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ABSTRACT 

A reactive electrospinning strategy is used to fabricate viable and proliferative cell-loaded 

nanofibrous hydrogel scaffolds in a single step using an all-aqueous approach.  In situ-gelling and 

degradable hydrazone-crosslinked poly (oligo ethylene glycol methacrylate)-based hydrogel 

nanofibrous networks can be produced directly in the presence of cells to support long-term cell 

viability, adhesion, and proliferation, in contrast to bulk hydrogels of the same composition. 

Furthermore, the capacity of the gel nanofibers to retain bound water maintains this high cell 

viability and proliferative capacity following a freeze/thaw cycle without requiring any 

cryoprotectant additives, ideal properties for ready-to-use functional tissue patches. 
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INTRODUCTION 

Tissue engineering approaches typically aim to mimic the chemical, mechanical, interfacial (i.e. 

hydrophilicity), and structural properties of native extracellular matrix (ECM) that are known to 

direct cell responses in vivo.1–4  Hydrogels have attracted significant interest in this context given 

their low non-specific protein adsorption, cytocompatibility, ease of functionalization, and 

biomimetic mechanics relative to soft tissues.5 Multiple types of both bulk6 and injectable7 

hydrogels have been explored for this purpose with some notable successes, including a range of 

structured hydrogels with well-defined porosities targeted to support cell spreading and/or growth 

within the matrix8–10.   

However, significant challenges remain that limit the utility of hydrogel scaffolds for tissue 

engineering.  First, cells tend not to adhere strongly to hydrogels, requiring the incorporation of 

functional tags such as RGD peptides11–13 or other cell signalling molecules10,14 to promote cell 

interactions with the scaffold.  The enhanced substrate-cell contact area achieved in 3D relative to 

2D can facilitate sufficient cell adhesion to maintain cell viability even with cell-repellent hydrogel 

compositions; however, cells encapsulated in such scaffolds typically do not spread or grow, as 

desired for functional tissue engineering.  Second, native ECM contains multiple types of fibrous 

structures, primarily based on collagen and elastin, on length scales ranging from a few to hundreds 

of nanometers that provide essential topographical support for cell adhesion and migration15,16.  

While electrospun nanofibrous scaffolds based on “hard” polymers have demonstrated promise 

due to their capacity to provide such topographical signaling1,13,17–19, these types of nanofibrous 

structures are difficult to reproduce in synthetic hydrogel scaffolds more appropriate for 

engineering soft tissues2,6,11,15,16.  Third, existing methods to create structured hydrogels (e.g. 

porogen templating20, gas foaming21, emulsification22, freeze drying23, stereolithography24, and 
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conventional electrospinning25) require additives, energy inputs, and/or organic solvents, making 

these methods either partially or fully incompatible with cells.  Consequently, cells must be loaded 

into such scaffolds post-fabrication, resulting in non-uniform cell distributions and/or challenges 

in spatial patterning.  While 3D bioprinting can in part address these challenges, the resolution of 

existing 3D bioprinting approaches is insufficient to create the nanoscale topologies particularly 

useful for cell signaling.26 

Given that electrospinning has the capacity to create the types of nanofibrous but microporous 

networks particularly suitable for cell growth, significant effort has been invested in adapting 

conventional electrospinning processes to include cells, albeit with mixed success.  Simply 

electrospinning polymer fibers on top of plated cells is suitable to create 2D cell scaffolds but 

cannot create scaffolds in which cells are distributed in 3D.27 Alternately, coaxial needles in which 

the cell medium was contained within the core and a polymer solution was extruded as a shell have 

been reported to encapsulate both mammalian28 and bacterial cells29,30 within polymeric 

microfibers.  However, the polymer used for the outer shell must be either water-soluble (in which 

case the scaffold dissolves when placed in media) or water-insoluble and dissolved in an organic 

solvent (inducing cytotoxicity during processing and leaving behind a “hard” polymer shell that 

encapsulates the cells and presents challenges with nutrient transport).  Side-by-side simultaneous 

cell electrospraying and nanofiber electrospinning31 offers another option for creating 3D cell-

loaded scaffolds but requires organic solvents and a fairly complex electrospinning geometry.  

Recently, we reported an alternative approach to fabricate hydrogel-based nanofibers via an all-

aqueous process based on the concept of reactive electrospinning.32 Oligomers based on 

poly(oligoethylene glycol methacrylate) (POEGMA), a poly(ethylene glycol)-mimetic polymer 

with significantly enhanced chemical and mechanical tunability33, were functionalized with 
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hydrazide and aldehyde groups and electrospun from a double barrel syringe.  Mixing of the 

functional oligomers results in rapid in situ hydrazone crosslinking to covalently stabilize well-

defined nanofibers without requiring any post-crosslinking, organic solvents, or additives.  The 

hydrazone bond is also hydrolytically labile, enabling slow (~12 week) degradation of the scaffold 

over time32.  Relative to previously reported methods to electrospun hydrogels13,34, our approach is 

unique in that it does not require external energy inputs (e.g. UV irradiation or heating) or any type 

of templating fiber.   

Herein, we apply these unique advantages to directly fabricate uniform cell-loaded nanofibrous 

scaffolds capable of supporting cell adhesion and growth in 3D in a single step by co-

electrospinning cells with our functional oligomer solutions. The topography and hygroscopicity 

of the resulting nanofibrous hydrogel network facilitate cell responses not observed in 

conventional (i.e. non-fibrous) hydrogel networks and stabilize cells upon freezing, preserving the 

capacity of cells to remain viable and proliferate within the scaffolds following cold storage 

without the need for added cryoprotectants. 

 

EXPERIMENTAL SECTION 

Synthesis of POEGMA polymers 

Hydrazide-functionalized POEGMA (POH) and aldehyde-functionalized POEGMA (POA) 

were synthesized by free radical polymerization as previously described.32 In brief, POH was 

prepared by adding 2,2-azobisisobutryic acid dimethyl ester (AIBMe, 37 mg, Wako Chemicals), 

oligo (ethylene glycol) methyl ether methacrylate (OEGMA, 4.0 g, Sigma-Aldrich), acrylic acid 

(AA, 0.25 g, Sigma-Aldrich) and dioxane (20 mL, Caledon Labs) to a flask and polymerizing at 

75 °C for 4 hours under magnetic stirring to form poly(OEGMA-co-AA).  Following purification 
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via dialysis (6x6 hr cycles against distilled deionized water), poly(OEGMA-co-AA) was 

functionalized with hydrazide groups via the addition of adipic acid dihydrazide (ADH, 2.65 g, 

Alfa Aesar) and N’-ethyl-N-(3-dimethylaminopropyl)-carbodiimide (EDC, 1.18 g, Carbosynth, 

Compton CA) to obtain POH. POA was prepared by adding AIBMe (50 mg), OEGMA (4.0 g), N-

(2,2-dimethoxyethyl) methacrylamide (DMEMAm, 0.60 g, synthesized in-house as previously 

described33) and dioxane (20 mL) to a flask and polymerizing at 75 °C for 4 hours under magnetic 

stirring to form poly(OEGMA-co-DMEMAm).  Following purification via dialysis (6x6 hr cycles 

against distilled deionized water), the poly(OEGMA-co-DMEMAm) polymer was dissolved in 

100 mL of 0.25 M HCl to hydrolyze the acetal groups to aldehydes. Both final polymers were 

purified by dialysis (6x6 hr cycles against distilled deionized water), lyophilized, and stored in 

sterile 1´ PBS at a concentration of 15 wt% at 4 °C for further use. The molar concentrations of 

functional groups on POH and POA were calculated by 1H-NMR (600 MHz, Bruker) and titration 

(ManTech automatic titrator, 0.1 M NaOH titrant, 1 mg/mL polymer solution), while the molecular 

weights of POH and POA were determined by aqueous gel permeation chromatography. See 

Support Information Table S1 for full characterization data and methodologies for the precursor 

polymers.  

Cell culture 

    NIH 3T3 fibroblasts (ATCC) and C2C12 myoblasts (ATCC) were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM, Life Technologies) with 10% fetal bovine serum (FBS, 

ThermoFisher) and 1% penicillin-streptomycin (ThermoFisher) in a gas plasma-treated 

polystyrene petri dish (VWR). Both 3T3 fibroblasts and C2C12 myoblasts were cultured to ~80% 

confluency before use.  Non-treated petri dishes (Fisher Scientific) were used to culture both bulk 

and nanofibrous hydrogel-encapsulated cells to ensure that no driving force was present for cells 
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to migrate from the scaffolds to adhere on the petri dishes. All cells were incubated at 37°C and 

5% CO2. 

Preparation of cell-loaded electrospun nanofibrous hydrogels  

     Poly (ethylene oxide) (PEO, Mw = 600,000 g/mol, Sigma-Aldrich) was dissolved in sterile 

DMEM at a concentration of 5 wt%.  Subsequently, 0.25 mL of PEO solution was added to 0.25 

mL POH or POA solution (both at 15 wt%) to form the POH+PEO and POH+POA precursor 

electrospinning solutions with a net concentration of 7.5 wt% POH or POA and 2.5 wt% PEO.  

Cells were added to the POH+PEO precursor solution by centrifuging a 1 mL cell suspension 

(1´106 cells/mL) and suspending the resulting cell pellet in the POH+PEO precursor solution. 

Subsequently, 0.5 mL of the POH+PEO+cells suspension and 0.5 mL of POA+PEO solution were 

loaded into separate barrels of a double-barrel syringe equipped with a static mixer (MedMix L 

series, 2.5 mL capacity). An 18 G blunt needle was connected to the end of the static mixer, and a 

10 kV potential difference was applied between the needle and a patterned collector consisting of 

multiple wires separated by a 1 cm air gap (Glassman High Voltage, 0 to 20kV, 700 µA, 115 V 

1PH AC input).  A syringe pump was used to pump the precursor solutions at a rate of 10 µL/min 

for one hour for electrospinning, after which the (dry) scaffold was immediately transferred into 

the DMEM growth media.  Cell-free controls were performed using the same parameters but 

excluding cells from the POH-PEO precursor solution.  The entire protocol was conducted inside 

a biosafety cabinet to maintain sterility, with the humidity for all experiments maintained between 

23-26% RH. The resulting cell densities for 3T3 and C2C12-loaded electrospun hydrogels were 

4600 ± 2500 cell/cm2 and 4200 ± 1300 cells/cm2 respectively (20 images analyzed per sample). 

Preparation of cell-loaded bulk hydrogels 
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    The precursor solutions were prepared as described above for the electrospun scaffolds but 

omitting the PEO electrospinning aid, resulting in POH and POA concentrations of 15 wt% in the 

pre-gel solutions; note that the 7.5 wt% solutions as used for electrospinning cannot form bulk 

gels; gelation is possible with the lower concentrations in electrospinning only because of solvent 

evaporation during the spinning process to increase the polymer concentration.  The same double 

barrel syringe used for electrospinning experiments was used to extrude hydrogels into a rubber 

mold of diameter 9 mm and thickness 2 mm, with macroscopic gelation apparent after ~30 

minutes.  Hydrogels were maintained at room temperature for one hour (to be consistent with the 

electrospinning protocol) and then transferred into DMEM media and cultured using the same 

techniques as the electrospun scaffolds. 

Mechanical properties of scaffolds 

The Microsquisher (CellScale Biomaterials Testing, Waterloo, Canada) was used to measure the 

elastic properties of electrospun cell-loaded scaffolds. Samples were loaded on the instrument by 

puncturing them with forks consisting of 5 pins (diameter 254 µm) spaced 7 mm apart.  The forks 

were then attached to a 559 µm gauge cantilever to allow for high-resolution mechanical 

measurements.  Samples were stretched to 10% elongation over at least 15 cycles, using with 

loading and recovery durations of 20 seconds each and relaxation times of 5 seconds. The thickness 

of tested samples was ~50 µm. See Support Information Video S1 for a visual description of the 

testing method. 

Microscopic analysis of cell-loaded scaffolds 

    Scanning electron microscopy (SEM, Tecan Vega II LSU instrument) was used to observe both 

scaffold and cell morphologies after electrospinning. All SEM images were collected at a voltage 

of 10 kV using a working distance of 6 mm.  SEM samples were prepared by mounting the 



 8 

electrospun scaffolds on a SEM stub and subsequently sputter coating the scaffolds with gold to 

prevent charging.  Confocal laser scanning microscopy (CLSM, Nikon) and fluorescence 

microscopy (FL, Axiovert 200, Carl Zeiss) were used to track cell live/dead responses, the 

proliferation of cells within the scaffolds, and cell morphologies after fluorescence staining using 

excitation wavelengths described in the following sections relevant to each assay conducted.  

Bright field (BF) images were also collected to correlate the cell location with the fibrous network.  

Confocal z-stack images (3D view) were collected by scanning planes at 10 µm intervals (the 

approximate diameter of the cells used) from the bottom to the top of the electrospun scaffold, 

using the same imaging parameters as used to collect the 2D images for each plane.  For cell 

proliferation tracking, all parameters such as the voltage, offset, and gain were kept the same from 

day 1 to day 18, allowing for accurate tracking of the fluorescence emitted per cell in the CFSE 

assay.  

CFSE staining for cell tracking 

    Carboxyfluorescein diacetate succinimidyl ester (CellTraceTM CFSE, ThermoFisher) was used 

to label cells to track proliferation and assess morphology. For proliferation assays from fresh 

samples and to assess the distribution of cells within the electrospun scaffolds, 3T3 or C2C12 cells 

were pre-stained with CFSE stock as per the manufacturer’s protocol and then electrospun as 

described previously.  For freeze-thaw proliferation assays, pre-encapsulated 3T3 cells were 

stained one day following the thawing of the scaffold, again using the same protocol but adding 4 

x 3 mL washes in PBS to ensure any stain not taken up by cells is removed from the hydrogel 

scaffold.   For cell morphology assays, pre-loaded 3T3 or C2C12 were stained with CFSE (using 

the recommended protocol with the additional washes) on the day the morphology assessment was 
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conducted (i.e. following either 1, 5, 7 and 18 days of cell culture).  In this latter assay, 

paraformaldehyde stock (PFA, Sigma-Aldrich, 3 wt%) was used to fix the cells prior to imaging.  

Far Red staining for cell tracking 

In addition to CFSE, Far red (CellTraceTM CFSE, ThermoFisher) was used to label cells to track 

proliferation within the freeze-thawed cell-loaded scaffolds. Cells were stained with Far Red stock 

solution following the manufacturer’s protocol at the first day after thawing, after which the same 

imaging procedure as outlined for CFSE tracking was conducted.  

Rhodamine 123 labeling of POA  

    Rhodamine 123 (Sigma Aldrich) was used to label the POA precursor polymer to enable 

imaging of the polymer distribution within the nanofibrous electrospun hydrogels in the dry and 

swollen states. Rhodamine 123 (5 mg) was mixed with POA precursor solution (1 g, 15 wt% in 

deionized water) for 24 hours under magnetic stirring to form a Schiff base that was subsequently 

reduced to a stable secondary amine linkage via the addition of sodium cyanoborohydride (8.25 

mg, 10 mol eq. to rhodamine 123, 48 hours under stirring).  The resulting labeled polymer was 

purified via dialysis (6x6 hr cycles against distilled deionized water), with the final rhodamine 

123-labeled POA product lyophilized and stored in a 15 wt% solution in 1x PBS at 4 °C.  

Cell viability assays  

    Cytotoxicity of polymer precursors  For assessing the cytotoxicity of the polymer precursors, 

3T3 fibroblasts or C2C12 myoblasts were seeded in a 96 well plate at a density of 10,000 cells per 

well and incubated in 100 µL DMEM at 37°C and 5% CO2 for 24 hours. The plate was then washed 

with PBS and the growth medium replaced with 100 µL of DMEM containing POH, POA, and/or 

PEO, at concentrations ranging from 1 to 2 mg /mL, with cells then incubated for an additional 24 

hours. Subsequently, the medium (with the materials) was removed and replaced with 90 µL of 
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fresh DMEM and 10 µL of PrestoBlue reagent (ThermoFisher), followed by an additional one 

hour incubation step at 37°C. Cell viabilities were estimated using a plate reader (Infinite M200 

Pro, Tecan) to measure fluorescence (560 nm excitation/ 590 nm emission), with the result 

normalized to a cell-only (non-treated) control. Cell viabilities in the polymer precursor solutions 

used for electrospinning (7.5 wt% of POH/POA, 2.5 wt% of PEO) following the same method.  

    Cell viabilities during electrospinning  For assessing cell viability as a function of applied 

voltage during electrospinning, a cell suspension of 100,000 cells/mL in DMEM media was 

processed at voltages of 0, 5, 10 and 15 kV using the same setup used for hydrogel scaffolds but 

increasing the feed rate to 200 µL/min (1 cm falling distance) and using a 60 mm ´ 15 mm petri 

dish petri dish as the collector to ensure all cells were collected.  Following, the cells were 

aliquoted into separate wells of a 96 well plate, with each well containing 10,000 cells in 100 µL 

DMEM.  Cells were cultured at 37°C for 24 hours before assessing viability using the same 

PrestoBlue protocol outlined above.  For assessing cell viability as a function of dehydration time, 

cells were seeded in a 96 well plate at a density of 10,000 cells per well in 100 µL DMEM at 37°C 

for 24 hours.  Following, the DMEM was removed and the plate was left in the incubator for 

defined times.  Cell viability following different media-free exposure times was then assessed 

using the same PrestoBlue protocol outlined previously.  For assessing cell viability as a function 

of cell stress during electrospinning, a cell suspension of 1,000,000 cells/mL was centrifuged and 

the cell media was replaced PEO (600 kDa) dissolved in PBS at different concentrations (1 wt%, 

2 wt% and 3 wt%). The cell suspension in PEO was then loaded in a 3 mL syringe and electrospun 

into a 60 mm ´ 15 mm petri dish at voltages of 0, 5, 10, and 15 kV using feed rate of 200 µL/min 

and a 1 cm falling distance.  The (liquid) product was then transferred into a 96 well plate at a 
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concentration of 10,000 cells/well in 100 µL of DMEM+PEO solution. Cells were cultured at 37°C 

for 24 hours before assessing viability using the same PrestoBlue protocol outlined above.  

    Live/dead assay  For assessing cell viability within the electrospun nanofibrous hydrogels and 

the conventional bulk hydrogels, a calcein AM/ethidium homodimer-1 (Et-D) LIVE/DEAD assay 

(ThermoFisher) was used following the manufacturer’s protocol except using longer incubation 

time (~1.5 h) at room temperature to allow the dyes to fully penetrate into the gel phase and an 

additional 4 x 3 mL PBS washes to ensure any non-bound dye was fully removed from the gel 

scaffold.  

Frozen cell-matrix preparation 3T3 cell-loaded nanofibrous hydrogels were produced via 

electrospinning as previously described. After 1 h of electrospinning, the electrospun matrix was 

immediately immersed in liquid nitrogen (-195°C) without adding any additional cryoprotectants 

and left frozen in liquid nitrogen for 3 weeks.  Following, the frozen scaffold was placed in pre-

heated 37°C DMEM growth media (with 10 % FBS and 1% PS) to thaw and then, without any 

further purification steps, placed in an incubator and cultured over times ranging from 1 to 18 days.  

Cell viability (LIVE/DEAD assay) and proliferation (CFSE assay) were assessed as previously 

described for the fresh scaffolds.   

 

RESULTS AND DISCUSSION 

Cell viability following electrospinning 

POEGMA-hydrazide (POH) and POEGMA-aldehyde (POA) were synthesized by free radical 

polymerization as previously described32 (Support Information Table S1), with neither precursor 

polymers exhibiting significant cytotoxicity to either 3T3 mouse fibroblasts or C2C12 mouse 

myoblast cells used herein as proof-of-concept cells (Support Information Figure S1a-b).  
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Nanofiber precursor solutions were then prepared consisting of 7.5 wt% POH/POA and 2.5 wt% 

poly(ethylene oxide) (PEO, Mw=600,000 g/mol) in a sterile mixture of 1:1 phosphate buffered 

saline (PBS) and DMEM cell medium; PEO was added as an electrospinning aid to ensure 

sufficient chain entanglement to create nanofibers32. 3T3 or C2C12 cells (106 cells/mL) were 

suspended in the POH+PEO precursor solution, after which both precursor solutions were loaded 

into a double barrel syringe equipped with a static mixer (to ensure intimate mixing between the 

precursor polymers) and electrospun onto a stationary parallel electrode collector (Figure 1A). 

Both 3T3 and C2C12 cells also maintained high viabilities when exposed to the nanofiber 

precursor solutions (Support Information Figure S1c).  Electrospinning 3T3 and C2C12 cells alone 

under high voltage resulted in very high cell viability (91% for 3T3 and 98% for C2C12 at 15 kV, 

Support Information Figure S1d), consistent with previous reports that indicated minimal cell 

death due to the low (~700 mA) current used for electrospinning35. Furthermore, despite the fact 

that scaffolds were collected “dry”, cells electrospun without any scaffolding materials maintained 

high viabilities after 1 h in dehydrated conditions at 37 °C (91% for 3T3 and 83% for C2C12, 

Support Information Figure S1e). The high hygroscopicity of the gel scaffold would significantly 

prolong this viability when cells are co-electrospun with the scaffolding materials, although all 

scaffolds were still collected after 1 h of electrospinning since this time is sufficient to allow for 

the fabrication of a uniform self-supported cell-loaded patch.  This processing time is orders of 

magnitude faster than typical approaches reported, which commonly require hours/days long 

solvent extraction/porogen removal and diffusive post-loading of cells. Similarly, when cells were 

electrospun in PEO-only solutions, the viscosity of which (Support Information Table S2) can 

induce additional shear stresses on the cells during the fiber stretching process36, high cell 

viabilities were again achieved provided voltages did not exceed 10 kV (Support Information 
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Figure S1f-g). As such, neither the polymer precursors nor the electrospinning process 

significantly impacted cell viability.  

 

 
Figure 1. Reactive electrospinning can fabricate mechanically strong cell-loaded nanofibrous hydrogel 
scaffolds. (A) Schematic diagram demonstrating the reactive cell electrospinning process for cell 
encapsulation in nanofibrous hydrogels in a single, all-aqueous step. (B) Cell-loaded POEGMA electrospun 
scaffolds before and after manual stretch. Scale bars = 1 cm. (C) Stress-strain curve of a dry cell-loaded 
electrospun mat. (D) Cyclic tensile test of dry cell-loaded scaffold (10% elongation, 15 cycles) 
demonstrating the elasticity of the dry scaffolds. (E) Electrospun scaffold containing cells before and after 
swelling in 1´ PBS. Scale bars = 1 cm. (F) SEM images of POEGMA nanofibers electrospun with and 
without 3T3 cells. Scale bars = 20 µm. 
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Mechanical and morphological properties of cell-loaded scaffolds 

The electrospun cell-loaded scaffold was easy to handle and could be physically stretched 

without breaking (Figure 1B and Support Information Video S1), with a dry tensile modulus of 

~100 kPa. (Figure 1C).  Repeated tensile cycling at 10% elongation indicated the highly elastic 

properties of the scaffold in the dry state (Figure 1D and Support Information Video S1). The 

hydrogel nanofibers reswelled within one minute when immersed back into DMEM or PBS to 

form a nearly transparent matrix that maintained stability and shape over ~30 days of incubation 

time (Figure 1E and Support Information Video S1); in contrast, PEO-only electrospun scaffolds 

without the gelling POEGMA component dissolved fully within seconds.32 The presence of cells 

during the electrospinning process slightly increased the average nanofiber diameter from 0.4 ± 

0.1 µm in the absence of cells to 0.8 ± 0.2 µm (with 3T3 cells) or 0.7 ± 0.3 µm (with C2C12 cells) 

(Figure 1F and Support Information Table S3).  This result is consistent with the applied voltage 

being less effectively stretching the nanofibers during the electrospinning process in the presence 

of large and elastic cells, although the nanoscale fiber dimensions are maintained. The nanofibrous 

scaffold structure was maintained following swelling (Figure 2A-B), with the swollen fiber 

diameter of 2.2 ± 0.2 µm significantly smaller than achieved by even the best existing 3D printing 

processes (Support Information Figure S2). 
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Figure 2. Electrospun cells can remain hydrated and assume different morphologies within nanofibrous 
hydrogel scaffolds. (A) Confocal images of 3T3 cells pre-stained with CFDA-SE (CFSE, green) and 
POEGMA electrospun nanofibers pre-stained with Rhodamine 123 (Rhod, red) imaged in fluorescence 
mode (488 nm and 563 nm excitation) and bright field (BF) mode in the dry and swollen states. Scale bar 
= 20 µm. (B) 3D confocal reconstructions of the nanofiber and cell distributions of dry (top) and swollen 
(bottom) scaffolds. Scale bars = 200 µm. (C) SEM images of 3T3 fibroblasts and C2C12 myoblasts 
electrospun within POEGMA hydrogel nanofibers and PEO fibers. Scale bars = 5 µm. (D) Cell diameter 
distributions of 3T3 fibroblasts (n=56) and C2C12 myoblasts (n=64) electrospun within POEGMA 
hydrogel nanofibers and PEO fibers. (E) Proposed mechanism for the formation of rounded and elongated 
cells depending on the position of the cells relative to the Taylor cone during electrospinning. Scale bars = 
5 µm. (F) Bright field and fluorescence microscope images of 3T3 cells pre-stained with CFDA-SE show 
cells with both rounded (entrapped) and elongated (encapsulated) morphologies; the correspondence of the 
cell positioning between the light field images and the CFSE-stained fluorescence images confirm the 
identity of the cells in each image. Scale bars = 50 µm. All electrospun POEGMA nanofibers were prepared 
using 7.5 wt% POH/POA mixed with 2.5 wt% PEO; PEO-only fibers were prepared with 2.5 wt% PEO 
only (10 kV, 1 h). 
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Morphologies of encapsulated cells 

     SEM images of cells within the nanofibrous scaffolds (i.e. dried and under vacuum) exhibited 

cell average diameters of 15 ± 6 µm for 3T3 and 10 ± 3 µm for C2C12, identical to the diameters 

of fresh cells in DMEM suspension (14 ± 2 µm for 3T3 and 12 ± 2 µm for C2C12); in contrast, 

cells electrospun in a PEO-only matrix were significantly smaller (5 ± 2 µm for 3T3 and 6 ± 2 µm 

for C2C12) (Figure 2C-D and Support Information Table S3).  This result demonstrates the unique 

capacity of the hydrogel scaffold to bind water and thus supporting a hydrated environment around 

the cells even when the scaffold is macroscopically dry, allowing cells to maintain their 

morphology even in a vacuum. 

     Two clearly distinct cell morphologies are evident for both 3T3 and C2C12 electrospun cell 

scaffolds (Figure 2E-F and Support Information Figure S3).  The majority of cells (~90% in both 

scaffold types, as per image analysis) were rounded and appear to be physically entrapped between 

a web of nanofibers (Figure 2E) and/or surrounded by sheaths of nanofibers when thicker scaffolds 

were prepared (Support Information Figure S3a-b).  However, a significant sub-population of cells 

(~10% in both scaffold types) appeared significantly elongated and encapsulated within nanofibers 

(Figure 2E), with both the position of the cells and direction of elongation corresponding directly 

to that of a single or a few aligned nanofibers (Support Information Figure S3c-d).  This result is 

consistent with statistical probabilities of cells streaming beside the Taylor cone (i.e. nanofibers 

form independently to entrap cells between fibers) or within the Taylor cone (i.e. a gel sheath forms 

directly around cells) during the electrospinning process. 
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Figure 3. Electrospun nanofibrous hydrogels can maintain significantly higher cell viabilities and uniquely 
support cell-matrix interactions relative to bulk hydrogels of the same composition. (A-B) Confocal images 
of 3T3 cells encapsulated in (A) bulk hydrogels or (B) electrospun nanofibrous hydrogels of the same 
chemical composition after 3 days and 7 days of incubation showing live cells (green, 488 nm), dead cells 
(red, 561 nm), the overlay between the green and red channels, and 3D images showing the distribution of 
cells throughout the scaffold volume. Scale bars = 200 µm.  (C) Comparison of cell morphology of 3T3 
cells within bulk and nanofibrous hydrogels of the same chemical composition following 1, 3, 5, and 7 days 
of incubation (n=4). Scale bars = 10 µm. Cell density = 1´106 cells/mL in all cases. 3T3 cells were post-
stained using CFDA-SE and fixed using PFA prior to imaging.  
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Cell viability in nanofibrous hydrogel scaffolds 

    To investigate the viability of cells within the electrospun scaffolds, a calcein AM/ethidium 

homodimer-1 LIVE/DEAD stain was used to characterize cells within the scaffolds 3 and 7 days 

post-electrospinning (Figure 3A-B; see Support Information Figure S4 for C2C12 results).  

Significantly more live cells (green) and fewer dead cells (red) were observed after 3 days of 

incubation in the electrospun hydrogel scaffolds compared to bulk hydrogels of an identical 

chemical composition. Furthermore, in the bulk hydrogels, cells staining as green (alive) tended 

also to stain red, indicative of apoptotic cells37 (yellow in the composite image, Figure 3A); such 

cells are not evident in the electrospun nanofibrous gel (Figure 3B).  This difference becomes even 

more distinct after 7 days, with 3D confocal microscopy images demonstrating that an increasing 

percentage of the cells in the nanofibrous hydrogels remained viable (suggestive of proliferation 

of live cells inside the matrix) while only apoptotic or dead cells were found in the bulk hydrogels 

(Figure 3 and Support Information Figure S4).  Interestingly, this viability difference is observed 

even though the bulk hydrogels were never dried (i.e. they were extruded and in situ-gelled all in 

the hydrated state) while the electrospun scaffolds were macroscopically dry during the fabrication 

process, a processing difference that would in most cases result in significantly lower cell viability 

in the dried (electrospun) scaffolds but here shows the opposite. This difference in cell viability is 

matched by a clear difference in cell shape, with cells entrapped within the bulk hydrogel 

remaining spherical and small over the full seven-day assay while cells in the electrospun 

nanofibrous hydrogel appearing both larger and more asymmetric in shape, the latter consistent 

with the formation of adhesions with the cell scaffold (Figure 3C).  Note that plating cells on top 

of the same POEGMA hydrogel in 2D results in almost complete suppression of cell adhesion38, 

consistent with the high hydrophilicity of POEGMA-based hydrogels previously reported39.  As 
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such, the nanofibrous morphology significantly enhances the capacity of cells to interact with the 

matrix and thus remain viable over extended periods, although the role of the nanofibrous scaffold 

in enhancing for nutrient/waste transport is likely also to contribute to the improved cell viability 

observed. 

 

Figure 4. Cells can proliferate and spread within electrospun nanofibrous hydrogels. (A-B) Confocal 
fluorescence microscopy images of 3T3 (A) and C2C12 (B) cells after 1, 5, 7 and 18 days of cell culture 
demonstrating increasing cell number over time; subset images show the concurrent changes in cell 
morphology as a function of culture time. Scale bars = 50 µm. (C-D) 3D confocal microscopy images of 
3T3 (C) and C2C12 (D) cells encapsulated in POEGMA hydrogel nanofibers after 1 day and 18 days. Scale 
bars = 200 µm. All cells were post-stained using CFDA-SE (488 nm, green) and fixed using 3 wt% PFA 
prior to imaging. (E) Volumetric 3T3 and C2C12 cell densities measured via ImageJ analysis of 3D 
confocal microscopy images in Figure 4C-D as a function of culture time, confirming cell proliferation 
within the electrospun scaffolds. All cells were post-stained using CFDA-SE and fixed using PFA prior to 
imaging (n=3 images per sample).  (F) Histogram of 3T3 cell number versus fluorescence intensity per cell 
of 3T3 cells at 1, 3, 5 and 7 days calculated via CFDA-SE staining and the 2D confocal microscopy images 
in Support Information Figure S5c (n=4, 2 images per sample for analysis). (G) Mean fluorescence 
intensities and normalized 3T3 cell numbers at 1, 3, 5 and 7 days culture times from (e) (n=4, 4 images per 
sample for calculation). Cell density = 1´106 cells/mL. 
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Cell proliferation in nanofibrous hydrogel scaffolds 

Cell proliferation within the nanofibrous hydrogel scaffolds was subsequently tracked via long-

term (18 day) incubation of the cell-loaded scaffolds in growth media.  Both 3T3 and C2C12 cells 

proliferate within the electrospun hydrogel scaffolds in all three dimensions, with 3D confocal 

microscopy images indicating that cells uniformly fill the full volume of the nanofibrous hydrogel 

scaffold (Figure 4A-D, Support Information Figure S5a-b).  Image analysis of the 3D confocal 

microscopy images suggest a ~4-fold increase in cell density for C2C12 cells and a ~3-fold 

increase in cell density for 3T3 cells between day 1 and day 18 of cell culture (Figure 4E).  A 

simultaneous increase in cell number and decrease in fluorescence intensity per cell were also 

observed for each cell type using the CFSE assay tracking 2D sections of the scaffolds as a function 

of time (Figure 4F-G and Support Information Figure S5c), confirming that the increase in cell 

number is a result of the proliferation of live encapsulated cells as a parent cell splits its 

fluorescence between two daughter cells.  Proliferation was not observed when either 3T3 or 

C2C12 cells were plated on a non-treated petri dish (i.e. no cell adhesion), while a similar degree 

of cell proliferation was observed between the 3D nanofibrous hydrogel and cells plated directly 

on a treated (i.e. adhesive) 2D petri dish assay (Support Information Figure S6).  Coupled with the 

clear asymmetrical cell morphologies observed at incubation times of 5 days and later within the 

nanofibrous hydrogel networks (Figure 4), these results confirm that electrospun gel scaffolds can 

support cell-scaffold interactions and subsequent proliferation within the scaffold.   
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Figure 5. Electrospun nanofibrous hydrogels can maintain cell viability and cell proliferative ability after 
a freeze/thaw cycle without additional cryoprotectants. (A) Schematic of the process to prepare, freeze, and 
thaw an electrospun tissue patch. (B) Comparison of normalized cell viabilities of fresh and frozen 3T3 
cells loaded in POEGMA electrospun scaffolds confirming that the nanofibrous scaffolds could protect 
cells during freezing. (n=4, calculated from 3D confocal images). (C) Histogram of 3T3 cell number versus 
fluorescence intensity per cell of 3T3 cells following a freeze/thaw cycle after 1,3, 5, 7 and 18 day culture 
times, calculated from confocal images (Support Information Figure S8a) using CFDA-SE staining (n=4, 2 
images per sample for analysis). (D) Mean fluorescence intensities and normalized 3T3 cell number 
following a freeze/thaw cycle after 1, 3, 5, 7, and 18 day culture times (n=4, 3 images per sample for 
calculation). (n=4, 4 images per sample for calculation). (E) Comparison of proliferation of 3T3 cells with 
and without freezing at 1, 3, 5 and 7 days calculated from 2D confocal images using CFDA-SE staining. 
(F-G) Confocal microscopy of 3T3 cells within fresh (F) and frozen (G) POEGMA nanofibrous scaffolds 
captured by 2D (top) and 3D (bottom) images after 18 day culture. Cell density = 1´106 cells/mL in all 
cases. 3T3 cells were post-stained using CFDA-SE and fixed using PFA prior to imaging. 
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Storage-stable tissue patches following a freeze/thaw cycle 

Given the capacity of the scaffold to bind water and promote cell adhesion/proliferation, the 

potential of reactive cell electrospinning to create ready-to-use tissue patches that could be frozen, 

thawed, and used as needed by a patient was next assessed.  Electrospun 3T3 cell scaffolds were 

quick frozen in liquid nitrogen immediately after the 1 hour electrospinning experiment, stored 

frozen for 14 days in liquid nitrogen, thawed in pre-warmed DMEM at 37 °C, and then cultured 

identically to the fresh scaffolds (Figure 5A).  High cell viability was maintained within the 

scaffold after the freeze/thaw process despite the fact that no cryoprotectants were used, with 80% 

viability after 1 day and 87% after 7 days compared to a fresh scaffold (Figure 5B).  A similar 

clear increase in the number and percentage of viable cells was observed via live/dead assay results 

(Support Information Figure S7a).  Cell shape changed from rounded immediately after thawing 

to irregular at day 18 (Support Information Figure S7b), consistent with the capacity of cells to 

adhere to the matrix (as observed with fresh scaffolds, Figure 3C).  Furthermore, the proliferative 

capacity of 3T3 cells within the 3D electrospun matrix was maintained even after freezing and 

cryostorage (Support Information Figure S7c), with both CFSE (Figure 5C-D) and Far Red 

(Support Information Figure S8) assays indicating the same concurrent increase in cell density and 

decrease in fluorescence intensity per cell between day 1 and day 18 consistent with cell division 

events. Indeed, very similar rates of cell proliferation were observed within the fresh and 

frozen/thawed scaffolds without any apparent lag period in cell proliferation as is often observed 

following conventional cryostorage (Figure 5E, F-G and Support Information Video S2), 

suggesting minimal if any cell stress as a result of the freeze/thaw process; we expect that the 

absence of a required cryoprotectant eliminates the induction period. Together, these observations 

suggest that the electrospun scaffolds can themselves serve as a cryoprotectant for cells without 
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the need for the additives or step-wise freezing protocols.40–42 We attribute this result to the 

combination of the macroscopic drying of the scaffold during electrospinning (leaving minimal 

non-bound water to freeze) and the capacity of the hydrogel nanofibers to bind water and thus 

prevent large-scale ice crystal formation43,44.  In this manner, reactive hydrogel cell electrospinning 

allows for one-step fabrication of a functional cell-loaded tissue patch that can be stored between 

fabrication and use, a significant potential benefit in terms of translating cellularized scaffolds to 

the clinic. 

 

CONCLUSIONS 

In summary, we have demonstrated that reactive electrospinning of hydrazone-crosslinkable 

POEGMA polymer precursors can create cellularized nanofibrous hydrogel scaffolds in a single 

and rapid all-aqueous processing step by simply adding cells to one of the precursor polymer 

solutions.  Cells maintain both high viability as well as proliferative capacity following fabrication, 

in contrast to conventional bulk hydrogels of the same composition.  In addition, the capacity of 

the hydrogel nanofibers to retain bound water both prevents dehydration (and thus cell death) 

during electrospinning and maintains cell viability and proliferative capacity following a 

freeze/store/thaw cycle.  Together, these properties offering the possibility of creating ready-to-

use cellularized tissue patches that can be stored and used immediately as required in therapeutic 

applications without requiring any purification or additional scaffold preparation steps at the point 

of care, in contrast to other existing cellularized scaffolds.  
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