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Abstract

A series of ABC triblock copolypeptoids [i.e., poly(N-allyl glycine)-b-poly(N-methyl glycine)-b-

poly(N-decyl glycine) (AMD)] with well-defined structure and varying composition have been 

synthesized by sequential primary amine-initiated ring-opening polymerization of the 

corresponding N-substituted N-carboxyanhydride monomers (Al-NCA, Me-NCA, and De-NCA). 

The ABC block copolypeptoids undergo sol-to-gel transitions with increasing temperature in 

water and biological media at low concentrations (2.5–10 wt %). The sol–gel transition is rapid 

and fully reversible with a narrow transition window, evidenced by the rheological measurements. 

The gelation temperature (Tgel) and mechanical stiffness of the hydrogels are highly tunable: Tgel 

in the 26.2–60.0 °C range, the storage modulus (G′) and Young’s modulus (E) in the 0.2–780 Pa 

and 0.5–2346 Pa range, respectively, at the physiological temperature (37 °C) can be readily 

accessed by controlling the block copolypeptoid composition and the polymer solution 

concentration. The hydrogel is injectable through a 24 gauge syringe needle and maintains their 

shape upon in contact with surfaces or water baths that are kept above the sol–gel transition 

*Corresponding Author: dhzhang@lsu.edu. 

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

Notes

The authors declare no competing financial interest.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.chemmater. 5b03528.

Procedures for monomer and polymer synthesis and characterization, hydrogel preparation, rheological measurements, DLS 

measurement of diluted copolymer solutions, regular TEM, SEM and cryo-S/TEM sample preparation and analysis, LCST 

measurement of ABC triblock copolypetoid solutions, HRP encapsulation study, alamarBlue and PicoGreen assays, and 

chondrogenesis study, representative 1H NMR spectra of ABC triblock copolypeptoids, SEC chromatograms of ABC triblock 

copolypeptoids, images showing the sol–gel transitions, temperature dependent DLS and NMR data on the dilute solution of ABC 

triblock copolypeptoids, and enzymatic activity study data. (PDF)

Video illustrating hydrogels are injectable through a 24 gauge syringe needle and maintain the shape upon contact with 37 °C surfaces. 

(WMV)

Video illustrating hydrogels are injectable through a 24 gauge syringe needle and maintain the shape upon contact with DI water bath. 

(WMV)

HHS Public Access
Author manuscript
Chem Mater. Author manuscript; available in PMC 2017 February 09.

Published in final edited form as:

Chem Mater. 2016 February 9; 28(3): 727–737. doi:10.1021/acs.chemmater.5b03528.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



temperature. The hydrogels exhibit minimal cytotoxicity toward human adipose derived stem cells 

(hASCs), evidenced from both alamarBlue and PicoGreen assays. Furthermore, quantitative PCR 

analysis revealed significant up-regulation of the Col2a1 gene and down-regulation of ANGPT1 

gene, suggesting that the hydrogel exhibit biological activity in inducing chondrogenesis of 

hASCs. It was also demonstrated that the hydrogel can be used to quantitatively encapsulate 

water-soluble enzymes (e.g., horseradish peroxidase) by manipulating the sol–gel transition. The 

enzymatic activity of HRP remain unperturbed after encapsulation at 37 °C for up to 7 d, 

suggesting that the hydrogel does not adversely affect the enzyme structure and thereby the 

enzymatic activity. These results suggest that the polypeptoid hydrogel a promising synthetic 

platform for tissue engineering or protein storage applications.

Graphical abstract

 INTRODUCTION

Stimuli-sensitive polymer hydrogels, which can respond to various environmental changes 

such as temperature,1 pH,2,3 light,4 biochemical cues,5 and electronic or magnetic field,6,7 

have received considerable attention due to their promising application in drug delivery and 

tissue engineering.8–10 Temperature is a commonly exploited stimulus, and thermoreversible 

polymer hydrogels that form gels at human physiological temperature are of particular 

appeal due to their relevance for in vivo uses. In contrast to hydrogels based on naturallyl 

occurring biopolymers (e.g., collagen,11,12 alginate,13 and hyaluronic acid14), which have 

potential immunogenic responses and poor mechanical properties,15,16 synthetic polymer-

based hydrogels offer the advantages of adjustable mechanical strength, degradation rate, 

chemical composition, and gel morphologies, making it possible to tailor the materials for 

specific biomedical and biotechnological applications.8–10

Thermoreversible hydrogels based on AB and ABA block copolymers, where A and B 

signify the hydrophobic/thermoresponsive and hydrophilic blocks, respectively, have been 

widely investigated in the past.1,2,9,17,18 These hydrogels often exhibit broad or slow sol–gel 

transitions or high critical gelation concentration (cgc, where cgc ≥ 10 wt %).19–30 In the 

ABA-type hydrogel, the inefficient sol–gel transition characteristic has been attributed to the 

formation of loops, flower micelles, and dangling ends in the formation of micellar 

network.1,2,29 By contrast, the sol–gel transition in ABC-type hydrogel, where A, B, and C 
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refer to thermoresponsive block with lower critical solution temperature (LCST), 

hydrophilic and hydrophobic block, respectively, is much sharper and occurs at lower cgc. 

With the formation of separate A and C domains, the intramolecular association of the end 

blocks to form loop configurations is significantly suppressed, thereby giving rise to a rapid 

and sharp thermoreversible sol–gel transition at low concentration (≤ 5 wt %) upon a 

temperature increase.29,31

Although ABC triblock copolymers are attractive structural motif for thermoreversible 

gelation, studies on the design, characterization, and investigation of potential biomedical 

uses of ABC hydrogelators have been limited. Poly(N-isopropylacrylamide) (PNIPAAM), 

showing a LCST in water close to body temperature(~32 °C), is the most commonly 

investigated thermoresponsive polymer in the design of ABC hydrogelators. 29,32,33 For 

example, the earlier reported PNIPAM–PMPC–PPO triblock copolymer exhibit sol–gel 

transition around 37 °C at high concentration (≥ 20 wt %) with low mechanical strength (G′ 

~ 25 Pa).34 Recently, a 5 wt % aqueous solution of PNIPAM–PEO–PEP triblock copolymers 

was shown to undergo thermoreversible sol–gel transition at 42 °C,29 which is higher than 

the physiological temperature. Another recently reported cell protective ABC copolymer 

(PNIPAM–PDMA–PPS) was shown to undergo rapid thermoreversible gelation in PBS 

buffer at 2.5 wt % with a gelation temperature well below 37 °C.33 The reported hydrogel is 

mechanically soft with storage modulus (G′) lower than 1 kPa at 7.5 wt % polymer 

concentration. The reported ABC synthetic hydrogels are based on nondegradable 

polymers.29,33

There is an increasing need to develop thermoreversible hydrogels that are cytocompatible 

and biodegradable for biomedical applications such as tissue engineering. In addition, 

synthetic hydrogels often do not exhibit any substantial biological activity, in contrast to 

naturally derived hydrogels. 8,15,16 Yet, for applications such as tissue engineering, 

hydrogels that can influence the cell differentiation and tissue development in a controlled 

manner are highly desirable. Naturally derived hydrogels, which often provide appropriate 

differentiation cues, suffer from limited mechanical stability in the in vivo environment as a 

result of enzymatic degradation. 14,35,36 Importing biological cues such as components of 

specific tissues (e.g., chondroitin sulfate, hyaluronic acid), growth factors (e.g., TGF-β1), 

extracellular matrix protein-derived cell-adhesive peptide (e.g., RGD) to the synthetic 

hydrogels through covalent linkage is a common strategy to confer biological activities to 

synthetic hydrogels.37–43 This strategy, though effective, has the drawbacks of enhanced 

synthetic complexity, potential emergence of cytotoxicity, and altered physicochemical 

properties of the hydrogels. By contrast, synthetic hydrogels that are inherently biologically 

active and can modulate cell function and differentiation de novo without additional 

biological cues or factors will not only facilitate the preparation of tissue engineering 

scaffold but also provide an improved platform to investigate the factors that give rise to the 

biological activities.42 For tissue engineering applications, it is desirable that the hydrogel 

scaffold not only have tunable mechanical stiffness and morphologies that can be made to 

match those of the native tissues but also exhibit biological activities that can modulate the 

cell migration, proliferation, and differentiation.15,16,22,37
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Poly(N-substituted glycine) (a.k.a., polypeptoids), with an N-substituted glycine backbone, 

lacks extensive hydrogen bonding and backbone chirality as compared to polypeptides. This 

gives rise to excellent thermal processability, good solubility in many common solvents, as 

well as enhanced protease stability.44,45 In addition, polypeptoids exhibit good 

cytocompatibility47,48 and can be degraded under oxidative conditions that mimics tissue 

inflammation.50 These combined attributes make polypeptoids an attractive material of 

biomedical and biotechnological relevance.45,49–53 Recent development in the organo-

mediated controlled polymerization has enabled access to a suite of well-defined 

polypeptoid homo and block copolymers.44,46,48,54,55 Amphiphilic block copolymers 

comprised of hydrophilic polypeptoid segments have also been investigated for biomedical 

applications such as drug carriers.56–58

Taking advantage of the synthetic development, for the first time, we reported here the 

design and characterization of a series of ABC triblock copolypeptoids that undergo a rapid 

thermoreversible sol-to-gel transition with increasing temperature well below the body 

temperature at concentrations as low as 2.5 wt % in water. The gelation temperature and 

mechanical stiffness of the hydrogels can be readily tuned by controlling the chemical 

composition of the triblock copolypeptoids. The hydrogel shows minimal cytotoxicity 

toward human adipose-derived stem cells (hASCs), evidenced by both AlamarBlue and 

PicoGreen assays. The hydrogels also exhibit biological activities in regulating the 

chondrogenesis biomarker gene expression of hASCs. In addition, we have also 

demonstrated that water-soluble enzymes (e.g., horseradish peroxidase) can be readily 

encapsulated in the hydrogel for extended period of time without adversely affecting the 

enzymatic activity. Furthermore, the allyl group in the polymer can be further functionalized 

by photoinitiated thiol-ene addition chemistry to introduce biologically active ligands and 

enhance hydrogel stiffness through chemical cross-linking.59,60 These results suggest the 

potential use of the polypeptoid hydrogel as tissue engineering scaffold.

 RESULTS AND DISCUSSION

 Synthesis and Characterization of ABC Triblock Copolypeptoids

A series of ABC triblock copolypeptoids have been synthesized by benzyl amine-initiated 

ring-opening polymerization of the corresponding N-substituted N-carboxyanhydrides (R-

NCAs) in a sequential manner (Scheme 1). Representative 1H and 13C{1H} NMR spectra of 

the monomers were shown in Figure S1–S6. The hydrophobic C segment consists of 

poly(N-alkyl glycine) where the alkyl groups is varied from butyl (B), octyl (O), to decyl 

(D) with increasing hydrophobicity. The hydrophilic B segment consists of poly(N-methyl 

glycine) (M), or poly(N-methoxyethyl glycine) (m), or poly(N-methoxyethoxyethyl glycine)

(d) with increasing hydrophilicity. The M, m, and d homopolymers are highly water-soluble 

with solubility in the 20–200 mg/mL range. The thermoresponsive A segment is based on 

poly(N-allyl glycine) (A) for all samples. Poly(N-allyl glycine) has previously been 

demonstrated to be thermoresponsive with cloud point in the 27–54 °C range, which is 

dependent on the chain length and concentration.59

All polymerization reactions were conducted in 50 °C anhydrous acetonitrile and were 

allowed to reach complete conversion prior to the addition of another monomer. The 
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resulting triblock copolymers were purified by precipitation in hexane and dried under 

vacuum prior to further analysis. The ABC triblock copolypeptoid compositions were 

determined by 1H NMR spectroscopy (Figure S7–S11). For example, the number-averaged 

degree of polymerization (DPn) of the AMD polymers (Entry 1–6, Table 1) was determined 

by the integrations at 0.91, 3.0, and 5.8 ppm due to the methyl protons in D and M blocks as 

well as the terminal alkenyl protons in the A block relative to the integration of signals at 7.3 

ppm due to the benzyl end-group. The triblock copolypeptoids composition can be 

systematically adjusted by controlling the initial monomer to initiator feed ratio (Table 1). 

The weight fraction of individual block is varied in the 0.31–0.50, 0.34–0.54, and 0.13–0.21 

range for the A, B, and C segments, respectively (Table 1). Size exclusion chromatographic 

(SEC) analysis of the polymer products obtained after the growth of each block revealed 

monomodal peaks that are consistently shifted toward lower elution time, in agreement with 

the block copolymer formation (Figure S12). The polymer molecular weight distribution 

remains narrow with low polydispersity indices (PDI) in the 1.03–1.15 range (Figure S13), 

consistent with the formation of well-defined block copolypeptoid polymers. The molecular 

parameters of the triblock copolypeptoid samples are summarized in Table 1.

 Preparation of the ABC hydrogels

All aqueous solutions of ABC triblock copolymers were prepared by the “thin film 

hydration” method, as reported by Zhou et al.29 All samples underwent thermoreversible 

gelation in DI water, evidenced by rheological measurements (vide infra). The 5 wt % 

solutions of selected polymers (Entry 1, 2, 3, 5, 7, and 9, Table 1) form free-standing opaque 

gels at close-to-body temperature, and return to a free-flowing liquid when cooled down to 

room temperature (Figure S14–15). The ABC triblock copolymers also underwent sol-to-gel 

transition in biological media (stromal media) at the same concentrations. The sol-to-gel 

transition is rapid with the formation of free-standing gels in less than 30 s. Repeated 

heating and cooling experiments indicate that the sol-to-gel transition is fully reversible. The 

hydrogels appear opaque, suggesting the occurrence of phase separation to some extent 

during gelation. The hydrogels are injectable through a 24 gauge syringe needle and 

maintain the shape upon contact with 37 °C surfaces or DI water bath (Videos 1 and 2 in 

Supporting Information).

 Rheological Characterization of the Sol–Gel Transition

Rheological measurements of the ABC polypeptoid hydrogels were conducted to quantify 

the gelation temperature and assess the relative mechanical stiffness of the hydrogels. Two 

measurements were conducted for each sample (see representative data in Figures S16 and 

S17). Temperature-dependent dynamic shear moduli (storage moduli G′ and loss moduli G″) 

of the polypeptoid aqueous solution were recorded at a frequency of 10 rad/s and heating 

rate of 1 °C/min over a 15–60 °C temperature range. A representative evolution of G′ and G″ 

with increasing temperature is shown in Figure 1 for a 5 wt % aqueous solution of 

A98M98D18 (Entry 1, Table 1). The storage (G′) and loss modulus (G″) are both low with G″ 

larger than G′ at low temperature range, which indicates the viscous liquid-like behavior of 

the solution. As the temperature increases to the transition point, the G′ and G″ of the 

sample increase sharply to reach a crossover point at which the G′ starts to exceed the G″, 

indicating an elastic solid-like behavior of the solution beyond the critical temperature point. 
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Here, we define the crossover point of the G′ and G″ as the gelation temperature (Tgel). With 

further increase of the temperature, the G′ and G″ values continue to increase and eventually 

plateau, suggesting the formation of stable hydrogels with a certain mechanical stiffness. To 

investigate the reversibility of the gelation, a second temperature sweep of the G′ and G″ 

was conducted after the sample was cooled down to the starting temperature (Figure 2). The 

two measurements are nearly overlapped, indicating that the sol–gel transition is reversible.

To further characterize the rheological properties of the sol and the gel based on the 

A98M98D18 triblock copolypeptoid (Entry 1, Table 1), measurement of dynamic shear 

moduli as a function of angular shearing frequency was conducted (Figure 3). At 22 °C, the 

loss modulus (G″) is larger than the storage modulus (G′) and both moduli are close to zero 

at low frequency and adapt a terminal rheological behavior indicative of a viscous liquid. At 

25 °C, the G′ started to superimpose on the G″ and approaches the critical gelation 

temperature when G′ and G″ follow a power law with an exponential of approximately 1/2 

(G′ ≈ G″ ~ ω0.5) (Figure 3).29 At 37 °C, G′ is large than G″ through the whole frequency 

range and is nearly frequency independent, indicating the formation of a stable elastic solid-

like hydrogel.

 Microscopic Characterization of the Hydrogel

To investigate the microscopic structure of the hydrogel, cryo-SEM was conducted on the 

A92M94D12 hydrogel (Entry 2, Table 1, 5 wt %) freshly formed at 37 °C. The cryo-SEM 

microgram revealed a highly porous structure with large mesh size in the micron regime (>3 

μM) (Figure 4), consistent with a gel structure formed by phase separation.

 Characterization of Micellation of ABC Triblock Copolypeptoids in Dilute Solution

We hypothesize that the ABC triblock copolypeptoids undergo a thermoreversible sol–gel 

transition through the formation of micellar networks (Figure 5) similar to early studies on 

other ABC block copolymer systems.29,31,33 As the three blocks are mutually immiscible, 

the C block is hydrophobic and the B and A blocks are water-soluble below the sol–gel 

transition temperature, the triblock copolymers are expected to form core–shell–corona 

micelles below Tgel. Upon temperature increases, the corona blocks (A) undergo cloud point 

transition and become dehydrated to form hydrophobic domains. This results in the 

formation of a three-dimensional micellar network.

The cloud point of the AMD triblock copolypeptoids, as determined from the turbidity 

measurement, was shown to be higher than of the poly(N-allyl glycine) homopolymer (A) 

itself by 8 °C (Figure S21). It is attributed to the attachment of hydrophilic M block at the A 

terminal, resulting in an increased cloud point of the A segment.

To verify the micelle formation, TEM analysis of the diluted triblock copolypeptoids 

solutions were conducted. Spherical micelles with a uniform diameter (13.4 ± 1.1 nm) were 

observed for the A92M94D12 sample (Entry 2, Table 1) (Figure 6A); for the A98M98D18 

sample with slightly increased D segmental length (Entry 1, Table 1), rod-shape micelles 

with moderately uniform diameter (16.6 ± 1.7 nm) become notably present (Figure 6C). 

Consistent with the TEM analysis on the dried and uranyl acetate stained micellar samples, 

Cryo-TEM analysis of a dilute aqueous solution (1 wt %) of the same A92M94D12 and 
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A98M98D18 sample also confirm the formation of spherical and rod-shape micelles, 

respectively (Figure 6B and D). In addition, DLS analysis of the dilute solution of 

A98M98D18 (0.5 wt %) at 25 °C revealed the presence of particles of a much larger 

hydrodynamic size than that of A92M94D12 (0.5 wt %, Figure S18), in accordance with their 

different micellar morphologies observed by TEM. These results together with the cryo-

SEM analysis of the polypeptoid hydrogel (Figure 4) suggest that the hydrogel structure is 

highly hierarchical with spatial features ranging from micron down to nanometer in 

dimension.

The micelle formation is further supported by 1H NMR spectroscopic study of a dilute 

solution of AMD. (Figure S19). In CD2Cl2, which is a good and nonselective solvent for all 

three blocks in the triblock copolypeptoids, proton signals from the three different blocks 

(A, M, D) are notably present. In D2O, which is a poor solvent for the D segment and a good 

solvent for the A and M segments, the proton signals due to the D segment have completely 

disappeared. This is consistent with micellation where the insoluble D block becomes buried 

in the core of the micelles. As the temperature is increased to 37 °C, which is above the 

cloud point of the block copolypeptoids, the proton signals due to the A block was 

significantly decreased. This indicates the increased dehydration of the A block above the 

cloud point. The broadening of the proton signals of the M block at elevated temperature 

was attributed to structural heterogeneity within the gel due to the phase separation during 

gelation.

To further support the proposed mechanism, a temperature-sweep dynamic light scattering 

(DLS) measurement within 20–60 °C range was performed on the dilute aqueous solution of 

A92M94D12 (0.5 wt %) (Figure 7 and S20). At 20 °C, DLS revealed a relatively narrow 

distribution of micellar sizes with an average 40.6 ± 0.4 nm diameter. As the temperature 

increases, the average size of the particles also increases (Figure 7). Plot of the derived count 

rate of the micelle solution versus temperature revealed a sharp increase at 27 °C, indicating 

the onset of micellar aggregation (Figure S20A). The temperature-dependent DLS 

measurement suggests the association of micelles at elevated temperature, in agreement with 

the proposed gelation mechanism (Figure 5).

 Tuning the Hydrogel Properties

The gelation temperature and mechanical stiffness of the ABC block copolypeptoid 

hydrogels can be adjusted by controlling the polymer solution concentration and the 

polymer composition. For example, the aqueous solutions of A98M98D18 (Entry 1, Table 1) 

in the 1–5 wt % range all underwent thermoreversible sol–gel transitions (Figure 1). The 

sol–gel transition temperature can be systematically increased from 26.2 to 33.6 °C as the 

polymer concentration is decreased from 5 to 1 wt %. The sol–gel transition window also 

becomes narrower as the polymer concentration increases. The mechanical stiffness of the 

hydrogel at 37 °C, as indicated by storage modulus (G′), increases from approximately 2 to 

251 Pa as the polypeptoid concentration increases from 1 to 5 wt %. It corresponds to an 

increase of Young’s modulus from 6 to 762 Pa.61 This is attributed to the increased cross-

linking density at higher concentrations, resulting in micellar networks with increased 

stiffness.29 The concentration dependence of the sol–gel transition temperature is consistent 
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with the concentration dependence of the cloud point of block copolymers: the higher the 

concentration, the lower the cloud point transition.59,62

To investigate the impact of polymer composition on the gelation characteristics, we 

conducted rheological measurements on the aqueous solutions of triblock copolypeptoids 

where the chain length of a selective block in the AMD triblock copolypeptoids is 

systematically varied while the chain length of the remaining two blocks are kept constant. It 

has been found that the chain length of each block impacts the gelation temperature and gel 

modulus to different extents. For example, Tgel does not change appreciably when the length 

of the hydrophobic D end block is increased by 50% from DPn = 12 to 18 (Figure 8C), 

whereas the G′ at 37 °C decreases from 780 to 251 Pa. By comparison, when the length of 

the M middle block is increased by 60% from DPn = 98 to 158 while the chain length of the 

other two blocks are kept constant, Tgel is increased from 26.2 to 30.7 °C and the G′ value at 

37 °C was reduced from 251 to 189 Pa (Figure 8B). This is consistent with the general 

observation that increasing the molar fraction of the terminal hydrophilic moiety in 

thermoresponsive block copolymers enhances the cloud point.62 By contrast, a dramatic 

increase of gelation temperature from 26.6 to 40.9 °C occurred (Figure 8A) when the length 

of A block is decreased by 53% from DPn = 92 to 43. The latter sample did not form a gel at 

physiological temperature (37 °C). The change in the Tgel is in agreement with the previous 

report where the cloud point of the A homopolymer exhibits chain length dependence: the 

shorter chain length of A gives rise to a higher cloud point.59 The gelation temperature 

(40.9 °C) is much higher than the reported cloud point of the A homopolymer with similar 

DPn (30 °C). This is expected as the A segment in the triblock copolypeptoids is directly 

attached to a long hydrophilic M segment, thereby resulting in an increase in cloud point.62 

Compared to the ABC hydrogelators, the corresponding ABA triblock copolymer exhibit a 

very different gelation behavior: no gelation occurs up to 60.0 °C (Figure 8D). It is probably 

due to the long-range structural arrangement during the simultaneous micellation and 

gelation process. In addition, the same end block may cause loops or flower-like 

conformation that suppresses the formation of bridging structure.1,2,29

To elucidate the influence of the total chain length on the gelation characteristics, 

rheological measurements were also conducted on aqueous solutions of AMD triblock 

copolypeptoids where the total polymer chain length is varied while the weight fraction of 

each block is kept constant (Figure 9 and entries 1, 5, and 6 in Table 1). The sol–gel 

transition temperature was shown to systematically increase from 26.2 to 31.0 to >60.0 °C as 

the total chain length (DPn) decreases from 214 to 100 to 53. In fact, the shortest chain 

sample remains a solution at the highest temperature (60.0 °C) that was tested. G′ and G″ 

appear to crossover at this temperature limit (Figure 9). The chain length dependence of Tgel 

is consistent with the chain length dependence of the cloud point for A homopolymer: 

shorter chains exhibit higher cloud points.59 This indicates that tuning the A chain length is 

the most effective strategy to control the sol–gel transition temperature in the triblock 

copolypeptoid system. In addition, the hydrogel stiffness at 37 °C, as indicated by the G′ 

value, is reduced from 251 to 125 Pa with the decrease of total chain length (DPn) from 214 

to 53 (Figure 9).
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To elucidate how the hydrophobicity of the core block (i.e., C segment) affect the gelation 

temperature and mechanical stiffness of the hydrogel, rheological measurements were 

conducted on the aqueous solutions of triblock copolypeptoids where the hydrophobic D end 

block was replaced with less hydrophobic O and B (Scheme 1), whereas the length of each 

block was kept nearly the same. As the hydrophobicity of the core block decreases (D > O > 

B), the Tgel was slightly increased from around 31.0 to 31.4 to 32.7 °C. The hydrogel at 

37 °C shows decreased storage modulus from 125 to 0.2 Pa as the hydrophobic core block is 

changed from D to B (Figure 10). Thus, the hydrophobicity of the C segment plays an 

important role in the gelation that increased hydrophobicity lowers the Tgel and raises the 

hydrogel stiffness.

To further investigate how the hydrophilicity of the B middle block affects the gelation 

characteristics, rheological measurements were conducted on the aqueous solutions of 

triblock copolypeptoids where the hydrophilicity of the middle block was altered. As the 

hydrophilicity of the middle block increases in the following order: M < m < d (Scheme 1), 

the Tgel was increased from 31.0 to 42.6 °C. The storage modulus at 37 °C is decreased from 

125 to 60 Pa with the increase of the middle block hydrophilicity from M to m (Figure 11). 

In contrast, as the middle block hydrophilicity further increased to d, the polymer solution 

remains in the sol state at 37 °C. These results strongly indicate that the gelation temperature 

and stiffness of the gels are highly dependent on the hydrophilicity and hydrophobicity of 

the constituent block. We are able to adjust the Tgel and G′ by tuning the polymer 

composition (i.e., chemistry and molar fraction) for targeted applications.

 Protein Encapsulation Study

Thermoreversible hydrogels are useful for encapsulation and delivery of water-soluble 

therapeutics such as proteins/peptides or cells.10,17 For encapsulation of proteins, it is 

important that the hydrogels do not adversely affect the protein structure and function. 

Because the polypeptoids are structurally similar to polypeptides, it is of concern that the 

hydrogel materials may interact with the proteins and alter the protein functions, even 

though the polypeptoids only present in low weight fraction in the hydrogel. To assess the 

suitability of the polypeptoid hydrogel for protein encapsulation, a model water-soluble 

enzyme (horseradish peroxidases, HRP) was encapsulated in the hydrogel and examined for 

any functional change over an extended period of time.

HRP is known to catalyze the reaction of guaiacol and H2O2, giving rise to colored product 

(Scheme S2).57 This allows the enzymatic activity of HRP to be readily quantified by 

measuring the initial reaction rate using a UV–vis spectrometer (Figure S22). HRP was 

encapsulated in the A92M94D12 hydrogel (sample 2, Table 1) at 37 °C for up to 7 d, over 

which period the enzymatic activity was examined and quantified.57 The HRP encapsulated 

in hydrogels do not exhibit any appreciable changes in the specific enzymatic activity in the 

first 24 h of encapsulation (Figure 12). The activities are comparable to the control sets (no 

gel, Figure 12), where the HRP was kept in PBS buffer at 37 °C for the same duration. The 

encapsulated HRP also shows comparable enzymatic activity to the as-received HRP in PBS 

buffer at 25 °C without any prolonged incubation (control, Figure 12). Increasing the 

encapsulation to 7 days resulted in a slight decrease of the enzyme activity by 9.4%. This is 
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ascribed to the prolonged heating as the control sample where the enzyme is incubated in 

buffer at 37 °C without hydrogel shows the similar percentage reduction of activity. The 

results indicate that the polypeptoid hydrogel does not adversely affect the HRP enzymatic 

function.

 Cytotoxicity Assessment of the Polypeptoid Solution and Hydrogel

AlamarBlue assay was used to assess the cytotoxicity of ABC triblock copolypeptoids 

diluted solution to human adipose-derived stem cells (hASCs). The diluted polymer solution 

(A92M94D12) was shown to be minimally cytotoxic to hASC with concentration up to 20 

mg/mL (Figure 13).

AlamarBlue assay was further used to investigate the effect of ABC hydrogel on hASCs 

metabolic activity. After 24 h of culturing in the ABC hydrogel extractives or 3 d of 

culturing within the hydrogel matrix in direct contacting, hASCs showed a significant 

decrease (P-value <0.05) of relative metabolic activity compared to the live control (Figure 

14A). The corresponding total DNA content was quantified using Quanti-T PicoGreen assay 

to analyze the hASC proliferation on ABC hydrogel (Figure 14B). No significant inhibition 

of hASC proliferation compared to the live control was observed when hASCs exposed to 

the ABC hydrogel extractives for 24 h or cultured within the hydrogel matrix in direct 

contact for 3 d. The results indicated that the slight decrease of cells proliferation rate does 

not correlate with a decrease in metabolic activity and may be indicative of stem cells 

leaving the proliferative cell cycle to differentiate. The differentiation pathway of hASCs 

happening within the hydrogel matrix was further indicated by the QPCR analysis (Figure 

16). Moreover, hASC maintained a healthy spindle shape both when exposed to hydrogel 

extractives and cultured within hydrogel matrix (Figure 15). Overall, the results 

demonstrated that ABC hydrogel is a cytocompatible material that can be potentially used as 

a tissue engineering scaffold.

 QPCR Quantification of Chondrogenesis Markers

To further investigate the effect of hydrogel on stem cell differentiation, quantitative real-

time polymerase chain reaction (QPCR) analysis were conducted to quantify the expression 

of two marker genes, Col2a1 and ANGPT1, for chondrogenesis and endotheliogenesis, 

respectively.64–66

Chondrogenesis is a multistep process characterized cell commitment, expression of 

chondrogenic markers, condensation, and cellular morphological changes.64 The product of 

the Col2a1 gene is an early and abundant marker of chondrocytes differentiation pathway.65 

The expression of Col2a1 and ANGPT1, a marker of angiogenesis, was assessed by QPCR 

at the 7 and 21 day time point. The A92M94D12 hydrogel was shown to up-regulate the 

Col2a1 and down-regulated the ANGPT1 gene expression of hASCs at 7 and 21 d of the 

chondrogenesis study (Figure 16). Others studies have also shown up-regulation of Col2a1 

and down-regulation of ANGPT1 gene expression when hASCs committed to 

chondrogenesis pathway.64,66 These results indicate that the polypeptoid hydrogel may have 

potential use as scaffold or graft materials for stem cell based tissue repair.
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Several synthetic hydrogels have previously been reported to influence the differentiation of 

specific cell lines. For example, polypeptide-based hydrogels (PA-PLX-PA67 and PEG-L-

PA68) have led to chondrogenesis of chondrocytes and adipose tissue derived cells. Although 

many factors [e.g., cell morphologies, proliferation rate, cell density, size of cell aggregation, 

swelling ratio, gel modulus, gel morphology, functional group (e.g., –COO–, –SH, –NH3), 

and charge state in the hydrogel as well as degradation rate]67–76 have been suggested to 

contribute to this unique phenomenon, the exact role of each factor and their complex 

interplays are not well understood. Our future efforts will be directed toward understanding 

how the structural characteristics of the polypeptoid hydrogels affect the stem cell 

differentiation by systematically tuning the hydrogel composition and structure.

 CONCLUSIONS

Well-defined amphiphilic ABC triblock copolypeptoids with varying composition and chain 

length can be synthesized by primary amine-initiated ring-opening polymerization. The 

polymer aqueous solutions undergo rapid thermoreversible sol–gel transitions. The gelation 

is attributed to the temperature-induced formation of micellar networks. The hydrogel 

exhibit shear-thinning behavior and can be injected through 24 gauge syringe needles. The 

gelation temperature of the hydrogel can be readily adjusted between 26.2 and 60.0 °C, and 

the mechanical stiffness (G′) at physiological temperature (37 °C) can be tuned from 

between 0.2 and 780 Pa, corresponding to the Young’s modulus in the 0.5–2346 Pa range. 

Encapsulation of model proteins (HRP) in the polypeptoid hydrogel for up to 7 d does not 

adversely affect the enzymatic activity. Furthermore, the ABC hydrogel and hydrogel 

extractives show minimal cytotoxicity to hASCs as indicated by standard metabolic and 

proliferation assays. The study of chondrogenic marker expression indicated that the 

hydrogel may have de novo bioactivity and is capable of modulating the expression of 

chondrogenic differentiation markers in hASCs. The combination of low cytotoxicity and 

bioactivity renders the polypeptoid hydrogel a highly promising tissue engineering material. 

The ABC hydrogel motif is highly versatile and structurally tunable. We envision the further 

functionalization of the hydrogel by photoinitiated thiol-ene addition chemistry to 

incorporate various biologically active ligands (e.g., peptides) and further enhancement of 

the mechanical stiffness of the hydrogels by chemical cross-linking. These studies are 

currently in progress and will be reported in due course.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Plots of storage (G′, filled symbols) and loss moduli (G″, open symbols) versus temperature 

for the A98M98D18 (Entry 1, Table 1) polymer solutions at 1 wt % (G′, ▲; G″ △), 2.5 wt % 

(G′, ■; G″, □), and 5 wt % (G′, ●; G″, ○). Inset shows the plot of Tgel versus polymer 

concentration.
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Figure 2. 

Plots of storage (G′, filled symbols) and loss moduli (G″, open symbols) versus temperature 

for the A98M98D18 (5 wt %): first heating (G′, ■; G″, □) and second heating (G′, ■; G″, □).
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Figure 3. 

Plots of storage modulus (G′, filled symbols) and loss modulus (G″, open symbols) versus 

angular frequency (ω) for the 5 wt % aqueous solution of A98M98D18 (Entry 1, Table 1) at 

different temperatures: 37 °C (G′, ■; G″, □), 25 °C (G′, ●; G″, ○), and 22 °C (G′, ▲; G″ 

△).
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Figure 4. 

Cryo-SEM images of the 5 wt % A92M94D12 hydrogel (Entry 2, Table 1). The scale bar in 

(A) and (B) is 50.0 and 10.0 μm, respectively.
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Figure 5. 

Schematic showing the proposed gelation mechanism of aqueous solutions of the ABC 

triblock copolypeptoids.

Xuan et al. Page 20

Chem Mater. Author manuscript; available in PMC 2017 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. 

(A, C) TEM images of the micelles based on A92M94D12 and A98M98D18 polymers, 

respectively (stained with uranyl acetate), and (B, D) cryo-TEM image of 1 wt % aqueous 

solution of the same A92M94D12 and A98M98D18 polymers, respectively.
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Figure 7. 

Diameter distribution of the A92M94D12 micellar solution (0.5 wt %) at different 

temperature obtained by DLS measurements.
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Figure 8. 

Plots of storage (G′, filled symbol) and loss moduli (G″, open symbol) versus temperature 

for aqueous solutions (5 wt %) of triblock copolypeptoids having varying compositions: 

A98M98D18 (G′, ●; G″, ○), A92M94D12 (G′, ■; G″, □), A94M158D16 (G′, ●; G″, ○), 

A43M92D9 (G′, ●; G″, ○), A45M93A45 (G′, ●; G″, ○).
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Figure 9. 

Plots of storage (G′, filled symbol) and loss moduli (G″, open symbol) versus temperature 

for aqueous solutions (5 wt %) of triblock copolypeptoids with varying block chain length 

and same block molar ratio: A98M98D18 (G′, ●; G″, ○), A45M45D10 (G′, ■; G″, □), 

A23M25D5 (G′, ▲; G″ △).
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Figure 10. 

Plots of storage modulus (G′, filled symbol) and loss modulus (G″, open symbol) versus 

temperature for aqueous solutions (5 wt %) of triblock copolypeptoids having varying 

hydrophobic end block: A45M45D10 (G′, ■; G″, □), A45M47O10 (G′, ●; G″, ○), A41M47B11 

(G′, ▲; G″ △).
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Figure 11. 

Plots of storage (G′, filled symbol) and loss moduli (G″, open symbol) versus temperature 

for aqueous solutions (5 wt %) of triblock copolypeptoids with varying middle block: 

A45M45D10 (G′, ■; G″, □), A50m55O11 (G′, ●; G″, ○), A46d42D9 (G′, ▲; G″ △).
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Figure 12. 

Specific enzyme activity with different incubation time at 37 °C: incubation in the 

A92M94D12 hydrogel (sample 2, Table 1) (filled symbol: ■) and incubation without the 

hydrogel (open symbol: □). Control (circular symbol: ○): the enzymatic activity of as-

received HRP was measured in PBS buffer at 25 °C without any treatment.
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Figure 13. 

Relative metabolic activity of hASC cultured in dilute solutions of A92M94D12 triblock 

copolypeptoids (Entry 2, Table 1). The results are normalized to live control.
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Figure 14. 

(A) Relative metabolic activity of hASC cultured in A92M94D12 hydrogel (Entry 2, Table 1) 

(5 wt % in PBS). The results are normalized to positive control. (B) Corresponding number 

of hASC obtained using Quanti-T PicoGreen assay. Star symbol (*) indicates statistical 

significant difference between two groups.
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Figure 15. 

Optical microscopic images of hASC with different treatments.
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Figure 16. 

QPCR analysis of gene expression within the A92M94D12 hydrogel matrix (Entry 2, Table 

1).
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Scheme 1. 
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