
hence appli ca tions in human tri als and ther a peu tic inter ven tions are pro hib -
ited up to now, cova lently bond mol e cules are desired where the sur face of
the nanomaterials should be the deter min ing fac tor for cel lu lar uptake [149,
150]. Amino-functionalized nanoparticles with defined bio log i cally active
sur faces were there fore used for an effi cient uptake in stem cells with out the
need for transfection agents [148]. These uptake results dem on strate that
nanoparticles with cationic groups on their sur face enhanced the uptake rate
of par ti cles into cells with out using transfection agents com pared to
uncharged par ti cles into MSCs. An opti mal den sity of amino groups on the
sur face for uptake into MSC was defined in these exper i ments in our group.

In MSCs this label ing of the cells resulted in intracellular uptake into
com part ments resem bling endosomes with some small clus ters of
nanoparticles on the cell mem brane. In the other two cell lines–Jurkat (as
model for T-lym pho cytes) and KG1a (as model for HSC)–there was also a
cor re la tion between flu o res cence inten sity as mea sured by FACS, and the
den sity of amino groups on the sur face. Con fo cal laser scan ning micros copy
(see Fig ure 8.5) and trans mis sion elec tron micros copy revealed that with
these cell lines the flu o res cent nanoparticles were attached to the cell mem -
brane in clus ters that con sisted of nanoparticles, microvilli, and elec -
tron-dense mate rial. Thus, extracellular ver sus intracellular label ing depends
on the type of cell used. Label ing of these cell lines can also be achieved by
these cationic nanoparticles as the nanoparticle clus ters resisted three steps of
wash ing pro ce dures. While attach ment of the par ti cles to the cell mem brane
as the first step seems to be mostly affected by the sur face charge of the
nanoparticles, dif fer ences in the intracellular local iza tion between var i ous cell 
lines can be explained by dif fer ent endocytotic/pinocytotic prop er ties of the
cell lines HeLa, MSC, KG1a, and Jurkat. 

Adhe sion of nanoparticles and nanoreactors on the cell mem brane and
uptake into cells can be medi ated also by anti bod ies, which can be cou pled
on the nanoparticle sur face. Other pro teins or shorter pep tide sequences like
the pep tide sequences from Tat pep tide have also been used for enhanc ing
cel lu lar uptake [133]. 

If the unspe cific adhe sion or uptake of nanoparticles is not desir able,
the sur face needs to be “shielded.” This is done in order to increase the dif fer -
ence between unspe cific uptake and tar geted uptake. There fore nanoparticles 
with poly(eth yl ene gly col) (PEG) coat ing has been com pared with
folic-acid-coated nanoparticles (see also Fig ure 8.4). This resulted in a
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12-fold higher uptake rate for the folic-acid-coated nanoparticles after 4 hour 
incu ba tion [151]. A higher uptake rate of folate-coated nanoparticles com -
pared to PEG–coated nanoparticles was also found by Oyewumi et al. [152].

Apply ing the miniemulsion tech nique, flu o res cent dye labeled
unfunctionalized and functionalized poly(n-butylcyanoacrylate) nano-
 particles were pre pared [159]. Amino acid and MethoxyPEG func-
tionalization could be intro duced by using aque ous solu tions as ini ti a tor for
the anionic poly mer iza tion in heterophase. All pre pared par ti cles have sizes
smaller than 250 nm and neg a tive ζ-poten tials. The molar mass dis tri bu tion
of the poly mer is depend ent on the acid used as con tin u ous phase and the
applied ini ti a tor solu tion. Cells of three lines (HeLa, Jurkat, mesenchymal
stem cells) were incu bated with the par ti cles. The molar mass of the poly mer
deter mines the onset and extent of apoptosis, the total uptake is deter mined
by the size and functionalization of the par ti cles. Dif fer ent uptake kinet ics is
obtained with HeLa and Jurkat cells after incu ba tion with the same par ti cle
batch. The intracellular par ti cle dis tri bu tion, visu al ized by con fo cal laser-
scan ning micros copy, does not show sig nif i cant dif fer ences for either of the
cell lines or par ti cle batches.

8.5.8.3 Uptake Influenced by the Polymer of the Nanoreactors or Nanoparticle

Hydro philic and hydro pho bic poly meric sur face prop er ties of nanoparticles
are known to sig nif i cantly influ ence cell adhe sion in the uptake pro cess.
With increas ing hydrophobicity of the poly mer the attach ment on cells and
sub se quent inter nal iza tion is enhanced [153]. On the other hand, increas ing
hydrophobicity is ham per ing the appli ca tion of nanoreactors and nano-
 particles in cell cul ture media or in the blood cir cu la tion as the ten dency of
agglom er a tion increases with increas ing hydrophobicity.

Since the poly mer itself has an impor tant influ ence, it is expected that
the uptake behav ior of nanoparticles can be facil i tated if poly mers with a
high sim i lar ity to nat u ral struc tures are used. The terpene struc ture is found
in many chem i cal struc tures in nature, like in essen tial oils and phero mones.
In poly mer sci ence it is known as the mono mer isoprene. Flu o res cent
polyisoprene nanoparticles were syn the sized by the miniemulsion tech nique
as marker par ti cles for cells. The uptake of the nonfunctionalized
polyisoprene nanoparticles in dif fer ent adher ent (HeLa) and also sus pen sion
(Jurkat) cell lines is extremely good and fast com pared to other poly meric
par ti cles, and leads to high-load ing effi cien cies of the cell (see Fig ure 8.6).
The intracellular polyisoprene par ti cles are local ized as sin gle par ti cles in
endosomes dis trib uted through out the entire cyto plasm. When using addi -
tion ally poly-l-lysine as a transfection agent, the inter nal iza tion of par ti cles is
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increased, but clus ters of par ti cles are detected within the cell indi cat ing a
change of the uptake mech a nism (Fig ure 8.6). The uptake kinet ics show that 
par ti cle inter nal iza tion starts already dur ing the first min utes of incu ba tion
and is fin ished after 48 hours of incu ba tion. Since (unfunctionalized) poly -
sty rene par ti cles show a com pa ra ble low uptake behav ior in cell, the uptake
rates can be tuned by the amount of poly sty rene in polyisoprene/poly sty rene
copol y mer par ti cles. As polyisoprene nanoparticles are inter nal ized by dif fer -
ent cell lines that are rel e vant for bio med i cal appli ca tions they can be used to
label these cells effi ciently if a marker is incor po rated in the par ti cles. As
polyisoprene is not or hardly not bio de grad able, the par ti cles should be
suited for long-term appli ca tions. The remain ing dou ble bonds in the
polyisoprene latex can also be used to functionalize the poly meric par ti cles,
for exam ple in a two-step reac tion first by epoxidation and then a sub se quent 
SN2 reac tion [154, 155]. 
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Fig ure 8.6 Dif fer ences of poly meric par ti cles on uptake behav ior and intracellular
fate. Polyisoprene (PI, upper row) and poly sty rene (PS, lower row) nanoparticles show a 
dif fer ence in uptake kinet ics as illus trated by (a, b) where PI is taken up much faster
than PS. Also, the intracellular fate dif fers as PI par ti cles. (c) are as sin gle nanoparticles 
in intracellular com part ments while PS nanoparticles are taken up and stored in clus -
ters (d).



8.5.8.4 Uptake Influenced by the Size

In addi tion to the sur face char ac ter is tics, par ti cle size plays a cru cial role for
par ti cle inter nal iza tion in cells. Rejman et al. eval u ated the inter nal iza tion of
PS nanoparticles of var i ous sizes using nonphagocytotic B16 cells [156]. The
observed dif fer ences of the uptake char ac ter is tics were attrib uted to the
occur rence of two uptake mech a nisms. For par ti cles of a size of <200 nm a
clathrin-medi ated mech a nism is pro posed while a caveolae-medi ated mech a -
nism is likely to apply for par ti cles >200 nm. Macropinocytosis—another
uptake mech a nism—was not excluded in this study. Fur ther more Lai et al.
have shown that par ti cles of a size of around 20 nm are inter nal ized into
cells tak ing a hith erto unknown clathrin- and caveolae-inde pend ent path -
way [157].

On the other hand, size may not be the most effi cient way of alter ing
the uptake of nanoparticles. In a set of exper i ments we have com bined an
emul sion/sol vent evap o ra tion method and miniemulsion tech niques in for -
mu la tion of bio de grad able nanoparticles using dif fer ent poly mers such as
poly(L-lactide) (PLLA), poly(DL-lactide-co-glycolide) (PLGA), and poly
(ε-caprolactone) (PCL). Cel lu lar uptake of the obtained par ti cles was inves ti -
gated in Jurkat and HeLa cells. In the inves ti gated par ti cle size range of 80 to
206 nm, the surfactant on the par ti cles’ sur face had a greater influ ence than
the par ti cle size (unpub lished data). Uptake kinet ics reveals that the PLLA
and PCL par ti cles are endocytosed much faster than the poly sty rene ones.
This maybe explained by dif fer ent uptake mech a nism.

8.5.9 Future Directions for Nanoreactors and Mammalian (Stem) Cells

Most nanodevices man u fac tured today are not per form ing an active task in
the con text of mam ma lian (stem) cells, that is, they are rel a tively unre spon -
sive to their envi ron ment. Once the tech nol ogy of man u fac tur ing and alter -
ing the prop er ties of nanoparticles is fully har nessed they will become more
com plex and will be adap tive to their envi ron ment. We feel that we are just
on the edge of comb ing dif fer ent tech nol o gies so that nanoparticles and
nanoreactors can become “smart.” One impor tant step is the achieve ment of
nanocapsules as this enables us to have an inside/out side with a shell that can
be tai lored so that only cer tain mol e cules can enter or leave this com part -
ment. This seg re ga tion of inside/out side is the most impor tant fea ture of
cells as this enables us to build an ordered entity inside this com part ment
while the out side is get ting less ordered. This would then enable us to include 
functionalities into these com part ments that alter sub stances enter ing these
nanocapsules, get ting metab o lized, and then the prod ucts could be depos ited 
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in an ordered fash ion inside the nanocompartment. Fur ther more, cer tain
functionalities could only be acti vated in cer tain cell types or cell com part -
ments (e.g., depend ing on pH or other cel lu lar prod ucts like hor mones, spe -
cific met a bolic prod ucts, or enzymes). Thereby these nanocontainers would
be “silent” in nontarget cell types but active in the desired cell type. There
they could degrade unwanted cel lu lar prod ucts, such as reac tive oxy gen spe -
cies that harm cel lu lar func tions. 

Cer tainly, these goals will have to be achieved step by step and there
will be a long way ahead of us until we will see “nanorobots” that can repair
cer tain cell types in cell cul tures or even in vivo.
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