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Abstract 

Structured hydrogel sheets offer the potential to mimic the mechanics and morphology of 

native cell environments in vitro; however, controlling the morphology of such sheets across 

multiple length scales to give cells consistent multi-dimensional cues remains challenging. 

Here, we demonstrate a simple two-step process based on sequential electrospinning and 

thermal wrinkling to create nanocomposite poly(oligoethylene glycol methacrylate)/cellulose 

nanocrystal hydrogel sheets with a highly tunable multi-scale wrinkled (micro) and fibrous 

(nano) morphology. By varying the time of electrospinning, rotation speed of the collector, 

and geometry of the thermal wrinkling process, the hydrogel nanofiber density, fiber 

alignment, and wrinkle geometry (biaxial or uniaxial) can be independently controlled. 

Adhered C2C12 mouse myoblast muscle cells display a random orientation on biaxially 

wrinkled sheets but an extended morphology (directed preferentially along the wrinkles) on 

uniaxially wrinkled sheets. While the nanofiber orientation had a smaller effect on cell 

alignment, parallel nanofibers promoted improved cell alignment along the wrinkle direction 

while perpendicular nanofibers disrupted alignment. The highly tunable structures 

demonstrated are some of the most complex morphologies engineered into hydrogels to-date 

without requiring intensive micro/nanofabrication approaches and offer the potential to 

precisely regulate cell-substrate interactions in a “2.5D” environment (i.e. a surface with both 

micro- and nano-structured topographies) for in vitro cell screening or in vivo tissue 

regeneration. 

 

 

Keywords: cellulose nanocrystals, hierarchical hydrogel structuring, electrospinning, thermal 

wrinkling, cell-biomaterial interactions 
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1. Introduction 

Hydrogels that mimic the structural and physiological properties of the native 

extracellular matrix (ECM) offer potential to both expand our understanding of cell-matrix 

interactions in vitro and improve our capacity to regenerate tissues using synthetic scaffolds in 

vivo.[1] In particular, given that many tissues are hierarchically structured in nature, 

developing methods to structure hydrogels on multiple length scales is essential to improve 

our capacity to mimic native ECM structures. This would improve the performance of such 

hydrogels in probing fundamental cell-matrix interactions, encapsulating cells for therapeutic 

delivery, and designing scaffolds for tissue engineering.[2–6] Common methods to prepare 

3D structured hydrogels typically focus on using a template to control the morphology of the 

surrounding hydrogel, including salt/porogen templating,[7] bicontinuous emulsion 

templating,[8] gas foaming,[9] and cryogelation,[10] although other template-free techniques 

including 3D printing[11] and electrospinning[12] have also been used. However, all these 

methods have limitations in terms of their capacity to create structures with adequate 

resolution and/or hierarchical/multi-scale structures commensurate in size with the features of 

the native ECM. More precise patterns can be achieved using microcontact printing,[13–16] 

soft embossing/contact lithography,[17–20] and photolithography;[21–24] however, these 2D 

techniques cannot fully reproduce the 3D cell environments of native ECM. As such, new 

strategies are required to facilitate controllable multi-scale structuring of hydrogels with the 

length scale and dimensionality required for precise ECM mimicry. 

In order to overcome these limitations, we have recently demonstrated a technique 

based on thermal wrinkling to prepare structured thin film hydrogels in “2.5D” (i.e. thin films 

with micro/nanoscale topologies in the z-direction) composed of hydrazone-crosslinked 

poly(oligoethylene glycol methacrylate) (POEGMA) and cellulose nanocrystals (CNCs),[25] 

both of which have been extensively researched for their use in biomedical applications given 

the in vivo tolerability, ease of functionalization, and minimally invasive delivery of the in 
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situ-gelling POEGMA component[26–30] and the low cytotoxicity, high strength, tunable 

surface chemistry, and commercial availability of the CNC component;[30–37] of note, 

alignment of the anisotropic CNCs using shear or magnetic forces has also been demonstrated 

to promote cell orientation.[38–40] While several previous studies have utilized buckling or 

wrinkling approaches to explore the effects of the length scale of wrinkled structures on a 

variety of substrates for cell orientation/contact guidance,[41–45] the inherent restrictions on 

feature size via wrinkling-based techniques (which are directly correlated to the elasticity and 

thickness of the wrinkling layer) make it difficult to simulate the dual 

nanofibrous/macroporous structure of native ECM and thus necessitate the development of 

improved/novel preparation techniques.  

Electrospinning is a versatile and attractive method of creating nanofibers of tunable 

properties by changing process parameters such as the flow rate, voltage, and tip-to-collector 

distance.[46] The nanofibrous nature of electrospun mats makes them prime candidates to be 

used as cell scaffolds given the presence of similar nanofibrous structures in native ECM.[47–

49] Although electrospinning is commonly used in tissue engineering to create nanofibrous 

networks of water insoluble but degradable polymers,[46] the technical challenge associated 

with achieving gelation on an appropriate time scale to facilitate electrospinning while 

maintaining the nanofibrous structure at the collector have limited the use of electrospinning 

for creating hydrogel-based scaffolds. Furthermore, most previously-reported techniques use 

heat or light-induced free radical crosslinking to form the hydrogel network during 

electrospinning, which may result in cytotoxicity or necessitate additional 

processing/purification steps.[12] We have recently reported the potential to form nanofibrous 

hydrogels without the need for UV irradiation or small-molecule chemical crosslinking using 

an all-aqueous reactive extrusion process in which POEGMA oligomers functionalized with 

kinetically bio-orthogonal aldehyde (A-POEGMA) and hydrazide (H-POEGMA) moieties are 

co-electrospun from a double barrel syringe.[12,47] While the starting materials are non-
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viscous, the rapid hydrazone crosslinking achieved upon mixing (and accelerated as water 

evaporates following jet formation) enables the formation of well-defined and tunable 

hydrogel nanofibers in the presence of live cells.[12,47] Alignment of the nanofibers can be 

achieved using a rotating collector, with the resulting oriented scaffolds having demonstrated 

capacity for effectively orienting C2C12 muscle cells as compared to non-patterned 

controls.[49–53] However, there is relatively little research focused on controlling electrospun 

mat morphology in a hierarchical manner to better mimic the complex hierarchical 

morphology of native ECM. Furthermore, research aimed at modelling the interactions 

between cells and substrates typically focuses solely on substrate topography on the 

nanoscale[46] or on the microscale[43] rather than integrating cues on multiple length scales, 

as per the native ECM. 

We have previously demonstrated that the strong intermolecular interactions between 

CNCs and POEGMA can enable the formation of mechanically strong and structured 

hydrogels.[40,54–57] Herein, by leveraging these interactions, we use a combination of 

electrospinning and thermal wrinkling to fabricate hierarchically-structured “2.5D” hydrogel 

sheets. More specifically, we demonstrate that POEGMA-CNC composite hydrogel sheets 

with tunable morphologies across multiple length scales can be produced by electrospinning a 

mat of randomly oriented or uniaxially aligned nanofibers on a thin hydrogel base layer and 

subsequently performing a thermal wrinkling process to create underlying biaxial or uniaxial 

wrinkles in a preferred direction. Such hierarchical morphologies are shown to provide multi-

scale and multi-morphological cues to control both cell adhesion and cell orientation on the 

hydrogel sheet, offering new potential for directing cell behavior using “2.5D” cell scaffolds 

that can provide the cell adhesion/directionality cues of 3D tissues coupled with the 

significantly easier imaging enabled by conventional 2D cell constructs. 
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2. Materials and Methods 

2.1 Materials 

Oligo(ethylene glycol) methyl ether methacrylate (OEGMA500, Sigma-Aldrich, 95%) 

was purified in a column of basic aluminum oxide prior to use. N-(2,2-dimethoxyethyl)-

methacrylamide (DMAEAm) was synthesized as previously described.[26] Acrylic acid (AA, 

Sigma-Alrich, 99%), 2,2-azobisisobutyric acid dimethyl ester (AIBMe, Wako Chemicals, 

98.5%), adipic acid dihydrazide (ADH, Alfa Aesar, 98%), N’-ethyl-N-(3-(dimethylamino)-

propyl)-carbodiimide (EDC, Carbosynth, Compton CA, commercial grade), thioglycolic acid 

(TGA, Sigma-Aldrich, 98%), sodium hydroxide (EMD Millipore Germany), sodium chloride 

(Sigma-Aldrich, ≥ 99.5%), hydrochloric acid (LabChem Inc., 1M), dioxane (Caledon 

Laboratory Chemicals, reagent grade), sulfuric acid (Sigma-Aldrich, 95-98%), Whatman 

cotton filter paper (cat. No. 1703-050, GE Healthcare Canada), high molecular weight 

poly(ethylene oxide) (PEO, 600 kDa, Sigma-Aldrich), bovine serum albumin (BSA, Sigma 

Aldrich, >96%), fluorescein isothiocyanate (FITC, Sigma Aldrich, 90%), carboxyfluorescein 

diacetate succinimidyl ester (Vybrant® CFDA SE Cell Tracer Kit, Invitrogen), 4′,6-

diamidino-2-phenylindole (DAPI nuclear staining kit, Invitrogen), and methyltrichlorosilane 

(MTS cell proliferation colorimetric assay kit, BioVision) were all used as received. C2C12 

Mus musculus mouse myoblast cells (ATCC: Cedarlane Laboratories, Burlington, ON) were 

cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10 % fetal 

bovine serum (FBS) and 1% penicillin streptomycin (PS) according to manufacturer 

recommended protocols. Millipore Milli-Q grade distilled deionized water (DIW, resistivity > 

18.2 MΩ cm) and phosphate buffered saline (PBS, 10mM, BioShop) were used as indicated. 

 

2.2 Synthesis of Hydrazide and Aldehyde Functionalized POEGMA Copolymers 
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POEGMA copolymers were synthesized to have 30 mol% hydrazide or aldehyde 

functional groups following our previously described protocol.[26] For the hydrazide 

POEGMA precursor (H-POEGMA), AIBMe (74 mg), OEGMA500 (8.0 g), AA (550 µL), and 

TGA (150 µL, 10 wt% in dioxane) were added to a 250 mL round-bottom flask. For the 

aldehyde POEGMA precursor (A-POEGMA), AIBMe (100 mg), OEGMA500 (8.0 g), 

DMAEAm (1.2 g), and TGA (20 µL, 10 wt% in dioxane) were added to a separate 250 mL 

round-bottom flask. 40 mL of dioxane was then added to each flask prior to purging with 

nitrogen for 20 min. Polymerization was conducted at 75 °C for 4 hours, after which the 

flasks were allowed to cool overnight. Following solvent evaporation, 200 mL of DIW, ADH 

(8.66 g) and EDC (3.87 g) were added to the H-POEGMA solution and the pH was 

maintained at 4.75 ± 0.1 for 4 hours via dropwise addition of 1 M HCl to functionalize the 

pre-polymer with hydrazide groups. In parallel, 200 mL of 0.33 M HCl was added to the A-

POEGMA solution and stirred for 16 hours at room temperature to hydrolyze the diacetal 

groups to aldehyde groups. The resulting functional polymers were dialyzed (MWCO = 3500 

g/mol) in DIW over 6 × 6 hr (minimum) cycles and subsequently lyophilized to dryness. The 

obtained POEGMA copolymers were diluted to 20 wt% in DIW and stored at 4 °C prior to 

use.  

Aqueous size exclusion chromatography was performed using a Waters 515 HPLC 

pump, Waters 717 Plus autosampler, three Ultrahydrogel columns (30 cm x 7.8 mm i.d.; 

exclusion limits of 0–3 kDa, 0–50 kDa and 2–300 kDa), a Waters 2414 refractive index 

detector, and a mobile phase consisting of 25 mM N-cyclohexyl-2-aminoethanesulfonic acid 

(CHES) buffer, 500 mM NaNO3 and 10 mM NaN3 at a flow rate of 0.8 mL min
-1

. The system 

was calibrated with narrow-dispersed PEG standards (106 to 584 x 10
3
 g mol

-1
), yielding 

molecular weights and dispersities of 17.2 kDa and 3.8 for A-POEGMA and 18.0 kDa and 2.8 

for H-POEGMA respectively. The degree of aldehyde functionalization of A-POEGMA (26.6 

mol%) was determined by 
1
H-NMR (Bruker AVANCE 600 MHz spectrometer, CDCl3 
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solvent), while the degree of hydrazide functionalization of H-POEGMA (27.5 mol%) was 

determined by conductometric titration (ManTech Associates) using 50 mg of polymer in 50 

mL of 10 mM NaCl as the analyte and 0.1 M NaOH titrant. 

 

2.3 Preparation of CNC Suspensions 

CNCs were prepared via sulfuric acid hydrolysis of cotton as described 

previously.[58] Briefly, Whatman cotton filter paper was submerged in 64 wt% sulfuric acid 

at 45°C for 45 min, subsequently quenched in DIW, and centrifuged for 10 min at 6000 rpm. 

The supernatant was decanted, and centrifugation was repeated until a precipitate no longer 

formed. The cellulose nanocrystal suspension was then dialyzed (MWCO = 12 kDa) in DIW 

for a minimum of 10 x 12 h cycles. Suspensions were probe sonicated (3 cycles × 15 min, 

Sonifier 450, Branson Ultrasonics, Danbury, CT), and concentrated by evaporation at ambient 

conditions. CNCs measured 100 – 200 nm in length by 5 – 12 nm in cross-section as 

determined by atomic force microscopy (MFP-3D, Asylum Research - Oxford Instruments, 

Santa Barbara, CA). The sulfate half-ester content of the CNCs was 0.42 wt% (measured via 

conductometric titration using 100 mg of CNC in 100 mL of 10 mM NaCl as the analysate 

and 2 mM NaOH as the titrant), and the electrophoretic mobility was -1.86 × 10
-8

 m
2
 V

-1
 s

-1
 

(measured on 0.25 wt % CNC suspensions in 10 mM NaCl). CNCs were stored in acid form 

(pH = 3.2) at 4 °C prior to use. 

 

2.4 Electrospinning POEGMA-CNC Hydrogel Nanofibers 

A 5 w/v% solution of PEO (600 kDa) was prepared by dissolving 750 mg of PEO in 

15 mL DIW over a period of at least 2 days prior to electrospinning. CNC suspensions were 

mixed with A-POEGMA or H-POEGMA precursor solutions to yield samples with a 

POEGMA concentration of 16 wt% and a CNC concentration of 0, 0.2, 1.0, or 1.65 wt%. The 

resulting POEGMA/CNC suspensions were subsequently mixed with 5 w/v% PEO (1:1 
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PEO:POEGMA/CNC by volume) to achieve a final concentration of 8 wt% POEGMA, 2.5 

w/v% PEO, and 0-0.825 wt% CNC in the electrospinning precursor solutions. The A-

POEGMA and H-POEGMA precursor solutions were then loaded into separate compartments 

of a double-barrel syringe attached to a static mixer and a blunt-tip 18 G needle and mounted 

in a syringe pump. Electrospinning was conducted using a constant flow rate of 70 nL/min, a 

distance between the needle tip and collector of 10 cm, and a voltage of 9 kV at room 

temperature and ambient humidity (between 25 – 35 RH% for each run). Aluminum foil was 

used to line the electrospinning collector to collect thin samples; for mechanical testing and in 

vitro protein adhesion, aluminum foil was not used as the samples were thick enough to 

remove without tearing. The collector was optionally rotated at 300 RPM using a rotating 

drum to prepare electrospun mats with aligned fibers.  

 

2.5 Swelling and Accelerated Degradation 

As-prepared electrospun POEGMA-CNC fibers on aluminum foil were cut into ~ 0.5 

× 0.5 cm squares and weighed prior to being placed in cell culture inserts and submerged in 2 

mL of 10 mM PBS at 37 °C. At each time interval, cell culture inserts were removed, placed 

on a Kimwipe for 1 min to remove excess PBS, weighed, and refilled with PBS. After initial 

swelling, the electrospun mats separated from the aluminum foil electrospinning support and 

were then removed, dried, and weighed. The water content was calculated according to 

Equation 1, in which the swollen mass is equal to the mass of the wet sample minus the mass 

of the dry aluminum foil and the mass of the cell culture insert and the dry mass is equal to 

the mass of initial electrospun mat on the aluminum foil collector minus the mass of the dry 

aluminum foil. 

 

                 
             

        
                                                                     (1) 
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Degradation profiles were determined using the same method as described above but 

using 1 M HCl instead of 10 mM PBS as the swelling solvent. Samples were allowed to swell 

initially in 10 mM PBS at 37 °C for 1 hr to enable the delamination of the aluminum foil prior 

to submerging the mats in 1 M HCl. Electrospun mats were weighed every 2 hours, with 

solutions replaced after each measurement, until each sample had fully degraded. 

 

2.6 Compression Measurements of Electrospun Mats 

Compression measurements were performed on wet POEGMA-CNC electrospun mats 

in an aqueous environment using a MicroSquisher equipped with a 559-gauge cantilever 

connected to a 2 × 2 mm stainless steel plate (CellScale Biomaterials Testing, Waterloo, 

Canada). A 20% strain was used for each cycle with a 30 s ramp and 5 s hold. 3 compression 

cycles were completed per sample, and a minimum of 4 samples were tested per series. The 

compressive modulus was determined by calculating the slope of the initial linear region of 

the generated stress-strain curves. A video showing this technique can be viewed in the 

Supplementary material. 

 

2.7 Protein Uptake 

Fluorescein-isothiocyanate (FITC) labelled bovine serum albumin (BSA) was 

prepared according to a previously described protocol.[26,55] Briefly, 50 mg of BSA and 1 

mg of FITC were added to 100 mL of 10 mM carbonate buffer. The mixture was stirred at 

room temperature for 12 hours and lyophilized to dryness. A stock solution of 2 mg/mL 

FITC-BSA was prepared and used immediately to make the required serial dilutions. 

Electrospun POEGMA-CNC mats were sectioned into 2 × 2 mm samples and allowed to 

swell in DIW for 1 hour. Samples were then incubated with the prepared FITC-BSA solutions 
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for 2 hours at 37 °C, after which they were rinsed 3 times with 10 mM PBS prior to 

measuring the fluorescent signal (Wallac 1420 Explorer Plate Reader, Perkin-Elmer). 

 

2.8 Multi-Scale Structuring of Electrospun POEGMA-CNC Hydrogel Sheets 

A CNC-POEGMA hydrogel base layer was first fabricated on a pre-stressed 

polystyrene substrate according to our previously published protocol.[25] Briefly, A-

POEGMA and H-POEGMA copolymer solutions were separately mixed with CNCs at a 5:1 

ratio by mass and diluted in DIW to 5.0 wt% POEGMA. Hydrogel base layers were prepared 

on plasma-cleaned polystyrene substrates (600 mTorr air plasma for 10 minutes, PDC001 

Expanded Plasma Cleaner, Harrick Plasma, Ithaca, NY) by spin coating alternating layers of 

A-POEGMA and H-POEGMA suspensions containing CNCs (G3P spin-coater, Specialty 

Coating Systems Inc., Indianapolis, IN, USA, 3000 rpm, 7 s acceleration, 30 s dwell). Five 

deposition cycles were used, with one deposition cycle defined as the sequential spin coating 

of an A-POEGMA + CNC layer followed by a H-POEGMA + CNC layer. 

Following, the hydrogel-coated polystyrene substrates were used as collectors for the 

electrospinning of POEGMA-CNC nanofibers containing 1.0 wt% CNC using the same 

electrospinning parameters as previously described. The total time of electrospinning was 

varied between 10 and 45 minutes to prepare multi-scale structured hydrogels with either a 

sparse (shorter time) or dense (longer time) fiber layer; an intermediate time of 30 minutes 

was used for all cell culture experiments. The resulting substrates were shrunk in an isotemp 

vacuum oven at 130 °C for 15 minutes to create the uniformly structured hydrogel sheets. 

Biaxial wrinkles were formed by unconstrained shrinking, while uniaxial wrinkles were 

formed by clamping opposite edges of the substrates to allow shrinking only in one direction 

(note that wrinkle ridges form in the direction perpendicular to shrinking). 

 

2.9 Cell Metabolic Activity (MTS Assay) 
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Cell viability and proliferation on hydrogels (unstructured, wrinkled, electrospun, and 

multi-scale structured) were quantified by an MTS colorimetric assay. Samples were cut, 

placed in 48-well cell culture plates, sterilized by immersion in 70% ethanol (200 µL) for 30 

min, and allowed to dry for one hour under UV light before conditioning overnight in PBS 

(200 µL). C2C12 cells were seeded onto hydrogel samples at an initial cell density of 

approximately 10,000 cells/cm
2
 and cultured for 3, 5, or 7 days in DMEM containing 10% 

FBS and 1% penicillin/streptomycin, maintained in a humidified incubator at 37 °C and 5% 

CO2. Media was replaced every 2 – 3 days; after culturing, the media was removed followed 

by the addition of 20 µL of 12 mM MTS solution (final concentration 1.10 mM) and then 

incubated at 37°C for 2 h. Samples (200 µL) were then transferred to 96-well plates, and the 

absorbance was recorded at 490 nm by a Tecan M1000 micro-plate reader. Dilutions were 

performed as necessary to maintain absorbance readings within the calibration range of the 

dye.  

 

2.10 Confocal Microscopy 

To assess cell morphology, hydrogel samples (unstructured, wrinkled, electrospun, 

and multi-scale structured) were placed in each well of a 24-well glass-bottom plate, upon 

which C2C12 cells were seeded at an initial cell density of 10,000 cells/cm
2
 and cultured for 3 

days. Subsequently, the media was removed and 500 µL of prewarmed PBS containing the 

CFDA SE Cell Tracer (10 µM, Invitrogen) was added to the cells and allowed to incubate for 

15 min at 37°C. The CFDA solution was then replaced with fresh, prewarmed culture medium, 

and the cells were incubated for another 30 min at 37°C. Subsequently, cells were washed 

with pre-warmed PBS immediately prior to fixing at room temperature for 15 min in 4% 

paraformaldehyde solution in PBS (500 µL). Following 3 washes in PBS, C2C12 cells were 

permeabilized with 0.1% Triton X-100 (500 µL) in PBS for 5 min and again washed three 

times with PBS. The cells were then incubated with 1% BSA in PBS (500 µL) for 30 min at 
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room temperature to prevent non-specific binding to the multiwell plate. The cells were 

counterstained with DAPI (300 nM in PBS, 500 µL) for 5 min in the dark and again washed 

three times with PBS. Samples were examined with a Nikon Eclipse Ti confocal microscope. 

 

2.11 Cell Adhesion and Alignment 

To assess cell adhesion and alignment, hydrogel samples were cut and placed in each 

well of a 24-well plate. Samples were sterilized with 70% ethanol for 30 min, followed by 

three 20 min long wash cycles in PBS to remove residual ethanol. C2C12 cells were then 

seeded at an initial cell density of 10,000 cells/cm
2
 and cultured for 3 days. Cells were fixed 

using 2% paraformaldehyde for 15 min and sequentially dehydrated using ethanol solutions of 

35%, 50%, 60%, 70%, 80%, 90% (one cycle each of 10 min), and 100% (three cycles of 10 

min). The samples were then dried in supercritical conditions to preserve cell morphology and 

sputter coated with gold (~20 nm thickness). Scanning electron microscopy (SEM, Tecan 

Vega II LSU Instrument) was subsequently conducted using an operating voltage of 10 kV. 

For the analysis of electrospun fiber diameter and wrinkle size, ImageJ was used to manually 

trace and measure the diameter of a minimum of 100 features per image, with a minimum of 

three images per series analyzed. To determine the cell aspect ratio and orientation angle for 

cell-laden hydrogel sheets, a minimum of 8 images and 50 total cells were analyzed. Cell 

aspect ratio was determined by measuring the longest diameter through a given cell and 

dividing by the perpendicular diameter through the same cell. The angle of the longest 

diameter through a given cell was used to determine cell orientation, with the resulting cell 

orientation angles averaged to determine an overall angle deviation. The cell angle deviation 

was calculated by comparing the cell orientation angle with the average wrinkle orientation 

angle (the latter calculated by measuring the angle of at least 50 wrinkle segments from mid-

point to mid-point) for each cell observed in the SEM image. 
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2.12 Statistical Methods 

For physical property measurements (swelling, compression, degradation, protein 

adhesion, cell viability), error bars represent the standard deviations of n = 4 independent 

measurements. ImageJ was used for determining feature sizes and orientations, and unless 

otherwise noted, error bars represent the standard deviations of n = 100 independent 

measurements. For cell orientations and ange deviations, at least 50 individual cells were 

analyzed for each sample. Significant differences (p-values) between independent data sets 

were assessed using an unpaired t -test. 

 

3. Results 

3.1 Electrospinning POEGMA-CNC Hydrogel Nanofibers 

To create CNC-impregnated POEGMA hydrogel nanofibers, varying concentrations 

of CNCs (0.2 – 1.65 wt%) were suspended in solutions of 16 wt% H-POEGMA and A-

POEGMA and co-electrospun from a double barrel syringe using PEO as an electrospinning 

aid. Over the range of CNC concentrations tested, the size and morphology of the resulting 

electrospun fibers remained consistent, with diameters between 300 and 700 nm (Fig. 1). All 

tested POEGMA-CNC electrospun mats rapidly reached an equilibrium water content of ~ 

98% within one minute upon exposure to 10 mM PBS (Fig. 2A). Both this high water content 

and the nanofibrous structure of the mats were maintained for up to 30 hours after swelling, 

albeit with a significant increase in the diameter of the individual fibers (Supplementary 

material, Fig. S1). Furthermore, all electrospun mats completely degraded in 1 M HCl within 

96 hours (i.e., accelerated degradation conditions); across all CNC concentrations tested, peak 

normalized gel weight was reached at roughly the same time (~8 hours), followed by a steady 

decrease due to loss of network integrity (Fig. 2B). Note that the variation observed within 

each group in the degradation plot is typical for degradation experiments on hydrogel 

nanofibers, in which even small variations in local nanofiber density can significantly change 
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in-diffusion of the degrading acid; such variations are further compounded by the low density 

and statics associated with the dry mats that may lead to higher-than-normal weighing 

variation. Moreover, the compressive modulus of wet POEGMA-CNC electrospun mats 

increased with increased CNC loading (Fig. 2C), whereby increasing the CNC concentration 

to 1.65 wt% led to a ~ 2.5 x increase in modulus (up to 25 kPa). Compression curves for each 

sample can be seen in the Supplementary material, Fig. S2). Finally, increasing the CNC 

concentration to 1.65 wt% significantly reduced bovine serum albumin protein (BSA) uptake 

into the electrospun hydrogel mats (Fig. 2D). 

 

 

Fig. 1. SEM images and average fiber diameters of electrospun POEGMA-CNC nanofibrous mats containing 

(A) 0.2, (B) 1.0, or (C) 1.65 wt% CNCs. All scale bars are 5 µm. Inset numbers represent average fiber 
diameters and standard deviations measured based on ImageJ analysis of n = 100 fibers. 
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Fig. 2. Physical properties of electrospun POEGMA-CNC nanofibrous mats containing 0.2 (blue), 1.0 (red), or 

1.65 (green) wt% CNCs. (A) Swelling profiles in 10 mM PBS at 37 ˚C (inset shows initial time points), (B) 

accelerated degradation in 1 M HCl at 37 ˚C, (C) compressive modulus in aqueous environment, and (D) BSA 

uptake following exposure to protein concentrations ranging from 100 - 2000 µg/mL. * = p < 0.05. Lines in A 

and B are guides for the eye. 

 

3.2 Multi-Scale Structuring of Electrospun POEGMA-CNC Hydrogel Sheets 

Multi-scale structured hydrogel sheets were prepared using a sequential 

electrospinning and thermal wrinkling approach (Fig. 3). First, the substrate for thermal 

wrinkling (prestressed polystyrene) was coated with a thin hydrogel “base layer” of the same 

composition as the nanofibers. Five sequential deposition cycles (where one deposition cycle 

= one A-POEGMA (5.0 wt%) + CNCs (1.0 wt%) layer and one H-POEGMA (5.0 wt%) + 
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CNCs (1.0 wt%) layer) were spin coated onto polystyrene substrates, resulting in a hydrogel 

sheet of ~1 µm in thickness. Subsequently, the coated polystyrene substrates were positioned 

on the electrospinning collector and POEGMA-CNC hydrogel nanofibers with the same 

composition as the base layer were electrospun onto the surface. Note that an overall 

concentration of 1.0 wt% CNC was chosen for the construction of the hierarchical hydrogel 

sheets based on our previous study demonstrating that this CNC loading effectively preserved 

the high fidelity of the nanoscale surface features following thermal wrinkling.[25] Moreover, 

this also maximizes the fraction of the anti-fibrotic POEGMA polymer at the interface while 

still enabling hierarchical interface fabrication. The resulting nanofibrous sheets were then 

subjected to thermal wrinkling at 130 ˚C for 15 minutes to induce wrinkle formation. 

Electrospun mats deposited directly onto prestressed polystyrene exhibited irregular 

morphologies upon thermal wrinkling, whereby individual fibers appeared to merge together 

(Supplementary material, Fig. S3). Of note, the use of a sacrificial photoresist enables the 

removal of the structured hydrogel sheet from the polystyrene substrate to form a stand-alone 

structured hydrogel sheet that maintains its wrinkled and fibrous morphology (Supplementary 

material, Fig. S4); albeit the added thickness of the spin-coated photoresist layer (~ 450 nm) 

increases the overall sheet thickness and thus the resulting wrinkle size of the hydrogel.  

 

 
Fig. 3. Schematic representation of the two-step reactive electrospinning and thermal wrinkling process to create 

multi-scale hierarchically structured POEGMA-CNC hydrogels. Chemical structures for H-POEGMA (blue), A-
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POEGMA (red), and hydrazone crosslinking are also depicted. Electrospun mats are collected on a prestressed 

polystyrene substrate coated with a hydrogel base layer and subsequently thermally wrinkled to create a dual 

micro-nanostructured interface. 

 

Varying the time of electrospinning, and thus the resulting fiber density on the 

wrinkled hydrogels, significantly alters the types of wrinkled morphologies generated (Fig. 4; 

see Supplementary material Fig. S5 for additional images at varying magnifications). 

Electrospinning for ~ 10 min prior to thermal wrinkling results in a wrinkled surface with 

sparse fibers, while increasing the electrospinning time to ~ 45 min results in a dense 

electrospun mat fully covering the underlying hydrogel base layer. Interestingly, hydrogel 

sheets prepared with a layer of dense electrospun fibers demonstrated a larger wrinkle size 

than hydrogel sheets prepared with a layer of sparse electrospun fibers (Fig. 4). Of note, 

electrospinning POEGMA hydrogels alone without CNCs resulted in poor fiber definition 

after thermal wrinkling (Supplementary material, Fig. S6), likely due to the decreased 

mechanical strength of the POEGMA-only hydrogels that resulted in high nanofiber 

deformation in response to the shear induced by thermal wrinkling. As such, the presence of 

CNCs is essential to create hierarchically-structured 2.5D interfaces.  

 

 

Fig. 4. SEM images of POEGMA-CNC wrinkled electrospun sheets prepared via sequential electrospinning and 

thermal wrinkling. The fiber density can be tuned by changing the duration of electrospinning from (A) ~ 10 

min, (B) ~ 20 min, or (C) ~ 45 min. All scale bars are 20 µm. Inset numbers represent average wrinkle diameters 

and standard deviations measured based on ImageJ analysis of n = 100 wrinkles. 
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Uniaxially constraining the geometry of thermal wrinkling in combination with a 

rotating electrospinning collector (which orients and aligns the deposited nanofibers) enables 

significantly enhanced control of hydrogel alignment over multiple length scales (Fig. 5A). 

Using this technique, hierarchically structured hydrogels can be created with optional 

alignment of both the underlying wrinkles and the overlaying fibers, depending on the 

direction of nanofiber collection relative to the direction in which the geometry is constrained 

during the wrinkling step. Here, we define parallel alignment as nanofibers being oriented in 

the same direction as the wrinkle ridges (Fig. 5B) and perpendicular alignment as nanofibers 

being oriented across individual wrinkles (Fig. 5C). Interestingly, it was challenging to 

prepare hydrogel sheets with electrospun fibers oriented parallel to the sheet wrinkles, with 

the electrospun fibers tending to orient to some degree perpendicularly to the underlying 

wrinkles regardless of the constraint geometry used. This phenomenon is particularly 

noticeable in the case of biaxially wrinkled hydrogels (Fig. 4A, B), where nanofibers 

deposited without a rotating collector (i.e. randomly oriented) were observed to align 

predominantly perpendicular to the formed wrinkles. Furthermore, although the parallel 

electrospun/wrinkled hydrogels show a substantial percentage of nanofibers aligned in the 

wrinkle direction, there is still evidence for some off-axis alignment (Fig. 5B); in contrast, 

when wrinkling was conducted perpendicular to aligned electrospun nanofibers, virtually no 

off-axis alignment was observed (Fig. 5C). Additional images of the various prepared 

hydrogel sheets at varying magnifications are available in the Supplementary material (Fig. 

S7). 
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Fig. 5. SEM images of (A) aligned POEGMA-CNC electrospun mats used to prepare uniaxially wrinkled 

hydrogels with (B) parallel aligned nanofibers (wrinkle ridges parallel to nanofiber alignment), and (C) 

perpendicular aligned nanofibers (wrinkle ridges perpendicular to nanofiber alignment). Inset numbers represent 

average wrinkle diameters and standard deviations measured based on ImageJ analysis of n = 100 wrinkles. 

 

3.3 Cell-Biomaterial Interactions in Multi-Scale Structured POEGMA-CNC Hydrogel Sheets 

To assess the utility of multi-scale structured POEGMA-CNC wrinkled hydrogels for 

cell growth applications, C2C12 mouse myoblasts were cultured on biaxially structured 

electrospun and wrinkled hydrogel sheets and compared to hydrogels of similar 

composition/chemistry with different morphologies (flat, wrinkled-only, electrospun-only); 

note that all these interfaces are comprised of hydrogels of the same composition, such that 

the differences observed can be attributed solely to the morphology of the interface. Over the 

seven day observation period, cell viability and expansion was similar between the 

electrospun and biaxially wrinkled hydrogels, biaxially wrinkled hydrogels without an 

electrospun layer, and hydrogel sheets with no structuring (Fig. 6; see Supplementary material, 

Fig. S8 for representative images of C2C12 cells after three days of culture). However, cell 

viability was significantly lower (p < 0.01) at the five day time point for electrospun hydrogel 

mats (without wrinkling) both with and without CNCs.  
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Fig. 6. C2C12 cell expansion on various POEGMA-CNC hydrogel sheets as determined via the MTS assay and 

normalized to the Day 3 control cultured on tissue culture polystyrene. Note that all samples contain 1.0 wt% 

CNC. * = p < 0.01 compared to the control sample at the same time point. 

 

 
To assess the effects of the multi-scale and oriented hydrogel sheet morphology on 

cell alignment, structured hydrogels prepared with various morphologies (i.e., biaxial 

wrinkles with and without electrospun fibers or uniaxial wrinkles with and without parallel- or 

perpendicular-oriented electrospun fibers) were seeded with C2C12 cells. The resulting cell 

orientations on the hydrogel sheets, assessed via SEM, are shown in Fig. 7 (see 

Supplementary material, Fig. S9 for additional images). In all cases, the wrinkle sizes 

exhibited a consistent wavelength of ~5 µm (see Supplementary material, Figs. S9 and S10). 

Biaxially wrinkled hydrogels prepared with no electrospun fibers or randomly oriented 

electrospun fibers did not elicit any preferential/cooperative alignment of C2C12 cells; 

however, focal adhesions were apparent in both cases, yielding average cell aspect ratios of 

2.1 ± 0.7 and 2.2 ± 1.1 for each respective hydrogel sheet (Supplementary material, Figs. S9 

and S10). In comparison, non-wrinkled hydrogel sheets yielded more spherical cell 

morphologies and smaller cell aspect ratios (1.7 ± 0.4, Supplementary material, Fig. S9). 

Uniaxially wrinkled hydrogel sheets (regardless of the presence or alignment of electrospun 
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nanofibers) promoted improved cell alignment and elongation, with C2C12 cells 

preferentially extending parallel to the underlying wrinkle direction (Fig. 7 and 

Supplementary material Fig. S9). Correspondingly, the C2C12 cells exhibited a significantly 

higher aspect ratio on these uniaxially wrinkled sheets, with aspect ratios of 4.5 ± 1.9 µm, 5.2 

± 2.6 µm, and 4.6 ± 2.3 µm measured for uniaxially wrinkled hydrogel sheets with no 

electrospun fibers, parallel fibers, or perpendicular fibers, respectively. Image analysis of the 

angle of cell alignment in each case (Fig. 7G – I) also showed clear differences, with the 

biaxial wrinkled substrates (Fig. 7G) showing a relatively flat distribution of cell orientation 

angles across a wide angular range while the uniaxial wrinkled substrates (Fig. 7H, I) 

exhibited a clear maximum at 0° (i.e., cells were preferentially oriented in a given direction). 



  

24 

 

 

Fig. 7. C2C12 cell adhesion and orientation on electrospun and wrinkled POEGMA-CNC hydrogel sheets. 

Representative SEM images of (A, D) biaxially wrinkled with unaligned fibers, (B, E) uniaxially wrinkled with 

parallel-oriented fibers, and (C, F) uniaxially wrinkled with perpendicular-oriented fibers. Scale bars in A – C 

are 50 µm, and in D – F are 20 µm. (G – I) Histograms of cell orientation angle for cells cultured on the different 

hydrogel sheets; (G, blue) biaxially wrinkled with unaligned fibers, (H, red) uniaxially wrinkled with parallel-

oriented fibers, and (I, green) uniaxially wrinkled with perpendicular-oriented fibers. In each case, at least 50 

individual cells were analyzed. Additional SEM images for the replicate samples tested are available in the 

Supplementary material (Figs. S9, S10, and S11). 

 

Detailed ImageJ analysis of cell orientation with respect to wrinkle direction on the 

uniaxially wrinkled hydrogel sheets shows more subtle differences depending on the presence 

and orientation of the electrospun nanofibers (Fig. 8). In all three cases, cells were mostly 

oriented along the wrinkles; however cells seeded on wrinkled hydrogels with parallel fibers 
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showed a smaller average deviation in angular alignment relative to the wrinkle direction 

(12°) compared to cells seeded on wrinkled hydrogels with perpendicular fibers (21°), with 

the wrinkled hydrogels without an electrospun fiber layer showing intermediate alignment 

(18°). In addition, the perpendicular nanofiber samples showed a significantly higher 

population of cells that exhibited high angular variance in their orientation relative to the 

wrinkle direction (as indicated by the green dots in Fig. 8 at angle deviations of > 60°); in 

contrast, the parallel wrinkle/nanofiber samples showed only one cell with a misalignment of 

more than 30°.  

 

 
Fig. 8. Box plot showing the deviations of individual cell angles with respect to the average wrinkle orientation 

on wrinkled hydrogels with parallel oriented fibers (red), perpendicular oriented fibers (green), and no 

electrospun fibers (blue). In each box, X represents the mean, the midline represents the median, the box 

represents the interquartile range, and the error bars represent the statistical maximum and minimum values 

based on the interquartile ranges; the points represent individual cells with angular deviations outside the 
uncertainty range. In each case, at least 50 individual cells were analyzed. 

 

 

4. Discussion 

POEGMA-CNC hydrogel nanofibers were successfully prepared via electrospinning 

across all CNC concentrations tested. To ensure effective fiber formation during 

electrospinning, PEO was used as an electrospinning aid to provide sufficient polymer chain 

entanglement. As previously demonstrated, the addition of PEO helps prevent droplet/spray 

formation during electrospinning and can be fully removed from the electrospun hydrogel 
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matrix by subsequent soaking in water.[12] Note that, due to our desire to match the 

chemistry of the nanofibers with that of the hydrogel base layer (such that any difference in 

cell responses could be correlated directly with the morphology of the interface rather than its 

composition), nanofibers without CNCs were not investigated in detail as they are 

insufficiently stiff to maintain shape fidelity following thermal wrinkling (Supplementary 

material, Fig S6). For the CNC concentrations testing, electrospun nanofiber size was 

relatively unaffected by CNC loading as suspension viscosity and electrospinning parameters 

were consistent for all formulations.[59] Similarly, given the high porosity of electrospun 

mats in general, swelling was consistent regardless of CNC concentration, with water rapidly 

penetrating into the hydrophilic fibrous/macroporous networks. In contrast, hydrogel modulus 

and network degradation were affected by CNC concentration, as these properties depend 

strongly on intra-fibrillar interactions; as observed previously in bulk hydrogels, increasing 

CNC concentration leads to increased physical crosslinking between CNCs and POEGMA 

and thus increased mechanics and resistance toward hydrolytic degradation.[57] Here, 

degradation proceeds first by swelling within the individual nanofibers (via the disruption of 

physical interactions between CNCs and POEGMA) followed by the loss of integrity of the 

overall scaffold (via the cleavage of POEGMA hydrazone bonds). Expectedly, this initial 

swelling is hindered for hydrogel mats with 1.65 wt% CNC due to increased physical 

crosslinking; as the POEGMA concentration (and thus concentration of hydrazone bonds) is 

similar regardless of CNC concentration, the rate of subsequent hydrolytic degradation is 

relatively constant across all samples. Finally, protein adsorption was also affected by CNC 

concentration, whereby increasing CNC concentration to 1.65 wt% led to significantly 

decreased protein adsorption. This result is consistent with previous observations on bulk 

hydrogels[55] and can be attributed to the increased adsorption of the POEGMA methacrylate 

backbone onto the CNCs that assists in orienting the protein-repellent PEG side chains into 

the protein solution.[57] 
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When electrospinning was used in combination with thermal wrinkling, multi-scale 

structured POEGMA-CNC hydrogels were successfully fabricated. Importantly, the use of a 

hydrogel base layer is necessary to ensure proper adhesion of the electrospun fibers to the 

polystyrene substrate; the hydrophilic moieties and residual hydrazide/aldehyde groups in the 

hydrogel base layer facilitate both physical hydrogen bonding/van der Waals interactions and 

covalent bonding with the deposited electrospun nanofibers to maintain nanofiber 

shape/conformity during wrinkling. Similarly, the use of CNCs within deposited electrospun 

fibers is also necessary to maintain nanofiber shape/conformity during wrinkling, due to the 

increased physical crosslinking between CNCs and POEGMA already discussed above. The 

deposited electrospun fiber density is increased by lengthening the time of electrospinning; 

consequently, the underlaying wrinkle size is also increased due to the stiffer overall 

mechanical properties of the electrospun layer. It has previously been demonstrated that 

wrinkle size and mechanical properties of the deposited film are positively correlated for 

wrinkled films.[60,61] Therefore, proper consideration of the mechanical properties of a 

given material is required for effective utilization of this sequential electrospinning and 

thermal wrinkling technique. 

Hydrogel morphology is independently controlled via the use of a rotating collector to 

deposit aligned nanofibers. However, it was observed that fibers tend to predominantly align 

perpendicular to the underlying wrinkles. We hypothesize that the adhesion between the 

elastic hydrogel nanofibers and the hydrogel base layer works to restrict wrinkling upon 

heating. As the ability of the electrospun nanofibers to respond to stress is primarily along 

their length rather than their diameter (due to the chain stretching that occurs during the 

electrospinning process parallel to fiber direction), nanofibers will primarily orient 

perpendicular to the direction of wrinkling. Consistent with this hypothesis, hydrogels with 

perpendicularly aligned fibers show a larger (although not statistically significant) average 

wrinkle size, consistent with the mechanical properties of the electrospun layer contributing to 
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the overall ability of the sheet to buckle/wrinkle. Regardless, ordered assemblies of both the 

nanofibers and the wrinkles to create directionally-controlled multi-scale 2.5D hydrogel 

sheets can be achieved. 

Cell-biomaterial interactions were first investigated by probing C2C12 cell 

interactions with the structured surfaces, with all hydrogels tested showing cell 

growth/proliferation between the three and seven day timepoints. Interestingly, the cell 

viability/growth rate was largely unaffected by changes to hydrogel structuring (flat, wrinkled, 

or electrospun and wrinkled), with the lower cell viability observed for the electrospun-only 

samples attributable to the lower modulus of the electrospun mats relative to the other 

hydrogels.[42,62,63] Subsequent investigations on the effects of sheet morphology on cell 

orientation and elongation, however, yielded significant differences between the samples; 

note that wrinkle size was kept constant across samples (on the order of ~ 5 µm), implying 

that any effect on cell orientation/elongation could be attributed solely to the wrinkle 

geometry and fiber orientation. Compared to biaxially wrinkled hydrogels, uniaxially 

wrinkled hydrogels significantly improved cell orientation, with cells elongating in the same 

direction as the underlying wrinkles as required for the differentiation of C2C12 cells into 

functional muscle tissue.[43] For uniaxially wrinkled hydrogels, while the wrinkle orientation 

is the major determinant of cell alignment, nanofiber alignment also significantly impacts cell 

orientation. Perpendicular nanofibers disorient a significant fraction of cells from aligning 

along the wrinkle length, while parallel nanofibers aid to reinforce the directionality cues of 

the micrometer-scale wrinkles. Of note, previous work on electrospinning CNC-based 

materials has demonstrated CNC alignment along the length of electrospun fibers due to the 

high shear forces generated during electrospinning;[64–66] as such, any alignment cue from 

the nanofiber directionality may be also amplified by the internal alignment of anisotropic 

CNCs within the nanofiber itself. As such, while the microscale wrinkles primarily govern 

cell alignment, the nanoscale fibers can either reinforce or confuse such directionality cues. 
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5. Conclusion 

In summary, we have demonstrated the fabrication of hierarchically structured 

electrospun and wrinkled POEGMA-CNC hydrogel sheets that offer exceptional control of 

hydrogel surface morphology over multiple length scales. While increasing the CNC content 

of the electrospun mats did not affect the resulting nanofiber size/morphology, it did lead to 

enhanced mechanical strength and decreased protein adsorption. The electrospun nanofiber 

orientation and density can both be readily controlled by varying the collector geometry and 

collection time during electrospinning; independently, wrinkle alignment can be controlled by 

constraining the substrate during thermal wrinkling. The resulting multi-scale structures and 

tunable relative alignment of the hydrogel nanofibers and the wrinkles are challenging to 

achieve using other techniques, which either do not demonstrate the wide range of control 

over feature size and morphology demonstrated in this work or require complex and tedious 

fabrication approaches unlike the simple benchtop electrospinning/wrinkling approach used 

herein. The oriented hydrogel surface structures significantly affected cell alignment, with 

cells exhibiting a more random orientation on biaxially wrinkled hydrogels but preferentially 

orienting and extending along wrinkle ridges in uniaxially wrinkled hydrogels. Nanofiber 

alignment played a supporting role on cell alignment, with parallel-oriented fibers further 

promoting cell orientation with respect to the underlying uniaxial wrinkle direction while 

perpendicular-oriented fibers locally de-aligned the cells. We envision that this combined 

technique of electrospinning and thermal wrinkling may be leveraged to create highly aligned 

cell scaffolds for both in vitro cell screening as well as potential future in vivo implants (e.g. 

muscle regeneration). 

 

Statement of Significance 



  

30 

 

While structured hydrogels can mimic the morphology of natural tissues, controlling this 

morphology over multiple length scales remains challenging. Furthermore, the incorporation 

of secondary morphologies within individual hydrogels via simple manufacturing techniques 

would represent a significant advancement in the field of structured biomaterials and an 

opportunity to study complex cell-biomaterial interactions. Herein, we leverage a two-step 

process based on electrospinning and thermal wrinkling to prepare structured hydrogels with 

microscale wrinkles and nanoscale fibers. Fiber orientation/density and wrinkle geometry can 

be independently controlled during the electrospinning and thermal wrinkling processes 

respectively, demonstrating the flexibility of this technique for creating well-defined 

multiscale hydrogel structures. Finally, we show that while wrinkle geometry is the major 

determinant of cell alignment, nanofiber orientation also plays a role in this process. 
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