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6.1  Introduction

This chapter focuses on the synthesis, characterization, and applications of 
 bioconjugates of smart polymers and bioactive molecules such as drugs, peptides, 
enzymes, antibodies, viruses and cells. Bioconjugations with synthetic polymers 
have been a versatile way to add new value, advanced features and unique prop-
erties to inert biomolecules. Polymer-protein conjugates, for example, have been 
extensively investigated over the past 35 years. In 1970s, Ringsdorf [1] proposed 
a general scheme of designing a drug delivery system using a synthetic polymer 
backbone as a carrier for low-molecular weight drugs. The proposed system con-
tains solubilizing groups or targeting moieties that render water solubility and tar-
geting properties on the carrier. In 1980s, Hiroshi Maeda laid the foundations for 
Ringsdorf’s visionary model by showing efficient accumulation of polymer-anti-
tumor protein conjugates within tumors, so-call EPR (enhanced permeability and 
retention) effect [2]. Covalent attachment of polymer chains to bioactive mol-
ecules also offers the possibility of exerting control over their biological activity. 
This principle is now being widely exploited in pharmaceutical development, as 
covalent attachment of polyethylene glycol (PEG) to therapeutic proteins, called 
“PEGylation”, has been shown to improve the safety and efficiency without losing 
their biological functions [3]. Many PEGylated pharmaceuticals are currently on the 
market. This technology can be also used as a means to improve the in vivo pharma-
cokinetics of the viral vectors [4, 5] or to silence the antigenic response of red blood 
cells (RBCs) toward the development of universal blood transfusion [6–8].

Although polymer-conjugation studies are already well advanced, control-
ling the specific functions of these molecules in biological systems under chang-
ing conditions is difficult. In this context, smart polymer-protein conjugates have 
been also investigated over the past 30 years. The conjugation of smart polymer 
to single molecule can generate a nano-scale switch (Fig. 6.1). The early publica-
tions on smart-polymer conjugates were appeared in 1970s, where proteins were 
conjugated to carboxylated polymers that phase-separated either at low pH or by 
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the addition of calcium ions [9, 10]. Until today, pioneering work in this area has 
been carried out by Hoffman and co-workers [11, 12]. They first demonstrated 
the selective separation of certain proteins out of blood serum using “monomer 
conjugation plus copolymerization” method. They conjugated vinyl groups to a 
protein and then copolymerized the monomer-derivatized protein with hydroxy-
ethyl methacrylate (HEMA), causing it to phase separation because HEMA poly-
mer was not water soluble while HEMA monomer was water soluble. In 1980s, 
Hoffman and co-workers [13, 14] have further developed the thermally-induced 
phase separation immunoassay (TIPSIA) using temperature-responsive poly-
mers, such as poly(N-isopropylacrylamide) (PNIPAAm). PNIPAAm undergoes a 
sharp coil-globule transition in water at 32 °C (lower critical solution temperature: 
LCST), being hydrophilic below this temperature and hydrophobic above it. The 
PNIPAAm-monoclonal antibody conjugates thus enabled the partition and separa-
tion of target antigen in aqueous environment on the basis of solubility. Since then, 
many researchers have conjugated smart polymers to proteins for a great variety 
of applications in affinity separations [15, 16], enzyme bioprocesses [17–19], 
drug delivery [20–23], diagnostics and biosensors [24, 25], cell culture processes 
including tissue engineering [26–28], and DNA motors [29, 30]. Biomolecules 
that can be conjugated with smart polymers include not only proteins but also 
peptides [31, 32], polysaccharides [33–35], and DNA [25, 36], and lipids [37, 38] 
etc. Smart polymers may be conjugated randomly or site-specifically to biomol-
ecules to produce a new hybrid type of molecules that can synergistically com-
bine the individual properties of the two components to yield a large family of 
polymer-biomolecule systems that can respond to biological as well as physical 
and chemical stimuli. The activity of the overall conjugate can be regulated by alter-
ing the response stimulus, and how and where it is attached. There are many differ-
ent chemical reactions that can be used to derivatize polymer-reactive groups for 
subsequent conjugation to biomolecules. Polymers with pendant reactive groups 
can be synthesized using random copolymerization techniques with functional 

Stimuli

Fig. 6.1  Schematic illustration of a smart-polymer-conjugated enzyme. The smart polymer 
serves as a molecular antenna and actuator to reversibly turn the enzyme activity on and off in 
response to external stimuli
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comonomers. One of the most attractive advantages of random  copolymers is 
that they can be designed to react with more than one protein or at multiple sites. 
Polymer with only one reactive end group can be also synthesized using chain 
transfer polymerization techniques with chain transfer agents. Usually, the lysine 
amino groups are the easiest and preferred reactive sites for conjugation of pol-
ymers to proteins, but other possible sites include -COOH groups of aspartic or 
glutamic acid, -OH groups of serine or tyrosine and, especially, -SH groups of 
cysteine residues. Because the conjugations usually are designed to occur ran-
domly at lysine sites, the polymer may react with and conjugate to several dif-
ferent lysine sites on the same protein surface. If the amino acid sequence of a 
protein is known, on the other hand, site-specific mutagenesis of the protein may 
be used to substitute one amino acid at a specific site with another. For example, 
a cysteine residue can be introduced by such techniques to yield a mutant protein 
with an exposed thiol group. Then, polymers with terminal or pendant maleimide, 
vinyl, or vinyl sulfone groups can be conjugated to the protein. Stayton et al. [39] 
were the first to demonstrate the versatility of site-specific conjugation by con-
jugating PNIPAAm far away from and close to the active site of streptavidin. In 
another approach, non-natural amino acids may be inserted into a protein struc-
ture by genetic engineering of the protein expression process within cells [40]. 
Although coupling polymers to reactive sites on proteins allows the synthesis of 
conjugates from a library of preformed polymers (commonly called the “graft-
ing-to” approach), it is also possible to derivatize the thiol group with a polym-
erization initiator group via a disulfide linkage, and then polymerize the smart 
polymer directly from that particular site. This “grafting-from” approach is par-
ticularly well suited to the preparation of conjugates with high molecular weight 
homopolymers or block copolymers. This approach also offers the ease purifica-
tion because unreacted monomer is readily removed from the final polymer-pro-
tein conjugate.

In the following sections of this chapter, we review different types of smart pol-
ymer-biomolecule conjugates that have been developed in the last few decades. 
In Sect. 6.2, we describe the classifications of smart bioconjugates on the basis 
of conjugation routes and types of biomolecule that may be conjugated to a smart 
polymer. The characterization methods are discussed in Sect. 6.3. In Sect. 6.4, cer-
tain applications of the smart bioconjugates are discussed. The chapter ends with 
an overview of some of the future trends in applications in biotechnology and 
biomedicine.

6.2  Classification on the Basis of Conjugation Routes

Nowadays, a variety of bioconjugation techniques are known for both in vitro 
and in vivo studies. In general, conjugation of biomolecules can be broadly sep-
arated into two categories: (1) covalent and (2) noncovalent conjugations. The 
covalent conjugation is divided into three sub-categories: (a) random conjugation  
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(b) site-specific conjugation, and (c) grafting from approach using protein-reactive 
initiators. The noncovalent conjugation is divided into two subcategories: (d) 
receptor-ligand and (e) electrostatic conjugations (see Fig. 6.2).

6.2.1  Random Conjugation

The random conjugation has been achieved through pendant groups along the 
polymer backbone or one end of a polymer (Fig. 6.2a). Common types of ran-
dom conjugation are amine coupling of lysine amino acid residues through amine-
reactive succinimidyl esters, sulfhydryl coupling of cysteine residues with either 
other sulfhydryl groups or in a Michael addition via a sulfhydryl-reactive maleim-
ide. The use of N-hydroxyl-succinimidyl ester (NHS) is one of the most common 
methods for condensation reaction between a carboxylic acid and an amino group 
of membrane proteins. Other possible sites include -COOH groups of aspartic or 
glutamic acid, -OH groups of serine or tyrosine, and -SH groups of cysteine resi-
dues. For example, free-radical polymerization of NIPAAm initiated by 2,2’-azo-
bisisobutyronitrile (AIBN) with β-mercaptoethanol as the chain-transfer agent 
resulted in the α-hydroxyl-functionalized PNIPAAm. The α-hydroxyl group was 
then converted to the vinyl sulfone through coupling with divinyl sulfone in the 
presence of a base. Maleimides react selectively with the thiols of cysteine resi-
dues in the pH range of 6.5–7.5 via Michael addition. Multiple attachments are 
especially likely to occur if a polymer chain has multiple pendant amino-reactive 

(1) Covalent (2) Noncovalent

(a) Random

(b) Site-specific

(c) Grafting-from

(e) Electrostatic

(d) Receptor-ligand
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Fig. 6.2  Schematic illustration of polymer-protein conjugation methods by (1) covalent and (2) 
noncovalent modification. The covalent conjugation is divided into three subcategories: a ran-
dom conjugation, b site-specific conjugation, and c grafting-from protein-reactive initiators. The 
noncovalent conjugation is divided into two subcategories: d receptor-ligand and e electrostatic 
conjugation
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groups and the protein has multiple lysine sites. Conjugations via end groups, 
especially where there is only one reactive end group, usually yield conjugates 
that are the most clearly defined in structure and composition. Chen et al. [41] 
have compared the enzyme activity of α-amylase covalently immobilized with 
NIPAAm by single-point attachment and multiple-point attachment. α-Amylase 
immobilized to the polymer with a single functional end group had a higher activ-
ity than that immobilized to the polymer with multiple functional groups, and 
the specific activity can be higher than that of the free enzyme. However, the 
enzyme immobilized to the latter polymer is more thermally stable and the recov-
ery is better than with the former one. Matsukata et al. [42] have also compared 
the enzyme activity of trypsin covalently immobilized with NIPAAm by single-
point attachment and multiple- point attachment. The single-point attachment 
was achieved by conjugating a semitelechelic copolymer of NIPAAm with N,N-
dimethylacrylamide (DMAAm) with a single carboxyl end group to trypsin. The 
multiple-point attachment was achieved by conjugating a copolymer of NIPAAm 
with DMAAm and acrylic acid (AAc) to trypsin. The trypsin conjugated to the 
polymer with multiple points showed higher stability than that immobilized to the 
polymer with a single point. Polymers with only one reactive end group may be 
synthesized using traditional chain transfer polymerization techniques with mer-
captyl amines, carboxylic acids, or alcohols as chain transfer agents.

PNIPAAm with one carboxyl group at the end of the chain has been conju-
gated to β-d-glucosidase [43] and trypsin [44]. The carboxyl groups were acti-
vated using N,N’-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide 
(NHS). More than 95 % of the conjugate can be recovered by thermally induced 
precipitation. Takei et al. have polymerized a carboxyl-terminated PNIPAAm by 
polymerization with 3-mercaptopropionic acid, and it was used for conjugation to 
IgG via a coupling reaction of an activated ester with a protein amino group. The 
IgG-PNPIPAm conjugates reduced the original specific antigen binding activity 
by approximately 60 % [16]. More recently, “living” free radical polymerization 
methods, such as reversible addition-fragmentation chain transfer (RAFT) polym-
erization [45] and atom transfer radical polymerization (ATRP) [46], have been 
used to yield polymers with controlled MWs, narrow MW distributions, and one 
reactive end group. Amine-reactive polymers have been synthesized with NHS- 
and acetal-functionalized initiators for ATPR in order to target lysine side chains 
in proteins. The NHS-functionalized initiator was synthesized in one step by 
coupling NHS with 2-bromopropionic acid to form the 2-bromopropionate NHS 
ATRP initiator [47]. Acetal-functionalized initiators are employed because the 
resulting polymer can be hydrolyzed, exposing aldehyde groups for reaction with 
amines via reductive amination [48]. This functionalized initiator for ATRP was 
synthesized by reaction of 2-chloro-1,1-dimethoxyethane, followed by esterifica-
tion with 2-bromoisobutyryl bromide. One special feature of these controlled, liv-
ing free radical polymerizations is that block copolymers may also be synthesized 
where one or both of the blocks are smart polymers. In the latter case, the two 
blocks can have different responses to different stimuli [35, 49].

6.2  Classification on the Basis of Conjugation Routes
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In the case of random conjugation, however, problems in controlling the 
conjugation chemistry frequently arise because the number and location of 
lysine residues vary greatly in native proteins and because the location of reac-
tive groups on proteins is random. Thus, the stoichiometry of the protein-polymer 
conjugate and the attachment sites of the polymer to the protein cannot be pre-
cisely controlled, although they are factors that might have important implica-
tions for protein stability and function. These limitations can be circumvented 
by the appropriate design of polymer-protein conjugates.

6.2.2  Site-Specific Conjugation

Although random conjugation strategies offer facile procedures, the conjugated 
products are heterogeneously linked at different sites with distinct activity, bind-
ing efficacy, or in vivo pharmacokinetics. Therefore, site-specific conjugation 
strategies have been developed (Fig. 6.2b). If the amino acid sequence of a protein 
is known, site-specific mutagenesis (“genetic engineering” of the protein) may be 
used to substitute one amino acid at a specific site with another. For example, a 
cysteine residue can be introduced by such techniques to yield a mutant protein 
with an exposed thiol group. Then, polymers with terminal or pendant maleimide, 
vinyl, or vinyl sulfone groups can be conjugated to the protein (Fig. 6.3). These 
groups react preferentially with thiol groups rather than with lysine amino groups 
[39, 50]. Furthermore, pendant or terminal thiol or disulfide groups on smart poly-
mers may be used to form disulfide linkages of the polymer to the protein [51]. 
Such site-specific conjugation of smart polymers to proteins can be carried out 
either near or far away from the active site. In the former case, the protein activ-
ity can be directly affected. Thus, by stimulating the polymer first to collapse and 
then to rehydrate, the collapsed smart polymer coil can first “block” (turn “off’”) 
the protein active site, and then “unblock”’ (turn back “on”) the active site [52].  

(a)

(b)

(c)

(d)

Fig. 6.3  Thiol-reactive end-groups. a Vinyl sulfone end-group, b maleimide end-group, c a,w-
pyridyl disulfide end-group, and d methoxy carbonyl end-group
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However, it is expected that both the location of the conjugation site and the 
volume (or MW) of the smart polymer coil, either before or after collapse, can 
control protein activity. Krishnamurthy et al. [53] have reported dissociation con-
stants and “effective molarities” (Meff) for the intramolecular binding of a ligand 
covalently attached to the surface of a protein by oligo(ethylene glycol) (oEG) 
linkers of different lengths (n = 0, 2, 5, 10, and 20) and compared these experi-
mental values with theoretical estimates from polymer theory. They found a 
strong influence on enzyme inhibition of both the conjugation site and the MW of 
a PEG-inhibitor molecule conjugated at various sites on an enzyme (see Fig. 6.4). 
The value of Meff is lowest when the linker is too short (n = 0) to allow the ligand 
to bind noncovalently at the active site of the protein without strain. On the other 
hand, the value of Meff is highest when the linker has the optimal length (n = 2) to 
allow such binding to occur, and decreases monotonically as the length increases 
past this optimal value. These experimental results are not compatible with a 
model in which the single bonds of the linker are quantitatively compatible with a 
model that treats the linker as a random-coil polymer.

Chilkoti et al. [54] were the first to demonstrate the versatility of site-specific con-
jugation by conjugating PNIPAAm far away from the active site of cytochrome-
b5. A genetically engineered mutant of cytochrome-b5, incorporating a unique 
cysteine residue, was conjugated to maleimide end-functionalized PNIPAAm. 
Since the native cytochrome-b5 does not contain any cysteine residues, this substi-
tution provided a unique attachment point for the polymer. The resultant polymer-
protein conjugate displayed LCST behavior and could be reversibly precipitated 
from solution by varying the temperature. This approach has proved to be very 
versatile, and a large number of polymer-biopolymer conjugates incorporating bio-
logical components as diverse as antibodies, protein A, streptavidin, proteases, and 
hydrolases have now been prepared. The biological functions or activities of these 
conjugate systems were all similar to their native counterparts, but were switched on 

Fig. 6.4  Effective molarity 
(Meff) with linker length (n; 
related to the root-mean-
square distance between the 
ends of the linker) for an 
intramolecular protein-ligand 
binding event [53]
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or off as a result of thermally induced polymer phase transitions. Both temperature 
and photochemically switchable enzymes, which display varying and opposite 
activities depending on temperature or UV/Vis illumination, have also been dem-
onstrated [19, 55]. Pyridyl disulfide- and maleimide-functionalized initiators for 
ATRP have also been synthesized to enable conjugation to the free cysteines of 
proteins. Unlike targeting amines, this approach allows for the formation of well-
defined conjugates. The pyridyl disulfide-functionalized 2-bromoisobutyrate initia-
tor for ATRP was synthesized in two steps by the reaction of 2,2’-dithiopyridine 
with 3-mercapto-1-propanol to form pyridyl disulfide propanol [56]. Subsequent 
esterification yielded the ATRP initiator. An advantage of this approach is that no 
post polymerization modification of the chains was necessary prior to conjugate 
formation and that the conjugate formation was reversible. The maleimide initia-
tor for ATRP was synthesized in three steps beginning with a Diels–Alder reaction 
between maleic anhydride and furan to form 3,6-epoxy-1,2,3,6-tetrahydrophthalic 
anhydride [57]. Subsequent reaction with ethanolamine formed the protected 
maleimide alcohol, which was then esterified with 2-bromoisobutyryl bromide to 
afford the initiator.

Another approach for a site-specific conjugation is to take advantage of the pres-
ence of an N-terminal serine or threonine, which can be converted by very mild 
periodate oxidation to a glyoxylyl derivative [58], and to functionalize the poly-
mer with a complementary reactive function, the aminooxy group. An analogous 
method was shown to be straightforward for incorporating synthetic peptides into a 
protein backbone by introducing a hydrazide function at the C-terminus of one frag-
ment or peptide to be recoupled [59] and a glyoxylyl group at the N-terminus of the 
other. In the same way, the aminooxy function will specifically react with the gener-
ated aldehyde group at the N-terminus of the polypeptide to form an oxime bond, 
which is more stable than the hydrazone bond. This approach has already been 
exploited for the site-specific labeling of IL-8 at the N-terminus with an aminooxy-
functionalized fluorescent probe [60]. A convenient method for the construction of 
site-specifically modified polymer-protein conjugates by generating a reactive car-
bonyl group in place of the terminal amino group has also been reported [61]. If 
the protein has N-terminal serine or threonine, this can be achieved by very mild 
periodate oxidation and generates a glyoxylyl group. A method less restricted by 
the nature of the N-terminal residue, but which requires somewhat harsher condi-
tions, is metal-catalyzed transamination, which gives a keto group. The N-terminal-
introduced reactive carbonyl group specifically reacts, under mild acidic conditions, 
with an aminooxy-functionalized polymer to form a stable oxime bond.

6.2.3  Grafting from Protein-Reactive Initiators

Generating polymers directly from proteins at defined initiation sites provides the 
opportunity to evade all post polymerization modification strategies and protein-
polymer coupling reactions (Fig. 6.2c). An additional advantage of polymerizing 



245

directly from proteins is that the purification of the final bioconjugate from an 
unreacted monomer or catalyst is simplified. Also, the precise number and place-
ment of polymer chains is predetermined, thereby facilitating the synthesis and 
characterization of well-defined conjugates. RAFT and ATRP have been proven 
most effective for the synthesis of polymer-protein conjugates by the grafting-
from approach. ATRP is well suited for the preparation of bioconjugates by 
a grafting-from approach (Fig. 6.5). Early reports described the preparation of 
“protein-reactive initiators” of bovine serum albumin (BSA) [62] and chymot-
rypsin [46].

ATRP is well suited for the preparation of bioconjugates by a grafting-
from approach owing to its applicability to a wide range of monomers com-
monly polymerized in aqueous environments, such as (meth)acrylates and 
(meth)acrylamides. Heredia et al. [62] have developed a technique to produce 
well-defined conjugates via ATPR directly from a protein. Free cysteines, Cys-
34 of bovine serum albumin (BSA) and Cys-131 of T4 lysozyme V131C, were 
modified with initiators for ATRP either through a reversible disulfide link-
age or irreversible bond by reaction with pyridyl disulfide- and maleimide-func-
tionalized initiators, respectively (Fig. 6.5c and d). Polymerization of NIPAAm 
from the protein macroinitiators resulted in thermosensitive BSA-PNIPAAm 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 6.5  Protein-reactive initiators. a NHS, b acetal, c pyridyl disulfide, d protected maleim-
ide, e azide, and f biotinylated initiators for ATRP. g Biotinylated RAFT chain transfer agent. h 
Biotinylated-initiator for cyanoxyl-mediated polymerization

6.2  Classification on the Basis of Conjugation Routes
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and lysozyme-PNIPAAm in greater than 65 % yield. Bontempo and Maynard 
have also conducted polymerization directly from an SA macroinitiator [63]. 
The protein initiator was formed by coupling a biotinylated ATRP initiator with 
SA in phosphate-buffered saline (PBS)-methanol to obtain an SA macroinitia-
tor (Fig. 6.5f). Polymerization of NIPAAm in water at ambient temperature with 
copper bromide and 2,2’-bipyridine (bipy) formed the SA-PNIPAAm conjugates. 
Polymerization was conducted in the presence of 2-bromoisobutyrate-functional-
ized Wang resin as the sacrificial initiator in order to increase the concentration of 
initiation sites. Le Droumaguet and Velonia [64] reported on the facile and high-
yielding ATRP-mediated preparation of a giant amphiphile of BSA-polystyrene. 
In this work, a maleimide-capped ATRP initiator was synthesized and coupled to 
C34 of BSA under a mild condition. Depp et al. [65] have reported a compari-
son of the in vitro serum stability and enzyme activity retention for PEGylated 
chymotrypsin along with biocompatible chymotrypsin conjugates prepared by 
polymerizing from chymotrypsin covalently modified with an ATRP initiator. 
The chymotrypsin-initiated ATRP conjugates had higher catalytic activity than 
PEGylated chymotrypsin. These exciting results suggest that polymerizing from 
proteins is promising for the development of long-lasting biocompatible pharma-
ceuticals. Magnusson et al. [66] have also demonstrated improved pharmacoki-
netic properties upon polymerization from recombinant human growth hormone 
(rhGH) via ATRP. Gao et al. [67] have reported PEG conjugates via site-specific 
polymerization from the N-terminus of myoglobin and the C-terminus of green 
fluorescent protein (GFP) [68].

Despite the success of ATRP for the synthesis of polymer-protein conjugates, 
the reliance on transition metal catalysts has often been cited as a potential con-
cern. In this respect, RAFT becomes a highly useful method for the synthesis of 
polymer conjugates. Polymer conjugates have been prepared by polymerization 
from protein modified with suitable RAFT chain transfer agents. The RAFT agent 
(Z-C(=S)S-R) is immobilized to the biological substrate via its R-group such that 
the thiocarbonylthio moiety is distal to the protein and readily accessible for chain 
transfer with propagating chains in solution, a key step of the RAFT mechanisms 
responsible for molecular weight control. Moreover, this “R-group approach” 
leads to the relatively labile thiocarbonylthio group residing on the free end of the 
immobilized polymer such that it is not responsible for the conjugation linkage. 
Therefore, the conjugates prepared in this way may demonstrate increased stabil-
ity and the potential for transformation into thiol groups for subsequent surface 
immobilization, labeling, or chain extension. For example, a RAFT agent contain-
ing an activated ester was conjugated to amines on lysozyme, and NIPAAm was 
polymerized by grafting directly from the modified protein in aqueous buffer [69]. 
Retention of the active thiocarbonylthio moieties on the ω end of the conjugated 
chains allowed chain extension via polymerization of N,N-dimethylacrylamide 
(DMAAm) to yield lysozyme-PNIPAAm-b-PDMAAm block copolymer conju-
gates. De et al. [70] have prepared PNIPAAm-BSA conjugates by RAFT polym-
erization from a macro-RAFT agent prepared by modifying the BSA at its single 
reduced cysteine residue. This was accomplished in aqueous media. Hong and 
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Pan [71] synthesized PNIPAAm-b-poly(N-(2-hydroxylpropyl)methacrylamide) 
(PHPMA) via one-step RAFT polymerization using biotinylated trithiocarbonate 
as the RAFT agent (Fig. 6.5h). An alternative approach for the formation of well-
defined polymer-protein conjugates involves immobilization of the RAFT agent to 
the protein via its Z-group. While not strictly a grafting-from process, this highly 
efficient “transfer-to” method was the first reported to lead to polymer-protein 
conjugates directly during RAFT polymerization [72]. A benefit of this approach 
is that having the polymer linked to the protein via its Z-group ensures that only 
dormant “living” chains are conjugated, because all termination products remain 
in solution. Additionally, to allow separate characterization of the polymer or for 
in vivo applications in which triggered chain cleavage is beneficial, having the 
polymer and protein linked via the relatively labile thiocarbonylthio group can be 
advantageous.

In another approach, nonnatural amino acids may be inserted into a protein 
structure by genetic engineering of the protein expression process within cells, 
combined with appropriate cell culture conditions [40, 73–76]. Figure 6.6 shows a 
variety of nonnatural amino acids bearing different reactive groups. Recently, the 
synthesis of a nonnatural amino acid bearing an ATRP initiating group, 4-(2’-bro-
moisobutyramido) phenylalanine, and its genetic expression into the GFP have 
been reported [77, 78]. This was accomplished using an engineered M. jannaschii 
tyrosyl tRNA/aminoacyl-tRNA-synthetase pair vector in E. coli. By using genetic 
engineering, the specific placement of the initiating amino acid was selected to be 
expressed at the 134 position of GFP, thereby protecting the protein’s active sites 
and structurally weak regions. Furthermore, genetic engineering allows precise 
control over the number of chains attached (i.e., the number of initiation sites) to 
the protein, overcoming a primary drawback of traditional protein-polymer conju-
gates. Thus, genetically engineered proteins have unique capabilities to solve some 
of the traditional limitations of smart conjugates.

6.2.4  Receptor-Ligand Conjugation

An alternate route to prepare well-defined protein reactive polymers involves using 
polymers containing ligand end-groups (Fig. 6.2d). The near-covalent bond between 
SA and biotin has generated much interest in the synthesis of polymers with biotin 
end-groups for applications in biotechnology owing to the high-affinity interaction 
with Ka ≈1015 M−1. The naturally occurring carboxylic acid of biotin presents an 
easy handle for modification. Biotinylated smart polymers have been synthesized for 
conjugation to both SAs. Kulkarni et al. [79] synthesized a biotinylated PNIPAAm 
via RAFT polymerization of NIPAAm. Hydrolysis of the dithioester end-group 
in a methanol-aqueous sodium hydroxide solution resulted in a thiol-terminated 
PNIPAAm. Subsequent coupling with a maleimide-functionalized biotin formed the 
biotinylated PNIPAAm. Aggregation of mesoscale SA-PNIPAAm particles prepared 
from these conjugates was investigated for potential use in microfluidic devices 
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for the capture and release of biomolecules [80]. Giant amphiphiles comprised of 
an SA-polystyrene conjugate were synthesized through the use of a biotinylated 

Fig. 6.6  Structures of non-natural amino acids carrying a variety of specialty side groups
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polystyrene [81]. The biotin functionality was introduced via coupling of an  
amine-functionalized biotin derivative with a carboxylic acid-terminated poly-
styrene. Cofactor reconstitution of horseradish peroxidase (HRP) was also dem-
onstrated to prepare amphiphilic, bioactive protein-polymer conjugates [82]. 
A cofactor-terminated polymer was synthesized via amidation between a car-
boxylic-acid-terminated polystyrene and a monoprotected diamine. Subsequent 
deprotection to form the free amine, coupling with one carboxylic acid group of 
protoporphyrin IX, and addition of ferrous chloride tetrahydrate resulted in a pol-
ystyrene cofactor. HRP was reconstituted with the polymeric cofactor, resulting 
in vesicular aggregates that displayed enzymatic activity. This approach has great 
potential for producing controlled nanostructures of bioactive enzymes and pro-
teins for biotechnology applications. Sun and colleagues [83, 84] have employed 
a biotinylated initiator for cyanoxyl-mediated free-radical polymerization of gly-
comonomers. The arylamine initiator was synthesized in two steps after coupling 
an NHS-activated biotin with p-nitrobenzylamine and reducing the nitro group 
with hydrogen/palladium. The formation of the diazonium salt followed by the 
addition of sodium cyanate and glycomonomer generated the biotinylated poly-
mer. SA-glycopolymer conjugates were readily achieved by the interaction of the 
two species. The biotinylated ATRP initiators were also synthesized by activating 
the carboxyl group of biotin with N,N’-disuccinimidyl carbonate, followed by the 
addition of 2-(2-aminoethoxy)ethanol. Esterification of the resulting alcohol with 
2-chloropropionic acid or 2-bromoisobutyric acid formed the biotin ATRP initiators. 
Biotinylated PNIPAAm was synthesized from these initiators [85].

6.2.5  Smart Conjugations with Multiple Proteins

The majority of protein-polymer conjugates contain one protein and one to sev-
eral polymer chains. Recently, homo- and heterotelechelic bioreactive polymers 
have been synthesized. The incorporation of the same protein onto each end of a 
polymer generates a triblock material with a wide range of possible applications. 
The polymer should provide the same benefits as described above, and in addi-
tion, exhibit higher binding affinities than mono-functionalized conjugates with 
improved pharmacokinetics over dimers synthesized using small molecules.

ATRP telechelic polymers have been prepared by employing bis-functional 
initiators, with subsequent transformation of the halogen chain ends (Fig. 6.7a). 
Kopping et al. [86] reported the synthesis of aminooxy-end functionalized poly-
styrene using ATRP followed by ATR coupling. A 1-bromoethyl ATRP initiator 
with an NHS group was used to polymerize styrene by copper-mediated ATRP 
with a high initiator efficiency. Polymerization kinetics showed that polymers 
were produced with the targeted molecular weights and low PDIs. Subsequent 
ATR coupling and deprotection with hydrazine yielded the telechelic aminooxy 
end-functionalized polymers. End-group reactivity was demonstrated using 
4-bromobenzaldehyde as a model to confirm efficient and complete oxime bond 
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formation. In a similar manner, cysteine reactive telechelic polystyrene was also 
synthesized [87]. In this example, a dimethylfulvene-protected maleimide-func-
tionalized ATRP initiator was used to polymerize styrene. The authors have also 
reported the straightforward synthesis of homodimeric protein polymer conjugates 
by RAFT polymerization that exploits the inherent reactivity of trithiocarbonate 
end-groups [88]. A telechelic maleimide-end-functionalized PNIPAAm was syn-
thesized by RAFT polymerization. Subsequent radical addition of the protected 
maleimide azo-initiator to the chain ends and retro-Diels Alder afforded the tel-
echelic maleimide-end-functionalized PNIPAAm. Conjugation to a V131C mutant 
T4 lysozyme with only one reactive cysteine gave the protein dimer. Four-armed 
PNIPAAm was also synthesized by RAFT polymerization in the presence of a 
tetrafunctionalized trithiocarbonate chain transfer agent (CTA) (Fig. 6.7b) [89]. 
Maleimide functional groups were introduced at the chain ends by heating the 
polymers in the presence of a furan-protected azo-initiator. This allowed for site-
specific conjugation of V131C T4 lysozyme to the polymers to generate multim-
eric protein-polymer conjugates. This simple strategy provides ready access to star 
protein-polymer conjugates for application in the fields of drug discovery, drug 
delivery, and nanotechnology.

Heterodimeric conjugates offer other interesting possibilities. A variety of strat-
egies have been extended toward the synthesis of heterodimeric protein-polymer 
conjugates (Fig. 6.7c). An α-azide, ω-pyridyl disulfide CTA was used to produce 
well-defined PNIPAAm [90]. The azide was utilized for a Huisgen cycloaddition 
with an alkyne-functionalized biotin, allowing for conjugation to SA. The pyridyl 
disulfide was used for the reversible conjugation of glutathione or BSA. Heredia et 
al. [91] have demonstrated the ability to synthesize heterodimeric protein-polymer 
conjugates via radical coupling with a furan-protected azo-initiator to biotinylated 

(a)

(c)

(b)

Fig. 6.7  Design of telechelic-bioreactive polymers. a Homodimeric [86–88], b multimeric [89], 
and c heterodimeric protein-polymer conjugates [90–92]
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PNIPAAm synthesized by RAFT. NIPAAm was polymerized in the presence of 
a biotinylated CTA and biotinylated CTA with a disulfide between biotin and the 
site of polymer growth [92]. BSA was then conjugated to the maleimide end-
group of both polymers. The ability to tether two biomolecules would allow for 
surface immobilization or attachment of various tags, fluorophores, peptides, anti-
bodies, and other proteins to be linked to the biomolecule-polymer conjugate of 
interest.

6.2.6  Electrostatic Conjugation

Electrostatic interactions also represent an interesting class of noncovalent con-
jugations useful for stabilizing proteins via multiple-point attachment (Fig. 6.2e). 
Although the resulting conjugates are less well-defined than their analogs prepared 
by single-point attachment, the multi-point attachment of enzymes to polymers has 
been widely studied and is considered to be the most general approach to stabi-
lize these proteins against different denaturing conditions [93]. Indeed, multi-point 
attachment has increased the thermal stability and enzymatic activity of various 
enzymes. It has also been reported that ionic interactions between the polymer/
enzyme played a role in the pH-dependent activity profiles of the conjugate [94]. 
Several groups have explored the interactions of cationic polymers and DNA [95]. 
Both electrostatic and hydrophobic interactions contribute to the formation of com-
plexes between cationic polymer/DNA. Because many cationic polymers can con-
dense DNA spontaneously, a series of chemically different cationic polymers are 
currently being investigated for gene delivery applications. The cationic polymer/
DNA binding has also been utilized in a microarray format for the sensitive detec-
tion of DNA without the need for target labeling. Electrostatic conjugation has also 
been employed for the surface coating of cells or viruses represented by a layer-
by-layer (LbL) technique of anionic and cationic polymers. The versatility of this 
technique allows for the construction of a thin polymer layer on the surface. In 
addition, the surface property can be controlled by the outermost layer of the poly-
mer [96]. When the LbL method is applied on the erythrocyte surface, a camou-
flage shell can prevent antibody recognition [7, 8]. The multilayered film consisting 
of a protective shell and a camouflage shell was successfully created on RBCs 
through the LBL technique by Mansouri et al. [8]. A drawback of this technique 
is cytotoxicity when polycations are used as the first layer, which directly inter-
acts with the cell surface. In addition to mammalian cells, electrostatic conjugation 
of surface proteins has evolved into a powerful tool for engineering the surfaces 
of viruses, bacteria, and yeast cells, for example. The viral surface can potentially 
be modified to provide a better means of preparation, purification, concentration, 
detection, tracking, imaging, and targeting for diagnostics, vaccine development, 
and drug/gene therapy. We have successfully created a nanoscale layer of hyalu-
ronic acid (HA) on inactivated Hemagglutinating Virus of Japan Envelope (HVJ-E) 
via an LbL assembly technique for CD-44 targeted delivery [97].

6.2  Classification on the Basis of Conjugation Routes
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6.2.7  Elastin-Like Polypeptides

Recombinant artificial elastin-like polypeptides (ELPs), which are composed of 
Val-Pro-Gly-Xaa-Gly amino acid repeat units (Xaa is a ‘guest residue’ except pro-
line), were reported to replace synthetic smart polymers as smart bioconjugates. 
Interestingly, ELPs are water soluble below their transition temperature, but they 
precipitate owing to their aggregation caused by hydrophobic interactions above 
the transition temperature. The phase transition temperature can be precisely con-
trolled by varying the chain length and peptide sequence. Various ELP versions 
responsive to pH, light, and other stimuli, such as an electrochemical potential or 
analyte concentration, can be found in the literature. Rodríguez-Cabello et al. [98] 
have developed the ELPs that presented modulated pH and T sensitivities covering 
the most interesting range of biomedical applications. ELPs have also been modi-
fied with photoresponsive molecules such as azobenzenes and spiropyranes. A series 
of experiments have been performed by Urry [99] for the study of designed ELPs 
for more than a decade. The genetically engineered protein-based polymers can 
provide many advantages. First, they will, in principle, be able to show the same 
simple or complex properties present in natural proteins. In this sense, this method 
offers an opportunity to exploit the huge functional resources that have been hoarded 
and refined to the extreme by biology during the long process of natural selection. 
Second, we can design and produce materials exhibiting desired functions of partic-
ular technological interest because we can construct a coding gene. Third, they are 
characterized as being strictly monodisperse and can range from a few hundred dal-
tons to more than 200 kDa. Fourth, the number of different combinations attainable 
by combining the 20 natural amino acids is practically infinite. In a simple calcula-
tion, the number of possible different combinations to obtain a small protein consist-
ing of 100 amino acids is as high as 1.3 × 10130. The smart response of ELPs has 
already found applications in different fields. For example, Chilkoti and colleagues 
have designed temperature- and pH-responsive ELPs for targeted drug delivery [23]. 
They have obtained responsive ELPs that conjugate to drugs and enable thermally 
targeted drug delivery to solid tumors with their transition temperature between 
body temperature and the temperature in a locally heated region [100]. In another 
example, Kostal et al. [101] have designed tunable ELPs for heavy metal removal. 
The presence of the histidine clusters enabled Cd2C to bind strongly to the biopoly-
mers. Recovery of biopolymer-Cd2C complexes was easily achieved by triggering 
aggregation upon increasing the temperature above the transition temperature.

6.3  Characterization Methods

A variety of techniques for characterizing bioconjugates have been reported in the lit-
erature. The most commonly used methods include microscopy, spectroscopy, scat-
tering, mass spectroscopy, and thermal technique. Some of the most recently used 
methods for conjugate characterization are described in the following subsections.
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6.3.1  Determination of Molecular Sizes

Owing to an important influence of polymer architecture on the grafting process, 
the determination of the molecular weight is necessary. Gel permeation chroma-
tography (GPC) is an established method of determining the molecular mass of 
polymers. The detectors used are either refractive index (RI) or ultraviolet (UV) 
detectors. Compared with other methods of analysis, such as osmometry and static 
light scattering, it has the advantage that it determines not merely average values 
but the complete distribution of molecular weights. In GPC, molecules are sepa-
rated according to their hydrodynamic volume. Their molecular weights (MWs) 
and molecular weight distributions can be determined from the measured retention 
volume (RV) using a calibration curve (log MW against RV), which must be set up 
with the aid of a number of standards of known molecular weight. However, as the 
relationship between molecular weight and size depends on the type of polymer, 
the calibration curve depends on the polymer used, with the result that true molec-
ular masses can only be obtained if the calibration standards and the sample are of 
the same type. In all other instances, the results are only relative. Large deviations 
from the true molecular weight occur in branched samples in particular, because 
the molecular density in such a case is substantially higher than in linear chains.

To overcome this limitation and meet the growing demand for the characteri-
zation of increasingly complex polymers, detectors sensitive to molecular weight, 
such as light scattering, can be used in GPC. The signal of light-scattering detectors 
is directly proportional to the molecular weights of the polymers. The concentration 
and refractive index increment (dn/dc) must be known to determine the molecular 
mass. The advantage of light scattering in GPC is that the molecular weight can 
be directly determined without a calibration curve, provided that the signal-to-
noise ratio is adequate for this. When it comes to determining the structure, on the 
other hand, viscosity detectors are more suitable, because they measure structural 
differences directly and can be used over a substantially wider range of molecular 
weights. Therefore, triple detection combines these detection capabilities into a sin-
gle system to give true molecular weight distributions as well as size distributions 
and further structural information, such as the degree of polymer branching.

Mass spectrometry (MS) also deals with accurate mass measurement by 
producing charged molecular species in vacuum and their separation by mag-
netic and electric fields on the basis of the mass-to-charge ratio. Because MS 
requires the ability to deconvolute molecular fragments, it is more appropri-
ate for low-molecular-weight derivatized proteins and conjugates. The devel-
opment of matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) allows the ionization of fragile macromol-
ecules such as proteins of 105 molecular weight without promoting decom-
position. Therefore, MALDI-TOF-MS is an attractive approach for the 
determination of the accurate molecular weight of intact proteins [88, 102]. 
Tao et al. used MALDI-TOF-MS to determine the architecture of multimeric 
lysozyme/PNIPAAm conjugates. They prepared polymer samples by mixing 
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trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DTCB) 
matrix, potassium trifluoroacetate, and polymer in a ratio of 5:1:5 v/v/v [89]. The 
MALDI-TOF spectra gives an MW of 5470 Da for four-armed PNIPAAm, which 
was close to the theoretical value (6,000 Da) (Fig. 6.8a). Aminolysis with butyl-
amine was utilized to cleave the arms from the core to confirm that the polymer 
contained four arms of similar molecular weight. The mass of the cleaved arms 
was 1,435 Da (theoretical value, 1,351 Da) (Fig. 6.8b). This result suggested 
that the desired four-armed star had been synthesized. The choice of the matrix 
depends on the type of analyte to be analysed.

6.3.2  Determination of Conjugation

A number of methods have demonstrated wide utility in the characterization of 
polymer/bioconjugates. Gel electrophoresis (GE) and GPC can be used to com-
pare conjugate molecular weight to native protein and provide a semiquantitative 
measure of conjugate polydispersity. In GE, the presence of more than one con-
jugate band for a given conjugation protocol indicates a polydisperse conjugate 

(a) (b)

5,470

14,306

1,435

Fig. 6.8  MALDI-TOF spectra of four-armed PNIPAAm before a and after b aminolysis with 
butylamine [89]
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population. The free (unconjugated) polymer usually results in a blurry band. 
Therefore, an ion exchange column or thermal precipitation may be needed to 
remove the conjugates from the free polymer. When protein is reacted with pol-
ymer to form 1:1 protein:polymer conjugates, several distinct bands are usually 
visualized. Each band corresponds to an integer multiple of polymer, indicating 
that there is a significant population of conjugates with more than one polymer 
per protein. This can be rationalized using the polymer micelle results. Tao and 
coworkers have performed sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) analysis to determine the resulting structure of homodimeric 
lysozyme/PNIPAAm conjugates [88]. After Coomassie staining, the gel revealed 
two new spots with higher molecular weight than that of unmodified lysozyme. 
These new spots were attributed to the monomer and dimer protein/polymer con-
jugate adducts (Fig. 6.9). They have also performed SDS-PAGE analysis to deter-
mine the structure of heterotelechelic SA-BSA/PNPAAm conjugates [91]. Blue 
fluorescent SA was used to enable visualization by UV light and Coomassie Blue 
staining. SDS-PAGE of the SA-BSA heterodimer was observed first under UV 
light and then with Coomassie Blue stain. Using both visualization techniques, it 
was clarified that the SA was present in the conjugate and that the SA-BSA heter-
odimer was formed.

When biotinylated PNIPAAm is conjugated to SA, 2-(4’-hydroxyazoben-
zene) benzoic acid (HABA) assay can be used to characterize the binding sto-
ichiometry of PNIPAAm to SA. In the HABA assay, displacement of HABA 
from SA by biotinylated polymer results in a loss of absorbance by HABA at 
500 nm. This change in absorbance can be compared with a standard curve for 
the measurement of the average protein:polymer ratio. For molecular weights 
lower than 20 kDa, no more than four polymers may be added to a single SA. 
When the polymer molecular weight is above 20 kDa, only one polymer may be 
added to a given SA face, resulting in a maximum of two polymers per protein. 
By mixing SA:30 kDa PNIPAAm in a 1:1.5 mol ratio, conjugates with an aver-
age of 1:1 polymer:protein were created. These conjugates should provide one 
open face for subsequent biotin binding and are useful for further conjugation 
reactions.

Fig. 6.9  SDS-PAGE 
analysis of the homodimeric 
lysozyme-PNIPAAm 
conjugates a stained with 
Coomassie blue and b 
visualized with UV light 
(lane A: control; lane B: 
conjugates; lanes C and D: 
lysozyme only) [88, 89]

(a) (b)
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6.3.3  Structural Analysis

Circular dichroic (CD) spectroscopy has also been applied to examine the changes in 
the tertiary structure of the enzyme before and after conjugation. CD has proved to 
be extremely useful in understanding the various structural elements in proteins, and 
structural transitions from order to disorder can be well documented by CD. Yan et al. 
[103] measured the CD spectra of the native trypsin and the conjugated trypsin with 
poly(3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) (PDMAPS). 
The native trypsin has 8.6 % α-helix and 32.3 % β-sheet, while the conjugated trypsin 
has 7.17 % α-helix and 24.8 % β-sheet. The conjugation with PDMAPS had a weak 
effect on the content of the α-helix but a slightly stronger effect on the content of the 
β-sheet, leading to a reduction from 30.3 to 24.8 %. Sharma et al. [104] conjugated 
α-chymotrypsin with Eudragit S-100. The CD showed that there are definite changes 
in the secondary structure upon immobilization. The small α-helical content is totally 
gone and there is a decrease in the content of the β-sheet/β-turn structure. The ran-
domness in the structure increased by about 17 %.

6.3.4  Determination of Transition-Point

The phase separation behavior of smart bioconjugate aqueous solutions has 
been investigated in the literature by a wide variety of experimental techniques, 
including IR spectroscopy, viscometry, light scattering, 1H NMR spectroscopy, 
fluorescence, calorimetry, Raman spectroscopy, and FTIR spectroscopy. These 
experimental techniques can provide different information during phase separation 
of smart polymers. The simplest method of detecting a point of phase separation 
in aqueous polymer solutions is the cloud-point method. It is based on a visual 
observation of the macroscopic phase separation at a specific temperature, pH, or 
salt concentration. The strong increase in the scattering intensity results from the 
grown concentration fluctuations near the critical point when the size of those fluc-
tuations exceeds the wavelength of the scattered light. Usually, a standard UV-Vis 
spectrophotometer is used to determine the cloud point. One of the major advan-
tages of this method is rapid and easy measurement. However, the cloud-point 
method only measures the relative changes in scattering intensity in the course of 
nearing the transition point. In addition, the solution may remain transparent, and 
it may be difficult to determine the phase transition point based on visual observa-
tion or even with the use of a UV-Vis apparatus.

Thermal techniques can aid in determining the thermal stability of the biomol-
ecules. Differential scanning calorimetry (DSC) is used to study various material 
transitions including melting, crystallization, glass transition, and decomposition. 
DSC is an inexpensive and rapid method of measuring heat capacities of con-
densed phases. From these measurements, enthalpy changes for phase transitions 
can easily be determined. DSC has been applied to a wide variety of problems, 
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from coal combustion to protein denaturation. Subsequent analysis can indicate 
the state of the bioconjugate, including the stability of the biomolecules, and struc-
tural information on both the polymer and biomolecule.

The light scattering (LS) technique is the most precise method of observing the 
process of phase separation not only in the polymer solutions, but also in binary 
mixtures of organic solvents. Static light scattering (SLS) allows one to follow 
the growing fluctuations of concentration by recording the scattering intensity at 
the scattering angles suitable for the hydrodynamic regime. DLS allows one to 
detect changes in the hydrodynamic size and shape of macromolecules and their 
aggregation following their precipitation in the course of transition. Kulkarni et al. 
[79] observed reversible particle formation and dissolution kinetics of mesoscale 
PNIPAAm/streptavidin conjugates by DLS. The scattering intensity in counts per 
second (CPS) was used as an index of nanoparticle formation, since sizing meas-
urements cannot be performed within short time intervals. The transition from 
soluble conjugates to particles was found to be rapid (within 20 s) and to occur 
in a narrow temperature range at the critical point. The time lapse of ca. 100 s 
was observed after the temperature of the solution increased because there was 
an induction period with early nucleation events. After reversal of the temperature 
stimulus, the scattering intensity decreased by more than 90 % within 2 min. The 
particle formation and dissolution kinetics of smart bioconjugates also depend on 
the concentration. The particle size increases with the concentration of the biocon-
jugate. Interestingly, the particles were stable once formed (>16 h) and further dilu-
tion at the elevated temperatures did not significantly affect the size of the particles. 
Particle sizes were comparable for the 25.9, 14.9, and 4.8 kDa conjugates, with no 
significant change in size with a change in molecular weight (Fig. 6.10). The parti-
cle sizes also depend on the molecular weight of the PNIPAm used for conjugation. 
Conjugates of higher molecular weight polymers form more uniform particles. 

Biotinylated PNIPAAm only 

PNIPAAm/SA conjugates 

Fig. 6.10  DLS analysis of the particle formation kinetics of mesoscale PNIPAAm/SA conju-
gates above the LCST. The particles formed by the PNIPAAm/SA conjugates are stable in size 
for over 16 h. In contrast, aggregates of biotinylated PNIPAAm aggregated over time into larger 
particles [79]

6.3  Characterization Methods
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The heating rate is also important for particle formation of smart bioconjugates. 
Smaller particles were formed at higher heating rates, and nanoparticles of fixed 
sizes could be formed by varying the heating rate. For example, the size of the 
14.9 kDa PNIPAAm-streptavidin conjugate could be tightly controlled to 675 nm 
at a concentration of 1 μM by choosing a heating rate of 0.12 °C/s. The particles 
had a wider distribution when formed at lower heating rates. On the other hand, the 
final temperature did not affect the particle size significantly. These results indicate 
that the particle size is largely governed by the kinetics of aggregation at defined 
concentrations and polymer molecular weights.

6.3.5  Determination of Catalytic or Binding Activity Assay

One of the most important characterizations for polymer/protein conjugates to 
exploit is the effect of polymer conjugation on the protein activity. Heterogeneity 
in the structure is generally reflected in the biological properties of the conjugate 
and often results in decreased protein activity. Enzyme activities are determined 
by measuring the amount of product that is formed when an enzyme acts upon a 
specific substrate. The speed at which the enzyme acts upon a substrate and con-
verts it to a product is affected by several factors, including the specific substrate 
that is used in the reagent, the concentration of the substrate, the pH of the rea-
gent containing the substrate, and the presence or absence of certain compounds 
in the reagent that modulate the rate at which an enzyme can work. Heredia et al. 
[62] compared the lytic ability of the PNIPAAm/lysozyme with respect to the lyo-
philized substrate Micrococcus lysodeikticus. Lysozyme, lysozyme initiators, and 
isolated lysozyme conjugates were prepared with equal protein concentrations, 
and then the enzyme solution was mixed with M. lysodeikticus solution. Upon cell 
wall lysis, the solution became less turbid, and this decrease in absorbance was 
monitored at 450 nm. Activity was expressed in activity units (AU). One AU is 
defined as a change in absorbance of 0.001 per min. The lytic activity assay was 
also performed on the lysozyme conjugates using fluorescein-labeled M. lysodeik-
ticus. When protein/polymer conjugates were prepared by polymerization from the 
initiator-modified proteins, the enzymatic activity was fully retained. Therefore, 
creating well-defined conjugates is important, and site-specific modification of the 
protein is a better approach for preparing such biomolecules.

Site-specific modification of proteins is also important for directed immobiliza-
tion onto surfaces and ensures that biorecognition sites are accessible. For smart 
polymer switches, placement of the polymer chain near the protein or enzyme 
active site is critical for reversible activity control. Shimoboji et al. [19, 55] have 
successfully demonstrated thermally or photoinduced switching of enzyme activ-
ity on the basis of the site-directed conjugation of end-reactive smart polymers to 
a unique cysteine residue positioned near the enzyme active site. The polymer 
was conjugated to the endoglucanase 12 A (EG 12A) site-directed mutant N55C, 
directly adjacent to the cellulose binding cleft, and to the S25C mutant, where the 



259

conjugation site is more distant. The N55C conjugate displayed a greater activity 
shutoff efficiency in the collapsed polymer state than the S25C conjugate. Increasing 
the polymer molecular weight was also shown to increase the shutoff efficiency of 
the switch. Related to these effects of conjugation site and polymer size, the switch-
ing efficiency was found to be strongly dependent on substrate size. With a small 
substrate, o-nitrophenyl-β-D-cellobioside (ONPC), there was minimal blocking of 
enzyme activity when the polymer was in the expanded state. With a large substrate, 
hydroxyethyl cellulose (HEC), there was a large reduction of enzyme activity in the 
polymer expanded state, even with relatively small polymer chains, and a further 
reduction when the polymer was collapsed. Similar general trends for the interactive 
effects of conjugation site, polymer size, and substrate size were observed for immo-
bilized conjugates. To elucidate the mechanism of the stimuli-response switches, 
the kinetic parameters Km and kcat were determined by Lineweaver-Burk analy-
sis assuming Michaelis-Menten conditions. Kinetic studies demonstrated that the 
switching activity was due to the blocking of substrate association by the collapsed 
polymers. These investigations provided mechanistic insight that can be utilized to 
design molecular switches for a variety of stimuli-responsive polymer-protein con-
jugates. When polymers are conjugated to an antibody, a competition assay and an 
ELISA can be used to characterize the binding activity through the measurement of 
analyte depletion.

6.3.6  Cytotoxicity Assay

Since many of the polymer bioconjugates are intended for use as biomedical and/
or therapeutic polymers, in vitro cytotoxicity assays are essential for determin-
ing the responses of cells to bioconjugates. Cell viability, cell proliferation and 
many important live-cell functions, including apoptosis, cell adhesion, chemo-
taxis, multidrug resistance, endocytosis, secretion, and signal transduction, can 
be stimulated or monitored with various chemical and biological reagents. Many 
of these processes lead to changes in intracellular radicals, free-ion concentra-
tions, or membrane potential that can be followed with appropriately responsive 
fluorescent indicators. Proliferation assays are primarily designed to monitor the 
growth rate of a cell population or to detect daughter cells in a growing popula-
tion. Fluorometric assays of cell viability and cytotoxicity are easy to perform 
with the use of a fluorescence microscope, fluorometer, fluorescence microplate 
reader, or flow cytometer, and they offer many advantages over traditional col-
orimetric and radioactivity-based assays. The LIVE/DEAD Viability/Cytotoxicity 
kit provides an exceptionally easy fluorescence-based method for determining the 
viability of adherent or nonadherent cells and for assaying cytotoxicity. The kit 
comprises two probes: calcein AM and ethidium homodimer-1. Calcein AM is a 
fluorogenic esterase substrate that is hydrolyzed to a green-fluorescent product; 
thus, green fluorescence is an indicator of cells that have esterase activity as well 
as an intact membrane to retain the esterase products. Ethidium homodimer-1 is a 
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high-affinity, red-fluorescent nucleic acid stain that is only able to pass through the 
compromised membranes of dead cells.

Reagents for counting cells and quantitating cell proliferation are also valuable 
research and diagnostic tools. Most cell proliferation assays estimate the number 
of cells either by incorporating 5-bromo-2-deoxyuridine (BrdU) into cells dur-
ing proliferation or by measuring the total nucleic acid or protein content of lysed 
cells. BrDU is a synthetic nucleoside that is an analogue of thymidine. BrDU is 
commonly used in the detection of proliferating cells in living tissues. BrDU can 
be incorporated into the newly synthesized DNA of replicating cells (during the S 
phase of the cell cycle), substituting for thymidine during DNA replication.

The MTT calorimetric assay determines the ability of viable cells to convert 
a soluble tetrazolium salt [3–(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] (MTT) into an insoluble formazan precipitate. Tetrazolium salts accept 
electrons from oxidized substrates or appropriate enzymes, such as NADH and 
NADPH. In particular, MTT is reduced at the ubiquinone and cytochrome b and 
c sites of the mitochondrial electron transport system and is the result of succi-
nate dehydrogenase activity. This reaction converts the yellow salts to blue-colored 
formazan crystals that can be dissolved in an organic solvent whose concentration 
can be spectrophotometrically determined. Owing to the many advantages of the 
assay, it is considered today a significant advance over traditional techniques. In 
fact, it is rapid, versatile, quantitative, and highly reproducible with a low intrat-
est variation between data points. Moreover, the test can also be used for floating 
cells, such as those of leukemia and small cell lung carcinoma, and always allows 
sufficient time for cell replication, drug-induced cell death, and loss of enzymatic 
activity, which generates the formazan product from the MTT substrate.

6.4  Applications of Smart Bioconjugates

There have been several successful applications in medicine and biotechnology for 
such smart polymer biomolecule systems, and as such, they represent an impor-
tant extension of polymeric biomaterials. The smart polymers can provide switch-
able-solubilization/precipitation for biomolecules such as enzymes, liposomes, 
and plasmid vectors, when these polymers are conjugated to specific sites within 
these biomolecules. Some of the most successfully demonstrated applications are 
described in the following subsections.

6.4.1  Bioseparations and Immunoassays

Smart conjugate systems have been used for many years in bioseparations and immu-
noassays. Hoffman and coworkers were the first to demonstrate a phase separation 
immunoassay [11–13]. The thermally induced precipitation of a PNIPAAm-protein 
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bioconjugate from a complex solution can simultaneously and selectively remove 
only the protein that is conjugated to the PNIPAAm from the solution (Fig. 6.11). 
They have used this phenomenon for the separation of an enzyme from its reaction 
solution, to enable both recovery of the product from the supernatant and recycling of 
the enzyme. If the conjugated protein forms a complex with another biomolecule, for 
example, by affinity recognition, then the complex will also be selectively precipitated 
from solution. This phenomenon can be used to selectively remove IgG from solution 
as a PNIPAAm-protein A/IgG complex, in a fashion similar to affinity chromatogra-
phy, but in this case, it is carried out by reversible phase separation from a solution, 
instead of flowing through and eluting from a packed column. This thermally induced 
affinity precipitation process may be extended to stimuli-induced phase separation of 
a biotinylated target molecule that is complexed to avidin or streptavidin. In this case, 
a biotinylated target molecule is first complexed with an excess of avidin or streptavi-
din molecules in solution, such that at least one of the four (on average) biotin binding 
sites remains free. Then, an end-linked biotin smart polymer conjugate is permitted to 
bind to the free site on the avidin or streptavidin molecules. Following this, the bio-
conjugate/affinity complex can be phase-separated by raising the temperature above 
the LCST of the smart polymer, which selectively removes the biotinylated target 
molecule from solution. Hoffman and coworkers have extended the affinity phase 
separation concept to the selective isolation and assay of an analyte from a complex 
mixture such as a serum sample. This is done by conjugating a first antibody to the 
polymer, complexing the analyte by affinity to the first antibody, and then intro-
ducing a second, labeled antibody, which then binds to the analyte by affinity to a 
similar or different site (epitope) on the analyte. This yields a temperature-sensitive 

A target molecule 

Stimulus ‘on’ Stimulus ‘off’ 

Recover product 

Affinity complex 

A smart conjugate 

Fig. 6.11  Schematic illustration of the thermally induced phase separation of a smart polymer 
and a ligand or a receptor, such as enzymes, antibodies, cell membrane receptors, and many oth-
ers. This general process should be useful for removing any specific molecule from a complex 
mixture for the purpose of recovery and possible recycling of that molecule
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polymer conjugated to an immune complex sandwich, which can then be selectively 
removed by thermally induced precipitation. This is an especially important separa-
tion step, because an excess of the labeled, second antibody is usually added to the 
sample. Washing and dissolution in cold buffer permit easy assay of the analyte. This 
immunoassay resembles an enzyme-linked immunosorbent assay (ELISA) carried 
out in solution. This concept has been extended to the assay of two different analytes 
in the same test sample. If NIPAAm is copolymerized with a more hydrophilic or a 
more hydrophobic comonomer, then copolymers with higher or lower LCSTs can be 
obtained, respectively. If one of each of these two different LCST copolymers is con-
jugated to a different antibody, then two different analytes may be assayed in the same 
serum sample by sequentially raising the temperature of the system to sequentially 
phase-separate the two different polymer-conjugated immune complex sandwiches. 
One could also carry out such a dual affinity separation or dual immunoassay using 
combinations of two different pH-sensitive smart polymers, or one temperature- and 
one pH-sensitive smart polymer. Another approach to controlling biological reactions 
using smart polymers is to prepare recombinant proteins with built-in polymer bind-
ing sites close to ligand or cell binding sites. This technique has been used to control 
ligand and cell binding activity, based on a variety of triggers including temperature 
and light. The time and costs involved in purifying proteins might be reduced signifi-
cantly by using these smart polymer systems.

Concanavalin A (ConA)- or wheat germ lectin (WGL)-conjugated PNIPAAm 
have also been used in the purification of various polysaccharides or polysac-
charide-containing compounds such as glucan [105]. The thermally reversible 
soluble-insoluble PNIPAAm-dextran derivative conjugate has been synthesized 
by conjugating amino-terminated PNIPAAm to a dextran derivative via ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC), and the conjugate was used 
as a tool to purify polyclonal antibodies in serum samples from rabbits subcuta-
neously immunized with the derivatized dextran [106]. Chang et al. reported an 
effective and rapid method of purifying glutathione S-transferase (GST) using glu-
tathione (GSH)-modified PNIPAAm and mild thermal conditions. They employed 
a chain transfer agent modified with pyridyl disulfide in the RAFT polymeriza-
tion of NIPAAm [107]. Conjugation of GSH to the pyridyl disulfide-PNIPAAm 
reached 95 % within 30 min, as determined by UV-Vis monitoring of the release 
of pyridine-2-thione. GST was successfully thermoprecipitated upon heating the 
GSH-PNIPAAm above the LCST. Owing to its simplicity and high efficiency, this 
method holds great potential for large-scale purification of GST-tagged proteins. A 
thermally induced phase separation system has also been used for the specific sep-
aration of animal cells [28]. Monoclonal antibodies were modified with itaconic 
anhydride and copolymerized with NIPAAm, and ligand-conjugated carriers were 
added to the PEG 800-dextran T500 aqueous two-phase systems. CD34-positive 
human acute myeloid leukemia cells were specifically separated from human T 
lymphoma cells by applying anti-CD34 conjugated with PNIPAAm in the aqueous 
two-phase system.

Extensive efforts by Mattiasson and colleagues [108–110] have also been made to 
establish effective metal-chelate affinity precipitation using smart polymers. In metal 
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chelating affinity precipitation, metal ligands such as imidazole are covalently coupled 
to the reversible soluble–insoluble smart polymers. The copolymers carrying metal-
chelating ligands are charged with metal ions and the target protein binds the metal-
loaded polymer in solution via the interaction between the histidine on the protein 
and the metal ion. Many proteins both containing natural metal ion binding residues 
and recombinant proteins containing His-tag residues have been purified using metal 
chelate affinity precipitation. Therefore, His-tagged proteins or cells or bioparticles 
can be purified through the precipitation of a target molecule–metal-loaded polymer 
complex from the mixture. The precipitated complex is solubilized by reversing the 
precipitation conditions, and the target molecule is dissociated from the precipitated 
polymer by using imidazole or EDTA as an eluting agent. The biomolecule is recov-
ered from the copolymer by precipitating the latter at elevated temperature in the 
presence of NaCl. In a recent study, purification of extracellularly expressed six histi-
dine-tagged single-chain Fv-antibody fragments (His6-scFv fragments) from a recom-
binant Escherichia coli cell culture broth was performed. The precipitation efficiency 
was lower with Ni(II)-poly(VI-NIPAAm) than with Cu(II)-poly(VI-NIPAAm), but the 
selectivity was better in the former case. The bound His6-scFv fragments were recov-
ered almost completely (>95 %) by elution with 50 mM EDTA buffer, pH 8.0 [111].

Besides protein purification, the metal-ion charged copolymer of poly(VI-
NIPAAm) can also be applied to the separation of single-stranded nucleic acids, 
such as RNA from double-stranded linear and plasmid DNA, by affinity precipita-
tion [112]. The separation method utilizes the interaction of metal ions to the aro-
matic nitrogens in exposed purines in single-stranded nucleic acids [113].

6.4.2  Molecular Switching

Since an important aspect of many technologies that utilize biomolecular compo-
nents is the control of their recognition properties, there is considerable interest 
in developing molecular switches that control recognition processes with mild 
signals. Smart polymers have been utilized to control protein activity as molecu-
lar switches. The ability to reversibly control protein and enzyme activities using 
external stimuli could provide new opportunities for the development of molecu-
lar diagnostics, bioprocesses, affinity separations, lab assays, BioMEMS, bio-
electronics, and biosensor technologies. Chilkoti et al. have been demonstrating 
a new approach to molecular switches, in which site-specific conjugation of smart 
polymers is utilized. The site-specific conjugation is designed to assure minimal 
loss in the activity of the protein after conjugation with the smart polymer. They 
first reported the site-specific attachment of maleimide-terminated PN1PAAm to a 
genetically engineered mutant of cytochrome b5, incorporating a unique cysteine 
residue by site-directed mutagenesis techniques [54]. This conjugation technique 
permits the site-specific and stoichiometric conjugation of the polymer with the 
protein. A genetically engineered SA mutant, which has only one cysteine residue, 
was also conjugated site specifically via sulfhydryl groups with a PNIPAAm that 
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has pendant sulfhydryl-reactive vinyl sulfone groups [39]. Cys was substituted 
for Asn at position 49, which is near the outer edge of the biotin-binding pocket. 
Normal binding of biotin to the modified SA occurred below the LCST, whereas 
above the LCST, the polymer collapsed and blocked binding. Site-directed 
mutagenesis techniques were also used to replace the native glutamate at posi-
tion 116 with cysteine [114]. Since the conjugation site is near the tryptophan 120 
residue, which forms a van der Waals contact with biotin, which is important in 
generating the large binding free energy, the temperature-induced conformational 
change of the polymer at position 116 may lead to structural changes in the region 
of tryptophan 120, which are responsible for the reversible binding between bio-
tin and the conjugated SA. The conjugate repeatedly bound and released biotin as 
temperature was cycled through the LCST. With the incorporation of pH-sensitive 
units such as acrylic acid (AAc) in a random copolymer with NIPAAm, a copol-
ymer becomes completely soluble at 37 °C and pH 7.4 and insoluble at 37 °C 
and pH 4.0. This copolymer has been conjugated to a specific cysteine thiol site 
inserted by genetic engineering near the recognition site of SA [115]. The biotin 
binding at 37 °C is significantly reduced at pH 4.0, compared with pH 7.4. This 
is most likely due to the more compact copolymer coil at pH 4.0 and 37 °C com-
pared with that at pH 7.4 and 37 °C. The bound biotin was able to be released by 
changing the conditions to pH 4.0.

To investigate the detailed mechanism of the smart polymer activity switches, 
the roles of the conjugation site and the free polymer were determined using a new 
end-reactive polymer, N,N-dimethyl acrylamide-co-4-phenylazophenylacrylate 
(DMAA). The use of this polymer and a control SA mutant has allowed an accu-
rate determination of the conjugation ratio. The site selectivity of the switch was 
first investigated with the S139C SA mutant that contains a unique cysteine at 
the C-terminus. The purified S139C conjugate, where the DMAA is distant from 
the binding site, did not display switching activity. The previously characterized 
E116C streptavidin mutant displayed switching activity when the DMAA was 
conjugated at this cysteine near the biotin binding site [116]. Because the release 
of biotin was shown to proceed with the same kinetics as the biotin off-rate for 
wild-type streptavidin, the mechanism for release was shown to be the blocking of 
biotin reassociation by the collapsed DMAA. The reversible temperature-induced 
collapse of DMAA has also been used as a molecular switch to control the cata-
lytic activity of endoglucanase 12A (EG 12A) (Fig. 6.12) [117]. The polymer was 
conjugated to the EG 12A site-directed mutant N55C, directly adjacent to the cel-
lulose binding cleft, and to the S25C mutant, where the conjugation site is more 
distant. The N55C conjugate displayed a larger activity shutoff efficiency in the 
collapsed polymer state than the S25C conjugate. Increasing the polymer molecu-
lar weight was also shown to increase the shutoff efficiency of the switch. Related 
to these effects of conjugation site and polymer size, the switching efficiency was 
found to be strongly dependent on substrate size. With a small substrate, there was 
minimal blocking of enzyme activity when the polymer was in the expanded state. 
With a large substrate, on the other hand, there was a large reduction in enzyme 
activity in the polymer expanded state, even with relatively small polymer chains, 
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and a further reduction when the polymer was collapsed. Similar general trends 
for the interactive effects of the conjugation site, polymer size, and substrate size 
were observed for immobilized conjugates.

Temperature-responsive poly(N,N-diethylacrylamide) (PDEAAm) was attached 
to the SA approximately 20 Å from the binding site for biotinylated proteins. Below 
the LCST, the polymer is in its extended state and acts as a ‘shield’ to block the 
binding of large biotinylated proteins. Above the LCST, it collapses and exposes 
the binding site, thereby allowing binding. The degree of shielding depends on both 
the size of the biotinylated protein and the size of PDEAAm (Fig. 6.13) [50]. The 
biotinylated IgG (MW 150 kD), for example, was unable to bind to the SA conju-
gate whether the polymer was above or below its LCST, whereas the biotinylated 
Protein G (MW 6.2 kD) was able to bind whether the polymer was hydrated or col-
lapsed. An intermediate-size biotinylated bovine serum albumin (BSA) (MW 67 
kD) exhibited increased binding as the temperature was raised through the LCST. 
These results suggest that smart polymer shields could be tailored to achieve a wide 
range of size-dependent ligand discrimination for use in affinity separations, biosen-
sors, and diagnostics technologies.

Light-regulated molecular switches that reversibly control biomolecu-
lar function could also provide new opportunities for controlling activity in 
diagnostics, affinity separations, bioprocessing, therapeutics, and bioelectronics 
applications. Hohsaka et al. [118] have prepared a monoclonal antibody against a non-
natural amino acid carrying an azobenzene group, L-p-(phenylazo)phenylalanine.  

Active site
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Fig. 6.12  (a) Schematic model of site-directed mutant endoglucanase 12A (EG 12A). The red 
residues represent the catalytic glutamic acid side chains at the active site of EG 12A, the green 
residue is the Asn 55 position, the purple residue is the Ser 25 position, and the N-terminus is 
represented as the blue circle. The polymer is conjugated to the EG 12A site-directed mutant 
N55C, directly adjacent to the active site (b), and to the S25C mutant, where the conjugation site 
is more distant (c). The N55C conjugate displays a larger activity shutoff efficiency in the col-
lapsed polymer state than the S25C conjugate [117]

6.4  Applications of Smart Bioconjugates



266 6 Smart Bioconjugates

The antibody binds an azobenzene group when it is in the trans form, but releases 
it when the latter is photoisomerized to the cis form. Ueda et al. have replaced Trp3 
of phospholipase A2(PLA2) by non-natural aromatic amino acids, 3-(2-naphthyl)-
L-alanine (Nap), 3-(9-anthryl)-DL-alanine (Ant), and p-phenylazo-L-phenylalanine 
 (AzoF). UV irradiation during the hydrolysis reduced the activities of Nap-AMPA 
and Ant-AMPA. However, AzoF-AMPA with a cis(Z) configuration of the AzoF 
unit showed, upon UV irradiation, hydrolytic activity. The change in enzymatic 
activity induced by UV irradiation is ascribed to a conformational change in the 
mutant proteins. Shimoboji et al. [55] have successfully shown that the photoin-
duced changes in the size and hydration of a smart polymer chain coil can be used 
to regulate substrate access and enzyme activity when conjugated to the enzyme 
at a specific point just outside the active site (Fig. 6.14). In order to enable pho-
tocontrol of enzyme activity, two different copolymers that exhibit combined 
temperature sensitivity and photosensitivity were prepared by copolymerizing 
N,N-dimethyl acrylamide (DMA) with two different light-sensitive comono-
mers, 4-phenylazophenyl acrylate (AZAA) and N-4-phenylazophenyl acrylamide 
(AZAAm). Under the isothermal conditions at their photoresponsive temperatures, 
the AZAAm copolymer precipitated under UV light irradiation (350 nm), whereas 
the AZAA copolymer dissolved under the same UV light irradiation. The copoly-
mers were conjugated to the E116C SA mutant via thiol coupling. One of these 

Biotinylated BSABiotinylated 
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Fig. 6.13  Size-dependent control of the binding of biotinylated proteins to SA using a poly-
mer shield. The biotinylated IgG is unable to bind to the SA conjugate whether the polymer was 
above or below its LCST, whereas the biotinylated Protein G is able to bind whether the polymer 
was hydrated or collapsed. An intermediate-size biotinylated BSA exhibited increased binding as 
the temperature was raised through the LCST [50]
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copolymer-E116C SA conjugates exhibited blocking of free biotin and triggered 
the release of bound biotin under VIS irradiation; the other demonstrated the same 
phenomena under UV irradiation [19]. These opposite photoresponsive biotin-
blocking or biotin-releasing responses corresponded to the original photoinduced 
phase transition properties of the copolymers. The photoresponsive switch was  
not observed when a 4-phenylazoaleinanil monomer was conjugated directly to 
the protein.

Smart polymer conjugation techniques have also been utilized for the control of 
gene expression. Murata et al. [119] have prepared a smart antisense reagent com-
prised of phosphodiester-linked oligodeoxynucleotides (ODNs) and PNIPAAm, 
and evaluated the antisense activity and nuclease stability of the conjugate. The 
antisense ODN-PNIPAAm conjugate demonstrated a thermoresponsive regulation 
of the hybridization between the conjugate and the target RNAs [36]. In this strat-
egy, antisense ODN can be used without chemical modification at the phosphodi-
ester linkage of the ODN, which means that the conjugate may retain its binding 
affinity for the target RNA. These characteristics of the conjugate are promising 
for its use as an antisense ODN carrier in gene therapy. Pennadam et al. [29] have 
successfully designed protein-polymer nanomachines to control the EcoR124I 
motor function (Fig. 6.15). PNIPAAm with reactive end-groups was attached 
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Fig. 6.14  a Schematic model of the photoresponsive enzyme switch. b Sequential photoswitch-
ing of the activity of the DMAA-VS and DMAAm-VS conjugates [55]
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to the motor subunit of EcoR124I via coupling of a maleimide-tipped linker.  
The protein-polymer conjugates were stable to extensive purification and, when 
combined with the M2S complex, the activity of this conjugate motor system was 
similar to that of its native counterpart, but can be switched on or off as a result 
of thermally induced polymer phase transitions [30]. Thus, the conjugation of 
the responsive polymer to the molecular motor generates a nanoscale switchable 
device, which can translocate DNA under one set of conditions.

6.4.3  Drug/Gene Delivery

There are many peptide-, protein-, antibody-, and DNA-based therapeutics under 
development in the biotechnology and pharmaceutical industries. Intracellular 
delivery, for example, represents a promising approach for the treatment of a wide 
variety of diseases. DNA delivery systems based on attenuated viruses have shown 
the greatest successes to date, but numerous concerns over the safety of these vec-
tors have led to the development of nonviral vectors for use in gene therapy. The 
efficacy achieved with these nonviral vectors, however, is significantly lower than 
that achieved with viral vectors. The low transfection efficiencies are due to the 
multiple biological barriers encountered during delivery from extracellular loca-
tions into the cell nucleus. A number of biological organisms have evolved sur-
face proteins to solve similar trafficking problems, and a variety of viral-based, 
fusogenic peptides have been studied as pH-dependent membrane-disruptive 
components in gene delivery systems to enhance transport from the endosome to 
the cytoplasm. Lackey et al. [120] have investigated whether synthetic polymers 
could provide an alternative approach to pH-dependent membrane destabilization 
in drug delivery systems. They focused on pH-responsive polymers containing 

Fig. 6.15   Schematic 
illustration of the switchable 
control of molecular motor 
function by a temperature-
responsive polymer switch. 
M, R, and S denote the 
specific motor subunit. Chain 
extension of the polymer 
below LCST provides a steric 
shield blocking the active 
site. Chain collapse (above 
LCST) enables access to the 
active site and restoration of 
enzyme function [29]
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hydrophobic moieties inspired by the amino acid side chains of leucine and  
isoleucine, for example, and demonstrated that poly(propyl acrylic acid) (PPAAc) 
displays interesting improvements in the pH dependence of red blood cell hemol-
ysis. PPAAc is not hemolytic at pH 7.4 and reaches maximum hemolysis at 
approximately pH 6.0 and below. This pH-sensitive, membrane-disruptive PPAAc 
can be used to enhance the release of drugs from the acidic endosomal com-
partment to the cytoplasm. Jones et al. [121] compared the hemolytic ability of 
three poly(2-alkylacrylic acid)s, PPAAc, poly(2-ethylacrylic acid) (PEAAc), and 
poly(2-methylacrylic acid) (PMAAc). PMAAc showed little hemolytic activity at 
all pHs tested, reaching a maximum of about 2 % at pH 5.0. By contrast, both 
PEAAc and PPAAc showed significant levels of haemolysis. As the pH decreased, 
the hemolytic activity of PEAAc increased, reaching a peak at pH 5.4. In contrast, 
the haemolytic activity of PPAAc increased with pH to a maximum at pH 5.8–6.2. 
Kyriakides et al. [122] have found that one PPAAc significantly enhances in vitro 
transfections of lipoplex formulations in cell culture, and does so in the presence 
of as much as 50 % serum. They have also extended the cell culture studies to an 
in vivo murine excisional wound healing model. A pilot study with a green fluo-
rescent protein (GFP)-encoding plasmid indicated that injection of formulations 
containing PPAAc into healing wounds resulted in increased GFP expression. 
Subsequently, by administering sense and antisense DNA for the angiogenesis 
inhibitor thrombospondin-2 (TSP2), they were able to alter the wound healing 
response in TSP2-null and wild-type mice, respectively. These results suggest that 
PPAAc can provide significant improvements in the in vivo efficacy of drugs such 
as DNA-controlled medications.

Cell membrane ligands may also be conjugated to the polymer molecule when 
it has two reactive end groups or multiple reactive pendant groups, for target-
ing a conjugated protein drug to a specific cell. Antibody-targeting ligands have 
been linked to a pH-sensitive smart polymer by biotinylating both the antibody 
and the smart polymer and using SA to link the two together [22]. A biotinylated 
monoclonal antibody to a CD-3 lymphoma cell receptor and a biotinylated pH-
sensitive, lipid-membrane-disruptive smart polymer, PPAAc, were linked together 
by SA. The PPAAc phase separates sharply as the pH in the endosome drops, 
and in so doing, PPAAc disrupts the endosomal vesicle membrane. Thus, when 
the antibody-SA-PPAA conjugate was endocytosed after binding to the CD-3 
receptor in Jurkat lymphoma cells, the conjugate was observed to escape from the 
endosome to the cytosol. This is a desirable event for a protein drug since, oth-
erwise, it would be trafficked to the lysosome where lysosomal enzymes would 
degrade it. Berguig et al. [123] used the antibody-SA-polymer conjugate to study 
the intracellular trafficking dynamics of an anti-CD22-internalizing HD39 mono-
clonal antibody (mAb) with PPAAc (Fig. 6.16). The PPAAc conjugate was shown 
to alter the intracellular trafficking kinetics strongly relative to HD39/SA alone 
or HD39/SA conjugates with a control polymer, PMAAc. Subcellular trafficking 
studies revealed that after 6 h, only 11 % of the HD39/SA–PPAAc conjugates 
had been trafficked to acidic lysosomal compartments with values at or below 
pH 5.6. In contrast, the average intracellular pH of HD39/SA alone dropped from 
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6.7 ± 0.2 at 1 h to 5.6 ± 0.5 after 3 h and 4.7 ± 0.6 after 6 h. Conjugation of 
the control polymer PMAA to HD39/SA showed an average pH drop similar to 
that of HD39/SA. Subcellular fractionation studies with tritium-labeled HD39/SA 
demonstrated that after 6 h, 89 % of HD39/SA was associated with endosomes 
and lysosomes, while 45 % of HD39/SA–PPAAc was translocated to the cyto-
sol. These results demonstrate the endosomal-releasing properties of PPAAc with 
antibody-polymer conjugates and detail their intracellular trafficking dynamics 
and subcellular compartmental distributions over time. Dubé et al. [124] have 
demonstrated that folate-targeting conjugates can facilitate tumor cell uptake of 
the conjugates. They designed a family of NIPAAm copolymers carrying a small 
number of octadecyl groups and folic acid residues grafted along the chain via a 
short ethylenedioxy chain. The folate conjugates were obtained by amidation of 
an aminated precursor copolymer. Cytotoxicity assays confirmed that the folate-
NIPAAm conjugates bind specifically to KB cells overexpressing the folate recep-
tor. The cellular uptake of the copolymer was found to be temperature dependent. 
Benoit et al. [125] also reported a facile approach to provide folate-receptor-
specific delivery of polymer therapeutics by employing a de novo synthesized 
folate-functionalized CTA. Folate functionalization provided specific polymer 
therapeutic-folate receptor interactions and elicited gene knockdown through 
the delivery of siRNA. Many polymer therapeutics can be functionalized by this 
strategy, and this approach is highly versatile for functionalizing RAFT polymers.

The PPAAc-based membrane-disruptive system has also been used for anti-
gen delivery systems. While many infectious diseases are controlled by vaccine 
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Fig. 6.16  Intracellular trafficking of the HD39/SA-PPAAc conjugate. Ligation of the anti-CD22 
monoclonal antibody (HD39) to CD22 leads to receptor-mediated endocytosis. A portion of the 
conjugate is trafficked from endosomes to lysosomes while a second fraction is released into the 
cytosol via endosomal escape mediated by PPAAc [123]



271

strategies, important limitations continue to motivate the development of better 
antigen delivery systems. Flanary et al. [126] developed a pH-sensitive polymeric 
carrier based on PPAAc to address the need for more potent CD8 cytotoxic 
T-cell (CTL) responses. Ovalbumin, as the protein antigen, was conjugated to 
poly(propylacrylic acid-co-pyridyldisulfide acrylate) (PPAA-PDSA) by disulfide 
exchange to form reversible conjugates that could be reduced by the glutathione 
redox system in the cytosol of antigen-presenting cells. The PPAA-PDSA oval-
bumin conjugates displayed the pH-sensitive membrane disruptive properties 
of the parent polymer as determined by their hemolysis activities. The polymer-
ovalbumin conjugates exhibited strong 22-fold increases in the MHC-1 presenta-
tion and ovalbumin-specific CTL activation compared with free ovalbumin. No 
CTL activation was observed with control conjugates of ovalbumin and PMAAc. 
This system was further evaluated to test whether improved cytosolic delivery of 
a protein antigen could enhance CD8+ cytotoxic lymphocyte generation and pro-
phylactic tumor vaccine responses. PPAA was directly conjugated to the ovalbu-
min antigen via reducible disulfide linkages and was also tested in a particulate 
formulation after condensation with cationic poly(dimethylaminoethyl meth-
acrylate) (PDMAEMA) [127]. In an EG.7-OVA mouse tumor protection model, 
PPAA-containing carriers robustly inhibited tumor growth and led to an approxi-
mately 3.5-fold increase in the longevity of tumor-free survival relative to controls. 
Mechanistically, this response was attributed to the 8-fold increase in the produc-
tion of ovalbumin-specific CD8+ T-lymphocytes and an 11-fold increase in the 
production of anti-ovalbumin IgG. This is one of the first demonstrated examples of 
in vivo immunotherapeutic efficacy using soluble protein-polymer conjugates. This 
system shows promise for protein vaccine strategies against cancer and viruses and 
is also applicable to any technique requiring improved delivery of a protein cargo 
to the cytoplasm of a cell. Albarran et al. [128] showed that PPAAc can strongly 
enhance target cell killing through the intracellular delivery of a functional proa-
poptotic peptide. The Bak BH3 peptide induces apoptosis via antagonization of 
suppressor targets such as Bcl-2 and Bcl-xL. A genetically engineered strepta-
vidin that contains an N-terminal TAT peptide sequence was used to optimize the 
pinocytotic cell uptake of biotinylated BH3 peptide and end-biotinylated PPAAc. 
Approximately 30 % of cells treated with TAT-SA:BH3 complexes revealed mor-
phologically distinct nuclear condensation, a hallmark of apoptosis. Together with 
the PPAA, the TAT-SA adaptor complex could prove useful as a carrier of peptide/
protein cargo to cultured cells. Fujimoto et al. [32] reported a novel drug delivery 
system for apoptosis induction by a smart polymer vehicle possessing temperature 
responsivity and bioaffinity. The cell-adhesive RGDS peptide was conjugated with 
the NIPAAm copolymer as a ligand model for bioaffinity. Dolichyl phosphate (dol-
p), which is an apoptotic inducer, was added to the copolymer at around the precip-
itation temperature for incorporation. Aggregates incorporating dol-p were added 
to a human promonocytic leukemia U937 cell suspension at 37 °C. When the tem-
perature was lowered to 25 °C, cells underwent apoptosis in the presence of Ca2+ 
because copolymer vehicles were concentrated on the cell surface through the bind-
ing of RGDS and integrin, and lipid inducers were released by the disruption of 
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vehicles in response to temperature. This system would also be expected to provide 
a  therapeutic application for targeting a drug to the cell and triggering its release in 
the body by cooling.

In addition to the pH-responsive system, reduction-oxidation-sensitive polymers 
have also been utilized for intracellular delivery, because the reduction-oxidation 
state of intracellular compartments changes: the endosome is rendered reductive, 
whereas the lysosomal compartment is substantially oxidative, compared with 
the mildly oxidative extracellular environment. Oxidation-sensitive smart poly-
mers can be engineered by designing block copolymers containing a hydrophobic 
polypropylene sulphide (PPS). On exposure to oxidative conditions, the block is 
converted to hydrophilic polypropylene sulphoxide and, ultimately, to the more 
hydrophilic polypropylene sulphone [129]. On the other hand, earlier in the pro-
cesses of endolysosomal processing, endocytosed compounds encounter a reduc-
tive environment. Smart bioconjugates with a reducible disulphide connection have 
been shown to destabilize, releasing the pendant drugs or DNA. El-Sayed et al. 
[130] reported membrane-destabilizing and glutathione-reactive polymers. ODN 
was ionically complexed to cationic peptides grafted onto the polymer backbone 
via disulfide linkages to the pyridyl disulfide acrylate (PDSA) units. This unique 
design allowed for the release of the disulfide-conjugated cationic peptides with 
the complexed ODN into the cytoplasm by the reducing action of the glutathione 
enzyme, which is commonly present in the cytoplasm. Manickam and Oupicky 
[131] synthesized high-molecular-weight polypeptides containing disulfide bonds 
in the backbone by oxidative copolymerization of a histidine-rich peptide (HRP) 
and a nuclear localization sequence (NLS) peptide. Cytotoxicity and transfection 
activity of DNA polyplexes were evaluated in vitro. In comparison with control 
polyethylenimine (PEI), only minimum toxic effects were observed on the meta-
bolic activity and membrane integrity of human endothelial cells.

Furgeson et al. [23] have developed a smart doxorubicin-polypeptide conjugate 
for thermally targeted delivery to solid tumors. A temperature-responsive, geneti-
cally engineered ELP was conjugated to doxorubicin (Dox) molecules through 
pH-sensitive, maleimide-activated, hydrazone linkers. The highest release of 
the ELP–Dox conjugate by cleavage of the hydrazone bond at pH 4 was nearly 
80 % over 72 h and was exhibited by the conjugate with the shortest linker. The 
endocytotic uptake of a thermally responsive ELP was also observed to be sig-
nificantly enhanced by the thermally triggered phase transition of the polypeptide 
in cell culture for three different tumor cell lines [132]. ELPs conjugated to drugs 
also enable thermally targeted drug delivery to solid tumors if their transition tem-
peratures are between body temperature and the temperature in a locally heated 
region. In vivo studies of ELP delivery to human tumors (SKOV-3 ovarian carci-
noma and D-54MG glioma) implanted in nude mice demonstrated that hyperther-
mic targeting of the thermally responsive ELP for 1 h provides a twofold increase 
in tumor localization compared with the same polypeptide without hyperthermia. 
By exploiting the phase-transition-induced aggregation of these polypeptides, this 
method provides a new way of thermally targeting polymer-drug conjugates to 
solid tumors [100].
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6.4.4  Diagnostic Technologies

The ability to sequentially control biomolecular recognition and activity could open 
new opportunities or improve existing applications in the diagnostic fields. Since the 
smart polymers serve as both antennae and actuators, to sense signals and respond to 
them, leading to the control of biorecognition events, smart conjugates with protein 
and DNA have also drawn considerable attention in the diagnostic fields. Their char-
acteristic ‘on-off’ responses to small changes in pH, temperature, and/or UV-visible 
light permits rapid and precise control of molecular events. Agasti et al. [133] for 
example, developed a photocleavable DNA barcode-antibody conjugate for rapid, 
quantitative, and multiplexed detection of protein expression in single live cells 
(Fig. 6.17). Irradiation of the labeled cells with light (∼365 nm) cleaves the linker 
between the antibodies and the barcodes, causing the barcodes to be released into 
the solution for easy isolation. Barcode amplification by polymerase chain reaction 
(PCR) and subsequent gel electrophoresis analysis of the amplified barcodes allows 
simultaneous detection and quantification of multiple protein analytes from single 
cells. Maeda and coworker [25, 134–136] have developed a single-nucleotide pol-
ymorphism (SNP)-responsive diagnostic using DNA-PNIPAAm conjugates. The 
graft copolymer consisting of PNIPAAm and single-stranded DNA (ssDNA) forms 
nanoparticles above physiological temperature. Non-crosslinking aggregation of the 
DNA-PNIPAAm nanoparticles is induced by the hybridization of the surface DNA 
with the full-match complementary DNA (Fig. 6.18). This aggregation mechanism 
was applicable for the target 24mer DNA corresponding to k-ras (oncogene) codons 
10–17, as well as for SNP sites of CYP2C9. Each nanoparticle was aggregated by 
the hybridization with its full-match complementary DNA fragment, but not with 
one-base mismatch. These results demonstrated that the non-crosslinking aggrega-
tion of DNA-PNIPAAm nanoparticles is useful for analyzing various SNPs.

The switchability of smart polymer conjugates also opens the door to potential 
uses in microfluidic formats where the differential diffusive and physical proper-
ties might be exploited for separation, analyte concentration, and signal generation. 
Microfluidic platforms have shown promise for conducting diagnostic measure-
ments in both clinical and point-of-care settings [137, 138]. While great strides have 
been made, the potential of this technology has not yet been fully realized and sev-
eral challenges remain. One important outstanding need is the handling of dilute 
antigens and biomarkers, particularly their purification and enrichment from com-
plex biological fluids. Several chromatographic strategies have been demonstrated 
to address analyte purification and enrichment issues in microfluidic systems. 
Affinity moieties have been conjugated directly to microchannel walls, attached to 
particles and packed into microchannels and immobilized within porous monolithic 
slabs. These techniques suffer from several shortcomings, including complex pack-
ing and modification steps, high flow resistance and limitations in scaling-up and 
manufacturability. These strategies also usually allow the separation of only a single 
analyte and cannot be modified once introduced. Kulkarni et al. [49, 79] have devel-
oped a series of PNIPAAm-protein conjugates that separate and enrich analytes 
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from solution and enable detection. Because smart conjugates bind analytes in 
solution prior to separation, conjugate-analyte binding avoids steric and mass trans-
port limitations associated with surface-based techniques [139, 140]. A reversible 
microchannel surface capture system has been further developed for bioanalytical 
samples [141–143]. The capture/release efficiency and enrichment of PNIPAAm-
antibody conjugates in PNIPAAm-grafted PDMS microchannels have been inves-
tigated using a helical flow, circular microreactor. The conjugate’s immobilization 
and release were limited by mass transport to and from the functionalized PNIPAAm 
surface. Transport and adsorption efficiencies were dependent on the aggregate size 
of the PNIPAAm–streptavidin conjugate above the LCST as well as on whether 
the conjugates were heated in the presence of the stimuli-responsive surface or pre-
aggregated and then flowed across the surface. Mixing and recirculation substan-
tially increase the conjugate release rate and sharpness once the temperature has  
dropped below the phase transition temperature. The concentration of protein- 
polymer conjugates could be achieved by a continuous conjugate flow into the 
heated recirculator, allowing nearly linear enrichment of the conjugate reagent 
from larger volumes. This capability was shown with anti-p24 HIV monoclo-
nal antibody reagents that were enriched over fivefold by using this protocol. pH-
responsive surface traps have also been constructed in the channel wall by the 
same methods. Magnetic nanoparticles have also been developed for diagnostic 
target isolation because smaller particles display better association and binding 

Protein 1

Protein 2

Protein 3

DNA-barcode-conjugated antibodies

Photocleavable 
linkerUV

Releasing barcodes
PCR amplification

Fig. 6.17  Schematic illustration of the light-mediated cellular barcoding strategy. Protein targets 
are labeled with DNA-barcode-conjugated antibodies and then photocleaved to release the DNA 
barcodes. Amplified barcodes are analyzed using gel electrophoresis for multiplexed detection of 
protein biomarkers from single cells [133]
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properties to the target analytes [144, 145]. A reversible surface capture system for 
smart bioconjugates has also been demonstrated on porous membrane filters for the 
detection of the malaria antigen Plasmodium falciparum histidine-rich protein 2 
(PfHRP2) (Fig. 6.19) [24]. The carboxyl end-groups of semi-telechelic PNIPAAm 
synthesized by RAFT polymerization were modified with tetrafluorophenol to yield 
amine-reactive ester groups for conjugation to amine groups of anti-streptavidin 
and anti-PfHRP2 antibodies. Stimuli-responsive membranes were constructed from 
1.2-μm-pore-size, hydroxylated, nylon-6,6 filters. The surface hydroxyl groups on 
the filters were conjugated to a 2-ethylsulfanylthiocarbonylsulfanyl-2-methyl propi-
onic acid (EMP) RAFT chain transfer agent, and the surface-grafted PNIPAAm was 
obtained by subsequent polymerization. The PNIPAAm grafted membranes showed 
greater than 80 % anti-streptavidin capture efficiency. The PfHRP2 antigen could 
be processed and detected at clinically relevant concentrations of this malaria bio-
marker. These studies provide insight into the mechanism of smart polymer–protein 
conjugate capture and release in grafted channels and show the potential of this puri-
fication and enrichment module for processing diagnostic samples.

Fig. 6.18  Sequence-specific affinity precipitation of oligonucleotide using PNIPAAm-
oligonucleotide conjugate [25, 134–136]
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6.5  Conclusions and Future Trends

Smart bioconjugate-based technologies are becoming the premier tool for a wide 
range of applications in the areas of medicine and biotechnology. Conjugating 
proteins, peptides, DNA, and cells with smart polymers has been a versatile way 
to add new value, advanced features and unique properties to inert polymers. For 
example, creating nanoscale antennae and actuators to sense signals and respond 
to them significantly improves biological properties as well as introduces new 
unique properties, leading to the control of biorecognition events. This chapter 
mainly addresses the developments of smart bioconjugates specifically applied in 
bioseparation, molecular switching, diagnosis, sensors, and drug/gene delivery. An 
ongoing challenge is to synthesize well-defined conjugates. Traditionally, the reac-
tive polymers were prepared by the modification of preformed chains. However, 
with the advent of new controlled/‘living’ polymerization techniques that are tol-
erant to a wide range of functional groups, the use of protein-reactive initiators to 
form well-defined polymers is now possible. This strategy is less time-consuming 
and results in polymers amenable to coupling to proteins without any further 
modification. Native chemical ligation, tRNA engineering methods, and other 
advances in protein engineering also allow for the synthesis of proteins containing 
non-natural amino acids. So far, the incorporation of functional groups that react 

Stimulus ‘on’ Stimulus ‘off’

Target antigen

(b)(a)

PNIPAAm-conjugated 
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PNIPAAm-grafted 
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Fig. 6.19  Smart fluidic system for purifying and concentrating diagnostic biomarkers using tem-
perature-responsive antibody conjugates and membranes. PNIPAAm-conjugated antibodies are 
captured at the membrane above the LCST, while unconjugated plasma components flow through 
(a). When the membrane region is cooled, the conjugates are released back into the flow stream 
(b) [24]
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orthogonally to natural amino acids has been underexploited in the preparation of 
polymer bioconjugates. The combination of controlled radical polymerization with 
non-natural protein engineering could result in unprecedented control over poly-
mer conjugation, resulting in precise bioconjugates for a variety of applications. 
Therefore, novel strategies for the design of smart bioconjugates including pro-
teins, DNA, mammalian cells, bacteria, yeast cells, and viruses will facilitate the 
creation of a new class of biomaterials in the future.
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