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Abstract

The native extracellular matrix (ECM) is composed of hierarchically structured biopolymers 

containing precise monomer sequences and chain shapes to yield bioactivity. Recapitulating this 

structure in synthetic hydrogels is of particular interest for tissue engineering and in vitro disease 

models to accurately mimic biological microenvironments. However, despite extensive research 

on hydrogels, it remains a challenge to recapitulate the hierarchical structure of native ECM with 

completely synthetic hydrogel platforms. Toward this end, this work presents a synthetic hydrogel 

system using commercially available poly(ethylene glycol) macromers with sequence-defined 

poly(N-substituted glycines) (peptoids) as crosslinkers. We demonstrate that bulk hydrogel 

mechanics, specifically as shear storage modulus, can be controlled by altering peptoid sequence 

and structure. Notably, the helical peptoid sequence investigated here increases the storage 

modulus of the resulting hydrogels with increasing helical content and chain length, in a fashion 

similar to helical peptide-crosslinked hydrogels. In addition, the resulting hydrogels are shown to 

be hydrolytically and enzymatically stable due to the N-substituted peptidomimetic backbone of 

the crosslinkers. We further demonstrate the potential utility of these peptoid-crosslinked 

hydrogels as a viable cell culture platform using seeded human dermal fibroblasts in comparison 

to peptide-crosslinked hydrogels as a control. Taken together, our system offers a strategy toward 

ECM mimics that replicate the hierarchy of biological matrices with completely synthetic, 

sequence-defined molecules. 
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Introduction

In the native extracellular matrix (ECM), biopolymers such as collagen are made up of a 

specific sequence of amino acids that gives rise to highly integrated biological signaling, 

mechanical, and structural properties. Altering protein or polypeptide monomer sequence, even 

at the level of a single amino acid, can have dramatic effects on biopolymer chain structure and 

therefore bulk matrix properties.1,2 While this high complexity gives rise to biofunctionality, it is 

also desirable to decouple features of the native ECM to create tunable in vitro platforms, such 

as for disease models or cell culture scaffolds. Incorporation of peptides or proteins into synthetic 

matrices has long been one key route to achieving this goal;3,4 for example, adhesive peptides 

confer cellular attachment to several types of synthetic matrices independent of mechanics.5–8 In 

addition, more recent work with unstructured poly(ethylene glycol) (PEG) hydrogels has shown 

that integration of a small amount of self-assembling, fibrillar peptides leads to encapsulated cell 

morphologies more similar to those in native collagen.9 In these cases, the sequence definition of 

the biomolecules provides an extra handle to tune matrix properties. Excitingly, an increasing 

number of researchers are borrowing nature’s strategy to control properties with sequence using 

peptidomimetics or synthetic macromolecules as well.10 Non-natural, sequence-defined 

molecules offer the potential to fine tune matrix properties with enhanced stability and bio-

orthogonality, mimicking features of natural biopolymers in engineered ECM.

Although reports detailing sequence effects on synthetic hydrogel or polymer matrix properties 

are still emerging, a number of platforms have shown promise in biomaterials applications. For 

example, poly(lactic-co-glycolic acid) (PLGA) microparticles with an alternating sequence of lactic 

and glycolic acid monomers exhibited a more uniform hydrolytic degradation profile as compared 

to random PLGA microparticles, which translated into fewer acidic byproducts and a lower foreign-

body reaction.11 In another example, solid-phase synthesized β-peptides were engineered to self-

assemble into a network of nanofibers, resulting in a stable hydrogel that supported neural cell 

culture.12 This non-proteinogenic network was proteolytically stable enough to support neuroblast 
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migration to the cortex of transgenic mice in a model of large brain injury.13 Both of these systems 

leveraged the precise microstructures of non-natural backbones to influence bulk properties. As 

the synthesis of sequence-controlled and sequence-defined polymers continues to improve, it is 

anticipated that many more reports will add to these examples.

One such sequence-defined synthetic system of interest is peptoids, or N-substituted glycines 

(Figure 1A). Peptoids are non-natural molecules that have been extensively investigated for their 

enhanced stability over peptides,14 their suitability for either sequence-defined synthesis15,16 or 

statistical polymerizations,17–19 and their chemical diversity arising from primary amine 

submonomers. Furthermore, their specificity enables design of robust helical chain shapes20,21 

and protein-like structures.22,23 In addition to their hierarchical structure, the reaction efficiency 

during chemical synthesis is high for many submonomers, leading to peptoid chain lengths that 

are well suited to the design of highly monodisperse hydrogel crosslinkers. In this regard, peptoid 

chemical diversity also enables facile incorporation of bio-orthogonal chemistries for crosslinking 

into the terminal side chains. 

Given these features, we have investigated the use of peptoid-based crosslinkers in thiol-ene 

PEG hydrogels to control matrix properties (Figure 1B). We first synthesized a series of helical 

peptoid oligomers with two thiol functionalities to react with norbornene-functionalized PEG 

macromers. Upon gelation, we demonstrated that the hydrogel properties were tunable with 

peptoid composition, length, and concentration, similar to other bi-functional crosslinkers. 

Interestingly, hydrogels crosslinked with helical peptoids increased in storage modulus as 

crosslinker length increased, demonstrating the impact of chain rigidity on bulk properties. 

Furthermore, we demonstrate that their non-natural backbone confers added stability in aqueous 

buffered solution, and in response to enzymatic challenge with collagenase and proteinase K. 

Finally, our work indicates that these hydrogels present a viable platform for cell culture 

applications, as indicated by the high viability of human dermal fibroblasts cultured on our matrix. 
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We anticipate these results will further the development of sequence control as a strategy to finely 

tune biomaterial properties with synthetic macromolecules. 

Figure 1. A) N-substituted glycine residues used in the helical peptoid crosslinkers. B) Schematic 
representation of the photoinitiated thiol-ene crosslinking reaction between PEG-norbornene 
macromers and helical peptoid crosslinkers to form a hydrogel. 

Experimental

Materials

4-arm 10 kDa PEG-NH2 was purchased from JenKem Technology USA (Plano, TX) at >95% 

amine substitution. Trt-Cysteamine*HCl (>99%), (S)-(-)-1-Phenylethylamine (>99%), L-Alanine-

tert butyl ester (>97.5%), and Rink Amide Resin were all purchased from Chem-Impex 

International, Inc (Wood Dale, IL); α-methylbenzylamine (99%) was purchased from Sigma 

Aldrich (St. Louis, MO). All solvents were purchased from Fisher Scientific (Hampton, NH) and 

included the following:  acetonitrile (>99.9%), dichloromethane (99.6%), diethyl ether (>95% ), 

dimethylformamide (99.8%), and trifluoroacetic acid at (>95%). All reagents and solvents 

employed were commercially available and used as received without further purification. 

Proteinase K produced by the fungus Tritirachium album Limber was purchased from Promega 
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Corporation (Madison, WI) and reported to have an activity of 41.0 units/mg. Gibco® Collagenase 

Type I isolated from Clostridium histolyticum was purchased from ThermoFisher Scientific 

(Waltham, MA) and reported to have an activity of 255 units/mg.

Peptoid Synthesis

All peptoids (Table 1) were synthesized using Rink Amide polystyrene resin (0.43 mmol/g from 

Chem-Impex International, Inc.) on a Prelude X automated peptide synthesizer (Gyros Protein 

Technologies) at a scale of 250 μM according to previously published submonomer methods.15,16 

For each synthesis, fresh bromoacetylation reagent was made by dissolving 1.2 M bromoacetic 

acid in dimethylformamide (DMF). All displacement steps utilized 2 M primary amines in N-methyl-

2-pyrrolidone (NMP), after freebasing when necessary. Once complete, all syntheses were 

cleaved from resin with 5 mL of 95:2.5:2.5 trifluoroacetic acid:water:triisopropylsilane for 4 hours. 

Prior to purification, the peptoids were dissolved at 10 mg/mL in 50:50 acetonitrile:water with 0.1% 

trifluoroacetic acid. The crude peptoids were purified with a C18 column on a Dionex UltiMate 

3000 UHPLC using a 50 min gradient of acetonitrile in water (50% - 100%, 10 mL/min). After 

lyophilization, masses were verified via matrix-assisted laser desorption/ionization-time of flight 

(MALDI-TOF) mass spectrometry (Applied Biosystems - Voyager-DE™ PRO) and purity was 

confirmed via analytical HPLC (Figures S1-S3).  

Table 1. Peptoid Sequences for Crosslinking based on Nthe(NspeNsceNsce)nNthe

Sequence n N (total 
monomers)

Mobs / Mtheo

1 2 8 1090.68/1090.23

2 4 14 1929.16/1929.10

3 6 20 2768.82/2767.97
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Peptide Synthesis

Peptides were synthesized using Rink Amide polystyrene resin (0.72 mmol/g from Gyros Protein 

Technologies) on a Prelude X automated peptide synthesizer (Gyros Protein Technologies). 

Traditional Fmoc-mediated coupling methods were used at five-fold molar excess of amino acids 

and O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) 

coupling reagent, and a ten-fold excess of N-methylmorpholine. Coupling steps were performed 

twice. Once complete, both syntheses were cleaved from resin with 10 mL of 95:2.5:2.5 

trifluoroacetic acid:water:triisopropylsilane for 4 hours. Prior to purification, the peptides were 

dissolved at 10 mg/mL in 20:80 acetonitrile:water with 0.1% trifluoroacetic acid. The crude 

peptides were purified with a C18 column on a Dionex UltiMate 3000 UHPLC using a 25 min 

gradient of acetonitrile in water (20% - 100%, 10 mL/min). After lyophilization, masses were 

verified via MALDI-TOF (Figures S4 and S5). The sequences of the peptides synthesized are 

KCGGIQQWGPCK (for the peptide crosslinker control) and GCGYGRGDSPG (for cell adhesion).

Synthesis of Norbornene-functionalized Poly(ethylene glycol) (PEG-norbornene)

Multi-arm PEG-norbornene was synthesized by first activating 5-norbornene-2-carboxylic acid 

(0.244 mL, 2 mmol, 5.0 equiv) with HBTU/HOBT (834.4 mg, 2.2 mmol, 5.5 equiv) for 3 minutes in 

dimethylformamide (DMF, 1 mL) under an argon purge. N,N-Diisopropylethylamine (DIEA, 0.418 

mL, 6.0 equiv) was added to this activated solution and stirred for 5 minutes at room temperature. 

Next, this solution was added to an argon purged flask containing 4-arm, 10 kDa PEG-amine (1.0 

g, 1.0 equiv), and the reaction proceeded upon stirring for 24 h at room temperature. Upon 

completion of the reaction, the product was precipitated in cold ethyl ether (60 mL, 3x), and 

dialyzed for 3 days in distilled water before use. The product was recovered as a white solid. Yield 

= 93%, functionalization = 90% (Figure S6). 1H NMR (D2O, 400 MHz): δ 6.20 to 5.86 (m, 2H), δ 

3.65 to 3.40 (m, 227H).
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Hydrogel Preparation

All gelation solutions were 50% acetonitrile and 50% phosphate buffered saline with 0.05 wt% 

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 0.2 mM tris(2-

carboxyethyl)phosphine (TCEP). Unless otherwise stated, all hydrogels were 4-arm 10 wt% PEG-

norbornene crosslinked at 1:1 thiol:ene ratio with peptide or peptoid at a concentration of 36 mM 

(72 mM thiol concentration) in 50:50 acetonitrile:water. Gelation was induced via exposure to 365 

nm light (10 mW/cm2, 1 min). For experiments with live cells, the hydrogels were functionalized 

with 2 mM RGD to allow for cell adhesion, and hydrogels were swollen overnight in PBS or media 

to remove the acetonitrile prior to cell seeding. 

Rheometry 

A Discovery HR-2 rheometer (TA Instruments) was used to perform all in situ gelation mechanics 

measurements. An 8 mm flat stainless steel geometry and a UV-transparent quartz plate were 

used for all experiments. Briefly, the macromer solution (15 µL) was pipetted onto the quartz plate, 

which was connected via liquid filled light guide to a mercury lamp (Omnicure Series 1500) fitted 

with a 365 nm filter. The macromer solution was exposed in situ to 365 nm light (10 mW/cm2, 1 

min) to cause gelation. Time sweeps were performed at 1 rad/s and 1% strain. 

Circular Dichroism (CD) 

CD spectra were acquired from 180 to 280 nm using a Jasco J-815 CD Spectropolarimeter at 25 

°C. Samples (200 μL) were prepared at 2 mM in 20% acetonitrile in water for each of the peptoids. 

A spectrum of pure 20% acetonitrile in water was subtracted from each sample spectrum to 

remove background. A quartz cuvette with a 1 mm path length was used for all samples. Mean 

residue ellipticity was calculated using the following equation: 

 (1)[𝜃] = 𝑚° ∗ 𝑀/(10 ∗ 𝐿 ∗ 𝐶 ∗ 𝑛)
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where  is the CD given in millidegrees,  is the molecular weight (g/mol),  is the path length 𝑚° 𝑀 𝐿

of the cell in cm,  is the concentration of peptoid in g/L, and  is the number of monomers.𝐶 𝑛

Hydrogel Stability

To assess hydrogel stability, hydrogels were made using 34 µL of macromer solution between 

two hydrophobically treated glass slides fitted with a silicon spacer (0.5 mm thick). After gelation, 

hydrogels were transferred to 12 well plates where they were allowed to swell in PBS overnight 

at 37°C. After this swelling period, the PBS was replaced with 1 mL of degradation buffer. For 

collagenase, the degradation buffer consisted of 255 units/mg collagenase at 20 μg/mL in buffer 

containing 50 mM tricine, 10 mM calcium chloride, and 400 mM sodium chloride. For proteinase 

K, the buffer consisted of 20 μg/mL proteinase K with the additions of 50 mM Tris-HCl and 10 mM 

calcium chloride. PBS alone was used as a control. The buffers were replaced at each time point 

with fresh solutions, and the removed volume was tested for mass loss via a NanoDrop OneC 

Microvolume UV-Vis Spectrophotometer at 205 nm employing the Protein A205 method in 

Scopes mode and comparing to a standard calibration curve confirmed to be linear between 0.01-

10 mg/mL.

Cell Viability

An MTT assay was used to measure cellular metabolic activity as an indicator of cell viability for 

human dermal fibroblasts (Lonza) seeded on the hydrogels or directly onto a Nunclon Delta 

Surface clear 96 well plate (Thermo Scientific) as a control. All hydrogels were photo-crosslinked 

at the bottom of the plate with 75 μL of macromer solution. After light exposure (365 nm, 10 

mW/cm2, 1 min), the hydrogels were washed 3 times with phosphate buffered saline (PBS) and 

allowed to incubate in PBS overnight at 37 °C. The following day, the PBS was replaced with 

Dulbecco’s Modification of Eagle’s Media (DMEM) (+10% Fetal Bovine Serum (Corning) +1% 

Penicillin-Streptomycin (Fisher Scientific)), and the hydrogels were allowed to incubate for 
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another 2 hours before human dermal fibroblasts were seeded onto the hydrogels at 5,200 

cells/cm2. The cells were cultured on the hydrogels for 1 day at 37°C and 5% CO2. Metabolic 

activity was measured using a Vybrant MTT kit (Thermofisher). Briefly, 10 μL of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added along with 100 μL of 

serum-free media and allowed to incubate for 4 hours. Sodium dodecyl suflate (SDS) was 

subsequently added and incubated for another 4 hours to lyse the cells and solubilize the 

metabolized MTT. Once complete, the absorbance from all wells was measured using a Synergy 

H1 Hybrid Multi-Mode Reader at a wavelength of 570 nm.

Live/Dead Assay and Fluorescence Microscopy

To further quantify the human dermal fibroblast viability on the hydrogels, a Live/Dead membrane 

integrity assay (LIVE/DEAD Viability/Cytotoxicity kit, for mammalian cells-Invitrogen) was 

performed. First, both peptoid and peptide-crosslinked hydrogels (5 wt%, 1:1 thiol:ene ratio) were 

made between a thiol-functionalized glass coverslip and a hydrophobically treated glass slide. 

The slide was separated from the coverslip, and the hydrogel-functionalized coverslip was placed 

in a low adhesion 12 well tissue culture plate with 1 mL PBS. The hydrogels were then washed 3 

times with PBS and left to swell in PBS at 37°C overnight. The PBS was subsequently replaced 

by media, allowed to swell for another 2 hours, and subsequently seeded with human dermal 

fibroblasts at a density of 5,200 cells/cm2 in media. The cells were allowed to adhere and grow 

for 48 hours before application of 1 µM calcein-AM and 4 µM ethidium homodimer-1 for 30 min. 

Cells were imaged on a Nikon Eclipse Ti2 microscope. Cells in which the membrane-permeable 

calcein-AM was cleaved were counted as live, while cells permeable to ethidium homodimer were 

counted as dead. Cell area was also measured for all hydrogels that were imaged by converting 

them to binary images and measuring using FIJI’s built in Analyze Particles feature. Over 40 cells 

were counted per hydrogel, and for each condition, 3 hydrogels were measured. Error bars 

represent standard deviation. 
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Statistics

Two-sample t-tests were completed for all data that is directly compared to determine if the means 

were statistically different, and one-way ANOVA tests were run on any trends with more than two 

data sets. In both cases, p < 0.05 was used as the cutoff for statistical significance.

Results and Discussion

Development of Peptoid Crosslinked Hydrogels

Previous strategies for synthesis of peptoid-

based hydrogels have relied on non-covalent 

interactions, such as low molecular weight gelator 

assembly (similar to peptides)24,25 or gel-sol 

transitions of triblock copolypeptoids synthesized 

by ring-opening polymerization.26 These studies 

have indicated tunability in hydrogel properties 

with peptoid composition and concentration, as 

well as kinetic effects due to temperature or 

solvent changes during gelation. Importantly, 

these studies have also indicated minimal 

cytotoxicity, in line with peptoid work on other 

biomaterial platforms.27 As a complementary 

strategy to these efforts, we sought to leverage 

the stability and biocompatibility of the peptoid 

backbone with the precise microstructure of solid 

phase synthesized peptoids to tune hydrogel properties. Due to the stepwise submonomer 

synthesis method, monodisperse sequences and chain lengths can be synthesized, as indicated 

Figure 2. A) Representative MALDI confirming 
successful synthesis of Sequence 2 (Mobs / 
Mtheo): 1929.16/1929.10). B) Representative 
HPLC trace confirming high purity of Sequence 
2 in excess of 95%. 
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by MALDI (Figure 2A) and analytical HPLC (Figure 2B). We reasoned that combining this 

monodispersity and an idealized network structure would enable investigation of peptoid 

crosslinker parameters on hydrogel properties in a fashion similar to covalently-linked hydrogels 

with peptide crosslinkers. 

To select appropriate peptoid crosslinkers, we first identified a hydrophilic, chiral peptoid 

sequence known to form helices from previously published research (Figure 1A).28 Peptoid 

helices have a greater persistence length than non-helical peptoids,29,30 which we hypothesized 

may be beneficial for presentation of reactive groups for hydrogel crosslinking in solution. In 

addition, the helical sequences offer a potential route to controlling bulk hydrogel mechanics.31,32 

Thus, to probe this hypothesis, we focused on a sequence with a repeating trimer motif of 

(NspeNsceNsce)n, where the Nspe contained a bulky chiral aromatic as a steric driver of 

conformation and Nsce contained a chiral carboxylic acid side chain to improve water solubility. 

Three different chain lengths containing this motif in which n = 2, 4, or 6 were successfully 

synthesized, as indicated by mass spectrometry (Sequences 1-3, Table 1). Furthermore, we 

synthesized a peptide sequence (KCGGIQQWGPCK) as a control, as these molecules have been 

used extensively as crosslinkers in step-growth PEG hydrogels in literature.33–36 The selected 

peptide sequence contained a random internal sequence of amino acids to avoid secondary 

structure, and MALDI indicated successful synthesis with an observed mass-to-charge ratio (m/z) 

of 1303 compared to an expected m/z of 1303.6. 

To generate peptoid-crosslinked hydrogels, we utilized photo-initiated thiol-ene chemistry 

(Figure 1B). As previously mentioned, this route has been extensively used with peptide-

crosslinked hydrogels, in part due to its high kinetic tunability, spatiotemporal control, and ease 

of incorporation using native amino acids in peptides (e.g., cysteine).37,38 Thus, sequences 1-3 

were synthesized with Nthe moieties at the terminal residues to add reactive thiol groups and 

allow them to be used as crosslinking agents. Similarly, the peptide control contained two terminal 
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cysteine residues for crosslinking. For the synthesized peptoid crosslinkers, tests using Ellman’s 

reagent confirmed high availability of free thiols for further reaction (Figure S7). 

To generate idealized network structures, 4-arm, 10 kDa poly(ethylene glycol)-amine was 

functionalized with norbornene groups in high yield (90%) and used as the macromer for all 

hydrogels in subsequent experiments. The two precursors were mixed at the desired 

concentration in a mixture of acetonitrile and water, and gelation was achieved using LAP 

photoinitiator and 365 nm light (10 mW/cm2, 1 min). The reaction occurred rapidly, and 95% of 

the final plateau storage modulus was achieved within 30 seconds (Figure 3A) of photoinitiation. 

The peptoid crosslinked hydrogels exhibited highly tunable mechanics. As is typical of 

covalently crosslinked hydrogels, these constructs showed largely elastic behavior as indicated 

by the relatively small loss modulus (Figure S8). Furthermore, the ability to control the hydrogel 

storage modulus was demonstrated by altering the polymer concentration (Figure 3B). For 

hydrogels crosslinked with sequence 2, an increase in the polymer concentration from 5 wt% to 

10 wt% led to a corresponding increase in hydrogel storage modulus from approximately 1800 Pa 

to 4700 Pa, due to the higher crosslinking density. 

Notably, the greatest storage modulus was observed when the peptoid crosslinker was added 

in a 1:1 thiol:ene ratio, indicating near quantitative functionalization of the peptoids and PEG-

norbornene macromers (Figure 3C). For lower thiol:ene ratios (i.e., 0.75:1 thiol:ene) in a 5 wt% 

hydrogel crosslinked with sequence 2, the storage modulus dropped significantly to less than 

100 Pa. While decreasing the number of thiol groups present is expected to decrease the number 

of elastically active crosslinks, this especially large drop in modulus suggests this 5 wt% 

formulation is close to the critical crosslinking density. Indeed, calculation of this threshold by 

Flory-Stockmayer gelation theory at this thiol:ene ratio is 0.96 on a per mole basis, meaning that 

96% of the functionalities must react to form a hydrogel (see SI). Small fluctuations around this 

threshold may lead to dramatic effects in the observed storage modulus. For higher thiol:ene 

ratios (e.g., 1.25:1 thiol:ene), increasing the number of thiol groups likewise decreases the storage 

Page 12 of 22Journal of Materials Chemistry B



modulus by oversaturating the norbornene groups, making it less likely for a single crosslinker to 

react with two different norbornene functionalities and create an elastically effective linkage. Thus, 

for the most uniform and ideal hydrogel network, a 1:1 thiol:ene ratio was used for all subsequent 

studies.  

Figure 3. A) In situ gelation of a 5 wt%, 1:1 thiol:ene peptoid-crosslinked hydrogel. Blue dashed line 
indicates light initiation. B) Storage modulus of 1:1 thiol:ene PEG hydrogels crosslinked with sequence 
2 for various polymer concentrations. C) Storage modulus of 5 wt% PEG hydrogels crosslinked with 
sequence 2 varying the ratio of thiol:ene.

Impact of Peptoid Crosslinker Structure on Hydrogel Mechanics

In addition to polymer concentration and thiol:ene ratio, crosslinker length was also varied as 

an alternative strategy to tune hydrogel mechanics (Figure 4A). Sequences 1, 2, and 3 contained 

8, 14, and 20 residues, respectively. Each of these sequences was incorporated at a 1:1 thiol:ene 

ratio in a 5 wt% hydrogel. Interestingly, the longer peptoid sequences increased the storage 

modulus of the hydrogel in direct contradiction of the trend predicted by rubber elasticity theory. 

Hydrogels crosslinked with sequence 3 exhibited a plateau modulus of 2700 Pa, which was 

approximately 2.25 times higher than that of hydrogels crosslinked with sequence 1, which was 

1200 Pa. Each addition of the hexameric repeat motif to the peptoid sequence contributed an 

increase of 1.5 times the storage modulus. These results indicated that increasing peptoid helix 

length led to an increase in chain rigidity over this range of sequence lengths.

To probe the helical conformation of the peptoid crosslinkers, we analyzed their absorption 

behavior by circular dichroism in a mixture of acetonitrile and water (Figure 4B). Helical 

conformation was indicated by signature circular dichroic spectra containing negative peaks at 
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220 and 200 nm as well as a positive peak at 190 

nm, matching the previously published spectrum 

for the same sequence with a similar per residue 

molar ellipticity in the range of -104 to 104.28 

Although the solvents used here differ from that 

previous study, the secondary structure of this 

sequence was shown to have little dependence 

on environmental conditions, unlike polypeptide 

α-helices, indicating that helicity was maintained 

in the studies discussed here. Previous reports 

also indicated that longer chiral peptoid 

sequences form more robust helices.20,21 Indeed, 

circular dichroism demonstrated an increase in 

the per residue molar ellipticity for sequences 2 

and 3 as compared to sequence 1 (Figure 4B).  It 

is anticipated that the more robust helices may 

exhibit increased chain stiffnesses (i.e., higher 

persistence length), thereby imparting greater 

mechanical properties to the hydrogels. Previous work indicated a similar, though more marked, 

effect of persistence length when polypeptide α-helices were used as crosslinkers in PEG 

hydrogels.31 Unlike peptide helices, which are stabilized by hydrogen bonds, the peptoid helical 

conformations here were induced via steric interactions, which may still impart considerable 

conformational flexibility to the chains. This may be one reason why the peptoid crosslinkers led 

to a smaller increase in storage modulus with increasing helical content, as compared to that seen 

in peptide-based systems. Taken together, these data indicate that chain shape offers an 

alternate route to modulate hydrogel stiffness independent of network connectivity. We anticipate 

 

Figure 4. A) Increased crosslinker length 
increases the storage modulus of 5 wt% 
hydrogels crosslinked with sequences 1, 2, and 
3. B) Circular dichroism comparing the 
secondary structures of sequences 1, 2, and 3, 
indicating helical conformations for all, and 
higher per residue molar ellipticity with 
increased chain length. 
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that the large chemical diversity of peptoids will enable further tunability of chain stiffness 

effects,39–41 allowing for precise decoupling of matrix modulus and network connectivity, which 

may have applications for cell culture matrices that investigate the impact of mechanics on cellular 

phenotype.42

Peptoid Hydrogel Stability

Toward cell culture applications, one unique feature of peptoid-crosslinked hydrogels is their 

enhanced stability when compared to hydrogels crosslinked with peptides or other naturally 

derived counterparts. To investigate the stability of these linkages, both peptoid and peptide-

crosslinked hydrogels were formed using silicon spacers to ensure uniform hydrogel size. Peptide 

hydrogels were formed between two hydrophobically treated slides, while peptoid hydrogels were 

formed on a silicon base due to the wetting 

properties of the acetonitrile/water mixtures. 

These hydrogels were swollen overnight in PBS 

at 37 °C to reach an equilibrium state prior to 

exposure to one of three degradation conditions. 

Both the peptide-crosslinked and the peptoid-

crosslinked hydrogels swelled to a similar extent 

(Figure S9). The degradation conditions were 

buffer alone, 20 μg/mL collagenase, or 20 μg/mL 

proteinase K. Both collagenase and proteinase 

K are broad spectrum proteases that are 

relevant to cell culture applications. Collagenase 

mimics the cell secreted proteases that direct 

matrix remodeling during homeostasis, wound 

healing and disease. Proteinase K is commonly 
Figure 5. A) Stability of 10 wt% hydrogels 
crosslinked with a peptide control in phosphate 
buffered saline with and without the addition of 
Collagenase (20 μg/mL, 255 units/mg) or 
proteinase K (20 μg/mL) over the course of 3 
days. B) Stability of 10 wt% hydrogels 
crosslinked with sequence 2 under the same 
conditions as part A. 
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used in molecular biology assays to digest nucleases and other contaminants during nucleic acid 

preparation. Stability to both proteases could enhance cell culture applications, particularly for 2D 

configurations where a stable hydrogel is desirable or in cases where long term stability of the 

scaffold is required in vivo. 

Upon exposure to degradation conditions, aliquots were taken for each hydrogel condition at 

1, 3, 5, 24, 48, and 72 hours and monitored for released peptide or peptoid chains via absorbance 

at 205 nm.  All hydrogels were found to be hydrolytically stable at pH 7.4 for 3 days (Figure 5), 

retaining at least 90% of the initial hydrogel mass. However, the peptide-crosslinked hydrogels 

were rapidly degraded by both collagenase and proteinase K, where the majority of the mass loss 

occurred in the first 5 hours (Figure 5A). The peptoid-crosslinked hydrogels were likewise tested 

and were found to be markedly more stable under enzymatic conditions (Figure 5B). For the 

peptoid-crosslinked hydrogels, no mass loss was detected over the 72-hour enzyme challenge 

with either proteinase K or collagenase. This innate proteolytic resistance renders this new 

hydrogel system particularly promising for longer term in vitro and in vivo experiments, where 

secreted proteases may be plentiful. 

Cytocompatibility of Peptoid-Crosslinked Hydrogels

Previous reports have indicated minimal cytotoxicity of non-sequence specific peptoids toward 

multiple mammalian cell types, including human adipose-derived stem cells in thermally-gelled 

hydrogels,26 human epithelial type 2 cells in culture with soluble peptoid polymers,43 and human 

hepatoblastoma cells in culture with peptoid-based micelles.44,45 Sequence-defined peptoid 

substrates, however, have been investigated both in vitro and in vivo for many biological 

applications, including helical mimics of antibacterial peptides.46–48 Some of these sequences 

have exhibited cytotoxicity to mammalian cell types, such as normal human lung fibroblasts.49 

Therefore, to investigate the cytocompatibility of the helical peptoids crosslinked into a hydrogel 

platform here, we functionalized our hydrogels with a pendant cell adhesive peptide 
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(GCGYGRGDSPG) by incorporating the peptide in the macromer solution (2 mM), which enabled 

reaction via photoinitiated thiol-ene chemistry during crosslinking (Figure 6A). We subsequently 

cultured human dermal fibroblasts for 24 hours and allowed them to adhere to the hydrogels. 

Metabolic activity was assessed via MTT assay and found to be equivalent to dermal fibroblasts 

on both peptide-crosslinked hydrogels and tissue culture polystyrene controls (Figure 6B).  All of 

the hydrogels indicated high viabilities of approximately 100%, with the exception of the peptide-

crosslinked hydrogels, which were slightly greater than 100% but within error. Furthermore, the 

                                                                                                                                                               

 

Figure 6. A) Schematic of hydrogel formation with the RGD-containing peptide for cell adhesion. 
Hydrogel schematic is a “top-down” view, as the cells were only seeded on top of the hydrogels. B) 
Viability of dermal fibroblasts on a 5 wt% hydrogel crosslinked with sequence 2, collected via MTT 
assay. C) Average cell areas of dermal fibroblasts imaged on peptide and peptoid-crosslinked 
hydrogels. D) Representative fluorescent microscopy images of dermal fibroblasts adhered to the 
peptide and peptoid-crosslinked hydrogels. Live cells appear green due to calcein-AM cleavage. 
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attached cell spread areas were similar for cells on both the peptide and peptoid-crosslinked 

hydrogels (Figure 6C), indicating similar elastic moduli between the two hydrogels. For reference, 

the human dermal fibroblasts were also cultured on glass, which is orders of magnitude stiffer 

than the hydrogels and subsequently showed much larger cell spread areas (Figure S10). To 

visualize the live cells, a LIVE/DEAD stain was applied to the dermal fibroblasts adhered to the 

surface of both peptide and peptoid-crosslinked hydrogels (Figure 6D). Live cells appeared green, 

while dead cells appeared red. No dead cells were visible on the hydrogel surfaces by fluorescent 

microscopy, which may be due to detachment upon cell death. However, large numbers of living 

cells were visible for both hydrogel conditions, which supported the high viability indicated by the 

MTT assay results. Based off the microscopy images, a live cell density of approximately 4800 

cells/cm2 was observed on the peptoid-crosslinked hydrogels, which compared favorably with the 

cell density on peptide-crosslinked hydrogels and glass (Figure S11). 

Conclusions

Hierarchical control over monomer sequence and chain shape confers tightly integrated 

biochemical and biophysical properties in the native extracellular matrix. Recapitulating this 

hierarchical control with synthetic molecules in engineered ECM mimics may provide an extra 

handle with which to fine tune matrix properties and decouple parameters such as structure, 

network connectivity, mechanics, and bioactivity. Here, we developed the use of sequence-

defined, helical peptoids as crosslinkers in a PEG hydrogel fabricated via photoinitiated thiol-ene 

chemistry. Peptoid structure was found to increase matrix stiffness with longer chain lengths, 

indicating an avenue to control bulk properties with peptoid monomer sequence and chain shape 

in a fashion similar to peptide crosslinkers. Uniquely, the N-substituted backbone of the peptoids 

conferred high stability to the hydrogels and resistance to proteolysis. The value and potential 

utility of this platform was demonstrated by incorporation of a cell adhesion peptide and culture of 

human dermal fibroblasts.  This work provides a step toward the control of matrix properties with 
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abiotic monomer sequences and the development of hierarchical, synthetic ECM with long term 

stability for applications in tissue engineering and in vitro disease models. 
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Helical peptoid crosslinkers confer tunable mechanical properties and enzymatic 
stability to hydrogels for cell culture. 
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