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Abstract

For more than 40 years, protein-polymer conjugates have been widely used for many applications, 

industrially and biomedically. These bioconjugates have been shown to modulate the activity and 

stability of various proteins while introducing reusability and new activities that can be used for 

drug delivery, improve pharmacokinetic ability, and stimuli-responsiveness. Techniques such as 

RDRP, ROMP and “click” have routinely been utilized for development of well-defined 

bioconjugate and polymeric materials. Synthesis of bioconjugate materials often take advantage of 

natural amino acids present within protein and peptide structures for a host of coupling 

chemistries. Polymer modification may elicit increased or decreased activity, activity retention 

under harsh conditions, prolonged activity in vivo and in vitro, and introduce stimuli 

responsiveness. Bioconjugation has resulted to modulated thermal stability, chemical stability, 

storage stability, half-life and reusability. In this review we aim to provide a brief state of the field, 

highlight a wide range of behaviors caused by polymer conjugation, and provide areas of future 

work.

GRAPHICAL ABSTRACT:

This review article discusses the impact of polymer modification on bioconjugate performance, 

including both activity and stability, with a focus on how the polymer structure and functionality 

impact these parameters.
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Introduction

Biological macromolecules have been studied as potential targets for the treatment of human 

diseases1, 2, biofuel synthesis3, commercial detergents4, production of food5, and gene 

delivery.6 Synthetically modulating the inherent activity and stability of these biomolecules 

has received substantial attention. In biochemistry, post-translational modifications are 

known to mediate proper protein folding, improved stability, facilitate specific interactions, 

and increase function.7 The conjugation of polymers, controllable chains of repeating 

monomer units, to biomolecules is assumed to be an effective synthetic mimic of post-

translational modification, which occurs naturally in eukaryotic cells.

The synthesis of the first industrial polymer is credited to John Wesley Hyatt for his 

simplified synthesis of celluloids in 1863. 90 years later, Hermann Staudinger received a 

Nobel Prize in Chemistry for the macromolecules he characterized as polymers.8 Since this 

time, synthetic polymers have been imperative to many medical and infrastructural 

advances.9, 10 Hybrid polymers, biomolecule-polymer conjugates, are produced upon the 

conjugation of biological polymers to synthetic polymers, resulting in new functionalities. 

Davis and Abuchowski’s ground-breaking work in 1977, showed that amino acid side chains 

are available for polymer and small molecule conjugation.11 The group covalently 

conjugated polyethylene glycol (PEG) to bovine serum albumin (BSA), a process that has 

been since referred to as pegylation; which showed increased protein activity, proteolytic 

resistance, thermal stability, and pH stability.12 This work laid the groundwork for the work 

of the pioneering work of Ruth Duncan13–18 and Helmut Ringsdorf18–21. In addition to 

laying the foundation to a field that has revolutionized the use of polymers, most polymer 

conjugation methods are effective and facile while producing highly desirable results.

Protein-polymer bioconjugates exhibit a unique array of properties and can be tuned to 

produce desired effects for specific biomaterials (Fig 1). Klok and Gauthier highlight the 

opportunities offered by new trends in polymer conjugation, including polymer functionality 

and coupling strategy.22 The pair also discuss the influence of polymer conjugation on 

biological activity. These hybrid polymers are synthesized using grafting from and grafting 

to approaches which can be site-specific or randomized. Previous research has shown these 

conjugations have effects similar to post-translational modification and has been shown to 

influence protein localization and activity. Since the production of BSA-PEG by Davis and 

Abuchowski, scientists have studied the effects of polymer conjugates on a plethora of 

biomolecules for specific applications targeted toward disease treatments, bioimaging, drug 

delivery, bioactive surfaces, and tissue engineering.

A significant feature of bioconjugate chemistry is its interface with precision polymer 

chemistry and synthesis. A target for polymer bioconjugate chemistry is to introduce the 

chemical and structural diversity and precision of modern synthetic polymer chemistry to 

biological materials. Indeed, for much of the history of polymer bioconjugation, the 

functionality was relatively limited to PEG like materials, or polymers with poorly 

controlled underlying polymer structure.23 However, with the advent of controlled and living 

polymerization methods that are compatible with a wide range of monomers under bio-

friendly conditions, it is possible to precisely engineer the structure and functionality of the 
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polymer attached to the biomolecule of interest. This ability to precisely define and grow the 

polymer is important for both industrial and biomedical applications of polymer 

bioconjugates. PEG is typically synthesized by a ring opening reaction of ethylene oxide, 

which typically is done under strictly anhydrous conditions, making the synthesis of PEG 

and other related polymers challenging under biologically relevant conditions.24 Indeed, the 

development of reversible deactivation radical polymerization (RDRP) methods in the 

1990s, and as well as ring opening metathesis polymerization (ROMP) enabled well defined 

polymers to be synthesized under mild conditions and for biocompatible monomers.25, 26 Of 

the RDRP techniques, atom transfer radical polymerization (ATRP), and reversible addition 

fragmentation chain transfer polymerization (RAFT) have been extensively explored in 

bioconjugation processes. 27, 28

Concurrent with advances in polymer chemistry, there have been advances in organic 

chemistry relevant to bioconjugates. “Click” chemistry, or reactions which are mild, high 

yielding and proceed with specificity and minimal to no required purification are especially 

well suited to bioconjugation processes.29 The possibility of post-polymerization 

modification enabled by “click” chemistry and the ability to efficiently ligate polymers to 

biomolecules through these “click” reactions has greatly expanded the types of 

bioconjugation reactions and biohybrid materials possible.

RDRP, ROMP and “click” techniques have been shown to be well suited to the development 

of well-defined bioconjugate and polymeric materials with access to a diverse range of 

monomers and polymer architectures. As part of this review, we will highlight how the 

polymer chosen, often as enabled through these modern techniques, enables protein function 

to be modulated through bioconjugation. This review will explore the effect of polymer 

conjugation on protein activity and stability, identifying key examples where polymer 

modification has impacted the biomolecule. However, other types of bioconjugates including 

nucleotide-polymer conjugates will be discussed as well to highlight the versatility of 

polymer chemistry in bioconjugation applications. A key feature of this review is a focus on 

how polymer chemistry, and often precision in polymer chemistry, can enable powerful 

bioconjugate materials with distinct advantages in activity or stability compared to the native 

protein or other biopolymer. This review article highlights key examples of polymer 

modifications of enzymatic proteins, which make substantial impacts on the biomolecules 

performance, be it activity, stability or both. This serves as an article that highlights the 

potential of protein modification by synthetic polymers on the performance of the 

biomolecule.

Synthesis of Bioconjugates

Polymerization

Since the discovery of PEGylation, PEG has been widely used to enhance various proteins. 

The polymer chains used in these experiments have traditionally been synthesized using 

ring-opening polymerization (ROP) of ethylene oxide.30 ROP is a polymerization 

mechanism in which cyclic monomers are converted to polymeric chain.31 Pegylation is the 

covalent or non-covalent attachment of PEG to amino acids residues present on the protein 

of interest. The methods used for PEGylation is highly dependent on available amino acids 

Wright et al. Page 3

Polym Chem. Author manuscript; available in PMC 2020 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within protein of interest and functional end-groups available on polymer chains purchased 

or synthesized. In addition, more complex PEG structures can be grown using Ring-Opening 

Metathesis Polymerization (ROMP), as highlighted by Pokorski and Isarov.32 The ROMP 

method allows polymer chains to be grown from the surface of the protein under aqueous 

conditions, which would be challenging for ionic ROP of ethylene oxide.

In addition to PEGylation, non-PEG polymers have been used in polymer conjugations to 

achieve more specific results, increased solubility, and stimuli responsive behaviors. RDRP 

methods have become very popular techniques for bioconjugations due to their relatively 

simple reactions, mild conditions, compatibility with aqueous media and ability to control 

the structure of synthesized polymers. These techniques include nitroxide-mediated radical 

polymerization (NMP), reversible addition-fragmentation chain transfer polymerization 

(RAFT), and atom transfer radical polymerization (ATRP).33–35 NMP, discovered in 1982, 

was the first technique for controlling radical polymerization.33 These techniques takes 

advantage of the radical trapping nature of nitroxides and the radical stabilizing potential of 

alkoxyamines.36 ATRP is a commonly used controlled polymerization technique, first 

discovered in 1995.35 The technique utilized a transition metal catalyst that determines the 

equilibrium between dormant and active species.27 RAFT was first reported in 1998 and has 

become a popular technique can be used with a wide variety of monomers and reaction 

conditions while maintaining controlled molecular weight polymers.34 This polymerization 

technique utilizes chain transfer agents to control the rate of polymerization.28

Biomolecule-polymer conjugates can be synthesized via several approaches: grafting to, 

grafting from and grafting through. These methods most commonly utilize naturally 

occurring amino acid residues within the protein of interest, although there is important 

work on the incorporation of non-natural amino acid residues, and the attachment of various 

types of polymers.

Choice of Polymer and Linker

The types of polymers that can be used in bioconjugation are limited only by the 

polymerization method and solubility under application conditions. Therefore, water-soluble 

polymers are typically used due to the vast majority of bioconjugate applications occurring 

in aqueous media. However, it is important to note that polymers with hydrophobic character 

can be important for applications that involve hydrophobic substrates or oil rich 

environments.37 The excellent compatibility of RDRP and ROMP methods with water-

soluble polymers makes these RDRP reactions attractive for various bioconjugate 

applications. In addition to the choice of polymer, the type of linker must be taken into 

consideration. Chen and coworkers attached two types of chain transfer agents to 

pyrophosphatase, CTA with a maleimide end-group and CTA with a pyridine end-group.38 

After grafting poly(NIPAm) from the linkers, conjugation of the CTA with a pyridine end-

group showed full retention of activity while conjugation of CTA with a maleimide end-

group showed inactivation of the enzyme.
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Grafting to Method

Grafting to refers to the conjugation approach in which the polymer is synthesized first and 

subsequently attached to the protein or peptide through the utilization of efficient organic 

chemistry reactions (Fig. 2A).39 These reactions can include well established organic 

reactions such as amidation or Michael additions, as well as more recently explored “click” 

reactions. Traditional reactions take advantage of naturally occurring residues, which will be 

discussed subsequently, while “click” approaches often require incorporation of 

bioorthogonal reactive handles such as azide or alkyne groups.40 This technique can be 

engineered for site-specific or random conjugation and, when compared to other conjugation 

methods, provides simple and thorough characterization of polymer before conjugation.41 

Also, when using this method, the biomolecule remains unaffected by polymerization 

methods. However, high molecular weight polymers may inhibit effective conjugation, and 

purification after conjugation can be challenging.

Grafting from Method

Grafting from refers to the conjugation approach in which a small molecule initiator or chain 

transfer agent is attached to the biomolecule at specific or random locations and 

subsequently grows a polymer directly from the biomaterial in the presence of monomer in 

an appropriate solution (Fig 2B).39 Similarly, to the earlier discussed techniques, grafting 

from can be designed for site-specific or random attachment.41 The initiator or transfer agent 

can be attached to either naturally occurring or non-natural functional groups. Appropriately 

designed traditional amidation and Michael addition, as well as “click” reactions can be used 

to efficiently attach the initiating site to the biomolecule. When compared to other 

conjugation methods, grafting-from provides simple purification after conjugation and 

higher grafting density. However, this method may lead to protein instability based on 

polymerization method used and polymer chains that are not always well-controlled if the 

polymerization conditions needed for biomolecule stability leads to suboptimal 

polymerization conditions.

Grafting through Method

In the case of grafting through a polymerizable group, such as a double bond, is attached to 

the biomolecule. The grafting through method, is similar to the grafting from method, in that 

polymerization happens during bioconjugation. However, in grafting through, the protein 

containing the polymerizable unit is added to the growing polymer chain as a pendant group.
42 However, this method is not as common as either grafting to or grafting from.

Common Amino acids used in bioconjugations

Davis and coworkers first attached activated PEG chains to solvent exposed primary amines 

within BSA. Lysine residues and the amino-terminus contain primary amines which, when 

solvent exposed, allow for polymer conjugation. These primary amines can be used in 

grafting-to, grafting-from and grafting-through polymer conjugation methods. Amidation, 

which is the formation of an amide bond between the polymer and protein, usually takes 

place using the following methods: N-succinimidyl ester functionalized polymers coupled to 

primary amines and EDC/NHS carbodiimide crosslinking chemistry (Fig. 3A).44, 45 Russell 
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et al. elegantly developed a strategy for predicting the sequence of modification of amine 

residues using tertiary structure information, and it is possible this method could be used in 

the future for other functional groups.46

Organic chemistry reactions to attach polymers chains to a variety of amino acids such as 

cysteine, tyrosine, arginine, histidine, and non-natural amino acids have proven quite 

successful. Cysteine residues are composed of free thiols which allow for facile polymer 

conjugation through click chemistry and disulfide formation. The thiol functional groups are 

available for disulfide bond formation with 2-methacryloyloxyethyl phosphorylchlorine 

(MPC) functionalized polymers or initiators and thiol-ene click chemistry with maleimide- 

or divinyl sulfone-functionalized polymers or initiators (Fig. 3B).47–49

Tyrosine residues possess side chains with a phenol group, which can undergo ligation with 

modified polymer chains. The phenol group is available for electrophilic aromatic 

substitution reactions with triazolinedione functionalized polymers (Fig. 3C).50

The arginine side chain harbors a guanidine group, and while less reactive than lysine, it can 

be used for selective modification. Arginine residues are inherently less reactive than the 

amino terminus and lysine residues. Conjugation using these residues allows for site-specific 

conjugation through modification with α-oxo-aldehyde-functionalized polymer chains (Fig. 

3D).51

Non-natural amino acids have been genetically incorporated into proteins as a method of 

specific polymer conjugation. These amino acids are often comprised of polymer initiators 

which are used as stable linkages on the protein into promote polymer chain growth.52 

Alternatively, non-natural amino acids containing azide or alkyne functional groups which 

are compatible with Cu catalyzed “click” cycloaddition chemistry, as well as other 

functional groups compatible with the family of “click” reactions.53 There are a number of 

polymer attachment techniques, in addition to the methods discussed above, discussed in 

reviews by Maynard et al.23, Weck et al.54, Klok et al.55, Perrier et al.56, and Wu et al.57

Confirmation of Bioconjugate Synthesis

Protein-polymer conjugation has typically been confirmed by evaluating the size and mass 

of the resulting biohybrid material. Polyacrylamide Gel Electrophoresis (PAGE) is a 

biochemical technique traditionally used to approximate protein molecular weight and 

purity. Polymer conjugation tends to significantly increase molecular weight which can 

easily be seen using PAGE. Interactions between PEG and sodium dodecyl sulfate (SDS) 

presents challenges with this technique. The smeared or broaden bands associated with 

modified protein result in the inability to give clear separation of mixtures containing 

proteins modified at various sites, free polymer, and unmodified protein.59 Su and coworker 

found that native PAGE greatly reduced these interactions and sharpens bands associated 

with modified proteins, this results in overall greater resolution.59

Matrix assisted laser desorption/ionization-time of flight (MALDI-ToF) is an analytical 

technique used to ionize samples into charged molecules which allows the mass-to-charge 

(m/z) ratio to be measured to determine the mass of the ionized protein. Polymer 
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conjugation tends to cause an increased and broadened m/z of ionized protein.60 As 

mentioned before, one of the major challenges associated with characterization of modified 

proteins is heterogeneity of conjugation site and degree of polymer modification. MALDI-

ToF can be used to calculate degree of polymer modification based on separation of mass of 

peaks.

Polymer conjugation has also been confirmed using liquid chromatography-mass 

spectrometry (LC/MS),61 high performance liquid chromatography (HPLC),62 and reversed-

phase chromatography (RPC).63 Roffler and co-workers examine a host of analytical 

techniques to characterize pegylated molecules in their 2011 review.61 LC/MS is an 

analytical technique used to physically separate compounds based on size while determining 

mass. As seen with PAGE and MALDI-TOF, polymer conjugation increases in molecular 

weight, which is shown as an increase in m/z.64

In addition to conjugation confirmation, the purity of the bioconjugate should be considered. 

Researchers have used techniques such as filtration65, dialysis66, 67, and 

chromatography23, 68 to remove unreacted polymers.

Effect of Polymer Conjugation on Activity

The work of Davis and Abuchowski showed PEGylation was capable of increasing esterase 

activity of BSA which in time has led researchers to use PEG and non-PEG synthetic 

polymers in the hopes of increasing the activity of various proteins with important biological 

or industrial applications. These studies have shown that the conjugation of PEG and non-

PEG polymers to biomolecules can result in modulated and tunable activity. This section 

will investigate the effect of polymer modification on the activity of various proteins with 

targeted industrial and biomedical applications.

Model Proteins

Proteins that have well-understood and characterized functions and structures have served as 

models for polymer conjugations, some of the most popular proteins used are hen egg white 

lysozyme (HEWL), bovine serum albumin (BSA), and α-chymotrypsin. The proteins are 

some of the most studied protein-polymer conjugates due to lots of literature being 

published about their individual substrate preferences, optimum assay conditions, crystal 

structures, and amino acid sequence. These proteins also tend to be stable, and purified 

proteins can usually be purchased in crystallized or lyophilized forms and are stable over a 

wide range of conditions.

Chymotrypsin (CT)—α-Chymotrypsin (α-CT) is a well-studied and characterized protein 

that catalyzes site-specific hydrolysis of peptide bonds.69 This hydrolysis occurs at the 

carboxyl ends of large hydrophobic or aromatic amino acids, which including tyrosine, 

phenylalanine, methionine, and tryptophan. However, while α-CT cleaves the carboxyl side 

of substrate that has been introduced, it will also begin to undergo autolysis simultaneously.
70 This ultimately degrades the enzyme and reduces its long-term activity. Griebenow and 

coworkers attempt to address this issue through the pegylation of α-CT with PEG chains of 

varying lengths.71 This work found that while pegyalation caused an initial decrease in 
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activity, long-term activity was significantly increased. The native enzyme lost most of its 

activity within the first 30 minutes of incubation at a higher temperature while the 

conjugates retained activity after 2.5 hours of incubation.

Polymer chains composed of monomers other than ethylene oxide or ethylene glycol can 

provide charge, hydrophobicity, or tunable responses to stimuli that PEG cannot boast. 

Russell and coworkers utilize the inherent chemistries of cationic, anionic, and zwitterionic 

polymers to influence protein activity, using α-CT as a model protein.72 The group 

constructed four different chymotrypsin-polymer conjugates utilizing an ATRP based 

grafting-from approach. Polymers conjugated to α-CT include an uncharged 

poly(oligoethylene glycol methacrylate) (pOEGMA), a cationic poly(quaternary ammonium 

methacrylate) (pQA), an anionic poly(sulfonate methacrylate) (pSMA), and a zwitterionic 

poly(carboxybetaine acrylamide) (pCBAA) chain. The activity of α-CT and the 

bioconjugates were determined using a short peptide substrate, the rate of hydrolysis of the 

peptide was used to determine enzymatic activity and the effect of polymer conjugation. 

These activity assays showed a decreased kinetic rate for all conjugates, which has often 

been found in enzymatic polymer bioconjugates. However, the substrate affinity of these 

bioconjugates varies compared to the substrate affinity of native α-CT; the cationic polymer 

conjugate showed an increased affinity, the uncharged and anionic polymer conjugates 

showed decreased affinity, and the zwitterionic polymer conjugate exhibited no significant 

change (Fig 4). The results of Russell and coworkers indicate that α-CT substrate affinity is 

likely caused by electrostatic repulsion and attraction.

Bovine Serum Albumin (BSA)—Bovine serum albumin (BSA) is a well-known protein 

routinely used in laboratories for protein concentration assays,73 a nutrient in cell culture,74 

and to stabilize some restriction enzymes during DNA digestion.75 BSA has been shown to 

have esterase activity, allowing it to serve as a model protein for polymer conjugation. 

Lavignac and Garcia attempt to increase the activity of BSA through mono- and di-

conjugation of poly(amidoamine).76 Mono-conjugated BSA showed a 4% increase in 

activity when compared to the native protein while di-conjugated BSA reduced activity to 

35%. When exposed to denaturing conditions, including incubation at 50 °C and incubation 

in urea, activity of these conjugates are significantly reduced. After incubation at 50 °C, the 

activity of mono- and di-conjugated BSA are reduced to 71 and 20%, respectively. In the 

presence of urea, activity is reduced to approximately 20% for both conjugates. This work 

shows significant differences in activity based on molecular weight and number of polymers 

attached.

Sumerlin and coworkers attempted to modulate BSA activity through polymer conjugation.
48 The group modified BSA with a maleimide-functionalized chain transfer agent (CTA) 

followed by RAFT polymerization of N-isopropylacrylamide (NIPAM) to synthesize 

NIPAM conjugated BSA. Circular Dichroism (CD) showed no significant change in molar 

ellipticity following conjugation, suggesting retention of secondary structure. CTA 

modification and polymer conjugation showed activity retention of 97% and 95%, 

respectively. After 5 cycles of heating and cooling, there was no significant reduction in 

residual activity. This suggests polymer conjugation via a grafting from approach does not 

cause significant change in protein activity.
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Lysozyme—Lysozyme degrades the polysaccharide cell wall of gram positive bacteria, 

exposing the lipid bilayer, by hydrolyzing peptidoglycan.77 Hubbuch and coworkers 

attempted to show pegylation is capable of increasing stability and activity while 

investigating the effect of polymer molecular weight once conjugated to Lysozyme through 

mono- and di-pegylation.78 The group conjugated 2kDa, 5kDa and 10kDa PEG chains to 

lysozyme. The activity of these bioconjugates toward Micrococcus lysodeikticus when 

conjugated with one 2 kDa PEG chain increased nearly 30% when compared to the native 

enzyme, decreased approximately 30% when conjugated with one 5 kDa PEG chain, and 

decreased 90% when conjugated with one 10 kDa PEG chain (Fig 5).

The data suggest molecular weight of PEG chains attached to Lysozyme can significantly 

increase or greatly inhibit activity. This suggestion is further supported through the activity 

of di-conjugated Lysozyme conjugates, the activity of these conjugates when compared to 

their mono-conjugated counterparts showed a significant decrease. For example, when 

lysozyme is conjugated with one 2kDa PEG chain it increases activity to approximately 

130%; however, when the enzyme is conjugated to with two 2kDa PEG chains activity is 

reduced to approximately 50%.

Berberich and coworkers attempted to improve the antibacterial properties of HEWL 

through conjugations with polymers of varying lengths and functionalities.79 The group 

conjugated hetero-block and homo-block copolymers of varying lengths composed of 

acrylamide, dimethyl acrylamide, dimethylaminoethoxy methacrylate, and oligo(ethylene 

oxide)methyl ether acrylate to the enzyme through amidation. The activity of this enzyme 

was tested for all lysozyme-polymer conjugates against M. lysodeikticus which showed 

modulated activity for all conjugates and reduced activity with increasing polymer molecular 

weight. The effect of polymer charge on activity was also investigated, showing that 

modification with anionic polymers led to significantly reduced enzymatic-activity while 

modification with cationic polymers increased activity compared to conjugates of similar 

molecular weight. This suggests that electrostatic attractive between functional groups 

inherent within the polymer and the substrate are important for improving activity of 

conjugate. Activity was also tested against small molecule analogues of the native substrate 

to determine the impact of substrate size. The data suggested minimal variation in activity of 

almost all conjugates against the small molecule analogue.

Proteins with Biomedical Applications

Proteins have been used as effective medical treatments for various diseases for many years. 

These proteins can be introduced when diseases result from the deficiency of or reduced 

activity of specific proteins or as a method of inhibition of specific biological processes.80 

The activity, half-life, and circulation of these proteins can be diminished in vivo due to 

proteolytic degradation, an issue which can be addressed through polymer modification.

Recombinant Human Interferon-alpha (IFN-α)—Interferons are a family of signaling 

proteins that are secreted as a response to pathogens such as viruses and parasites.81 

Recombinant human interferon-alpha (IFN-α) is a protein known to effectively inhibit viral 
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replication and tumor cell growth. IFN-α has been used clinically for treatment of cancers 

and viral diseases such as hepatitis B, hepatitis C, and HIV.82, 83

Bordens and coworkers attempted to directly study the effects of size and site of pegylation 

through the attachment of 12 and 40 kDa linear PEG chains to specific primary amine sites 

along the exterior of the protein.84 IFN-α conjugated with 12 kDa and 40 kDa PEG showed 

a signification reduction in activity to 25 and 1%, respectively. The effect of the location of 

pegylation was determined by measuring ED50 and residual activity which showed highest 

after conjugation to the histidine residue at location 34. This work suggested that location 

and size of PEG chain significantly influence activity. Though IFN-α has very effective 

antitumor and antiviral functions it has poor movement within the body, known as 

pharmacokinetics. Gao and coworkers showed addressed this issue through the conjugation 

of 20, 60, and 100 kDa POEGMA which showed a reduction of antiproliferative activity to 

73, 40, and 24%, respectively.84 The pharmacokinetic activity of the conjugates were tested 

by in vivo in mouse models, native IFN-α showed a terminal half-life of 1.5 hours. However, 

the 20, 60, and 100 kDa POEGMA conjugations showed a terminal half-life of 30.4, 48.1, 

and 62.8 hours, respectively (Fig 6). This work suggests pegylation of IFN-α decreases 

antiproliferative activity while significantly increases half-life and pharmacokinetics. The 

work also showed site specific conjugations at positions distant from the active site 

increased activity.

Osteoprotegerin (OPG)—Osteoprotegerin (OPG) is a protein known to inhibit bone 

resorption, or weakening of the bone, making it a potential therapeutic agent for treatment in 

bone disorders such as osteoporosis and rheumatoid arthritis.85, 86 The liver is responsible 

for cleansing toxins and waste from the blood. However, this typically includes efficient 

uptake of useful proteins such as OPG. To achieve the desired therapeutic benefit high doses 

of the protein must be introduced to the host in order to account for the portion of protein 

uptaken by the liver.87 This issue of efficient uptake of OPG, also known as 

osteoclastogenesis inhibitory factor (OCIF), by the liver was addressed by Okazaki and 

coworkers through pegylation of the protein.87 The group investigated the effect of 

pegylation on the uptake of OPG/OCIF in the human liver and various organs in rats. In the 

rat model, the group studies the uptake of native OPG/OCIF and the bioconjugate in the 

liver, kidney, and spleen. The most significant uptake of these samples was shown in the 

liver with nearly no uptake in the kidney or spleen. Pegylation of OPG/OCIF showed 

significantly higher activity than native OCIF and nearly negligible uptake in the human and 

rat liver. Through pegylation, the group was also able to significantly increase the half-life of 

OPG/OCIF in rat models from 3.9 to 7.6 hrs. In addition to this, the group studied the serum 

circulation of native and pegylated OCIF (Fig 7). This work showed native OCIF having a 

circulation time of approximately 24 hrs, while pegylated OCIF shows a circulation time 

over 72 hours.

Sumerlin and coworkers attempted to improve in vivo function of OPG via polymer 

conjugation.88 The group selectively conjugated polymers comprised of poly (ethylene 

glycol) methyl ether methacrylate (PEGMA) and N-(2-hydroxypropyl) methacrylamide 

(HPMA) to the amine terminus of OPG. This resulted in non-toxic bioconjugates that 

retained the activity shown in native OPG. These in vitro studies – outside of living 
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organism – showed polymer structure has no significant effect on function. The group also 

performed the bone density of rats that had undergone OPG treatment a week prior. The in 
vivo studies suggested a slight increase in bone mineral density after the loosely branched 

OPG bioconjugate was administered.

Granulocyte colony-stimulating factor (G-CSF)—Colony-stimulating factors (CSFs) 

are glycoproteins that are secreted by bone marrow that stimulate the growth and 

differentiation of stem cells into colonies of specific blood cells, ultimately protecting the 

host against bacterial, viral, and fungal infections.89 G-CSF has been shown to enhance the 

antimicrobial functions of mature neutrophilic white blood cells.90 When introduced to 

humans, recombinant G-CSF has been shown to have low toxicity, induce the production of 

anti-inflammatory factors, and protect against organ injury induced by endotoxin and sepsis.
91–95 G-CSF is available clinically in its recombinant form globally and is FDA approved for 

uses the include severe chronic neutropenia, peripheral blood progenitor cell transplantation, 

chemotherapy-induced neutropenia, and bone marrow transplantation.96–102

Though G-CSF has been proven as an effective treatment for neutropenia, the protein has 

short circulation, 24 hour, half-life in the body.103 Choe and coworkers group attempted to 

address this issue through conjugation 20kDa PEG to the amine terminus of G-CSF.104 The 

in vitro activity and the half maximal effective concentration (EC50) of the conjugate and 

native protein samples were investigated through the incubation of mouse myelogenous 

leukemia cells which ultimately showed similar activity suggesting pegylation does not 

negatively impact biological activity of G-CSF. The in vivo activity was determined via the 

injection of the native and conjugated protein into neutropenic rats (Fig 8). This work 

showed pegylated G-CSF having significantly higher and faster recovery of neutrophils as 

well as a loner plasma circulation when compared to the native protein. As mentioned 

before, G-CSF has a circulation time of approximately 24 h while the pegylated protein 

showed a circulation of more than 72 h. The group also studied the effects of the fused of the 

Fc domain of IgG1, also known as the crystallizable fragment of the immunoglobulin class 

G, to G-CSF which had previously been shown to prolong the half-life of the protein.105–107 

When compared to pegylated G-CSF, the Fc fused protein has similar in vitro activity but 

showed slowed recovery of neutrophils in vivo and significantly shortened plasma 

circulation.

Zhou and coworkers also attempted to increase plasma half-life of G-CSF.108 However, the 

group constructed an expression vector consisting of an artificial gelatin-like-protein 

polymer fused to G-CSF. Similar to the pegylated G-CSF, the purified conjugate showed 

similar in vitro activity to the native protein, similar in vitro EC50 to the native protein, and 

in vivo increased plasma circulation.

Human Growth Hormone (hGH)—The pituitary gland attached to the hypothalamus of 

the brain and responsible for regulation of metabolism, growth, reproduction, and response 

to the stress through the secretion of various hormones.109 One of the polypeptide hormones 

secreted is growth hormone (GH) which is released by somatrophs in the pituitary glands.110 

Previous research has shown GH regulates somatic growth, energy homeostasis, and 

carbohydrate and lipid metabolism.111 The FDA approved recombinant human Growth 
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Hormone (rhGH) has been used as therapy for severe growth hormone deficiency, chronic 

renal insufficiency, turner syndrome, Prader-Willi syndrome, and Noonan syndrome.112–116 

HGH was also routinely used by athletes in an attempt to increase muscle growth until 

forbidden in the early 1990’s.

Though hGH has been proven to serve as an effective treatment for growth hormone 

deficiency, like most therapeutic proteins it exhibits a short in vivo half-life. The Pasut group 

attempted to address this issue through the attachment of 20kDa PEG chains to hGH at 

varying locations.117 The group conjugated the protein at the amine terminus and glutamine 

at residue 141. In vivo activity was tested by comparing somatic growth produced by the 

conjugated and native hGH in hypophysectomized rats. These studies showed animals given 

a single weekly dose of pegylated hGH had similar weights of animals given daily doses of 

native hGH, this suggests that conjugation prolongs in vivo half-life and has similar activity. 

In addition to measuring the weight gain in all of the animals in the study, the length of the 

femur was determined to better understand the effect of the conjugated and native protein on 

somatic growth. This study showed that animals dosed with pegylated hGH had significantly 

increased bone length and thicker tibial diaphysis.

Ribonuclease (RNase)—Ribonuclease A (RNase A) is an enzyme that is released by the 

pancreas, it is responsible for the hydrolysis or degradation of ribonucleic acid (RNA).118 

RNase A has been studied for tumoricidal properties due to the link of small noncoding 

RNAs to the production and formation of malignant tumors.119–123 Hu and coworkers 

attempted to improve the therapeutic potential of RNase A through mono-pegylation using 

varying conjugation methods.124 Previous research has shown cell proliferation to be 

increased in tumors, in this work pegylated RNase A showed increased anti-proliferative 

activity when compared to the native enzyme.125 However, enzymatic activity showed a 

slight decrease. Souček and coworkers also attempted to improve the therapeutic potential of 

bovine pancreatic RNase A through conjugation of classic and star-like hydrophilic poly(N-

(2-hydroxtpropyl)methacrylamide) (pHPMA).123 Antitumor activity of the conjugated and 

native RNase was tested in vivo against human ovarian tumors, human neuroblastoma, and 

melanoma tumors. When injected in mice bearing tumors, classic and star-like pHPMA 

conjugated to RNase A showed a significant reduction of tumor volume with reduced 

toxicity.

Insulin—Insulin is a well-studied hormone that is secreted by the pancreas and responsible 

for metabolic control - maintaining normal blood glucose levels.126 It is routinely 

administered as a therapy for insulin-dependent diabetes mellitus, commonly known as type 

I diabetes.127 Though Insulin is an effective therapy for type I diabetes, it shows poor 

pharmacokinetic behaviour, requiring multiple injections each day.128 Kim and coworkers 

attempt to address this issue through the conjugation of 750 and 2000 Da molecular weight 

methyoxypoly ethylene glycol (mPEG) chains to PheB1 and LysB29.129 The average half-

life of insulin once administrated was approximately 12 hours while 750 Da mPEG 

conjugated at PheB1 and LysB29 showed half-lives of 18.4 and 4.3 days, respectively. 2 kDa 

mPEG conjugated at PheB1 and LysB29 showed half-lives of 20.7 and 8.6 days. Relative in 

vivo bioactivity following administration showed a 4 and 12% increase for 750 Da mPEG 
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conjugated at PheB1 and LysB29, respectively. However, a 17 and 15% decrease in 

bioactivity was observed for 2 kDa mPEG conjugated at PheB1 and LysB29. This suggests 

mPEG conjugation significantly increases pharmacokinetic behavior when compared to 

native human insulin, these effects are dependent on both conjugation site and molecular 

weight of polymers conjugated.

Proteins with Industrial Applications

Proteins have been used many in industrial processes including food processing, clean 

energy, polymer synthesis, cosmetics, and waste treatment. Though these proteins have 

catalytic reactions that are very useful in these processes, the activity and half-life of these 

proteins are often jeopardized under industrial conditions which is addressed in this section 

through polymer modification.

Laccase—Biologically, laccase is involved in the pigmentation of conidial spores, 

lignification of cell walls, and delignification during white rot.130–132 Laccase has a wide 

variety of uses, which include production of ethanol, delignification of biomass, as a sensor 

for morphine and codeine, and in food and beverage production.133–136 In addition to its 

industrial properties, laccase has been shown to possess proliferative activity against tumor 

cells and catalyze the oxidation of various substrates, which has increased interest in 

enhancing the properties of the enzyme.137, 138 Cavaco-Paulo and coworkers attempt to 

enhance the polymerase activity of laccase through pegylation.139 Previous studies showed 

that laccase was able to insufficiently produce polymers, which was caused by reaction 

products leading to inactivation of the enzyme. The group studied the role of pegylated 

laccase in the polymerization of catechol when compared to native laccase in the presence or 

absence of free PEG (Fig 9). In the presence of free PEG, polymerization of catechol was 

increased to 150%. However, conjugation of PEG to laccase showed an increase of 300%. 

This work shows free polymer in the presence of laccase significantly increases activity 

while conjugation to the enzyme has a much greater effect on activity.

Cellulase—Cellulases are used in biofuel production to effectively degrade cellulose to its 

glucose monomers. However, the chemicals and temperatures used in these industrial 

processes typically degrade the enzymes or greatly inhibit their function. To address this 

Zhang and coworkers pegylated commercially available cellulase.140

The activity of pegylated and native cellulase was determined using carboxymethylcellulose 

and microcrystalline cellulose in the presence of common pretreatment ionic liquid, 1-

butyl-3-methylimidazolium chloride [Bmim][Cl]. This ionic liquid is used to dissolve 

cellulose but has been shown to quickly deactivate enzymes.141, 142 In the presence of 

[Bmim][Cl], pegylated cellulase showed significantly higher activity at 50 °C and 80 °C. 

Native cellulase showed a total loss of activity in the presence of 25% [Bmim][Cl] while the 

activity of pegylated cellulase was reduced to 55% and 45% at 50 °C and 80 °C, 

respectively, in the presence of 25% [Bmim][Cl].

Page and coworkers also attempted to improve the activity of cellulase through the covalent 

attachment of acrylamide- and dimethyl acrylamide-based polymers to the FnCel5a enzyme.
65 FnCel5a is a thermophilic cellulase that efficiently degrades cellulose at an optimum 
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temperature of 80 °C and pH 5.143 The group tested activity of FnCel5a modified with 

nonionic poly(acrylamide) (Am) and poly(N,N-dimethyl acrylamide) (DMAm) chains and 

ionic poly(N,N-dimethyl acrylamide – acrylic acid) (DMAm/AA) and poly(dimethyl 

acrylamide – 2-(N,N-dimethylamino) ethyl methacrylate) (DMAm/DMAEMA) using 

carboxymethylcelluose (CMC). Conjugations were performed at low and high graft density 

series with protein:polymer ratios being 1:14 and 1:20 respectively. These series resulted in 

different numbers of polymer conjugations which ultimately resulted in different effects on 

activity (Fig 10). Am and DMAm conjugated FnCel5a showed 50% increase while 

DMAm/AA and DMAm/DMAEMA conjugated FnCel5a showed 12% and 60% increases, 

respectively, when compared to the native enzyme. This work suggests the use of polymers 

with functional groups that are complementary to the substrate, can be effective in 

increasing activity of cellulase.

Lipase—Lipases, naturally occurring in the stomach and pancreas, are responsible for the 

hydrolysis of long chain acyl glycerides.144 The enzyme has been historically used in food 

processing, detergents, wastewater treatment, polymer synthesis, cosmetics, and biodiesel.
4, 145–148 Liu and coworkers attempted to enhance the activity of lipase by conjugation of 

hyperbranched aromatic polyamide (HBPA).149 The activity of the HBPA conjugated and 

native lipase were measured by the hydrolysis of p-nitrophenylpalmitate (p-NPP) and p-

nitrophenylbutyrate (p-NPB). Results from this work showed conjugation increased 

hydrolysis 20% and 10% of p-NPP and p-NPB, respectively. The activity of conjugated and 

native lipase was determined after incubation in varying concentrations of DMSO. In the 

presence of 10, 20, 30 and 40% DMSO the activity of native lipase reduced to 49, 44, 38, 

and 27%, respectively while conjugated lipase retained 99, 89, 73, and 50%, respectively of 

its initial activity. This work showed conjugated lipase has significantly higher residual 

activity in organic solvent compared to the native compound exposed to the same conditions.

Averick and coworkers attempted to enhance activity of Candida antartica lipase B (CalB) 

and Thermomyces lanuginose lipase (TL) through grafting-from conjugation.150 These 

lipases were modified with RAFT CTA followed by photoinduced electron transfer RAFT 

(PET-RAFT) of N-[3-(Dimethylamino)propyl] acrylamide (DMAPA) and N-(iso-

butoxymethyl) acrylamide (NIBMA). This polymerization was done at specific time 

intervals to make a small, medium and larger chains lengths of pDMAPA. When conjugated 

to CalB, these polymers showed significant decrease in lipolytic activity (Fig 11). However, 

when conjugated to TL, these polymers showed a significant increase in activity that 

correlated with increasing molecular weight. pNIBMA conjugated CalB and TL lipase 

showed approximately 200% increase in activity. This work shows the effect of polymer 

conjugation is not general between proteins.

Glucose Oxidase (GOx)—Glucose oxidase (GOx) is a well-characterized enzyme that 

catalyzes the O2 fueled oxidation of D-glucose to D-gluconolactone, producing hydrogen 

peroxide (H2O2) which can behave as an antibacterial and antifungal agent.151–154 GOx is 

industrially used in the food industry and for polymer synthesis.155, 156 McShane and 

coworkers hypothesized that the pegylation of GOx would increase activity.157 Activity 

retention of the pegylated and native GOx was tested over a 29 day time period, followed by 
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24 hour exposure to glucose. Initially, activity of the pegylated enzyme is slightly increased 

but on the 29th day the activity retention of pegylated and native GOx was 44 and 38%, 

respectively. The results from this experiment showed statistically equivalent activity 

between the conjugate and native GOx. Li and coworkers also attempted to modulate the 

activity of GOx through conjugation of poly[PEG acrylate] (pPEG-A) with increasing mole 

ratio of polymer conjugated to the enzyme.157 Activity was measured using Horseradish 

peroxidase through the production of H2O2, which showed a reduction in activity of the 

conjugate GOx when compared to the native enzyme. With increasing mole ratio of polymer 

conjugated to the enzyme (5:1, 10:1, and 20:1), overall activity reduced to 72, 64, and 57%, 

respectively. This work suggests increasing molecular weight results in decreased activity 

and polymer conjugation is can modulate the activity of GOx.

Russell and coworkers propose efficient electron transfer through the growth of poly(N-3-

dimthyl(ferrocenyl)methylammonium bromide)propyl acrylamide (pFcAc) chains from 

GOx.158 The group synthesized these conjugates in the presence and absence of chitosan for 

enzyme-based biosensors to improve electron transfer efficiency in enzyme-modified 

electrodes. Amperometry was used to determine the glucose biosensing behavior of these 

conjugates at varying concentrations of glucose with constant cell voltage. This work 

showed an apparat KM of 45.7 and 22.3 mM glucose for GOx conjugate in the absence and 

presence of chitosan, respectively. This shows the chitosan containing network has a higher 

affinity for glucose binding.

Xylanase—Xylanases are a class of enzymes responsible for the catalysis of the 

degradation of xylan, a widely available natural polysaccharide, to produce alcohol, xylose, 

xylitol and xylooligosaccharides.159, 160 Industrially, xylanase is widely used in animal feed, 

lignocellulosic biomass processing, textile processing, and baking.161–164 Bordbar and 

coworkers attempted to increase the catalytic activity of xylanase by immobilizing the 

enzyme on superparamagnetic graphene oxide nanosheets functionalized with poly(ethylene 

glycol) bis amine (PEGA).165 Catalytic activity of xylanase was determined by measuring 

the production of xylose when in the presence of xylan at various temperature and pH. These 

experiments showed optimum activity for the native enzyme at pH 6.5 at 60 °C while 

optimum activity for immobilized xylanase was pH 7.5. When compared to the activity of 

the native enzyme at pH 7.5 and pH 8.5, activity was significantly higher. Activity of the 

immobilized and native enzyme were similar at 60 °C, while immobilized xylanase showed 

significantly increased activity at 70 °C and 80 °C. This suggests that PEG functionalized 

nanosheet immobilization tunes the activity of biocatalysts.

Catalase—Catalase is a well characterized enzyme responsible for the conversion of 

hydrogen peroxide to molecular oxygen.166 Industrially, catalase is widely used in shelf-life 

improvement of food, milk preservation, and hydrogen peroxide removal.167–169 Kumar and 

coworkers attempted to enhance the enzymatic activity of catalase through the conjugation 

of poly (acrylic acid) (pAA).170 Various lengths of polymer (100kDa, 500kDa, and 

1000kDa) were conjugated to the enzyme with the goal of encapsulating the protein, this 

synthesis was conducted at various pH values (pH 5, 6, and 7) in order to control the 

protonation of the pAA chain. The catalytic activity of the conjugated enzyme was measured 
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by studying the rate of decomposition of H2O2 and compared to the native enzyme (Fig 12). 

These experiments showed increasing activity (55–80% activity retention) with increasing 

polymer molecular weight for conjugates synthesized at pH 5; however, the activity of these 

conjugates was decreased when compared to the native enzyme. These experiments also 

showed an increase in activity with increasing synthesis pH, conjugates synthesized at pH 7 

showed 90–100% activity retention when compared to the native enzyme. A nearly 20% 

increase of activity was observed for the 500kDa pAA conjugated catalase synthesized at pH 

6. This work suggests conjugation conditions associated with protein-polymer conjugates 

significantly effect immediate and long-term activity.

General Trends in the Effect of Polymer Conjugation on Activity

Polymer modification of enzymes may elicit the modification of enzyme activity, including 

increased or decreased activity, activity retention in organic solvents, activity retention at 

high temperatures, and prolonged activity in vivo and in vitro. A recurring theme among 

these conjugates is the initial reduction of activity in pegylated proteins. Grienbenow and 

coworkers attempted to understand structural causes of protein conjugation by studying 

structural dynamics of chymotrypsin-polymer conjugates using Fourier-Transformed 

Infrared (FTIR) Hydrogen/ Deuterium exchange experiments, Circular Dichroism (CD) 

spectroscopy, and Differential Scanning Calorimetry (DSC).171 This work showed a 

reduction of protein dynamics which had previously been linked to an increase in protein 

thermodynamic stability.172 Bioconjugate researchers have used these findings as a 

hypothesis to explain the reduction of kinetic rate observed for enzymatic protein-polymer 

conjugates. In addition to activity, polymer conjugation has been shown to affect stability. In 

the case of polymers with more complex functionality than PEG, judicious choice of the 

polymer can lead to an increase in activity. This is often achieved when there are 

complementary interactions, such as electrostatic attractions or hydrophobic interactions, 

between the attached polymer and the substrate of interest. This begins to form guiding 

principles for the next generation of bioconjugates.

Effect of Polymer Conjugation on Stability

Unlike activity, there are many definitions of stability when referring to proteins which 

include, but are not limited to: stability against proteases, circulation time in a living system, 

thermal stability, structural stability, thermodynamic stability, and chemical stability. The 

work of Davis and Abuchowski showed pegylation can increase proteolytic resistance, 

thermal stability, and pH stability of BSA – this work led to examining the influence of 

synthetic linear and branched PEG and non-PEG polymers on the stability and confirmation 

of various proteins. These studies have shown conjugation of polymers can result in changes 

in conformational structure, which lead to increased stability and longer half-life.

Model Proteins

Lysozyme—Since its discovery in 1922, lysozyme has served as a model protein for 

amyloid research, metalation, protein crystallography, and protein-polymer conjugation.
173–175 As mentioned before, Hubbuch and coworkers attempted to increase stability and 

activity of Lysozyme through mono- and di-pegylation.78 Though this work showed 
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significant decrease in activity when conjugated to higher molecular weight PEG and to 

more than one PEG chain, conjugation proved promising in terms of the enzyme’s stability. 

The thermal and chemical stability of conjugated and native lysozyme were determined 

using intrinsic protein fluorescence measurements. These experiments showed similar 

melting temperatures(Tm), approximately 60 °C, for the modified and native enzyme. NaCl 

was added to these experiments to test chemical stability of these proteins, the salt has been 

shown to destabilize conformational and colloidal stability of proteins.176 Upon the addition 

of this salt, all samples showed a reduction in melting temperature. However, pegylated 

lysozyme showed significantly higher stability in high concentrations of the salt when 

compared to the native enzyme that suffered spontaneous precipitation at salt concentrations 

above 1.59M. At the NaCl concentration of 2.5, the di-pegylated protein samples showed a 

Tm above 45 °C while the mono-pegylated protein showed a Tm at approximately 40 °C. 

This suggests that pegylation is capable of increasing stability in the presence of efficient 

denaturants and precipitants.

Berberich and coworkers attempted to improve the thermal and chemical stability of 

Lysozyme through the conjugation of various heteropolymers and homopolymers.79 As 

mentioned before, modification of the enzyme with charged polymers modulates activity 

based on electrostatic interactions with the substrate, also the molecular weight of the 

polymer attached may inhibit or stimulate activity. The group determined thermal and 

chemical stability using differential scanning fluorimetry (DSF) and tryptophan 

fluorescence. These experiments showed a decrease in Tm for all conjugates, with the most 

dramatic reduction in Tm occurring for the highest polymer molecular weight bioconjugates. 

Guanidine Hydrochloride (Gdn-HCl), a common denaturant, was used to test the chemical 

stability of the conjugated and native lysozyme. These experiments showed increased 

stability against increasing concentrations of Gdn-HCl for many of the conjugates. This 

work suggests polymer conjugation is capable of increasing chemical stability and the 

molecular weight of polymer conjugation is very significant.

In order to improve activity following thermal stress and overall stability of lysozyme, 

Maynard and coworkers conjugated 8, 15, 25, and 50 kDa trehalose-based glycopolymers to 

the enzyme.177 Following 10 cycles of lyophilization, activity for the wild type lysozyme 

was reduced to 16% while in the presence of 100-fold excess free polymer, the enzyme 

exhibited full activity retention, regardless of molecular weight (Fig 13). In these conditions, 

59, 100, 70, and 100% activity was retained when lysozyme was conjugated with 8, 15, 25, 

and 50 kDa trehalose-based glycopolymers, respectively. When incubated at 90 °C for 1 

hour, the activity of wild type lysozyme reduced to approximately 19% while in the presence 

of free polymer and when conjugated, the enzyme retained 55–80% of initial activity. This 

works suggests polymer conjugation is an effective stabilizer for lysozyme for heat and 

lyophilization stress.

Bovine Serum Albumin (BSA)—Albumin, human and bovine, is a plasma protein 

secreted by the liver and exhibits esterase activity, the hydrolysis of esters into an acid and 

alcohol.74, 178, 179 Nielsen and coworkers attempted to investigate the effect of protein 

pegylation on the structure, function, and stability of Bovine Serum Albumin (BSA).180 The 

group conjugated 5, 10, 20, 30, 40 and 60kDa PEG chains to the enzyme and determined the 
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effect of these conjugations on stability utilizing circular dichroism (CD) spectroscopy and 

differential scanning calorimetry (DSC). CD is an effective measure of secondary structure, 

these experiments show no significant change in the secondary structure of conjugates when 

compared to the native enzyme. DSC is an effective measure of thermal stability and can be 

used to accurately measure Tm and enthalpy, ΔH. These experiments showed native BSA to 

be slightly more thermal stable than the pegylated BSA. This work suggests that pegylation 

has little to no effect on the secondary structure of BSA while affecting thermal stability.

Chymotrypsin—Chymotrypsin is well known for undergoing autolysis, which contributes 

to its overall instability. Russell and coworkers attempt to dramatically enhance pH and 

thermal stability of chymotrypsin through the conjugation of poly(sulfobetaine 

methyacrylamide)-block-poly(N-isopropylacrylamide) (pSBAm-block-pNIPAM).181 The 

group modified chymotrypsin with an ATRP initiator followed by ATRP polymerization of 

SBAm, followed by ATRP polymerization of NIPAm to form diblock polymer conjugates. 

This approach resulted in conjugates with 232, 354, and 553 kDa molecular weights. 

Incubation at 37 °C for 8 hours showed no significant change for the conjugates while native 

chymotrypsin lost 50% of its initial activity. Incubation in 167 mM HCL of 3 hours showed 

residual activity of 60% for all conjugates while the native enzyme lost 50% of its initial 

activity in 30 minutes and all activity after 2 hours. This suggests polymer conjugation is 

capable of decreasing autolysis and increasing overall stability of chymotrypsin.

Proteins with Biomedical Application

Human Growth Hormone (hGH)—Like many therapeutic proteins, hGH exhibits low 

circulation half-life, requiring frequent injection for effective treatment of diseases caused 

by hGH-deficiency. The Pasut group attempted to address this issue while increasing activity 

and stability through the attachment of PEG chains to hGH at varying locations.117 

Conjugation resulted in significantly increased circulation half-life and significant bone 

growth in rat models. Thermal stability was measured using CD. These experiments showed 

native hGH having a Tm of 82 °C, which increased to 86 °C upon conjugation at the amine 

terminus, which suggests a significant increase of thermal stability. The reversibility of 

thermal unfolding was measured after the samples were heated to 95 °C then cooled to 

20 °C. The conjugated hGH able to more easily recover its secondary structure after thermal 

denaturation, when compared to the native protein. This work suggests pegylation is able to 

significantly increase thermal stability and recovery following thermal denaturation.

Cocaine Esterase—Cocaine Esterase (CocE) is an enzyme responsible for the hydrolysis 

of cocaine; however, the enzyme is proven to be unstable at 37 °C limiting its therapeutic 

potential.182 Sunahara and coworkers attempted to increase the stability of the enzyme 

through the conjugation of 40kDa PEG.183 Stability was determined by measuring melting 

temperature and testing in vivo residence over a prolonged period of time. These 

experiments showed a significant increase in thermal stability of CocE, the native enzyme 

has a Tm of 34.8 °C while the pegylated enzyme has a Tm of 43.9 °C. Residence time of the 

pegylated CocE was 72 hours and showed an increased survival rate in rat models. This 

suggests pegylated CocE increases stability of the enzyme and may be used therapeutically.
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Hemoglobin—Hemoglobin (Hb) is a well-studied enzyme found in red blood cells 

transporting oxygen from the lungs to the tissues within the body.184 In the presence of 

H2O2, the protein also behaves as a peroxidase.185 Kumar and coworkers attempted of 

improved the stability of Hb through the attachment of 450 kDa poly(acrylic acid) (pAA).67 

Structural and thermal stability of the enzyme were measured using circular dichroism (CD) 

spectroscopy and differential scanning calorimetry (DSC). These experiments showed 

similar secondary structure of the conjugated and native Hb, suggesting heme coordination 

is preserved. DSC of the conjugated and native enzyme show no change in Tm (Fig 14). 

However, the thermographs of these enzymes show significant changes in stability, the 

native enzyme denatures over the range of 50–70 °C while the conjugate denatures over the 

range of 40–105 °C. This information was used to calculate the denaturation enthalpy, which 

were 90 kcal/mol and 1559 kcal/mol for the native and conjugated Hb, respectively. These 

studies also showed increased room-temperature stability upon the conjugation of pAA.

Proteins with Industrial Application

Papain—Papain, also known as Papaya proteinase I, is a cysteine endopeptidase. It is 

widely used in food processing for beer stabilization, meat tenderization, and dairy 

processing.186–188 Ishihara and coworkers attempted to increase the stability through the 

conjugation of varying molecular weights of water-soluble phospholipid and ethylene oxide 

(also known as ethylene glycol) polymers.189 Structural and thermal stability was 

determined by circular dichroism (CD) spectroscopy and measuring the preservation of 

enzymatic activity after 28-day incubation at 40 °C, respectively (Fig 15). CD showed no 

significant change in helical content when conjugated to PEG. A gradual decrease with 

increasing molecular weight (5, 10, and 20kDa) of phospholipid polymers; however, the 

40kDa phospholipid conjugate showed only slightly decreases helical content when 

compared to the native enzyme.

Native enzymatic activity was nearly completely lost after 7 days while pegylated papain 

activity reduced to approximately 50% and remained constant for the remaining 21 days. 

When conjugated with the 5kDa phospholipid polymers, enzymatic activity remained nearly 

unchanged over the 28 day period while the 40kDa conjugate showed a 25% increase in 

activity over the 28-day period. Like most proteases, Papain is capable of self-digestion, or 

auto-lysis. This work suggests pegylation or phospholipid polymer conjugation is capable of 

reducing this phenomenon over a long-period of time, presumably due to steric hinderance, 

ultimately increasing thermal stability.

Cellulase—Cellulase is responsible for the degradation of cellulose and commercially used 

in ethanol production. As mentioned before, Page and coworkers found that functional 

groups inherent to polymer chains can be effective in increasing activity if they are 

complementary to the target substrate.65 The group also studied the effect of polymer 

conjugation on thermal, chemical, and thermodynamic stability using differential scanning 

fluorimetry (DSF) and studying activity following denaturation by DMF. DSF was used to 

determine thermal and thermodynamic stability of the conjugates when compared to the 

native enzyme, showing similar Tm values for all samples. The DSF data was also used to 

calculate the Standard Gibbs free energy of unfolding ΔuG°, entropy of unfolding and 
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enthalpy of unfolding using a method was previously introduced by the group.190 These 

experiments showed similar Tm and ΔuG° values for the conjugated and native enzyme. 

Following incubation in 76% DMF, residual activity of the native and conjugates were 

shown to be approximately 30%. This work suggests polymer conjugation has no adverse 

effect on the stability of FnCel5a.

Laccase—Laccases is used industrially for a plethora of applications including baking and 

beverage processing. Hernández-Arana and coworkers attempted to increase stability of the 

enzyme through pegylation.191 Structural and thermal stability was determined using 

circular dichroism (CD) spectroscopy and differential scanning calorimetry (DSC). These 

experiments showed similar CD structure and 2 °C increase in Tm when measured by DSC. 

The group also measured chemical stability through the rate of inactivation in aqueous-

organic solvents such as methanol, ethanol, propanol, and acetonitrile, which showed an 

overall decreased rate of inactivation. This work suggests pegylation is capable of modestly 

increasing thermal and chemical stability of laccase.

Xylanase—Xylanase is responsible for the degradation of xylan and commercially used in 

animal feed and textile processing. As mentioned before, Bordbar and coworkers attempted 

to increase activity and stability of the enzyme though immobilization on PEG modified 

superparamagnetic graphene oxide nanocomposite.165 This work showed PEG 

functionalized nanosheets are capable of tuning activity. Reusability and storage stability of 

the enzyme was determined by measuring activity following 8 cycles of reuse at varying 

temperatures and measuring activity after 90 days of storage, respectively. These 

experiments showed a sharp reduction of activity following the second cycle and the 

immobilized xylanase retaining the most activity (38%) after 8 cycles at 60 °C. After storage 

for 90 days, the immobilized xylanase retained approximately 35% of its initial activity 

while the native enzyme only retained 20%. This work suggests immobilization of catalytic 

enzymes on PRG functionalized nanosheets may have a cost benefit due to storage stability 

and reusability.

General Trends in the Effect of Polymer Conjugation of Stability

The work discussed in the section shows polymer modification of proteins is capable of 

increasing thermal stability, chemical stability, storage stability and reusability. These 

studies suggest that stability and activity can be improved, reduced, or unchanged 

independent of conformational, or structural changes. These studies show there are no 

general trends associated with polymer conjugation. For example, increasing molecular 

weight of polymers attached in result in increasing stability, decreasing stability, or no 

change. This is also shown in type of polymer conjugated with no trend in charge, 

connectivity, or polymerization method. Pokorski and coworkers attempted to better 

understand the effect of conformation associated with protein-polymer modification through 

the conjugation of PEG, poly(oligo(ethylene glycol)methyl ether acrylate) and poly 

(norbornene-(oligo(ethylene glycol)ester)) to Virus-like Particle, Qβ.192 The group utilized 

small-angle neutron scattering (SANS) to elucidate structures of the conjugates and cryo-

electron microscopy (cryo-EM) to enable direct visualization of the conjugate. These 

experiments showed unique surface polymer conformations for each conjugate. 
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Bioconjugate researchers have used surface polymer configuration to explain changes in 

activity or stability in the absence of protein conformational change. The impact of polymer 

structure on stability needs to be expanded in future work in order to provide guidance on 

how to design bioconjugate for optimal performance.

Stimuli Responsive Bioconjugates

Stimuli-responsive, or smart, polymers are materials that undergo some change based on the 

environment, which includes but is not limited to temperature, pH, wavelength and humidity.
193 The covalent attachment of inert polymer chains has been shown to increase activity and 

stability; however, the modification of proteins with smart polymers introduces new 

functionalities and possibilities due to the altered polymer structure with and without 

stimuli.

pH responsive

Chymotrypsin—α-Chymotrypsin (α-CT) is a digestive enzyme that performs proteolysis, 

the non-selective degradation of proteins and polypeptide. However, CT has been shown to 

degrade itself. Russell and coworkers address the stability through the conjugation of poly(2-

(dimethylamino)ethyl methacrylate) (pDMAEMA), which has been shown to undergo 

conformational change with alterations in temperature and pH.194 The work showed the 

diameter of conjugates increased with lower pH values and decreased at values above 8, due 

to the deprotonation of DMAEMA. Typically, native CT is nearly inactive at pH values 

below 8; however, upon modification with pDMAEMA, activity at lower pH values show a 

nearly 10-fold increase. This work suggests that these properties can be tailed by tunable 

variables such as pH and temperature.

Pyrophosphatase—Pyrophosphatase (PPase) is an enzyme responsible for the hydrolysis 

of inorganic pyrophosphate to phosphate ions.196 Brash and coworkers attempted to improve 

the activity and stability of PPase through the site-specific conjugation of varying molecular 

weights of pH-responsive pDMAEMA.195 The effect of pDMAEMA conjugation was 

investigated by measuring the activity, hydrodynamic diameter, and stability of the 

conjugates. Activity was measured over a range of pH values (4–10) for PPase conjugated to 

8kDa, 14.8kDa, and 21.2kDa pDMAEMA and compared to the native enzyme (Fig 16). 

These experiments showed significantly increased activity for all conjugates at pH 4 and 5, 

activity was increased 300% when modified with 21.2kDa pDMAEMA at pH 4. Native 

PPase is optimum at pH 8; however, the activity modified enzyme was significantly reduced 

at pH 7, 8, and 9. pDMAEMA has been shown to undergo conformational change with 

alternations in pH, this is shown in the hydrodynamic size distributions of the conjugates 

over a range of pH values (4–10).197 The hydrodynamic diameter of PPase reduced from 

3531nm to 5.3nm at pH 4 and 10, respectively, while the conjugated enzymes at pH 4 have 

an average of 10.9nm, at pH 8 have an average hydrodynamic diameter of 722.5nm and is 

again reduced at pH 10 to approximately 9.1nm. This work suggests conjugation of pH-

responsive polymers are capable of introducing pH-responsive activity to the enzyme.
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Temperature responsive

Lysozyme—The conjugation of stimuli responsive polymers to enzymes has received a lot 

of attention, Mann and coworkers attempted to use this chemistry to produce stimulus-

responsive protein-based micro-compartments, also known as proteinosomes.198 The group 

conjugated 8.8kDa poly(N-isopropylacrylamide) (pNIPAm) polymers to BSA. The 

conjugate was used for spontaneous self-assembly of proteinosomes (aqueous media 

encapsulated in protocelle) in oil. Cooling of these proteinosomes resulted in changes in the 

conformational and hydrophobic conformations pNIPAm. This ultimately resulted in 

temperature mediated release of aqueous material encapsulated within the proteinosomes.

Endoglucanase—In addition to enzyme instability affected with industrial conditions 

associated with biofuel productions, enzymatic costs are a substantial portion of overall 

biofuel costs.199–201 To address this, scientists have attempted to reduce costs through the 

collection and reusability of these enzymes within multiple cycles of processing (Fig 17). 

Francis and coworkers address this need through the conjugation of poly(N-

isopropylacrylamide) (pNIPAm) to endoglucanase (EGPh).202 Lower critical solution 

temperature (LCST) and high critical solution temperature (HCST) polymers are a class 

thermal responsive polymers. LCSTs, such as pNIPAm, are soluble at lower temperatures 

but precipitate as temperatures increase, this work shows that after conjugation, the 

responsive activity of the polymer remains. Following two cycles of heating and cooling, 

NIPAm modified EGPh retained approximately 60% of its initial activity. This work 

suggests thermos-responsive polymers can be used to increase reusability of enzymes.

Photoresponsive

Endoglucanasse 12A—In addition to thermo- and pH- responsive polymers, photo-

responsive polymers have received attention for protein conjugation. Stayton and coworkers 

conjugated photoresponsive Dimetheyl acrylamide-co-4-phenylazophenyl acrylate (DMAA) 

and Dimethyl acrylamide-co-N-4-phenylazophenyl acrylamide (DMAAm) polymers to 

Endoglucanase 12A (EG 12A).203 EG 12A is commercially used for its hydrolysis of 

cellulose. The enzymatic activity of the conjugates were determined in the presence of o-

nitrophenyl-β-D-cellobioside (ONPC). These experiments showed sequential 

photoswitching activity (Fig 18). DMAAm conjugates only showed activity under visible 

photoirradiation while DMAA conjugates only showed activity under ultraviolet 

photoirradiation. Surprisingly, conjugation reduced activity to approximately 55% for the 

conjugates while EG 12A in the presence of these polymers showed no reduction in activity 

or photoswitching capabilities. This work suggests the possibility of regulating enzyme 

activity based on photoirradiation.

Conclusions

Since the first documented protein-polymer conjugate synthesized by Davis and coworkers 

in 1977, the bioconjugate field has grown substantially and includes non-PEG conjugations 

that result in a variety of new behaviors.11 Polymers have been conjugated to or grown from 

a number of biomolecules with a plethora of behaviors and applications. NMP, ATRP, 

RAFT, and ROMP are common polymerization methods utilized in biomolecule-polymer 
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conjugation. Researchers have demonstrated these methods can be used in traditional 

chemical or through photoinduction using both grafting-to and grafting-from conjugation 

approaches. Coupling chemistries to synthesize bioconjugates most commonly utilize amino 

acids present within the native structure of the protein or introduce polymerization initiators 

to non-natural amino acids.

The protein-polymer conjugates discussed on this review exhibit a vast array of behaviors, 

which is independent of polymer length, monomer composition, or conjugation site. This 

review highlights the ability of pegylation to modestly and significantly increasing stability 

and reusability while impacting activity in a number of ways. This includes but not limited: 

initial reduction, decreasing with increasing polymer molecular weight, increasing when 

conjugated to sites away from active site, significantly increasing, and causing no 

statistically different change. Conjugation of charged polymers to various proteins showed a 

range of effects, including: increased or decreased substrate affinity, decreased activity with 

polymer increasing molecular weight, significantly increased chemical and storage stability, 

and no observed significant changes. However, these changes in activity and stability are 

often specific to a given pair of polymer and protein, with prediction of polymer conjugation 

of biohybrid perfoamce being difficult to assess prior to conjugation. For instance, Averick 

and coworkers modified two lipases (CalB and TL) with small, medium, and large DMAPA 

polymers.150 Under the same reaction conditions, both enzymes showed very dissimilar 

behaviors. The lypolytic activity of CalB was reduced but had not effect based on length 

while TL showed significantly increased activity correlating with polymer length. This 

suggests a need for expansion in this field with the goal of understanding the general rules 

and principles that guide the behaviors caused by polymer conjugation. Future directions for 

this field are an expansion of the smart or responsive polymers attached to biological 

materials to regulate biomolecule activity in real time. Additionally, conjugation to increase 

stability and solubility of proteins in organic solvents for more efficient industrial 

applicability and increase the utility of protein-polymer conjugations is an ongoing area of 

research. Within the next ten years, we expect to have a better understanding of the effect of 

polymer attachment to protein activity and stability. This would entail understanding the 

effect of the polymer length, composition, and attachment site, as well as if the type of 

linker, conjugation chemistry, and polymerization technique (ATRP, RAFT, photo-induced 

polymerization, or PEG) plays any role in changes to protein activity or stability. Ultimately, 

this would result in more predictive power as to the effects of polymer conjugation and 

better utilization of resources, so that polymers can be designed from first principles to 

provide a protein with a given functionality.
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Fig 1. 
Polymer conjugation effects many properties of the native protein and is capable of 

increasing applicability

Wright et al. Page 31

Polym Chem. Author manuscript; available in PMC 2020 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(A) Grafting to and (B) Grafting from approaches for protein-polymer conjugation. mages 

made in PyMOL using BSA from PDB 3V03.43
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Fig. 3. 
Coupling chemistries used for protein-polymer conjugation utilizing (A) lysine residues and 

amino-terminus, (B) cysteine residues, (C) tyrosine residues, and (D) arginine residues. 

Image made in PyMOL using Hen Egg White Lysozyme from PDB 1AKI.58
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Fig 4. 
pH-Dependence of kinetic constants (a)kcat, (b)KM, and (c)kcat/KM for native chymotrypsin. 

Relative kinetic constants for pSMA (purple diamond), pOEGMA (green triangle), pQA 

(blue circle), and pCBAm (red square) conjugated chymotrypsin. Reprinted with permission.
72 Copyright 2017, American Chemical Society.

Wright et al. Page 34

Polym Chem. Author manuscript; available in PMC 2020 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 5. 
Relative activity of 2 kDa, 5 kDa, and 10 kDa mono- and di-pegylated lysozyme. 

Reproduced with permission.78 Copyright 2017, Elsevier.
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Fig 6. 
(A) In vitro cytotoxicity of native and pOEGMA conjugated IFN-α. (B) Relative activity of 

pOEGMA conjugated IFN-α as a function of molecular weight. (C) Residual activity of 

native and pOEGMA conjugated IFN-α after incubation at 50 °C. (D) CD spectra of native 

and pOEGMA conjugated IFN-α after incubation at 50 °C for 24hr. Reproduced with 

permission. 84 Copyright 2017, Springer Nature.
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Fig 7. 
Protein concentration in serum after administration of native and pegylated OCIF. 

Reproduced with permission.87 Copyright 2010, Wiley.
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Fig 8. 
Protein concentration in plasma after administration of native G-CSF, pegylated G-CSF, and 

G-CSF fused with Fc domain. Reproduced from Do et al. 2017 licensed under CC BY 4.0104
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Fig 9. 
UV absorption at 350 nm during polymerization of catechol in the presence of pegylated 

laccase, native laccase, and laccease in the presence of free PEG. Reproduced with 

permission.139 Copyright 2017, Wiley.
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Fig 10. 
(A) Schematic of hydrolysis of CMC by cellulase. (B) Relative activity of Am, DMAm, 

DMAm/AA, and DMAm/DMAEMA conjugated cellulase compared to native. Reprinted 

with permission.65 Copyright 2017 American Chemical Society.
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Fig 11. 
Activity of native and polymer-conjugated lipase. (A) Candida antartica lipase B (CalB). (B) 

Thermomyces lanuginose lipase (TL). Reproduced with permission.150 Copyright 2018, 

Elsevier.
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Fig 12. 
Relative activities of pAA-catalase conjugates at pH 7. (B) Residual activities of pAA-

catalase conjugates after storing at 8 °C for 10 weeks at respective conjugation pH 5, 6, and 

7. Reprinted with permission.149 Copyright 2014 American Chemical Society.
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Fig 13. 
Activity of native lysozyme, native lysozyme in the presence of trehalose (1 or 100 equiv), 

native lysozyme in the presence of polymer (1 or 100 equiv), and 8, 15, 25, and 50 kDa 

polymer-conjugated lysozyme following 10 cycles of lyophilization. Reprinted with 

permission.156 Copyright 2012 American Chemical Society.
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Fig 14. 
DSC Thermogram of Hemoglobin, Hemoglobin in the presence of free pAA, Hemoglobin 

conjugated with pAA, and pAA. Reprinted with permission.67 Copyright 2011 American 

Chemical Society.
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Fig 15. 
Residual activity of native (◻) and pegylated (◇) papain after storage at 40 °C. Reproduced 

with permission.189 Copyright 2004, Elsevier.

Wright et al. Page 45

Polym Chem. Author manuscript; available in PMC 2020 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 16. 
(A) Activity of native and pDMAEMA conjugated PPase. (B) Relative activity of 8kDa 

(red), 14.8kDa (green), and 21.2kDa (yellow) pDMAEMA conjugates PPase as a function of 

pH. Reproduced with permission.195 Copyright 2015, The Royal Society of Chemistry.
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Fig. 17. 
Hydrolytic activity of native and pNIPAm conjugated EGPh. (A) 12 hour reusability assay 

for EGPh. soluble reducing sugar was measured at the start and end of each cycle, the 

difference is shown. (B) Total glucose equivalents produced over all cycles. Sum of values 

over three cycles, from A, are shown. Reprinted with permission.202 Copyright 2013 

American Chemical Society.
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Fig 18. 
Sequential photoswitching of the activity of pDMAA and pDMAAm conjugated EG 12A. 

Reproduced with permission.203 Copyright 2002, National Academy of Sciences, USA.
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