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ABSTRACT: Design and synthesis of pH responsive polymeric materials has become an important subject in academia as well as in

industrial field in recent years due to their applications in diverse field including controlled drug delivery, biomedical applications,

membrane science, sensors and actuators, oil recovery, colloid stabilization, etc. Efforts have been made to incorporate stimuli-

responsive biomolecules in synthetic polymers to develop pH responsive “smart” non-biological hybrid macromolecules with high

water solubility, enhanced biocompatibility, bio-mimetic structure and properties. This review is focused on the recent advances in

side-chain amino acid-based pH responsive polymers synthesis and potential application aspects of these macromolecular architec-

tures in drug and gene delivery, and other fields. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41084.
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INTRODUCTION

pH responsive polymers are materials whose solubility, volume,

and conformation can reversibly be manipulated in aqueous

solution by changing the environmental pH.1 pH responsive

polymers usually consist of ionizable functional group in the

backbone or as side groups which can accept or release protons

depending upon surrounding pH and regulate the electrostatic

interactions between the polymer chains that can expand or col-

lapse in aqueous solution. This class of polymers find applica-

tions in various fields such as controlled drug delivery,2

biological and membrane science,3 sensor and actuator,4,5 vis-

cosity modification,6 oil recovery,7 colloid stabilization,8 water

remediation,9 etc. Depending upon their surface charge, pH

responsive polymers can be classified into anionic and cationic

polymers. Commonly used anionic pH responsive polymers are

polyacids, e.g., poly(acrylic acid) (PAA), poly(methacrylic acid)

(PMA), and poly(sulphonamides).10,11 Whereas, cationic poly-

mers are polybases such as poly(ethyleneimine) (PEI), poly(di-

methylaminoethyl methacrylate) (PDMAEMA), poly(2-

(diisopropylamino)ethyl methacrylate), poly(4-vinyl pyridine),

etc.12 Interestingly, pH profile of our normal physiological sys-

tem, extracellular tumor and cancer cells, diseased and inflam-

matory tissues advocated the great deal of interest to exploit the

existing pH responsive polymers, and design and synthesis of

new class of pH responsive polymers toward pH sensitive drug

and gene delivery devices.

Recently, tremendous effort has been made for the incorpora-

tion of stimuli-responsive bio-molecules in synthetic polymers

that may create a new class of non-biological hybrid macromo-

lecules with bio-mimetic structure and property.13 In particular,

incorporation of naturally occurring amino acid, which is the

building block of proteins and peptides, into the synthetic poly-

mers have drawn considerable attention due to its water solubil-

ity, biocompatibility, and possibility of forming higher order

hierarchical structure through intra- and inter-chain association

via non-covalent interactions such as H-bonding, hydrophobic

staking, electrostatic interactions, etc.14 Several approaches have

been made for the introduction of amino acid moiety into the

polymers; as end group,15 in the main chain,16 or as side-chain

pendants.17 In the first approach, amino acid moiety has been

introduced in the polymer chain-end by using amino acid-

based initiator or chain transfer agent during the polymeriza-

tion of vinyl monomers. In the second approach, amino

acid-based main chain polymers (polypeptides) have been syn-

thesized via ring opening polymerization of amino acid-based

cyclic monomers, N-carboxy anhydrides (NCA). Lastly, amino

acid is first converted into vinyl monomer via –COOH or

–NH2 functional group modification followed by conventional

free radical polymerization (FRP) or controlled radical polymer-

ization (CRP) to form synthetic polymers with saturated carbon

backbone with amino acid side-chain pendants. The free –

COOH or –NH2 functional groups in the amino acid moiety

enhance the solubility and allow the post polymerization
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modifications of polymer chains to form various other chain

architectures. Furthermore, block copolymerizations through

CRP techniques offer the opportunity to construct various other

polymeric architectures and nanostructures.18 Also, introduction

of amino acid units as side chain into the polymers provide

them stimuli responsive (thermo-, pH- and salt-) property and

thus make these polymers important candidates for applications

in various field, e.g., polyelectrolytes,19 photochromatic materi-

als,20 chiral recognition,21 biologically active materials,22 etc.23

Side chain amino acid containing synthetic polymers can be

prepared from amino acid-based vinyl monomers via FRP or

CRP techniques, namely, nitroxide-mediated polymerization

(NMP),24 atom transfer radical polymerization (ATRP),25 and

reversible addition-fragmentation chain transfer (RAFT) poly-

merization.26 O’Reilly discussed about the synthesis of func-

tional polymers containing amino acid moieties using CRP

technique,14 whereas Mori and Endo reviewed the synthesis of

amino acid-based thermo- and pH-responsive block copolymers

by RAFT polymerization technique including their self-assembly

behavior, tuneable chiroptical properties, catalytic, and optoelec-

tronic characteristics.27 This review highlights recent progress in

the development of side-chain amino acid-based synthetic pH

responsive polymers and their possible applications. The focus

is on the synthesis of two different types (cationic and anionic)

of side-chain amino acid-based pH responsive polymers fol-

lowed by discussion on the particular aspect of this field. Quan-

titative comparison of the material properties will be discussed

as to demonstrate the benefit for perspective applications. How-

ever, this article does not include amino acid derived thermo-

responsive polymers, and synthetic polymers such as polypep-

tide or poly(amino acids) obtained by ring opening polymeriza-

tion of NCA monomers.

SIDE-CHAIN AMINO ACID-BASED MONOMERS AND THEIR
CORRESPONDING POLYMERS

Since amino acids have –COOH and –NH2 functionalities, their

corresponding vinyl monomers could be synthesized by C-

terminus or N-terminus modification. N-Terminus modified

monomers such as methacryloyl-D-alanine (MA-Ala-OH),

methacryloyl-L-glutamic acid (MA-Glu-OH), and acryloyl-L-glu-

tamic acid (A-Glu-OH) were first reported by Kulkarni and

Morawetz in 1961, via coupling reaction by exploiting the

amine group of D-alanine and L-glutamic acid with acryloyl or

methacryloyl chloride.28 This process was further successfully

demonstrated for the wide range of amino acids including leu-

cine, phenylalanine, tyrosine, methionine, tryptophan, and histi-

dine.29 Whereas, amino acid-based cationic vinyl monomers

were first introduced by Sun and Gao via C-terminus modifica-

tion of Boc protected amino acids; Boc-L-phenylalanine, Boc-

glycine, Boc-L-alanine, Boc-L-valine, and Boc-L-lysine through

coupling reaction of –COOH group of amino acids with 2-

hydroxyethyl methacrylate (HEMA) in the presence of N,N0-

dicyclohexylcarbodiimide (DCC) as coupling agent and 4-

dimethylaminopyridine (DMAP) as catalyst.30 Our group

recently reported (meth)acrylate containing side-chain amino

acid-based chiral Boc protected monomers from L- and D-tryp-

tophan,31
L- and D-leucine,32

L-isoleucine,33 and side-chain Boc

protected dipeptide monomers34 (Scheme 1).

The MA-Ala-OH, MA-Glu-OH, and A-Glu-OH were first poly-

merized via FRP to their respective chiral homo- and co-

polymers with free –COOH groups [Scheme 2(a)].28 Morcellet

and coworkers also synthesized copolymers of P(MA-Ala-OH)35

and studied their properties.36,37 Later, Casolaro extensively

investigated conventional homo- and co-polymerization of N-

acryloyl-L-valine (A-Val-OH),38 N-methacryloyl-L-valine (MA-

Val-OH), and N-acryloyl-L-leucine (A-Leu-OH).39,40 Casolaro

et al. also prepared homo- and co-polymer gels of N-acryloyl-L-

histidine (A-His-OH) and N-acryloyl-L-phenylalanine (A-Phe-

OH) by employing FRP technique to study the pH-induced

swelling behavior and drug release property of polymer gels.41,42

However, polymers prepared via FRP technique are ill defined

in nature due to uncontrolled molecular weight (Mn) and poly-

dispersity (PDI). Therefore, recently considerable attention has

been paid for the development of new technique of
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polymerization to prepare the polymers with targeted molecular

weight, narrow PDI, predetermined compositions, and chain-

end functionality. Among various CRP techniques, RAFT is

employed successfully to acrylamides or methacrylamides, and

acrylates or methacrylates, and the key feature of successful

RAFT polymerization is the selection of suitable chain transfer

agent (CTA), solvent, and other reaction conditions. In 2005,

Endo and coworkers first introduced successful RAFT polymer-

ization of A-Phe-OH using benzyl 1-pyrrolecarbodithioate as

CTA, without any protecting chemistry, to obtain corresponding

polymer with controlled Mn and narrow PDI.43 Afterwards, they

effectively extended their effort to other monomers such as A-

Ala-OH,18 N-acryloyl-L-proline (A-Pro-OH), and N-acryloyl-4-

trans-hydroxy-L-proline (A-Hyp-OH) [Scheme 2(a)].44 McCor-

mick and coworkers introduced the aqueous RAFT polymeriza-

tion of N-acryloylalanine using water soluble CTAs to prepare

ABC triblock and ABCBA pentablock copolymers for the facile

preparation of crosslinkable thermally responsive polyelectrolyte

micelles.45

In 2010, Sun and Gao introduced C-terminus modified side-

chain amino acid-based biocompatible multi-amino cationic

polymers via ATRP method followed by Boc deprotection

[Scheme 2(b)].30 In 2012, our group employed the RAFT poly-

merization technique to synthesize poly(Boc-L-alanine/phenylal-

anine methacryloyloxyethyl ester) P(Boc-Ala/Phe-HEMA) from

Boc-Ala/Phe-HEMA monomers using 4-cyano-4-(dodecylsulfa-

nylthiocarbonyl)sulfanylpentanoic acid (CDP) as CTA with con-

trolled Mns and narrow PDIs, where Boc group removal

produced polymers with pH responsiveness at pH 6.4 and 5.4

Scheme 1. Selected side-chain amino acid containing monomers for the synthesis of pH responsive polymers via FRP and CRP techniques.
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for alanine and phenylalanine side-chain polymers, respec-

tively.46 As a part of our constant endeavor, RAFT polymeriza-

tion was successfully employed to prepare a series of pH

responsive cationic polymers from Boc-L-leucine/isolucine acryl-

oyloxyethyl/methacryloyloxyethyl ester (Boc-L-Leu/Ilu-HEA/

HEMA),33 Boc-L/D-tryptophanmethacryloyloxyethyl ester (Boc-

L/D-Trp-HEMA) [Scheme 2(b)].31 We have also extended our

work to make pH responsive side-chain dipeptide-based cati-

onic polymers [Scheme 2(c)].34 Therefore, from the above stud-

ied amino acid-based cationic and anionic polyelectrolytes were

obtained, where transition pH of the polymer aqueous solution

depends on the –R group substitution of the side-chain amino

acid residue.

IMPORTANT ASPECTS OF SIDE CHAIN AMINO ACID-BASED
pH RESPONSIVE POLYMERS

Physio-chemical properties such as solubility, conformation,

configuration, phase transitions of responsive polymers can be

manipulated by regulating the environmental stimuli or the

polymer’s chemical structure in aqueous solution. For example,

pH responsive block copolymers can undergo self-assembly into

different morphology by adjusting the pH of the solutions.47

The free –COOH/–NH2 functionalities in the side-chains amino

acids can be protonated or deprotonated by changing the pH of

their aqueous solution. The presence of naturally occurring

amino acid precursors, expected to induce biocompatibility,

makes them interesting candidate for various biological applica-

tions, which we will discuss in this section.

pH Responsive Homo- and Block-Copolymers and Their

Applications

Kulkarni and Morawetz first synthesized side-chain amino acid-

based homo- and co-polymers from MA-Ala-OH, MA-Glu-OH,

and A-Glu-OH with free –COOH groups via FRP technique

[Scheme 2(a)].28 This work mainly focused on the change of opti-

cal activity of homo- and co-polymers in aqueous media with the

change of polymerization solvent, might be due to the difference

in the degree of stereo-regulation and degree of ionization in

water, the pH of the aqueous media. However, the detail

Scheme 2. Synthesis of side-chain amino acid-based anionic (a), cationic (b), and (c) dipeptide-based cationic polymers via FRP, ATRP, and RAFT poly-

merization techniques.
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investigation on the pH responsive property of homo- and co-

polymers was not included in this work. Afterwards, Morcellet

and coworkers carried out the extensive investigation on the con-

formational behavior and chiroptical properties of P(MA-Ala-

OH) and a series of copolymers of MA-Ala-OH with N-phenyl-

methacrylamide.48 The homopolymers are soluble in water and

present as random coil conformation. The statistical copolymers

behave like normal polyeletrolytes in aqueous media when the

mole fraction of hydrophobic achiral units is less than 15%.

Beyond this value, polymers exist as compact conformations and

can undergo transformation to coil conformation by increasing

the pH of the solution.36 They also carried out the detail investi-

gation about the effect of pH and methanol-induced conforma-

tional change on the chiroptical property of copolymers.49

Barbucci et al. studied the pH dependent thermodynamic proto-

nation behavior of poly(N-methacryloylglycine) and P(N-metha-

cryloyl-b-alanine).50 Thermodynamics of protonation of pH

responsive polyelectrolytes P(A-Val-OH) and P(A-Leu-OH) in

0.1M NaCl at different temperatures revealed that basicity con-

stant (log K) of P(A-Val-OH) decreased in a wider range in rela-

tion to degree of protonation (a) of –COOH up to the critical a
value compared to P(A-Leu-OH).38 Calorimetric study revealed

sharp change in extended coil to collapsed coil conformation by

changing a value as the hydrophobic interaction between the alkyl

groups outweighing the electrostatic repulsive force. Comparative

protonation and phase separation behavior of a series of homo-

polymers prepared from A-Val-OH and MA-Val-OH, and their

copolymers with N-isopropyl acrylamide (NIPAM) were investi-

gated with respect to the pH and temperature.39 Aqueous solu-

tion behaviors of P(A-Lue-OH) and its copolymers with NIPAM,

and their complexation characteristics with Cu(II) ions were also

investigated.40 Solution properties of temperature and pH

responsive NIPAM-co-MA-Leu-OH copolymers with various

molar ratios were studied in wide range of pH (3–11) and sharp

cloud point transitions (Tcp) were observed at pH 4.0–5.0 and

increased linearly with the increase of pH of the solutions. It was

also noted that Tcp of copolymers increased with the increase of

ionic content of polymers.51 Conformational transition of thermo

and pH responsive P(NIPAM-co-MA-Leu-OH) copolymer with

90.9% NIPAM content in aqueous solution showed the distinct

sigmoidal increase in the circular dichroism (CD) signal at

220 nm with the increase of temperature at pH 5 4.0–5.5, which

diminished with the increase of pH, and at pH 6.0 or higher no

such phenomenon was observed.52 Chiroptical property and

polymer chain conformation of P(MA-Leu-OH) were also inves-

tigated with respect to pH, where intense cotton effect in ethanol

at 220 nm due to the secondary interaction (H-bonding) was

noticed and in alkaline medium cotton effect is reduced due to

the destruction of ordered structure to coil structure.53 These

homopolymers also showed the pH-induced swelling and deswel-

ling characteristics in aqueous solutions. Reversible nanoscale

structures are formed in solutions from pH-sensitive hydrophobic

polyelectrolytes, poly(N-methacryloyl-L-valine) or poly(N-metha-

cryloyl-L-phenylalanine) and surfactant. Presence of cavity was

observed in the formed nanoparticles, which is not common in

typical micelles and the authors pointed out that such particles

could be potential candidate for drug delivery with a high

sensitivity.54

Synthesis of stimuli-responsive ampholytic terpolymers of A-

Val-OH, acrylamide, and (3-acrylamidopropyl)trimethylammo-

nium via CRP method and their solution properties as a func-

tion of solution pH, ionic strength, and polymer concentration

in solution have been investigated by McCormick and

coworkers, where the pKa of terpolymers increased with the

increasing valine content and charge balanced terpolymers dis-

played polyampholyte behavior at pH� 6.5. Polyampholyte ter-

polymers transformed into cationic polyeletrolytes with the

decreasing pH due to the –COOH groups of valine units.55

They extended their work to a series of low-charge-density ter-

polymers and amphoteric copolymers with different amino acid

units, such as A-Ala-OH and A-Asp-OH,56 where conversion of

polyampholytes to polyeletrolytes or vice versa could simply be

obtained by changing the pH of the solution or concentration

of electrolyte. Therefore, this kind of polyampholyte terpoly-

mers with variable viscosity under specified conditions can be

exploited as potential viscosity modifier and should allow

designing the system for enhanced petroleum recovery.57

In 2005, Mays and coworkers first reported the CRP method

for the synthesis of side chain amino acid polymers with –

COOH groups from A-b-Ala-OH using ATRP technique

[Scheme 2(b)] and polymers are proposed to be biocompatible

in nature and able to mimic some characteristic of polypep-

tides.58 Endo and coworkers demonstrated the successful RAFT

polymerization of A-Phe-OH with free –COOH groups with

controlled molecular weight and low PDI values [Scheme 2(b)],

where P(A-Phe-OH) was insoluble in neutral water but became

soluble in alkaline solution at pH 11.43 They also demonstrated

the synthesis of amphiphilic block copolymers involving P(A-

Ala-OH) using the dithiocarbamate-terminated polystyrene or

poly(N-acryloyl-L-phenylalanine methyl ester) (P(A-Phe-OMe))

as a macro-CTA [Scheme 3(a)], where block copolymers

showed characteristic chiroptical property and pH-induced

solution properties. Since alanine is much less hydrophobic

than phenylalanine, amphiphilic block copolymers involving

P(A-Ala-OH) with polystyrene or P(A-Phe-OMe) segments

showed pH-induced self-assemble organization in aqueous

media.18 Double hydrophilic and amphiphilic block copolymers

with characteristic chiroptical properties (L-L and L-D) were syn-

thesized from A-L-Phe-OMe, A-L-Phe-OH, A-L-Ala-OH, and

their D-forms (A-D-Phe-OH and A-D-Ala-OH), using hydro-

philic P(A-L-Phe-OH) and hydrophobic P(A-L-Phe-OMe)

macro-CTAs [Scheme 3(b)]. These block copolymers also

showed pH-induced aggregation in aqueous media with core-

shell like micelle having different chitoptical properties.59 The

phenylalanine containing 4 and 6 arms amphiphilic star poly-

mers were reported via RAFT technique from the polymeriza-

tion of (A-L-Phe-OMe) and tetrahydropyranyl acrylate.60

Extensive investigations were carried out to design and synthe-

size thermo-responsive homo- and co-polymers with pendant L-

proline moiety, an important amino acid due to its key func-

tionality and acts as turn inducer in polypeptide.61,62 Degree of

ionization and water solubility of poly(N-acryloyl-L-proline)

(P(A-Pro-OH)) can be manipulated by regulating the pH of the

solution as it is soluble in basic water at pH 10 but insoluble in

neutral or acidic water. Whereas, poly(N-acryloyl-4-trans-L-
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proline) (P(A-Hyp-OH)) is nicely soluble in water and solubil-

ity is independent of pH.44 Proline-based dual thermo- and pH

responsive block and random copolymers conspiring of thermo-

responsive segment poly(N-acryloyl-L-proline methyl ester)

(P(A-Pro-OMe)) and pH responsive segment P(A-Pro-OH) was

also carried out via RAFT method [Scheme 3(c)] to manipulate

the transition temperature and pH. Self-assemble organization

of P(A-Pro-OH-b-A-Pro-OMe) polymers at pH 10 showed the

formation of stable core-shell type micelle at 20�C, where P(A-

Pro-OMe) formed hydrophobic core and P(A-Pro-OH) segment

was on the hydrophilic shell.63 O’Reilly’s group prepared a range

of well-defined copolymers of styrene and L-proline functional-

ized styrene via RAFT method and explored their use in sup-

ported catalysis for the aldol condensation. They reported

higher activity and selectivity at low loadings when compared

to unsupported L-proline and the polymer support could be

recycled a number of times while maintaining activity and

selectivity.64,65

Scheme 3. Synthesis of amphiphilic and double hydrophilic pH responsive block copolymers with pH responsive side-chain amino acid-based anionic

block. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Shell “locked” nanoassembles from interpolyelectrolyte com-

plexation reaction of poly(N,N-dimethylacrylamide)-b-(N-acryl-

oylalanine)-b-(N-isopropylacrylamide)66 (P(DMA-b-A-Ala-OH-

b-NIPAM)) with the homopolymer poly(ar-vinylbenzyl)trime-

thylammonium chloride (PVBTAC) with varying size 34–78 nm

were prepared in water at pH 5 9.0 and 50�C. Temperature-

induced micellization of P(DMA-b-A-ala-OH-b-NIPAM) at

pH 5 6.8 showed net negative surface charge 230 mV which

reached to zero upon equivalent mixing of P(DMA-b-A-Ala-

OH-b-NIPAM) and PVBTAC due to interpolyeletrolyte com-

plexation between –COO2 group of A-Ala-OH with -

N(CH3)3
1Cl2 of PVBTAC. These kind of shell “locked” nano-

structures are considered to be the perspective candidate for tar-

geted delivery and controlled release of active agents.45

Apart from pH responsive anionic polymers, side chain amino

acid-based cationic polymers with free –NH2 groups also

showed characteristic pH responsive property due to protona-

tion/deprotonation of –NH2 groups depending upon the pH of

the solution. Boc group deprotection from polymers (poly(Boc-

amino acid-HEMA)) having Boc-L-phenylalanine, Boc-glycine,

Boc-L-alanine, Boc-L-valine, and Boc-L-lysine side chains gave

multiple side amine groups. 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) based assay showed that

cell viability rate in the presence of these multiamino polymers

were more than 90% and cytotoxicity of these polymers were

much lower compared to linear PEI. These polymers showed

positive surface charge and binding property with DNA at a

suitable concentration to form granulated structure as studied

by atomic force microscopy.30 Therefore, these kinds of poly-

mers are promising materials for gene delivery.

At present, our group is working extensively in this area for the

construction of a variety of pH responsive polymeric architec-

tures including pendant amino acid-based or short peptide-

based homopolymers, amphiphilic and double hydrophilic block

copolymers, covalent or dynamic covalent crosslinked gels,

hyperbranched, and star polymers. The Boc-Ala/Phe-HEMA

monomers were successfully polymerized via RAFT to get corre-

sponding homopolymers, which were further employed for the

synthesis of block copolymers with methyl methacrylate

(MMA). Subsequent Boc deprotections from homo- and block

co-polymers with trifluoroacetic acid (TFA) produced their

respective water soluble pH responsive homo- and block co-

polymers with positive surface charge (Scheme 4). Block copoly-

mers showed self-assemble aggregation behavior with hydropho-

bic PMMA core and Boc deprotected amino acid hydrophilic

segment as shell.46 Further, double hydrophilic cationic pH

responsive di-block copolymers, P(mPEG2k/5k-b-H3N12Phe/

Ala-HEMA), were synthesized using mPEG2k/5k-macroCTAs

(Scheme 5). These polymers are biocompatible in nature as

determined by MTT assay and they are non-toxic up to the

polymer concentration of 200 mg/mL. Since these polymers were

cationic in nature, they showed excellent pDNA binding capa-

bility with polymer/DNA weight ratios >1 as determined by gel

electrophoresis study.67 Similarly, P(Boc-Leu/Ilu-HEMA/HEA)

polymers were prepared from their respective vinyl monomers

in a controlled fashion and chain extension with MMA gave

block copolymers, P(Boc-Leu/Ilu-HEMA/HEA-b-MMA). Subse-

quent Boc deprotection in the presence of TFA produced corre-

sponding pH responsive homo- and block copolymers having

free –NH3
1 pendants. Amphiphilic block copolymers self-

assembled in aqueous solution to form core-shell like micelle

bellow their transition pH (Scheme 4).33 Further, Boc-L/D-Leu-

HEMA were copolymerized with 2-(2-methoxyethoxy)ethyl

methacrylate (MEO2MA) with varied monomers compositions

to prepare a series of statistical copolymers with chiroptical

properties which on Boc deprotection showed dual pH and

thermo-responsive characteristics. Transition pH of copolymers

increased from 6.6 to 7.4 as the mole fraction of MEO2MA

increased from 20 to 80% in the copolymer. The lower critical

solution temperature (LCST) of copolymers can be manipulated

with respect to pH of the solution. These copolymers showed

zeta potential (n) values ranging from 126 to 136 mV. They

were employed for chiral recognition of 1,10-bi-2-naphthol (rac-

BINOL).32 The interactions of side-chain phenylalanine and

tryptophan containing monomers and polymers were studied in

the presence of rac-BINOL.68 The rational synchronization of

living carbocationic and RAFT polymerization has successfully

enabled the synthesis of P(Boc-L-Ala/Leu-HEMA)-b-PIB diblock

chiral copolymers, which showed higher order helical secondary

Scheme 4. Synthesis of amphiphilic pH responsive cationic block copolymers with pendant amino acid units via RAFT technique. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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structures in protected and Boc-deprotected forms in organic

solvent and water, respectively.69

Due to the presence of intrinsic florescence property, trypto-

phan is considered to be important protein fluorophore and its

photophysical property was studied extensively.70 We synthe-

sized P(Boc-L/D-Trp-HEMA) from their respective vinyl mono-

mers, followed by Boc group expulsion in TFA produced

polymers with smart pH responsiveness and pH dependent flo-

rescence property. The in vitro cytotoxicity study with MTT

assay established the 100% viability of HeLa cells in the pres-

ence of homopolymers up to 250 mg mL21.31 The pH respon-

sive property, surface charge, and fluorescence intensity were

further tuned by copolymerization of Boc-Trp-HEMA with

MEO2MA (pH from 5.2 to 5.8 and n from 125.4 to 22.7 mV)

and DMAEMA (pH from 5.2 to 7.8 and n from 15.8 to

17.8).71 The amphiphilic block copolymers of N-acryloyl-L-

tryptophan (A-Trp-OH) prepared from DMA, polyethylene gly-

colmethacrylate, and A-Hyp-OH showed chiroptical properties,

fluoride ion (F2) sensing ability and interesting core-shell like

self-assembly in aqueous solution, where P(A-Trp-OH) acts as

micelle core at pH 5 7. Optoelectronics property of block

copolymers were affected after micellization and enhanced in

F2 probed micelle.72 A catalytic thermo-responsive nanoreactor

for the asymmetric aldol reaction in water without the need of

additional organic solvents has been prepared by integrating L-

proline moieties within the hydrophobic core.73 Therefore, these

polymeric architectures with pendant amino acids are potential

candidates for chiral recognitions, sensing, and therapeutic

drug/gene delivery.

Recently, our group reported biocompatible dipeptide pendant

homo-polymers from three new dipeptide vinyl monomers Boc-

Phe-Phe-HEMA, Boc-Ilu-Phe-HEMA, and Boc-Val-Phe-HEMA,

and their respective block copolymers with mPEG to afford

mPEG-b-P(Boc-dipep-HEMA) [Scheme 2(c)].34 Boc group

expulsion of homo- and block copolymers introduced pH

responsiveness with cationic surface charge. These polymers

showed minimum cytotoxicity to HeLa cells and application of

these polymers toward inhibition for fibril formation by Ab to

treat Alzheimer’s disease is under investigation.

Amino Acid Containing Gels and Their Applications

pH responsive gels are 3-dimensional crosslinked polymeric net-

works with ionic pendant groups which ionize and develop

fixed charge at a particular pH and ionic strength, and electro-

static repulsive force is responsible for pH dependent swelling/

deswelling of gels. Most commonly studied pH responsive poly-

mers for gel synthesis are PAA, PMA, PDMAEMA,74 and their

gels have been exploited in the field of artificial mussels, tissue

engineering, protein recycling, and drug delivery.75 The thermo-

and pH-responsive copolymer gel with A-Pro-OEt/MA-Gly-OH

(40/60 mol % design) showed threshold of swelling at pH 5

and maximum swelling at pH 5 7.5 at 37�C. Therefore, drug

loaded system showed cumulative release of ketoprofen drug

above pH 5 5 and 100% release was observed at pH 7.5.76

Hydrogel platform based on L-valine with pH responsive prop-

erty has been developed to support and improve the release of

cis-platin for chemotherapy of solid tumor.77 Histidine-based

polyeletrolyte hydrogels prepared via FRP method [Scheme

6(a)] showed pH-induced thermodynamic protonation and

swelling behaviors at different degree of crosslinking.41 The L-

proline functionalized nanogels with a range of catalyst func-

tionalization (0.5–15 wt %) and crosslinking densities (0–50 wt

%) were prepared via emulsion polymerization. The catalyst

Scheme 5. Synthesis of mPEG-CTA-derived amino acid-based cationic, pH responsive block copolymers via RAFT polymerization and their complexa-

tion with pDNA. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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efficiency in aqueous medium78 was studied and an unprece-

dented reduction in catalyst loading, whilst maintaining high

catalytic activity was reported for a model asymmetric aldol

reaction.79

A series of Boc protected organogels (swells in organic solvent)

were synthesized via FRP and RAFT method from Boc-L/D-Ala-

HEMA [Scheme 6(b)] with varied crosslinking ratio, which

showed superabsorbency in volatile organic solvents. Organogels

are interesting material due to their application for the recovery of

volatile organic compound (VOC) and oil spill in water.80 Subse-

quent Boc group expulsion under acidic condition resulted hydro-

gel and exhibited superabsorbency in water with pH-induced

swelling behavior.81 Presently, design and synthesis of different

Boc-Amino Acid-HEMA polymer gels are in progress to study the

effect of -R groups on pH and ionic strength-induced swelling

property of hydrogels. These pH responsive cationic hydrogels are

expected to be biocompatible and are considered to be prospective

candidates for biological and medicinal applications.

Boc deprotected amino acid polymers with free –NH2 can also

form dynamic imine bond (C@N) with –CHO groups and

therefore were employed to prepare pH-reversible covalently

cross-linked polymeric gels.82 Boc deprotected side-chain con-

taining homopolymer of tryptophan and copolymers of trypto-

phan with MEO2MA and DMAEMA were reacted with 4-

formylphenyl 40-formylbenzoate to form florescent gels at

pH> 5 through the formation reversible C@N bonds in the gel

network and gels showed pH-dependent reversible sol–gel tran-

sitions [Scheme 6(c)].71 These covalently crosslinked stable

reversible gels are promising materials which could be reshaped

and regenerated after use.

pH Responsive Organic–Inorganic Hybrid Materials and

Their Applications

Stimuli responsive organic–inorganic hybrid materials are impor-

tant because incorporation of inorganic materials in organic mol-

ecules might develop a new nanosized material.83,84 Conjugation

of biomolecules like protein, peptide, and amino acid with inor-

ganic material developed a new class of hybrid materials, which

are extremely relevant in bio-interface for bio-sensing and bio-

technology applications.85,86 The silsesquioxane/biomolecule

hybrids were prepared using noncovalent interactions between

water-soluble silsesquioxane nanoparticles containing tertiary

amine moieties and amino acid-based polymeric weak polyelec-

trolytes such as P(A-Hyp-OH) and P(A-Pro-OH).87 Straightfor-

ward mixing of aqueous solutions of P(A-Hyp-OH) and the

silsesquioxane nanoparticles led to formation of pH responsive

hybrids [Scheme 7(a)]. Furthermore, thermoresponsive properties

and transition temperatures of the hybrids were manipulated by

the selective complexation via non-covalent interactions between

water-soluble silsesquioxane nanoparticles and amino acid-based

block copolymers [Scheme 7(b)].88

Amphiphilic pyrene-poly(Boc-Phe/Ala-HEMA-b-di(ethylene gly-

col) methyl ethermethacrylate) (py-P(Boc-Phe/Ala-HEMA-b-

DEGMA)) block comopolymers were synthesized via RAFT using

py-P(Boc-Phe/Ala-HEMA) macroCTA, which produced double

hydrophilic cationic block copolymers upon Boc deprotection and

showed pH and thermo-responsive self-organization behavior in

aqueous media with characteristic florescence property. These a-

pyrene terminated polymers were also employed for solubilization

of carbon nanotube through noncovalent p–p interaction.89

PROSPECTIVE APPLICATIONS

Due to the presence of above discussed important features,

side-chain amino acid-based polymers could be exploited for

applications in diverse fields. The side-chain groups are capable

of selective metal binding and thus will allow the preparation of

selective membrane for metal ion separation and catalysis in

materials science.90 The pH responsive property makes these

polymers for construction of “chemical valve” by grafting these

polymers from some porous materials or can be explored as vis-

cosity modifier and in enhanced petroleum recovery. Several

studies revealed that these pH responsive polymers are biocom-

patible in nature which makes them potentials candidate for

drug delivery applications due to their pH-induced self-

assembled aggregates (micelle or vesicle) and positive surface

charge of cationic polymers make them prospective aspirant for

gene delivery vector. Side chain amino acid-based crosslinked

polymer gels showed characteristic superabsorbent properties

for VOCs and can be exploited in recovery of VOCs or oil spill

on water and can save the marine life from its catastrophic

effect. The pH dependent volume phase transition of hydrogels

indicates their probable utility for “artificial mussel,” tissue

engineering and drug delivery applications. The pH responsive

superabsorbent hydrogels can also be exploited in preparation

of baby diapers and feminine hygiene products. The pH reversi-

ble sol–gel transition of dynamic covalently crosslinked nanogels

is promising for injectable drug delivery applications. Besides,

chiral polymers can also be applicable in chiral recognition and

as supported catalyst for aldol condensation and other synthetic

processes. Side chain amino acid-based monomers can be

exploited for the construction of cationic hyperbranched and

star architectures for the application as alternative gene delivery

matrix compared to branched PEIs which are widely used as

Scheme 6. Synthesis of side-chain amino acid-based pH responsive (a)

anionic and (b) cationic gel networks, and (c) reversible gels by employing

dynamic covalent chemistry. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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nonviral gene delivery vector with high transfection efficiency.

However, the major drawback associated with high cytotoxicity

of PEIs is due to the presence of primary, secondary, and terti-

ary amine group in the polymer backbone. Synthesis and char-

acterization of organic–inorganic hybrid molecules from side

chain amino acid-based cationic pH responsive polymer and

polyhedral oligomeric silsesquioxane are in progress in our lab-

oratory, which are expected to show characteristic properties

that can be exploited for biological, biomedical, or industrial

applications.

CONCLUSIONS

In this review, we briefly discussed various aspects of side-chain

amino acid-based synthetic polymers and their perspective

applications in various field. The presence of amino acid moiety

in the polymer structure improves some physical properties of

polymer in terms of solubility and biocompatibility. Through-

out the discussion in this review, medicinal applications of this

class of polymers are confined in in vitro study in laboratory

environment. There are very few reports on the application of

these polymers in the real world and the future investigation

will be expected to be in the direction of in vivo applications.

In addition, there are still a lot of polymeric architectures

including hyperbranched, star, organic–inorganic hybrids, and

so on based on pH responsive polymers with amino acid pend-

ants to be developed and improved.
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Scheme 7. Formation of side-chain amino acid-based pH-induced organic–inorganic hybrid (a) from amino acid-based homopolymers and silsesquiox-

ane nanoparticles, and (b) amino acid-based block copolymers and silsesquioxane nanoparticles. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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