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Abstract

Gelation of the left helical N-substituted homopolypeptide poly(L-proline) (PLP) in water was 

explored, employing rheological and small-angle scattering studies at different temperatures and 

concentrations in order to investigate the network structure and its mechanical properties. Stiff 

gels were obtained at 10 wt % or higher at 5 °C, the first time gelation has been observed for 

homopolypeptides. The secondary structure and helical rigidity of PLP has large structural 

similarities to gelatin but as gels the two materials show contrasting trends with temperature. With 

increasing temperature in D2O, the network stiffens, with broad scattering features of similar 

correlation length for all concentrations and molar masses of PLP. A thermoresponsive transition 

was also achieved between 5 and 35 °C, with moduli at 35 °C higher than gelatin at 5 °C. The 

brittle gels could tolerate strains of 1% before yielding with a frequency-independent modulus 

over the observed range, similar to natural proline-rich proteins, suggesting the potential for 

thermoresponsive or biomaterial-based applications.
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INTRODUCTION

Engineering the morphological and rheological properties of materials is of paramount 

importance, especially when different architectures and secondary structures are combined. 

Hydrogels as drug delivery scaffolds and tissue engineering tools have traditionally been 

constructed with hydrophilic polymers of high molecular weight, cross-linked through either 

covalent bonds or physically associating groups.1–10 One example of these materials is 

synthetic polypeptides prepared by N-carboxy anhydride (NCA) polymerization,11 yielding 

low dispersity, high molecular weight polypeptides,12 which has led to hierarchical self-

assembled nanoscale structures with tunable properties13 and a wide range of biological 

applications.14,15

Most polypeptides of α-amino acids form 3D structures through hydrogen bonding. The 

exception is N-substituted polypeptides,16–19 which do not possess an amide (3-N) hydrogen 

for the formation of hydrogen bonds. Their secondary structure is due only to the constraints 

imposed by the main chain. The lone natural N-substituted polypeptide is poly(L-proline) 

(PLP),18 which is the only pH-independent, aliphatic, water-soluble, helical polypeptide.17 It 

is characterized by hydrophilic interactions (hydrogen bond donation by water molecules to 

both the tertiary amine and the carbonyl group) and hydrophobic interactions (pyrrolidine 

rings). Due to PLP’s rigid backbone, containing consecutive pyrrolidine rings and 

resonance-stabilized imide peptide linkages, it can serve as a scaffold for protein–protein 

recognition, molecular identification, enzyme tetramerization, and cell penetration,20 while 

the large effect of the polyproline helix on the protein conformation renders PLP a useful 

model for the study of native proteins such as gelatin and collagen.21

PLP contains tertiary amide groups which significantly lower the barrier for cis–trans amide 

isomerization22 and result in two conformations: PLP I, a compact right-handed helix, where 

the peptide bonds adopt the cis conformation, and PLP II, a stretched left-handed helix 

where the peptide bonds adopt the trans conformation. PLP I has an axial translation of 1.9 

Å (3.3 residues/turn) and is favored in aliphatic alcohols.23 PLP II is a highly extended 

polypeptide structure with a 3.1 Å axial translation (3 residues/turn) and is favored in water 

and organic acids17,22 due to simultaneous hydrogen bond donation to both the carbonyl 

group and the tertiary amine. Since the peptide groups control the final conformation and are 

accessible to the solvent, the PLP I to PLP II transition depends on the solvent composition, 

ionic strength and acidity.22,24 While cis-proline residues are postulated to account for 

certain conformational features in proteins, trans-proline residues (PLP II) commonly occur 
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in globular proteins and are often found in turns or at the edge strands of antiparallel β-

sheets, disrupting the ordered conformation.5a,25

Polymerization in organic solvents favors the PLP I form of the helix, which has low 

solubility in water.17 Dissolution in water, catalyzed either by organic acids or incubation at 

low temperature (between −15 and 5 °C),26 leads to mutarotation of the helix into the PLP II 

form. Alternatively, increasing the temperature to around 63–65 °C precipitates dilute PLP 

II aqueous solutions and upon cooling, the helices can be redissolved.26 Light scattering, X-

ray diffraction (XRD), and turbidity studies have indicated that PLP’s phase change involves 

crystallization from solution with increasing temperature, similar to the thermal precipitation 

of tropocollagen.26 Heating leads to aggregation27,28 or a PLP II to PLP I transition,26 due 

to the disruption of hydrogen bonding. Kinetic effects and differing XRD patterns for the 

precipitates have resulted in a discord in the type of transition, either a liquid to crystal,26 or 

a liquid to liquid first-order transition.27 The transition temperature depends on the rate of 

heating, with higher transition temperatures observed for faster heating rates.27 The 

observation of thermoresponsive properties in dilute solutions suggests that more 

concentrated PLP solutions may be able to exhibit thermoresponsive gelation behavior with 

consequent changes in mechanical properties.

Herein, the gelation behavior of concentrated aqueous PLP solutions in water is explored, 

employing rheological and small-angle neutron scattering (SANS) studies at different 

temperatures and concentrations in order to investigate the network structure and its relative 

homogeneity. Stiff gels were obtained at 10 wt % or higher at 5 °C, the first-time gelation 

has been observed for homopolypeptides. Temperature-dependent mechanical properties and 

structural changes were examined in the material when temperature was increased from 5 to 

35 °C, providing insight into the effect of temperature on PLP gelation.

EXPERIMENTAL METHODS

Materials

Boc-L-proline-OH (Boc-Pro-OH, >99%), triphosgene (99%), triethylamine (>99%), and 

hexylamine (>99%) were purchased from Aldrich. Amine-free acetonitrile was purchased 

from Fisher. D2O was purchased from Cambridge Isotopes.

Synthesis of L-Proline N-Carboxy Anhydride (LP-NCA)

The monomer was synthesized according to established procedures.18a tert-

Butyloxycarbonyl-L-proline (14 g, 0.065 mol) was dissolved in dry THF (600 mL) in a 1 L, 

two-necked, round-bottom flask, with a slight flow of dry N2. Then, triphosgene (7.1 g, 

0.024 mol) was added under vigorous stirring. After 10 min, triethylamine (7.2 g, 0.072 

mol) was added dropwise at 0 °C, leading to the formation of N-carboxy anhydride in a one-

pot procedure with instantaneous precipitation of TEA·HCl salt. After stirring for 6.5 h at 

room temperature under a N2 atmosphere, the precipitate was removed by filtration. The 

filtrate was then rotovapped, and the crude mixture was dissolved in ethyl acetate, chilled, 

and extracted with ice-cold water until neutral pH was reached. The organic phase was then 

separated, dried with (Na)2SO4, and the solvent was rotovapped, yielding 8 g of crude LP-
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NCA. The crude LP-NCA was dissolved in the minimum amount of THF (~30 mL), and a 

large excess of hexane (400 mL) was added, leading to a white, thick precipitate that was 

cooled to −20 °C for complete precipitation. The solvent mixture was then decanted under a 

dry N2 flow, and the LPNCA crystals were dried under vacuum, resulting in a final purified 

yield of 4.5–5 g (50%). The procedure was repeated two more times and the final product 

was characterized by 1H NMR and FTIR (Figures S1 and S2). The pure product was then 

stored in the glovebox.

LP-NCA. 1H NMR (500 MHz, CDCl3) δ 4.34 (dd, J = 8.78, 7.84 Hz, 1H), 3.78 (dt, J = 11.4, 

7.47, 7.47 Hz, 1H), 3.34 (ddd, J = 11.4, 8.32, 4.92 Hz, 1H), 2.45−2.05 (m, 3H), 1.95 (m, 

1H); FTIR (deposited on KBr cards) 2996, 2957, 1845, 1824, 1772, 1368, 1332, 1274, 1207, 

1188, 1155, 1100, 1019, 1006, 955, 922 cm−1.

Synthesis of Poly(L-prolines) (PLPs)

The desired amount of LPNCA (2.5 g, 0.018 mol) was added in a dry, air-free, Schlenk flask 

inside a glovebox, immediately transferred to the nitrogen/vacuum line, and purged with a 

continuous nitrogen flow. The monomer was then dissolved in amine-free acetonitrile (~15 

mL), and hexylamine was added. After addition of the hexylamine (2.5 g, 0.22 × 10−3 mol, 

NCA/initiator = 82 for PLP70), the solution became opaque. After stirring for 1 week under 

N2, a milky solution was obtained. At the end of the reaction, the polymer was precipitated 

in cold ether, filtered, and dried in vacuum. The resulting polymer contained both helical 

forms (mainly form I), as quantified by solid-state FTIR. In order to obtain the fully water-

soluble PLP II, the polypeptide was suspended in ultrapure (Milli-Q) water and stirred for 1–

2 days at 4 °C, changing from a milky solution to a clear aqueous solution. The polymer was 

filtered, dialyzed extensively against Milli-Q water, and lyophilized to give a final purified 

yield of 1.3 g PLP II (75%), in agreement with previous studies.

PLP II. 1H NMR (500 MHz, CF3COOD) δ 4.92 (1H, Cα), 3.95−3.75 (2H, Cδ), 2.46−2.15 

(4H, Cβ+γ); GPC (5% NaH2PO4) water/ACN 97:3 at 35 °C, Mw/Mn = 1.28–1.32; FTIR 

(deposited on KBr cards) 3450, 2962, 2879, 1640, 1448, 1431, 1351, 1333, 1315, 1261, 

1206, 1164, 1094, 1040, 916 cm−1.

The molecular weight of PLP II was calculated by GPC and 1H NMR. Due to the fact that 

the polydispersity is higher than living polymerization due to heterogeneous polymerization, 

the degree of polymerization was estimated by end-group analysis by 1H NMR. The 

molecular weight was calculated by comparing the Cα proton (4.92 ppm, 1H) to the 

hexylamine protons (0.84 ppm, 3H), as is shown in Figure 1. Depending on the LP-NCA/

hexylamine molar feed, different molecular weights of PLP II were obtained (Table 1). GPC 

in water/acetonitrile (80/20 v/v) as well as FTIR characterization in the solid state were also 

recorded (Figures S3 and S4).

Gelation

Lyophilized PLP II samples were weighed into Eppendorf tubes and Milli-Q water (for 

rheology, CD studies) or D2O (for SANS studies) was added to achieve the desired 

concentration. The milky samples obtained were thoroughly mixed by vortexing and were 
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stored at −20 °C for 5 min. After removal from −20 °C and thawing at room temperature, 

the PLP samples became transparent, viscous solutions or gels, depending on concentration. 

Samples were stored at 4 °C until testing. The incubation and storage temperatures were 

found to be critical since, at higher temperatures, the stability of the samples was impacted, 

leading to blurry solutions.

Characterization Methods

FTIR measurements were performed with a Thermo Nicolet Nexus 870 instrument. 

Solutions were deposited on KBr real crystal IR cards. The spectra were collected over the 

range 450–3800 cm−1 and corrected for KBr background. 1H NMR spectroscopy (500 MHz) 

was performed using a Varian Inova 502 spectrometer. The spectra of the polymers were 

acquired in CF3COOD, and the spectrum of L-proline NCA (LP-NCA) was taken in CDCl3. 

GPC analysis (Waters Breeze 2410) was performed at 5 mg/mL in a 0.1 M NaNO3 solution 

of water/acetonitrile (80/20 v/v) at a flow rate of 0.8 mL/min at 35 °C using PEO standards. 

CD measurements were performed with an Aviv Model 202 Circular Dichroism 

spectrometer in a 0.1 cm path length cuvette to measure far UV circular dichroism 

spectroscopy over the range 183–240 nm. Measurements were performed at 1 mg/mL, with 

a scan rate of 12 nm/min.

Rheology Measurements

Rheology was performed on an Anton-Paar 702 rheometer using the single drive 

configuration. A sandblasted 25 mm diameter cone with a 1° angle (CP25−1/S geometry) 

and a Peltier-controlled bottom plate were used for all measurements to avoid slip at the 

sample–tool interface. Samples were loaded at 5 °C, sealed with mineral oil to prevent 

evaporation, and allowed to equilibrate for 1 h. Samples were then heated to 35 °C, 

equilibrated for an hour, cooled to 5 °C, and equilibrated for one more hour before 

measurement. Strain sweeps were performed at 5 and 35 °C at 1 rad/s from 0.1 to 10% strain 

to determine the linear viscoelastic region (Figures S5). Frequency sweeps were acquired 

from 0.01 to 100 rad/s at 5 and 35 °C at 0.1% strain. Thermal cycles were performed, 

alternating between 3 h periods at 5 and 35 °C, at 0.1% strain and 1 rad/s. After temperature 

cycling, frequency sweeps were run at 5 and 35 °C over the range 0.01–100 rad/s at 0.1% 

strain, within the linear regime at all frequencies.

SANS Measurements

Samples were studied on the Bio-SANS beamline at the High Flux Isotope Reactor (HFIR) 

at Oak Ridge National Laboratory and measured over the q-range of 0.003–0.4 Å−1. All 1 wt 

% samples were loaded into 1 mm path length quartz banjo cells, while higher concentration 

PLP samples were loaded into brass sample holders, containing a Teflon spacer with a 10 

mm diameter hole sandwiched between two quartz disc windows. All samples were 

measured at 5 and 35 °C, with a 6 Å neutron wavelength. One hour equilibrations were 

allowed at each temperature before sample data was collected. A sample aperture of 10 mm 

was used for banjo cells, and a 6 mm aperture was used for brass holders. The scattering 

data was reduced using the SPICE SANS reduction package and corrected for D2O 

background at 5 and 35 °C. Data was then fit to a modified correlation length model, the 
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original model developed by Hammouda and co-workers,29,30 through a nonlinear, least-

squares fit using the curve fitting tool in Igor Pro. This model has been used to analyze the 

scattering spectra of polymer solutions as well as scattering from hydrogel systems. The 

scattering intensity is modeled by the following equation:

where I(q) is the scattering intensity, q is the scattering vector, q0 is related to the broad peak 

location, and B is scattering from background. Parameters n, m, and ξ are the Porod 

exponent, the Lorentzian exponent, and the Lorentzian screening length, respectively. The 

Porod exponent, n, characterizes the fractal structure of the gel, while the Lorentzian 

exponent, m, characterizes the polymer–solvent interactions, describing the system’s 

thermodynamics.29,30 The exponent, p, provides a minor correction that improves fitting at 

higher q values, especially for scattering curves of low temperature and concentration, 

where a plateau in the intensity is not present. The Lorentzian screening length, ξ, is the 

correlation length for polymer chains and, in the case of gel networks, it gives an indication 

of the gel mesh size.

RESULTS AND DISCUSSION

Gelation of PLP

Unlike most homopolypeptide solutions, PLP formed gels at sufficiently high 

concentrations. The helical homopolypeptide PLP gelled at 5 °C at 10 wt % or above. Figure 

2a shows frequency sweeps of 1, 10, and 15 wt % PLP70 samples at 5 °C. Though PLP70 at 

1 wt % also has a value of G′ exceeding G″, it failed the simple inversion test which is 

passed for 10 wt % or above. For a viscoelastic fluid with this low of a modulus, the yield 

stress can be overcome by gravity, exhibiting effectively liquid-like behavior. The storage 

modulus increased with increasing concentration and was independent of frequency for both 

10 and 15 wt % samples within the measured range. This is the first observation of gelation 

for homopolypeptides (Figure 2b). Scattering results for the PLP70 samples showed a 

qualitative change in scattering pattern as the concentration was increased from dilute 

solution into the gelation regime (Figure 2c). In the low concentration regime (1 wt % 

PLP70), the scattering pattern showed a power law type decay with only a very weak 

shoulder. No Guinier regime was observed even for qLPLP ≪ 1, indicative of strong 

intermolecular associations even at these low concentrations. The data was fitted by the 

modified correlation length model, originally developed by Hammouda.29,30 In 1 wt % 

PLP70, the power decay at low q was 2.3. At this low concentration, a shoulder, due to the 

presence of a characteristic length within the system was weak and the correlation length 

was approximately 4.4 nm. The upturn seen at low q is characteristic for semidilute 

solutions of water-soluble polymers.29,30

At high concentrations, the effect of intermolecular correlations and large scale 

concentration fluctuations became more pronounced, as indicated by the appearance of a 

pronounced shoulder and a large increase in the low q scattering intensity. Fitting with the 
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modified correlation length model showed a slight increase in correlation length with 

increasing concentration. For 10 and 15 wt % PLP70 at 5 °C, ξ was calculated to be 5.0 and 

5.5 nm, respectively (Tables 2 and S1), a typical value for concentrated polymer solutions or 

hydrogels,2–4,29,30 while the expected helix length for PLP II is R0 = 21.7 nm (assuming a 

fully extended helix with 3.1 Å/residue for 70 units). This suggested that the chain 

correlations were occurring on the submolecular length scale. The power law at low q for 

both 10 and 15 wt % PLP70 at 5 °C was calculated to be 2.5, slightly higher than the low 

concentration regime. In both the low and high concentration regime, the low q power law 

was consistent with a mass fractal with a dimensionality of approximately 2.5.

Heating of dilute PLP solutions to elevated temperatures has been reported to lead to a 

highly packed state.28 Analogous to thermoresponsive precipitation from solution, heating 

PLP gels resulted in responsive changes in their structural (Figure 3a) and mechanical 

properties (Figure 3b,c). A shift to higher wavelengths in the characteristic negative peak of 

the polyproline II helix is observed in circular dichroism (CD) upon heating dilute PLP 

solutions, accompanied by a decrease in the intensity of the peak. The red-shift observed in 

the characteristic strong negative band from 201 nm at 0 °C to 203 nm at 35 °C is shown in 

Figure 3a. The decreasing intensity of the CD peak with increasing temperature is 

characteristic of a decrease in the helicity of the PLP II helix.31 It has been suggested that 

the above spectral changes arise from a greater chain rigidity at lower temperatures, which 

give rise to an effectively longer spectroscopic unit,31 since the extended PLP II structure is 

favored in water or at low temperatures.22,26 Furthermore, it has been calculated that the 

binding of water to the imide groups tends to rigidify the chain.32 Heating of a PLP II dilute 

solution leads to a weakening interaction between the chain and the bound water, with PLP 

II ultimately precipitating as a crystalline solid at high enough temperatures.26 At the same 

time, elevated temperatures also contributed to enhanced chain motion and flexibility. Thus, 

the data reflects a loosening of the 31 structure of PLP II as the temperature is raised, leading 

to a decrease in the magnitude and a red-shift of the negative peak in the CD spectrum. The 

change in CD with temperature is not very large but implies a decrease in the helicity in 

dilute solutions, typical for PLP.31 Since there was no clear PLP II to PLP I transition, an 

intermediate structure is assumed to be present during the increase in temperature, which is 

expected to lead to lower actual dimensions.24c

The partial disruption of hydrogen bonding in the PLP helix upon heating leads to increased 

intermolecular aggregation at higher temperatures, resulting in changes in gel mechanical 

properties. Equilibrated gels were cycled between 3 h periods at 35 and 5 °C while 

monitoring the modulus, highlighting the thermoresponsive nature of the gels. Cycles were 

reproducible and consistent after the first measurement for 10 wt % PLP70 at 5 °C (Figure 

3b), exhibiting limit cycle behavior starting from the second cycle. No thermal cycle or long 

relaxation time was able to recover the initial modulus of the gel, suggesting strong kinetic 

effects on the structure due to the presence of associative interactions under all accessible 

experimental conditions. It was observed that, for PLP70, the moduli could evolve for up to 

3 h after the initial step change in temperature, indicating slow dynamics of structural 

rearrangement that are consistent with an influence of kinetic effects on the gel modulus and 

the inability to reverse the effects of thermal history. The storage moduli values obtained for 
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PLP70 at 35 °C were higher than or comparable to those reported for gelatin (Figure S6), 

collagen-mimetic peptides,7 Matrigel,34 RADA16,33 and β-sheet formed hydrogels.5,34,35

Frequency sweeps at both 5 and 35 °C showed no dependence of moduli on frequency 

between 0.01 and 100 rad/s (Figure S7). This suggests very slow relaxation times in highly 

concentrated PLP systems and implies that the physically cross-linked structure is not 

dynamic on the time scale of the experiment. There is an increased dependence of the 

modulus on the concentration after heating the samples to 35 °C (Figure 4a) when compared 

to the plateau moduli observed at 5 °C, which leads to an order of magnitude higher moduli 

for 35 °C, 15 wt % PLP70 (~105 Pa) than 35 °C PLP70 at 10 wt % (~104 Pa). The observed 

frequency independence of PLP is also seen in gelatin (Figure S6), collagen,33,36 and 

collagen-mimetic peptides,7 all having a high-proline content and suggesting a correlation 

with the secondary structure of the polyproline helix. However, the dependence of moduli 

on temperature for the PLP gels was opposite that of gelatin gels (Figure S6): when the 

gelatin/collagen gels are heated they undergo a sol–gel transition to a liquid state, while the 

PLP gels undergo a gel stiffening transition over the same temperature range. While in both 

cases heating disrupts hydrogen bonding, the gelatin sequence contains many charged and 

polar residues that contribute to high temperature solubility, while the PLP helix does not. 

Therefore, at high temperature, the PLP helix rearranges into an aggregated state. Due to 

these properties and their local rigidity, proline-rich sequences have been considered as 

favorable sites for nucleation in gelatin gels.37

Scattering results for all the PLP70 samples showed increased low q scattering intensity at 

35 °C. This feature became more pronounced in 10 and 15 wt % gels (Figure 4b,c) at 35 °C 

as the weight fraction of PLP was increased, suggesting that heating the samples resulted in 

an increase in the magnitude of concentration fluctuations at larger length scales within the 

sample. By fitting the data to the modified correlation length model (Tables 2 and S1), small 

increases in the correlation length were detected after heating at the same concentration. For 

the 10 wt % PLP70, ξ was calculated to be 6.7 nm at 35 °C, while for 15 wt % PLP70, ξ was 

calculated as 7.2 nm. The power law of the low q regime decreased slightly with heating for 

both concentrations. However, the measured value of 2.2 for the power decay in both 10 and 

15 wt % PLP70 at 35 °C continues to be consistent with a mass fractal structure.

Higher hydrogel moduli and increased scattering were obtained with increasing molar mass. 

A comparative study of 10 wt % gels for PLP50 and PLP70 at 5 °C is shown in Figure 5, 

where frequency sweeps of PLP50 and PLP70 are plotted (Figure 5a). Higher modulus was 

seen at 5 °C for the PLP70 sample in comparison with PLP50. Scattering results obtained 

(Figure 5b) also reveal higher scattering intensity for PLP70 at 5 °C, with a broad feature at 

qmax = 0.0223 Å−1. Structural differences were observed at elevated temperature (35 °C) at 

both molar masses (Figure 5c,d). Frequency sweeps of PLP50 and PLP70 at 10 wt % 

showed independence of moduli on frequency at 35 °C, as well as higher moduli for both 

samples (Figure 5a,c). PLP50 showed a broad shoulder at qmax = 0.0234 Å−1 (Figure 5d), 

which is consistent with lower molecular weights (Figure S8). By fitting the data to the 

modified correlation length model (Tables 2 and S1), a decrease in the mesh size was 

inferred with increasing molecular weight. For 10 wt % PLP50, ξ was calculated to be 5.5 

nm at 5 °C (the expected length for a fully stretched PLP50 in form II is R0 = 15.5 nm), 
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while for 10 wt % PLP70 the obtained value was 5.0 nm. By heating to 35 °C, the obtained ξ 

value was 10.2 nm for PLP50 and 6.7 nm for PLP70. The power law of the low q regime at 

5 °C was higher for PLP50 than for PLP70, with a measured Porod exponent of 3.2 for 

PLP50 and 2.5 for PLP70. The same trend persisted at 35 °C, with values of 2.8 and 2.2 

obtained for PLP50 and PLP70, respectively.

Structural information from SANS suggests that PLP forms gels due to aggregation of 

helices into a random network. The gels were clear at 5 °C, implying that there is no 

macrophase separation. Gelation occurs at a relatively high concentration of about 10 wt %, 

and the scattering model is consistent with a random network. By comparing the expected 

dimensions of an ideal fully extended PLP II chain (Table 1) with the correlation length 

value (mesh size) found in PLP gels (Tables 2 and S1), the mesh size is observed to be 

smaller than the theoretical length calculated from the pitch of PLP II (15.5 nm for ideal 

PLP50 vs 5.5 nm in 10 wt % PLP50; 21.7 nm for ideal PLP70 vs 5.0 nm in 10 wt % PLP70 

at 5 °C). This is consistent with multiple intersections within the same chain in a randomly 

interconneted network, as illustrated in Figure 6. Both increasing temperature and increasing 

concentration lead to increased aggregation of the polymer chains. Under these conditions, 

SANS shows both higher low q scattering intensity and a slightly larger mesh size in the 

gels. This suggests that increased aggregation yields larger concentration fluctuations 

between PLP-rich and PLP-poor regions and, consequently, the formation of a moderately 

larger mesh size. The higher degree of aggregation at higher concentration or higher 

temperature (increased interchain interactions due to partial helix unfolding) are both also 

manifest in the observed thermoresponsive stiffening transition.

There is also a substantial effect of molar mass on the gel properties even for a small change 

in chain length. Increasing chains from 50 to 70 repeat units results in a large increase in 

modulus, presumably due to the increased number of interactions per chain and 

consequently increased percolation of the network. While at 10 wt % at 5 °C the two 

networks have a similar mesh size, heating results in a more substantial increase in mesh 

size for PLP50 than for PLP70. Because the decreased number of interactions per chain 

should make PLP50 chains somewhat less kinetically hindered, it is hypothesized that the 

larger change in mesh size for shorter chains results from the fact that they are more 

kinetically mobile to rearrange in response to increased intramolecular interactions at high 

temperautre.

CONCLUSIONS

The linear rheology of highly concentrated aqueous poly(L-proline) solutions was examined, 

showing gelation at 5 °C and 10 wt % concentrations or above, the first observation of a gel 

in homopolypeptides prepared by the ring-opening polymerization of NCAs. The elastic 

modulus was independent of frequency between 0.01 and 100 rad/s, characteristic of gelatin, 

collagen, and collagen-mimetic peptides, revealing slow dynamics in the physically cross-

linked network. Heating the samples to 35 °C revealed a thermoresponsive transition from a 

softer to a stiffer gel, having the opposite trend that is observed in gelatin gels. SANS 

studies showed a network transition in D2O at 35 °C, with broad features corresponding to 

approximately the same correlation length for different molecular weights. The 
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thermoresponsive, frequency-independent, and stiff gel properties of concentrated PLP 

networks makes them a unique type of homopolypeptide system, with the ability to serve as 

model materials for understanding other proline-rich protein sequences or function as new 

thermoresponsive and biocompatible materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Chemical structure and stick structure of poly(L-proline) (PLP). The polypeptide cannot 

form internal hydrogen bonds, instead forming helices due to steric interactions between 

consecutive pyrrolidine rings. (b) 1H NMR of PLP70 in CF3COOD.
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Figure 2. 
(a) Frequency sweeps of 1, 10, and 15 wt % PLP70 at 5 °C at 0.1% strain. (b) Photo of PLP 

gel upon thawing at room temperature after 5 min at −20 °C. (c) SANS plots of 1, 10, and 15 

wt % PLP70 in D2O at 5 °C. SANS curves are offset for clarity.
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Figure 3. 
(a) CD spectra of PLP70 in water, monitored from 0 to 70 °C, at 1 mg/mL. Temperature 

cycles were performed for (b) 10 wt % aqueous PLP70 and (c) 15 wt % aqueous PLP70. 

The thermal program involved rapid switching between 5 and 35 °C every 3 h while 

maintaining a 0.1% strain at an angular frequency of 1 rad/s.
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Figure 4. 
(a) Dependence of the plateau modulus, measured at 10 rad/s, of 10 and 15 wt % PLP70 on 

temperature. SANS plots in D2O for (b) 10 wt % PLP70 and (c) 15 wt % PLP70 at 5 and 35 

°C. Gels were equilibrated at each temperature for 1 h prior to measurements. SANS curves 

are offset for clarity.
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Figure 5. 
Frequency sweeps of aqueous 10 wt % PLP70 and PLP50 (a) at 5 °C and (b) the 

corresponding SANS curves for the samples. Frequency sweeps were also performed for 10 

wt % PLP70 and PLP50 at (c) 35 °C, with accompanying (d) SANS plots for the same 

samples. Gels were equilibrated at each temperature for 1 h prior to measurements. SANS 

curves are offset for clarity.
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Figure 6. 
Proposed cartoon representation of changing PLP gel structure during a temperature 

increase.
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Table 2

Modified Correlation Length Model Fits for Porod Exponent and Correlation Length

Sample T °C Porod ξ (nm)

PLP70 at 1 wt % 5 2.3 ± 0.08 4.4 ± 9 × 10−03

PLP70 at 10 wt % 5 2.5 ± 0.03 5.0 ± 1 × 10−02

PLP70 at 15 wt % 5 2.5 ± 0.03 5.5 ± 8 × 10−02

PLP70 at 1 wt % 35 2.2 ± 0.07 4.7 ± 7 × 10−03

PLP70 at 10 wt % 35 2.2 ± 0.02 6.7 ± 5 × 10−02

PLP70 at 15 wt % 35 2.2 ± 0.03 7.2 ± 8 × 10−02

PLP50 at 10 wt % 5 3.2 ± 0.06 5.5 ± 4 × 10−01

PLP50 at 10 wt % 35 2.7 ± 0.05 10.2 ± 5 × 10−03
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