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Abstract

Temperature-triggered formation of nanostructures with distinct biological activity offers 

opportunities in selective modification of matrices and in drug delivery. Toward these ends, 

diblock polymers comprising poly(diethylene glycol methyl ether methacrylate) (PDEGMEMA) 

conjugated to a triple helix-forming collagen-like peptide (CLP) is produced. The ability of the 

CLP domain to maintain its triple helix conformation after conjugation with the polymer is 

confirmed via circular dichroism (CD). Dynamic light scattering (DLS) measurements suggest the 

diblock conjugate undergo a reversible temperature-induced transition in aqueous solution to form 

nanoparticles with a diameter of approximately 100 nm, with a transition temperature of 37 °C. 

Transmission electron microscopy (TEM) suggests the formation of well-defined vesicles above 

the transition temperature, while no supramolecular assemblies are observed at room temperature. 

The self-assembly of PDEGMEMA-CLP diblock is triggered by the collapse of the 

thermoresponsive domain above its LCST. The incorporation of CLP domains in these 

nanostructures may offer opportunities for the selective targeting of collagen-containing matrices.
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1. Introduction

Collagen is the main component of the extracellular matrix (ECM) in mammals. It 

comprises 28 different types of proteins, which have widespread functions such as mediating 

cell adhesion, cell migration, and tissue scaffolding and repair.[1] Although the roles of these 

proteins vary widely, they all contain (at least in part) the same secondary structure, a 

collagen triple helix,[2] which comprises three polypropline-II helices. Each strand of the 

helix consists of a repetitive amino acid sequence, glycine-X-Y, where X and Y are 

frequently proline (Pro) and hydroxyproline (Hyp).[3] Due to their excellent gel-forming 

ability and biodegradability, collagens have been widely used as biomedical materials for 

the delivery of chemotherapeutic drugs such as paclitaxel,[4] doxorubicin,[5] and 

antibacterial drugs such as gentamicin,[6] as well as for tissue support and regeneration 

applications including skin replacement, bone substitutes, and artificial blood vessels.[7] 

However, some of the limitations of animal-derived collagens, such as their thermal 

instability, possible contamination with pathogenic substances, and relative difficulty in the 

introduction of specific sequence modifications, have limited their versatility. Accordingly, 

sequences modeled after the collagens, also known as collagen-like peptides (CLPs), 

collagen-mimetic peptides (CMPs), or collagen-related peptides (CRPs) have been 

explored.[8–10]

CLPs form a triple helical structure almost identical to that of natural collagen,[10] but 

because of their low molecular mass (<5 kDa), they exhibit reversible folding and unfolding 

behavior. Traditionally, CLPs were employed to elucidate the triple helix structure and the 

stabilization effect of different amino acid residues in collagens.[8,11–16] CLPs with novel 

sequences and interactions have also been developed to mimic collagen fibril 

formation[17–22] and to produce other higher-order supramolecular structures.[23–25] These 
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include but are not limited to: (i) micrometer-scale fibrillar structure through noncovalent π-

π end-to-end interactions;[20,21] (ii) fibrous structures with well-defined D-periodicity 

assembled from multi-domain CLPs such as (PRG)4(POG)4(EOG)4[22] and 

(PKG)4(POG)4(DOG)4;[17] (iii) metal cation-triggered assembled structures such as 

microflorettes, fiberlike meshes,[23,24] nanofibrils,[25] and microscale spheres;[25] (iv) 

hydrogel networks and scaffolds crosslinked by CLP triple helix association[26,27] or metal 

cation – CLP coordination[28].

More recently, Wang et al. have reported that unfolded single strand collagen-like peptides 

have a strong propensity to bind to natural collagen via a strand invasion process.[29] Short 

synthetic CLPs were successfully utilized as a staining reagent for natural collagens in 

human tissues including skin, cornea, bone[30] and liver.[31] In vivo studies[32] suggest that 

CLPs are able to permeate tumor vasculature and accumulate at tumor sites. A high level of 

accumulation of the CLP within the skeleton and joints has also been observed, especially in 

regions with high MMP and collagen remodeling activity, such as the articular cartilage of 

knee joints. These results suggest the great potential of CLPs as novel tool and material for 

tracking pathogenic collagens for diagnostic and drug delivery purposes.

While these CLPs and other (poly)peptide-based biomaterials exhibit well defined 

hierarchical structures and variety of biological functions such as cell recognition, adhesion 

and proliferation,[33–35] their use in therapeutics can be limited due to elevated immune 

responses, rapid degradation by enzymes, and short circulation times in vivo.[36,37] Chemical 

conjugation of (poly)peptides with synthetic polymers thus has become a widely used 

method to overcome these limitations while maintaining desirable bioactivities. For 

instance, the attachment of polyethylene glycol (PEG) – or PEGylation – to protein-based 

drugs, enzymes, and antibodies greatly improves the solubility of the biomolecules, reducing 

their immunogenicity and increasing their blood circulation time.[36] In addition, a variety of 

(poly)peptides including α-helical coiled-coil peptide domains,[38–41] β-sheet peptide 

motifs,[42–44] and elastin-mimetic peptides[45–48] have been successfully employed to 

produce polymer-peptide hybrid materials, which show potential in biomedical applications 

such as drug and gene delivery. However, compared with the recent surge in research on 

these peptide-polymer conjugates, collagen-like peptide hybrid materials remain relatively 

less explored. Yu et al.[49] attached one or two C12 head groups to a collagen-like peptide 

and found that it improved the thermal stability of the collagen triple helix, and self-

assembly of the amphiphiles into various structures, dependent on the length of the 

amphiphile, was also observed.[50] Luo et al.[51] reported that after a C16 lipophilic tail was 

attached to a CLP with the sequence (GPO)3GFOGER(GPO)3 (F: phenylalanine; O: 

hydroxyproline), the amphiphile self-assembled into micrometer-long nanofibers with a 

diameter of approximately 16 nm. More recently, our groups have reported a polymer-CLP-

polymer triblock,[52] which self-assembled into micron-scale hollow spheres at 37 °C and 

transformed into nanofibers at higher temperature.

In this study, we have conjugated a thermoresponsive polymer, poly (diethylene glycol 

methyl ether methacrylate) (PDEGMEMA), to the N-terminus of a triple-helix forming 

collagen-like peptide ((GPO)7GG), to synthesize a polymer-CLP diblock (Scheme 1). Due 

to the thermoresponsiveness of the polymer domain, we anticipated temperature-triggered 
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assembly of the diblock into nanoparticles in aqueous conditions above the lower critical 

solution temperature (LCST) of the polymer, in a two-step process (Scheme 1). The first 

level of assembly involved the formation of collagen triple helix from diblock monomers, 

with a second level of assembly triggered by increasing the temperature of the solution, 

leading to the collapse of the polymer domain and assembly into higher-order nanoparticles. 

A poly (ethylene glycol) - CLP diblock copolymer was studied as a non-thermoresponsive 

control. The thermally responsive diblock polymers provide a novel approach to the 

formation of nanoparticles that may be uniquely responsive to biological environments.

2. Experimental Section

2.1 Materials

Fmoc-protected amino acids, Rink amide MBHA resin, N,N,N′,N′-tetramethyl-O-(1H-

benzotriazol-1-yl) uronium hexafluorophosphate (HBTU), and piperidine for solid-phase 

peptide synthesis were purchased from AAPPTEC Inc. (Louisville, KY). HPLC-grade 

acetonitrile and dimethylformamide (DMF) were purchased from Fisher Scientific 

(Fairlawn, NJ). N-Methyl-2-pyrrolidone (NMP), trifluoroacetic acid (TFA), 

triisopropylsilane (TIS), triethylamine (TEA), and diisopropylethylamine (DIEA) were 

purchased from Sigma-Aldrich (St. Louis, MO).

2.2 Peptide Synthesis

A collagen-like peptide with the sequence (GPO)7GG was synthesized via traditional solid-

phase peptide synthesis methods (SPPS) using a Focus XC automatic peptide synthesizer 

(AAPPTec Inc., Louisville, KY). Rink amide MBHA resin with a loading capacity of 0.52 

mmol/g was used for the synthesis. The amino acids were activated for coupling with HBTU 

in the presence of 2 M diisopropylethylamine (DIEA) in NMP. Deprotection of the Fmoc 

group was conducted using 20% piperidine in DMF. One-hour coupling cycles were used 

for all the residues. Cleavage of the peptide from the resin was conducted in 95:2.5:2.5 

(v:v:v) trifluoroacetic acid (TFA) /triisopropylsilane (TIS) /water for 3 hours. The TFA was 

mostly evaporated and the cleaved peptide was precipitated in cold ether. The peptide was 

then redissolved in water and lyophilized.

Crude peptide was purified via reverse-phase HPLC (Waters Inc., Milford, MA) on a Waters 

Symmetry 300, C-18 column. The mobile-phase comprised gradients of degassed deionized 

water with 0.1% TFA and acetonitrile with 0.1% TFA, at a flow rate of 5 ml/min. Peptide 

was detected by UV absorbance at 214 nm; fractions with product were collected and 

lyophilized. The molecular weight of the peptide was confirmed via electrospray ionization 

mass spectrometry (ESI-MS, AutospecQ, VG Analytical, Manchester, UK) and the purity of 

the peptide was confirmed via analytical scale, reverse-phase HPLC (Waters 2996; 

Symmetry C18, 3.5 μm, 4.6 × 75 mm).

2.3 PDEGMEMA-CLP Conjugate Synthesis

The synthesis of the conjugate was performed via the reaction of N-terminal amine of the 

collagen-like peptide with activated-ester end-functionalized PDEGMEMA, following a 

recently developed protocol.[53] The activated ester end-functionalized PDEGMEMA was 
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synthesized via RAFT polymerization described earlier.[54] The PDEGMEMA-CLP diblock 

copolymer was synthesized by mixing 3 equiv of PDEGMEMA per primary amine group of 

the peptide. The reaction was conducted in 2 mL 50:50 (v:v) NMP/DMSO, with the addition 

of 6 μL triethylamine (TEA), for 3 days at 35 °C (Scheme 2). The resulting hybrid polymer 

was precipitated into a 5-fold volume of cold diethyl ether and redissolved in 50:50 (v:v) 

NMP/DMSO (repeated 5 times) to removed excessive PDEGMEMA starting material, 

followed by dissolution in water and lyophilization.

2.4 Nuclear Magnetic Resonance (NMR)
1H NMR spectra were recorded under standard quantitative conditions on a Bruker AVIII 

spectrometer operating at 600 MHz, using at least 64 scans. All samples were dissolved in 

deuterated dimethyl sulfoxide (δ (d6-DMSO) = 2.50 ppm) at a concentration of 2 mg/mL. 

The resulting spectra were analyzed using Mnova software (Mestrelab Research, Santiago 

de Compostela, Spain).

2.5 Gel Permeation Chromatography (GPC)

GPC measurement of the PDEGMEMA-CLP conjugate was performed in DMF with 0.01 M 

lithium chloride at 30 °C. The system was operated at 1 mL/min with a Sonntek HPLC 

pump (K-501), one 50 mm × 7.5 mm PL gel mixed guard column, one 300 mm × 7.5 mm 

PL gel 5 μm mixed C column, one 300 mm × 7.5 mm PL gel 5 μm mixed D column, a 

Knauer refractive index detector (K-2301), and an Alltech solvent recycler 3000. Poly 

(methyl methacrylate) (PMMA) standards with Mw 875 Da, 3070 Da, 10570 Da and 30620 

Da were used for molecular weight calibration. All samples were dissolved in DMF at 1 

mg/mL and 100 μL of solution was injected.

GPC measurement of the PEG-CLP conjugate was performed in 10 mM PBS buffer (pH 

7.4, 137 mM NaCl and 2.7 mM KCl) using a combination of two Waters ultrahydro linear 

column (WAT011545 and WAT011525) with a nominal flow rate of 1 mL/min. A refractive 

index detector (Waters 2414), a UV absorbance detector (Waters 2996) were used. PEG 

standards with Mw 400 Da, 1970 Da, 6430 Da and 21030 Da were used to calculate 

molecular weights of the products. CLP and PEG starting material samples were dissolved 

in PBS at a concentration of 2 mg/mL, PEG-CLP diblock conjugate sample was dissolved in 

PBS at a concentration of 1 mg/mL. 100 μL solution was injected for all samples.

2.6 Circular Dichroic Spectroscopy (CD)

Characterization of the secondary structure of the CLP domain was conducted via circular 

dichroic spectroscopy (Jasco 810 circular dichroism spectropolarimeter, Jasco Inc., Easton, 

MD, USA). Either CLP or PDEGMEMA-CLP conjugate were dissolved at a concentration 

of 100 μM in PBS (10 mM, pH 7.4, 137 mM NaCl and 2.7 mM KCl ) and incubated 

overnight to allow triple helix formation. The CD spectra were recorded using quartz cells 

with a 0.2 cm optical path length.

Full wavelength scans were collected to study the conformation of the peptide domain at 

selected temperatures. The sample was incubated at each temperature for 10 min before 

measurement. The scanning rate was 50 nm/min, with a response time of 4 s. The 
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wavelength scans were obtained from 200 nm to 250 nm and were recorded every 1 nm. In 

order to precisely measure the melting temperature of the CLP domain, variable temperature 

experiments were conducted at a constant wavelength of 225 nm with a 0.25 °C/min heating 

rate. Refolding kinetics were studied via temperature-jump experiments. The sample 

solution was incubated at 80 °C for 30 min followed by quenching to 5 °C in less than 2 

minutes. The ellipticity at 225 nm as a function of time was monitored at 5 °C beginning 

right after the temperature jump.

2.7 Dynamic Light Scattering (DLS)

Analysis of particles sizes in solution was conducted via dynamic light scattering (DLS) on 

a ZetaSizer Nano Series (Nano ZS, Malvern Instruments, U.K.) at a scattering angle of 173°, 

and data fitting using the cumulant method. PEG-CLP and PDEGMEMA-CLP samples 

were prepared at 1 mg/mL in PBS (10 mM, pH 7.4, 137 mM NaCl and 2.7 mM KCl). 

PDEGMEMA-CLP samples were also prepared in water at a concentration of 1 mg/mL and 

5 mg/mL. A PDEGMEMA sample was prepared in water as the polymer alone was not 

soluble in PBS. All samples were incubated at 4 °C overnight before measurement. The 

lower critical solution temperature (LCST) of the polymer and conjugate was assessed by 

measurement of the average size of particles at temperatures from 5 °C to 80 °C. Samples 

were incubated at each temperature for 2 minutes before measurements. The LCST was 

assigned as the temperature at which the intensity of scattered light began to increase. For 

particle size distribution studies at 5 °C, 25 °C, 37 °C, 50 °C, and 70 °C, each sample was 

incubated for 10 min at the desired temperature before measurements. The reported data 

represent an average of at least three measurements.

2.8 Transmission Electron Microscopy (TEM)

Samples for TEM were prepared on carbon-coated copper grids (CF300-Cu, Electron 

Microscopy Sciences Inc.). The grids, pipette tips, and samples were incubated in an 

isothermal oven (VWR Signature™ Forced Air Safety Ovens, VWR Inc.) at desired 

temperature (25 °C and 50 °C) for at least 30 min before sample preparation, which was also 

conducted in the oven. PDEGMEMA-CLP and PEG-CLP diblock samples were dissolved in 

water at concentrations of 1 mg/mL and 5 mg/mL. 5 μL of the sample solution was drop cast 

on the grid and blotted after 60 seconds. For staining, 1% phosphotungstic acid (PTA) (pH 

adjusted to 7.0 using 1 M NaOH) as a negative stain was used. 5 μL of the PTA solution was 

drop cast on the grid and blotted after 10 seconds. The sample was allowed to dry in the 

oven at the desired temperature for 30 minutes and then was air-dried for 2 hours. TEM 

images were taken on a Tecnai G2 12 TEM (FEI Company, Hillsboro, OR) at an 

acceleration voltage of 120 keV.

3. Results and Discussion

3.1 Synthesis of PDEGMEMA-CLP Diblock Polymer

The collagen-like peptide with the sequence (GPO)7GG was synthesized via traditional 

Fmoc-based, solid-phase peptide synthesis methods (SPPS). Two glycines at the C-terminus 

were introduced to avoid the formation of diketopiperazine.[55] After purification with 
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reverse-phase HPLC, peptide with purity greater than 99% was obtained (Figure S1). The 

molecular weight of the peptide was verified via ESI-MS (Figure S2).

The thermoresponsive polymer, PDEGMEMA, was synthesized via reversible addition–

fragmentation chain-transfer polymerization (RAFT) using a standard procedure described 

earlier.[54] The polymer was conjugated to the CLP via the reaction of the activated ester 

end group of PDEGMEMA with the N-terminal amine of the peptide. The molecular weight 

distribution of purified products was studied via gel permeation chromatography (GPC) 

using DMF as the mobile phase (Figure 1). DMF was used instead of water because both the 

polymer and the diblock showed aggregation behavior in aqueous solution (see below). The 

traces shown were obtained using refractive index detection and were normalized to give a 

better comparison between the diblock and starting material. The chromatogram for the 

collagen-like peptide was not collected because the CLP was insoluble in DMF. As shown 

in Figure 1, the elution time of the diblock was clearly shifted to the higher molecular 

weight region compared with the PDEGMEMA starting material. The results suggest 

successful conjugation of the two building blocks and the single product peak without any 

shoulders indicates complete removal of excess PDEGMEMA starting material. A rough 

estimation of molecular weight from a calibration employing linear poly (methyl 

methacrylate) (PMMA) standards yielded a Mw of 7.1 kDa of the PDEGMEMA, with a 

polydispersity index (PDI) of 1.16. Interestingly, the results also suggested a PDI of 1.13 for 

the diblock and a Mw of 22.1 kDa, which was larger than anticipated, likely due to the 

potential physicochemical differences between the CLP domain of the diblock and PMMA 

standards, which would affect their mobility and/or hydrodynamic volume in the mobile 

phase.

1H NMR spectroscopy was utilized to confirm the presence of both the peptide and polymer 

domain in the diblock product. Figure 2a provides the 1H NMR spectrum of the collagen-

like peptide with typical regions of interest: protons from peptide backbone amide bonds 

from 7.0 ppm to 8.2 ppm (10H, CONH-CHR and CO-NH2, labeled He,e′,e″ in the figure); α-

protons from amino acid residues located from 4.2 ppm to 5.3 ppm (30H, NH-CHR-CO and 

NH-CH2-CO, Hc,c′,c″,c‴); and methylene protons from the pyrrolidine ring from 1.5 ppm to 

2.3 ppm (42H, CONR-CH2CH2CH2-CH and CH(OH)-CH2-CH, Hd,d′,d″). The spectrum of 

PDEGMEMA given in Figure 2b shows strong peaks for side-chain ethylene protons at 4.02 

ppm (2H, COO-CH2-CH2, Hc) as well as 3.62 ppm, 3.54 ppm and 3.47 ppm (6H, COO-

CH2CH2O-CH2CH2O-CH3, Hd,d′,d″), side-chain methyl group protons at 3.28 pm (3H, 

OCH3, He), backbone methylene protons from 1.7 ppm to 1.9 ppm (2H, -CRCH3-CH2-, Hb), 

and methyl group protons at 0.81 ppm and 0.97 ppm (3H, -CRCH3-CH2-, Ha). A solvent 

peak located at 5.76 ppm arises from dichloromethane (DCM), which was introduced to the 

sample when concentrating the polymer. The spectrum of the PDEGMEMA-CLP diblock, 

given in Figure 2c, showed all corresponding characteristic signals from the polymer as well 

as the peptide building block. The peaks from DCM observed in the polymer (Figure 2b) 

were completely removed, indicating complete separation by precipitating into cold ether. 

These results, together with the higher MW suggested by GPC, indicate successful synthesis 

and purification of the diblock. Comparison between the integrals from peptide α-protons 

(Hc,c′,c″,c‴ in Figure 2a, 30 protons per molecule) with protons from the polymer side-chain 
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methylene group (Hc in Figure 2b, 79 protons per molecule) suggested the molecular weight 

of the polymer domain in the diblock to be 7.4 kDa, which was consistent with the 

molecular weight determined via GPC.

3.2 Triple Helix Formation

Although native collagens have a variety of biological functions, at the molecular level, they 

all share the characteristic triple helical secondary structure. The ability of the collagen-like 

peptide, as well as the CLP domain in the diblock, to form triple helix is fundamental for 

specific binding with native collagen via triple helix hybridization. Circular dichroic 

spectroscopy (CD) was utilized to characterize the conformation of the peptide products; 

representative data are shown in Figure 3. The CD spectra of the collagen-like peptide and 

PDEGMEMA-CLP diblock at variable temperatures ranging from 5 °C to 80 °C are plotted 

in Figure 3a and 3d, respectively. Both the peptide and diblock exhibited a triple helix 

characteristic peak at 225 nm and a crossover at 213 nm,[17,19,56] confirming triple helix 

formation of the CLP, as well as the ability of the CLP domain to maintain the structure 

after conjugation to the polymer. The intensity of the 225 nm peak was reduced with an 

increase in temperature (black arrows in Figure 3a and 3d), consistent with the triple helix 

domain gradually unfolding upon heating.

The thermal stability of the triple helices was investigated via monitoring the mean residue 

ellipticity at λ = 225 nm as a function of temperature while the sample was heated at a slow 

rate (0.25 °C/min). The thermal unfolding profile (red) and the first derivative of the melting 

curve (blue) for the CLP and diblock are plotted in Figure 3b and 3e respectively. The data 

in Figure 3b yield a melting temperature (Tm) of 39.2 °C for the peptide and those in Figure 

3e yield a melting temperature of 38.8 °C for the diblock. The melting temperature of the 

CLP is consistent with previously reported results for (Gly-Pro-Hyp)n collagen-like 

peptides.[31,57,58] By comparing the thermal unfolding curves of the CLP and the diblock 

(blue curves in Figure 3b and 3e), it is apparent that the triple helix domain in the diblock 

sample started to melt at a much higher temperature (32 °C) than the peptide alone (20 °C), 

indicating the greater energy required for the unfolding of the triple helix in the conjugate. 

Additionally, while the peak at 225 nm for the peptide vanished upon heating (Figure 3a), 

the unfolding process for the triple helix domain in the conjugate was not complete even at 

80 °C (Figure 3d and 3e). These results indicate that the conjugation of PDEGMEMA to the 

peptide constricts the unfolding of the triple helix. The constriction is likely attributed to the 

anchoring effect of the polymer domain when it collapsed above its LCST (32 °C in PBS, 

Figure 4a, described below). Such triple helix stability enhancements via hydrophobic 

conjugation were also reported in our previous studies,[52,53] as well as by the Fields and the 

Tong research groups.[49,51]

Temperature jump experiments were conducted to analyze the refolding kinetics of the 

peptide domain. In these experiments, the samples were incubated at 80 °C for 30 min, 

followed by quenching to 5 °C to allow triple helix refolding. The ratio of mean residue 

ellipticity recovered compared to the original value at 5 °C was plotted as a function of time. 

Figure 3c shows the refolding profile for the CLP. After quenching to 5 °C, the CLP 

gradually refolded to nearly 90% of its original value, following third order reaction 
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kinetics, consistent with previous reports.[59] A rate constant of k = 3.43 × 107 M−2·s−1 was 

derived from the curve using a third-order reaction model. Interestingly, the PDEGMEMA-

CLP diblock reached 80% of its original CD intensity within only 3 minutes (Figure 3f), 

indicating the refolding of the peptide domain within the diblock was much faster than that 

for the peptide alone. The refolding profile also exhibited a constant refolding rate in the 

first three minutes, suggesting a zero-order process with a rate constant derived as 1.5 × 

10−7 M· s−1. This difference in the order of the folding process in the free peptide versus the 

diblock likely originates from the collapsed polymer domain acting as an anchoring point, 

which significantly increased the local concentration of the peptide strands and refolding 

rate of the triple helix. Additionally, once the CLPs were anchored at close proximity, long 

range molecular collision of three CLP single strands driven by Brownian motion was not 

the main prerequisite for the refolding process, which changed the order of the reaction. 

Similar stabilization of secondary structures from such anchoring effects has also been 

observed in poly(N-isopropylacrylamide)-containing copolymers. For example, the stability 

of an α-helical peptide domain was increased in a diblock copolymer comprising poly(N-

isopropylacrylamide)-block-poly(N5-(4-hydroxybutyl)-L-glutamine) (PNIPAAm-b-PHBG) 

when compared with that of the PHBG homopolymer.[60]

3.3 Temperature Triggered Self-Assembly into Nanoparticles

Diblock copolymers consisting of one thermoresponsive block and one hydrophilic block 

were expected to exhibit reversible self-assembly behaviors as temperature changes. One 

typical example is poly(ethylene glycol)-b-poly(N-isopropylacrylamide) (PEG-PNIPAAM), 

which self assembles into micelles in water above the lower critical solution temperature 

(LCST) of PNIPAAM.[61–63] The diblock in this work consists of a hydrophilic collagen-

like peptide block and a thermoresponsive PDEGMEMA block, thus is anticipated to 

undergo self-assembly in aqueous conditions when the polymer domain collapses above its 

LCST. Dynamic light scattering studies were conducted to determine the LCST of the 

PDEGMEMA-CLP diblock as well as that of the polymer itself by observing the 

temperature-induced increase in hydrodynamic size. All samples were prepared at 

concentrations similar to those in the CD experiments, pre-incubated at 4 °C to allow triple 

helix formation, and filtered to remove dust before the measurements.

The transition temperature of the conjugate and PDEGMEMA were tested via monitoring of 

the hydrodynamic diameter as a function of increasing temperature (Figure 4a). Diblock 

sample dissolved in PBS (10 mM, pH 7.4, 137 mM NaCl and 2.7 mM KCl) at a 

concentration of 1 mg/mL, as well as samples dissolved in water at concentrations of 1 

mg/mL and 5 mg/mL were measured. The results show an increase in intensity upon heating 

and suggested a transition temperature of 18 °C for the polymer and 32 °C for the diblock. 

As expected, the PEG-CLP control does not exhibit any phase transition behavior in the 

entire temperature range. The increase in the transition temperature for the PDEGMEMA-

CLP diblock compared with the polymer is consistent with the conjugation of the 

hydrophilic peptide block to the polymer. Changes in LCST due to hydrophobicity 

differences have also been reported in PNIPAAM containing copolymers modified with 

short hydrophilic DNA segments[64] or poly(lysine) segments,[65] as well as elastin-like 

Luo et al. Page 9

Macromol Biosci. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptides (ELP) with amino acid valine (V) substituted by more hydrophobic residues such as 

leucine, isoleucine and phenylalanine.[66,67]

Due to practical difficulties in studies of assembly morphology with transmission electron 

microscopy using samples in PBS buffer, samples dissolved in water (at either 1 mg/mL or 5 

mg/mL) were also prepared. Both samples exhibited a transition temperature of 37 °C, 

which was higher than that for samples dissolved in PBS. The lower LCST observed for 

diblock sample in PBS buffer is likely attributed to the salting out effect of kosmotropic ions 

added to the solution.[68,69] Cooling experiments were conducted to test the reversibility of 

this transition; the data are shown in Figure 4b. As illustrated in the figure, each sample 

shows only a small hysteresis in the transition, with LCSTs determined as 15 °C for 

PDEGMEMA, 29 °C for the diblock in PBS, and 34 °C for the diblock in H2O. The 

consistency of these values with those of the heating experiments confirms the reversibility 

of these transitions under the experimental conditions tested.

DLS was also utilized to study the size distribution of the nanostructures formed by the 

conjugate. Figure 5a and 5b show the size distributions for PDEGMEMA-CLP diblock 

samples dissolved in water, at 1 mg/mL and 5 mg/mL respectively. In both cases, no higher 

order assembly was observed at 25 °C. The small objects with diameters of approximately 5 

nm were attributed to the soluble trimers of the diblock, consistent with previous 

reports.[18,21] For the 1 mg/mL sample, nanostructures with average diameter of 

approximately 45 nm were formed at higher temperatures, while nanostructures with 

diameters around 110 nm were observed in the 5 mg/mL sample. Larger structures formed at 

5 mg/mL may be attributed to a fusion process of smaller structures at higher concentrations 

(see below). Although CLP peptides alone have been reported to aggregate at high 

concentrations,[19,58] a PEG-CLP diblock control at the lower concentrations here did not 

show any aggregation at any temperatures measured (Figure S6a), while on the other hand, 

heating a PDEGMEMA solution above its LCST (18 °C) yielded large aggregates with 

diameters of approximately 1.7 μm (Figure S6b). These observations confirm both the role 

of the PDEGMEMA in the thermally induced aggregation and the role of the CLP in 

stabilization of the observed nanostructures.

To obtain insight into the morphologies of the nanostructures observed via DLS, 

transmission electron microscopy (TEM) measurements were also conducted. To better 

visualize the nanostructures, a 1% phosphotungstic acid (PTA, pH adjusted to 7.0 using 

NaOH) aqueous solution was used as negative stain. At 25 °C, which was below the LCST 

of PDEGMEMA domain in the diblock, no nanostructures were detected under any solution 

conditions (data not shown). When the diblock solutions were heated above the transition 

temperature, the polymer domain became hydrophobic and collapsed in aqueous solution, 

causing the solution to immediately become cloudy. Representative TEM images of the 

nanostructures formed at 50 °C by the 5 mg/mL sample are shown in Figure 6a and 6b. 

Nanostructures with an average diameter of approximately 70 – 200 nm were observed, 

which is consistent with the DLS measurements discussed above (Figure 5c). As observed in 

the images, both the exterior and interior surface of the nanoparticles are clearly observed, 

suggesting that the particles may have a hollow vesicular structure. It is possible that the 

solvent evaporation process employed during sample preparation destabilized the vesicles, 
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and exposed the interior of the vesicles to the staining agent. Similar observations were also 

reported for bilayer vesicles formed from synthetic lipids 1,2-di-n-hexadecyloxypropyl-4-

(beta-nitrostyryl) phosphate (DHPBNS) under aqueous conditions.[70] Some large particles 

with d ≈300 – 400 nm were also observed, which were likely generated via fusion of 

smaller particles during solvent evaporation (indicated by arrows in Figure 6a). For samples 

prepared at 1 mg/mL, smaller nanoparticles with an average diameter of approximately 50 

nm are observed (Figure 6c and 6d), which is also consistent with DLS results (Figure 5b). 

The vesicular morphology of these particles was resolved more clearly when the sample grid 

was washed with deionized water after staining (Figure 6e and 6f). TEM analysis of 

PDEGMEMA solutions was found to be difficult practically because PDEGMEMA with 

Mw = 7 kDa is a liquid. As in the DLS experiments, no vesicular structures were observed 

for the hydrophilic-hydrophilic PEG-CLP diblock conjugate investigated under the same 

conditions, indicating that the thermally responsive collapse of the PDEGMEMA is crucial 

for the assembly of the vesicles.

The nanoscale vesicular structures observed in this work are similar to those previously 

reported from other thermoresponsive polymer-based systems. For example, due to its high 

biocompatibility and its LCST of approximately 32 °C,[71] poly(N-isopropylacrylamide) 

(PNIPAAM) has become one of the most widely used building blocks for producing 

copolymers with thermoresponsive behavior. Otsuka et al.[72] observed vesicular 

morphologies with a diameter of 300 nm from the assembly of maltoheptose-block-poly(N-

isopropylacrylamide) (Mal7-b-PNIPAAMn) hybrid diblock copolymers at 90 °C. More 

recently, Zhao et al.[73] synthesized polyethylene-graft-poly(N-isopropylacrylamide) 

copolymers (PE-g-PNIPAM) using coordination copolymerization and RAFT 

copolymerization. The amphiphilic graft copolymer formed vesicles with average diameters 

of 170–190 nm in aqueous solution when incubated at temperatures between 20–32 °C.

Nanoscale vesicles have also been observed from the assembly of other polymer-peptide 

conjugates, although to our knowledge not from samples in which the polymer block shows 

thermally responsive behavior. For example, Marsden et al.[74] reported vesicles with a 

diameter of 100 – 400 nm from the self-assembly, in aqueous conditions, of a conjugate 

diblock comprising poly(γ-benzyl L-glutamate) (PBLG) and a coiled-coil forming peptide 

with the sequence G(EIAALEK)3. Similar vesicular structures with diameter of 30 – 100 nm 

were also reported by Koga et al.,[75] using a β-sheet peptide-inserted amphiphilic block 

copolymer, polystyrene-block-tetra(leucine)-block-poly(ethylene glycol) (PS-b-L4-b-PEG). 

More recently, Bacinello et al.[76] reported the self-assembly of amphiphilic peptide-

polymer hybrids comprising poly(trimethylene carbonate) (PTMC) and a matrix 

metalloproteinase-2 (MMP-2)-degradable peptide PVGLIG. Various morphologies 

including core-shell micelles and nanoscale vesicles with diameters of approximately 40 – 

70 nm were reported. In one study involving CLP-based conjugates, Luo et al.[51] reported 

the self-assembly of a CLP-containing amphiphile with a C16 lipophilic tail attached to the 

C-terminus. Micrometer-long nanofibers with a diameter of approximately 16 nm were 

observed under aqueous conditions.

Compared with the surge in research on thermoresponsive polymers and other peptide-

polymer conjugates, there are few reports focused on the assembly of collagen-like peptide 
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containing copolymers, and none to our knowledge in which nanovesicles are produced. 

Scheme 3 illustrates the potential molecular organization of the vesicles observed at 50 °C in 

deionized water. Although other assembly mechanisms are possible, the proposed bilayer 

vesicular assembly pathway is likely for the nanostructures that we observed; the parallel 

orientation of the CLP domains are expected on the basis of previous reports.[24,27,30,77,78] 

At 25 °C, both building blocks of the diblock are hydrophilic, thus the diblock is fully 

soluble in deionized water, in the form of the triple helix-containing trimer. As the solution 

is heated to above the LCST of PDEGMEMA (37 °C), the polymer domain collapses and 

triggers coacervation. The radius of gyration (Rg) of 7 kDa PDEGMEMA in aqueous 

solution is calculated to be 2.2 nm below its LCST (good solvent) and 0.83 nm above LCST 

(bad solvent).[79] The collagen triple helix of (GPO)7GG is a semi-flexible rod with the 

length of 6.4 nm and diameter of 1.5 nm.[80] When the solution is heated above 37 °C, the 

diblock trimer thus can be treated as a rod-coil structure with dimensions of roughly 6.4 nm 

(rod)-1.2 nm (coil) (Rg of three anchored polymer chains). For a conventional coil-coil 

amphiphilic diblock, assemblies adopt rounded interfaces in order to minimize the 

interfacial contact between the solvent and the less soluble block. However, for rod-coil 

copolymers, the packing of the rods at a highly curved surface creates liquid crystalline 

defects, which increases the free energy of the assemblies.[81] It is likely that the tradeoffs 

between the liquid crystalline defect energy and surface energy give rise to the formation of 

vesicles, which have a lower interface curvature compared with micelles. Further heating of 

the solution to a higher temperature unfolds the collagen triple helix, but due to the 

stabilization of the collapsed PDEGMEMA as an anchoring point, this unfolding process is 

not completed until above 80 °C (Figure 3b and 3e). Thus at 50 °C, the CLP domain remains 

partially unfolded (Scheme 3). It is noteworthy that once the particles have been formed, 

their size does not change upon heating (Figure 4a), suggesting that unfolding of the CLP 

domain on the vesicle exterior and interior surfaces does not change the morphology of the 

vesicle. Although the size of the CLP may change during unfolding, the changes must be 

small compared to the size of the nanostructures. According to the TEM results (Figure 6f), 

the thickness of the vesicle surfaces are of approximately 10.5 – 19 nm, which is consistent 

with the calculated thickness of the bilayer proposed in Scheme 3 (approximately 15nm 

based on the length of the GPO7 triple helix (6.4 nm) and the Rg of three collapsed 

PDEGMEMA chains (~1.2 nm)).

Instead of using a conventional thermoresponsive polymer like PNIPAAM, the use of 

PDEGMEMA offers the improvement of a much lower LCST (18 °C in this case), so that 

after conjugation with the hydrophilic peptide, the polymer remains soluble at room 

temperature, with higher order assemblies being triggered at physiological temperature. 

Although understanding of the detailed role of the peptide trimerization and unfolding on the 

formation of observed nanostructures will require further investigation, the introduction of 

CLP domains at the exterior surface of the vesicles may serve as a specific means to target 

native collagens via triple helix hybridization. These peptide-based, dually thermally 

responsive conjugates thus offer intriguing opportunities for potential applications in 

targeted delivery of therapeutics for a range of pathologic conditions associated with 

collagen denaturation and reconstitution, such as tumor and rheumatoid arthritis.[82]
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4. Conclusions

The conformational properties and assembly of a new class of thermoresponsive diblock 

conjugates, containing collagen-like peptides and PDEGMEMA, were introduced in this 

work. Circular dichroism (CD) experiments confirmed the ability for the peptide domain to 

adopt a triple helix conformation after conjugation with the polymer. The engineered LCST 

of these conjugates has enabled temperature-induced assembly under aqueous conditions, at 

physiologically relevant temperatures, into well-defined vesicles with diameters of 

approximately 50–200 nm. The formation of nanostructures was driven by the coil/globule 

conformational transition of the PDEGMEMA building block above its LCST with 

stabilization of the nanostructures by the hydrophilic CLP. To the best of our knowledge, 

this is the first report on such assembled nanostructures from collagen-like peptide 

containing copolymers. Due to the strong propensity for CLPs to bind to natural collagen via 

strand invasion processes,[29] these nanosized vesicles may be used as drug carriers for 

targeted delivery.
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Figure 1. 
GPC trace of PDEGMEMA-CLP diblock and PDEGMEMA starting material.
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Figure 2. 
1H NMR spectra (600 MHz) of: a) collagen-like peptide; b) PDEGMEMA; c) 

PDEGMEMA-CLP diblock in d6-DMSO.
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Figure 3. 
a) CD spectra showing the wavelength scans for the collagen like peptide; b) Blue curve 

with dots (Y axis on the left side): thermal unfolding profile for CLP plotted as [θ]MRE225nm 

versus temperature. The red curve (Y axis on the right side) is the first derivative of the 

unfolding curve with respect to temperature; c) Refolding profile of CLP after quenching to 

5 °C; d) CD spectra showing the wavelength scans for PDEGMEMA-CLP diblock; e) Blue 

curve with dots (Y axis on the left side): thermal unfolding profile for PDEGMEMA-CLP 

diblock plotted as [θ]MRE225nm versus temperature. The red curve (Y axis on the right side) 

is the first derivative of the unfolding curve with respect to temperature; f) Refolding profile 

of the PDEGMEMA-CLP diblock after quenching to 5 °C, with an inserted image from 0 – 

7 minutes.
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Figure 4. 
Study of transition temperature via dynamic light scattering. a) Hydrodynamic diameter of 

assemblies as a function of temperature upon heating; b) Hydrodynamic diameter of 

assemblies as a function of temperature upon cooling. Samples were heated at each 

temperature for 2 minutes before measurement. Red curve with triangles: PDEGMEMA 

sample dissolved in water at 1 mg/mL; blue curve with circles: PDEGMEMA-CLP diblock 

dissolved in PBS buffer (pH = 7.4) at 1 mg/mL; orange curve with circles: PDEGMEMA-

CLP diblock dissolved in water at 5 mg/mL; pink curve with circles: PDEGMEMA-CLP 

diblock dissolved in water at 1 mg/mL; black curve with squares: PEG-CLP diblock 

dissolved in water at 1 mg/mL.

Luo et al. Page 19

Macromol Biosci. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Size distribution of assemblies at different temperatures. a) PDEGMEMA-CLP diblock, 1 

mg/mL in water; b) PDEGMEMA-CLP diblock, 5 mg/mL in water. Correlation functions 

and cumulant fits are provided in the Supporting Information (Figure S5).
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Figure 6. 
TEM images of nanoparticles formed from PDEGMEMA-CLP diblock at 50 °C, stained 

with phosphotungstic acid (1% PTA in water, pH adjusted to 7.0). a,b) 5 mg/mL; c,d) 1 

mg/mL; e,f) 1 mg/mL, washed with deionized water after staining. Scale bars: 200 nm.

Luo et al. Page 21

Macromol Biosci. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Proposed two-step assembly mechanism for PDEGMEMA-CLP conjugates.
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Scheme 2. 
Chemical synthesis of PDEGMEMA-CLP diblock via the reaction of the activated 

esterterminated PDEGMEMA with the N-terminal amine of a collagen-like peptide. The 

reaction was carried out in a mixture of dimethyl sulfoxide (DMSO) and N-methyl-2-

pyrrolidone (NMP) (v/v=1:1) in the presence of triethylamine at 35 °C for 3 days.
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Scheme 3. 
Schematic illustration of the potential structure of vesicles formed at 50 °C in aqueous 

condition.
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