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Abstract

Thiol-norbornene photoclickable PEG-based (PEG-NB) hydrogels are attractive biomaterials 

for cell encapsulation, drug delivery, and regenerative medicine applications. Although many 

crosslinking strategies and chemistries have been developed for PEG-NB bulk hydrogels, 

fabrication approaches of PEG-NB microgels have not been extensively explored. Here, we 

present a fabrication strategy for 4-arm amide-linked PEG-NB (PEG-4aNB) microgels using 

flow-focusing microfluidics for human mesenchymal stem/stromal cell (hMSCs) encapsulation. 

PEG-4aNB photochemistry allowed high-throughput, ultra-fast generation, and cost-effective 

synthesis of monodispersed microgels (diameter 340 ± 18, 380 ± 24, and 420 ± 15 μm, for 

6, 8, and 10 wt% of PEG-4aNB, respectively) using an in situ crosslinking methodology in a 

microfluidic device. PEG-4aNB microgels showed in vitro degradability due to the incorporation 

of a protease-degradable peptide during photocrosslinking and encapsulated cells showed excellent 

viability and metabolic activity for at least 13 days of culture. Furthermore, the secretory profile 

(i.e., MMP-13, ICAM-1, PD-L1, CXCL9, CCL3/MIP-1, IL-6, IL-12, IL-17E, TNF-α, CCL2/

MCP-1) of encapsulated hMSCs showed increased expression in response to IFN-γ stimulation. 

Collectively, this work shows a versatile and facile approach for the fabrication of protease-

degradable PEG-4aNB microgels for cell encapsulation.

Graphical Abstract

Monodispersed PEG-NB microgels are fabricated using an ultra-fast generation and cost-effective 

in situ crosslinking methodology in a microfluidic device. PEG-NB microgels are synthetized 

by varying the initial macromer concentration (6, 8 and 10 wt%), and incorporating a protease-

cleavable crosslinking peptide, which provides degradation properties to the microgels. The 
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methodology allows human mesenchymal stem/stromal cells (hMSCs) encapsulation with high 

viability and functionality (e.g., secretory activities).
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1. Introduction

Hydrogel microparticles, or microgels, have emerged as versatile biomaterial platforms 

for diverse biomedical applications due to their modularity, injectability (i.e., delivery 

via minimally invasive techniques), and enhanced integration with host tissue. [1] 

Various microgel fabrication strategies for cell encapsulation have been investigated using 

natural and synthetic polymers,[1c] including microfluidic-based routes that allow high-

throughput production of monodispersed microparticles.[1a] The synthesis of poly(ethylene 

glycol) (PEG)-based microgels using microfluidic technology has been explored for cell 

encapsulation and drug delivery applications[1a, 2] due to the ability of this synthetic 

chemistry to decouple biochemical, physical, and mechanical properties, enabling tunability 

of critical network parameters and a highly controlled cellular microenvironment. In 

recent years, thiol-norbornene (thiol-ene) photoclickable PEG-based macromers have gained 

special attraction for the fabrication of hydrogel microparticles for drug delivery and cell 

encapsulation applications.[3] PEG-norbornene (PEG-NB) photochemistry provides several 

advantages in comparison to other photocrosslinking methodologies based on vinyl- or 

methacrylated macromers, such as PEG-acrylate or PEG-methacrylate.[3a] PEG-NB gelation 

reaction occurs at stoichiometric ratios and physiological pH with a low concentration 

of radicals during crosslinking, which reduces the cytotoxicity derived from the presence 

of free radicals and unreacted components compared to chain-growth polymerization 

processes. In addition, the degree of network homogeneity of crosslinked PEG-NB gels is 

high in comparison to random chain-growth crosslinking reaction because of the absence 

of homopolymerization between norbornene groups. This fact, together with the high 
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stoichiometric control of the reaction, permits facile incorporation of cysteine-containing 

peptides or thiolated ligands via photoconjugation to the polymer backbone. Moreover, 

and importantly, PEG-NB photochemistry is less sensitive to oxygen inhibition, which 

increases its efficiency and gelation kinetics several orders of magnitude in comparison 

to acrylate-based chain growth photopolymerization (e.g., polyethylene glycol diacrylate 

(PEGDA)).[3a, 3c] As such, PEG-NB photopolymerization is an attractive mechanism to 

produce microgels for cell encapsulation, especially using microfluidic technologies due 

to the fast crosslinking conditions. PEG-NB microgel synthesis has been reported using 

different biofabrication techniques [2c, 4] for several biomedical applications, [1c, 3b, 3c, 4d, 5] 

including cell microencapsulation. [3c, 4c, 5b] For example, Xin and coworkers [4b] fabricated 

PEG-NB microgels that could be assembled into 3D scaffolds to encapsulate hMSCs. 

Microgels were fabricated using electrospraying technique and the scaffolds showed a 

3D permissive environment due to microporosity that provided a means to regulate cell 

spreading and mechanosensing. In other work, [4a] they applied the electrosprayed PEG 

microspheres as ink for 3D printing of building blocks. Another study [5b] explored 

the use of dithiol crosslinkers with different lengths for the fabrication of PEG-NB 

microspheres with different shapes to encapsulate 3T3 fibroblasts. They demonstrated that 

the crosslinker length offers a versatile approach to tune hydrogel dynamics. Although flow-

focusing microfluidics has been explored for the fabrication of PEG-NB microparticles, 

these fabrication protocols are based on crosslinking of the microparticles after collection, 

which can lead to higher polydispersity and makes necessary the use of sophisticated and 

expensive continuous phases (e.g. fluorocarbon-based oils) in the microfluidic device to 

prevent microparticles from merging during collection when they are not fully crosslinked. 
[3c, 4c, 4e, 5b, 6] Moreover, these oils are extremely difficult to remove. In this study, 

we describe the synthesis of PEG-NB based microgels using an in situ crosslinking 

approach that allows the high-throughput and ultra-fast production of monodisperse 

protease-degradable microgels in a flow-focusing microfluidic device for cell encapsulation.

Degradable microgels containing encapsulated cells are of special interest because the 

material persistence and mechanical properties will play a key role on the host tissue-

encapsulated cell crosstalk and immune-related processes after implantation. [2b] Whereas 

degradable PEG-NB bulk hydrogels have been previously investigated, [7] this modality 

has barely translated to microgels fabricated through microfluidics-based polymerization. 

Jiang et al. [4c] developed dissolvable PEG-NB microgels using a fast-degrading macromer 

poly(ethylene glycol)-norbornene-dopamine (PEGNB-Dopa) to fabricate microporous 

scaffolds containing hMSCs. The microgels could be used as sacrificial porogens since 

they rapidly dissolved upon contacting with an aqueous solution, provided an excellent 

method to fabricate cell-laden macroporous hydrogels. However, recent efforts have focused 

on microgels with tunable degradability.[2b, 4c, 5a, 8] In our group, different linkages of 

ester and amide groups within thiol-ene groups of PEG-NB were examined to improve 

in vivo hydrogel stability.[7a] The in vitro and in vivo degradation of 4-arm ester-linked 

PEG-NB (PEG-4eNB) macromer-based hydrogels was compared to 4-arm amide-linked 

PEG-NB (PEG-4aNB) macromer-based gels, and we showed that replacement of the 

ester linkage for an amide group significantly mitigates the rapid in vivo degradation 

of PEG-4eNB hydrogels but maintains equivalent mechanical and crosslinking properties. 
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Moreover, PEG-4aNB showed high cytocompatibility for encapsulated human mesenchymal 

stem/stromal cells (hMSCs) and rat islets, indicating their suitability as biomaterial platform 

for cell encapsulation applications. Herein, we present a synthesis strategy based on 

flow-focusing microfluidics for the generation of monodispersed PEG-4aNB microgels for 

hMSC encapsulation. Moreover, we explored the incorporation of a protease-degradable 

peptide in the PEG-4aNB microgel backbone to provide microgels with a precise control 

over degradation rates, in contrast to previously reported degradable PEG-NB microgels, 

whose hydrolytic degradation occurs in 2 h upon contact with buffer solution.[4c] We 

demonstrate that monodispersed protease-degradable microgels can be fabricated using in 
situ crosslinking approaches in a high-throughput and rapid manner without the need of 

expensive continuous phases. Three different PEG-4aNB macromer concentrations (6, 8 

and 10 wt%) were analyzed for microgel fabrication and hMSC encapsulation. PEG-4aNB 

microgels showed controlled in vitro degradability in presence of collagenase I, and 

this approach is compatible with hMSCs encapsulation with sustained cell viability and 

increased metabolic activity over 15 days. Additionally, we investigated the secretory profile 

of encapsulated hMSCs in the microgels for 23 different analytes upon stimulation with 

interferon-gamma (IFN-γ) and observed significant cytokine upregulation, indicating the 

immunoregulatory potential of the encapsulated cells in PEG-4aNB microgels.

2. Experimental Section

2.1 Microfluidics Device Fabrication

PDMS microfluidic devices were prepared as previously reported [9]. Briefly, PDMS was 

cast using soft lithography and SU8 masters with microfluidic device patterns and heated to 

110 °C for 20 min. The resulting PDMS microfluidic devices were removed from the wafer, 

bonded to glass slides, and heated overnight to 70 °C.

2.2 PEG-4aNB Microgel Fabrication

Microgels were fabricated using a flow-focusing microfluidic device with a 300 μm nozzle 

containing a serpentine channel at the outlet (Figure 1). Three PEG-a4NB macromer 

(20 kDa, Jenkem Technologies) concentrations (6, 8 and 10 %wt) were evaluated for 

the formation of microgels. PEG-a4NB was conjugated to thiol-PEG-FITC (1.0 mM, 

1 kDa, Nanocs) to facilitate microgel visualization and characterization. The aqueous 

phase consisted of a polymer solution of PEG-4aNB, 2.0 mM of RGD (GRGDSPC, 

Vivitide) as adhesive ligand, VPM (protease-degradable peptide at 4.2, 6.1, and 8.0 mM 

for 6, 8, and 10 wt% of PEG-4aNB, respectively, GCRDVPMSMRGGDRCG, Genscript) 

as crosslinker peptide, and 3.0 mM of lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) as photoinitiator agent. These reagents were dissolved in 10 mM HEPES in PBS. The 

continuous phase consisted of mineral oil (Sigma) with 2% SPAN80 (Sigma). Polymer 

droplets were crosslinked using UV light (OmniCure S2000 Spot UV Curing System 

equipped with a 365 nm filter and a collimator, Excellitas Technologies) at an intensity 

of 32 mW/cm2 in the serpentine channel of the device (in situ approach) or after collection 

in a 15 mL Falcon tube. Flow rates for aqueous and continuous phase were adjusted to 

18 μL/min and 33 μL/min, respectively. Microgels were washed four times after collection 

to remove continuous phase using cell strainers (40 μm nylon mesh, PluriStrainer®) and 
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centrifuged at 350g for 5 min. Post collection irradiated microgels were used as comparison 

for quality control of the in situ microgel fabrication protocol.

2.3 Microgel Characterization

Microgel size distributions for each macromer concentration and methodology were 

analyzed using a Biotek Cytation 3 spectrophotometer after fabrication and purification. 

Fluorescence images of the microgels were acquired with Biotek Cytation software through 

its “Read Image” function with a 1.25X objective and GFP 469/525 nm filter cube. Droplet 

diameter was measured using the cellular analysis plug-in in the Cytation Gen Software 

as previously described.[2b] Microgel samples for in situ and post-collection approaches 

were placed in a Greiner Bio-One SensoPlate™ 24 Well Flat-Bottomed microplate with 

lid. The diameter of at least 100 microgels for each microgel composition and approach 

was recorded. Collected data is from a minimum of three independent runs per approach. 

For microgel degradation analysis, microgels were incubated in 3.9 units/mL collagenase I 

solution in PBS at 37 °C. For qualitative degradation evaluation, images of the microgels 

were taken via confocal microscopy after 1 hour and 5 days of incubation. Quantitative 

degradation of ~220 microgels for each microgel composition in PBS (control) and 

collagenase I solution was evaluated by tracking the fluorescence signal of FITC release 

at 1 h, 1 and 5 days of incubation at 37 °C. Microgels were placed in 24 trans-well plates 

and collagenase solutions or PBS were added to the well (n = 3 per group and condition). 

The fluorescence signal was measured using the BioTek Synergy H4 microplate reader after 

transferring 100 μL of the microgel degradation solution to a black-opaque Costar® 96 

well-plate. Final fluorescence was calculated by subtracting the fluorescence value of the 

control (PBS) to the collagenase I sample per time and microgel composition.

Microgel crosslinking density was evaluated for 8 wt% composition using diffusion nuclear 

magnetic resonance (NMR).[10] Data were recorded using a Bruker AV3 NMR spectrometer 

operating at a 1H frequency of 400 MHz using the Diff50 Diffusion Accessory. The 

Stimulated Echo sequence was used with a delay Δ = 20 ms between gradients with a 

duration of δ = 1 ms. Spectra were recorded for a total of 64 gradient steps varying linearly 

to values up to 1500 G/cm. The decay of spectral densities in the NMR spectrum measured 

as a function of the gradient strength was used to determine the Brownian self diffusion (i.e., 

translational motion) of individual moieties such as water or the polymer. The samples for 

this study were in situ crosslinked PEG-4aNB microgels for 8 wt% composition (prepared as 

described in section 2.2) and PEG-4aNB hydrogels with the same composition prepared and 

crosslinked using the same parameters for comparison.

2.4 Cell Encapsulation

hMSCs were obtained from the Institute for Texas A&M Health Science Center College 

of Medicine Institute for Regenerative Medicine at Scott & White. The hMSCs were 

harvested from the bone marrow of a 24-year-old healthy male donor under IRB-approved 

protocols (donor number 8801).[11] Cells showed positive expression (>95%) for CD90, 

CD105, CD73a and negative (<2%) for CD34, CD19, CD11b, CD45, CD79a, HLA-II, 

CD14, and were confirmed Mycoplasma sp negative. Cells were cultured in α-Minimum 

Essential medium (α-MEM, ThermoFisher/GIBCO) containing fetal bovine serum (FBS, 
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16.5%, ThermoFisher/GIBCO), L-glutamine (2 mM, ThermoFisher/GIBCO), penicillin 

(100 units/mL, ThermoFisher) and streptomycin (100 μg/mL, ThermoFisher). Cells were 

maintained at 37 °C and CO2 (5%) and subcultured at 70–80% confluence. Cells at 

passages 2–5 were used for all experiments. For cell encapsulation in microgels, cells were 

trypsinized, pelleted by centrifugation, and resuspended in polymer mix solution at a final 

density of 1.2×106 cells/mL. Synthesis of microgels containing hMSCs was performed as 

described in section 2.2, but the encapsulated cells in the microgels were washed with media 

to remove the continuous phase.

2.5 hMSC Viability and Metabolic Activity

PEG-4aNB microgels with encapsulated hMSCs were statically cultured for 15 days in 

complete α-MEM, which was replaced with fresh media every 3 days. At selected time 

points, microencapsulated cells were removed from culture and stained for 15 min with 

BioTracker 405 Blue Mitochondria dye at final concentration of 1 μM for live cells (Sigma) 

and TOTO™−3 Iodide dye at final concentration of 1 μM for dead cells (Thermofisher) 

to analyze cell viability. At least 200 cells were imaged at each time point using confocal 

microscopy (Zeiss LSM 710). Viability over time was calculated by taking the ratio of live 

cells to total cells (mean ± standard deviation). Metabolic activity of the encapsulated cells 

over time was evaluated using the alamarBlue™ reagent (Invitrogen). Microgels containing 

hMSCs were cultured in 24 trans-well plates for 13 days. At selected time points (1, 4, 7 

and 13 days), culture media was replaced by 10% v/v solution of alamarBlue™ in α-MEM. 

After 4 h of incubation at 37 °C, alamarBlue™ solution was collected and replaced by 

α-MEM, and alamarBlue™ fluorescence of each sample extract was measured at 525/590 

nm (excitation/emission) in a BioTek Synergy H4 microplate reader.

2.6 Paracrine Secretory Profile Analysis

Paracrine factor secretion for hMSCs encapsulated in PEG-4aNB microgels was evaluated 

under the presence of interferon-γ (IFN-γ) as a stimulant. An average of 128 microgels 

containing hMSCs per group were cultured overnight in α-MEM in 24 trans-well plates, 

then the media was replaced by α-MEM solution containing IFN-γ at a final concentration 

of 50 ng/mL, and the encapsulated cells were cultured for 24 h. Cell supernatant was 

collected and centrifuged at 14,000g for 20 min at 4 °C. Samples were analyzed for 23 

analytes using a custom Luminex® Assay (R&D Systems) following the manufacturer’s 

instructions. Secretory factor expression for hMSCs encapsulated in PEG-4aNB microgels 

was analyzed by hierarchal clustering, multivariate discriminant analysis, and correlation 

clusters using JMP Pro 15 (JMP Software from SAS; Cary, NC). Hierarchal clustering used 

Ward Method clustering method, with data standardized by analyte.

2.7 Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8 (Graph-Pad Software Inc., La 

Jolla, CA). For cell viability and alamarBlue™ assays, two-way ANOVA was performed 

to study significant differences in cell viability percentages and metabolic activity among 

samples. For individual cytokine data, one-way ANOVA was used to find significant 

differences among samples. All data represented as mean ± standard deviation (SD).
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3. Results

3.1. PEG-4aNB Microgels Synthesis and Characterization

Photopolymerizable PEG-4aNB[7a] was used for the fabrication of hydrogel microparticles 

(i.e., microgels) using flow-focusing microfluidics. PEG-4aNB macromer was 

functionalized via Michael type addition with a linear thiol-PEG-FITC molecule for 

microgel tracking and RGD peptide as adhesive ligand. Figure 1a describes the PEG-4aNB 

photopolymerization reaction applied for microgel generation in the microfluidic device 

using VPM as protease degradable crosslinker and LAP as photoinitiator. PEG-4aNB 

degradable microgels were fabricated using a flow-focusing microfluidic device with 

a serpentine channel segment at the outlet (Figure 1b). Aqueous solution, containing 

the functionalized macromer at different polymer concentrations (6, 8, and 10 wt%), 

crosslinking agent, and photoinitiator, was pumped into the microfluidic device through 

one of the independent inlets and focused to the continuous phase to allow water/oil 

emulsion and droplet generation. Once microdroplets were generated, they flowed through 

the serpentine channel and were either: (i) directly irradiated with UV light inside the 

device (i.e., in situ crosslinking); or (ii) irradiated with UV light after collection (i.e., 

post-collection crosslinking). For the first approach, the serpentine channel was essential to 

increase residence time of the microgels in the device and ensure microparticle crosslinking.

In situ crosslinked microgels showed more uniform size distributions for every polymer 

formulation in comparison to post-collection crosslinked microgels (Figure 2a). In situ 
crosslinked microgels for every polymer concentration showed homogeneous, round 

morphologies with low coefficients of variation (CV<6%) in size compared to microgels 

crosslinked after collection, which showed %CV values >35% (Figure 2b). Remarkably, 

in situ crosslinked microgels showed CV values of 5%, 6%, and 3%, for 6, 8 and 10 

wt%, respectively, demonstrating the efficacy of the in situ crosslinking methodology to 

obtain PEG-4aNB microparticles with tight size distributions. For the in situ crosslinking 

approach, flow rates of aqueous and continuous phases were optimized to prevent the 

formation of pre-crosslinked hydrogel particles that could clog the device. Thus, high flow 

rates (18 μL/min and 33 μL/min, for aqueous and continuous phases, respectively) were 

used, which also provided a high-speed methodology for microgels fabrication (260 ± 

35 microgels/min), being able to run 100 μL of polymer solution in ~5 min. PEG-4aNB 

microgels synthesized via in situ crosslinking showed an increasing average size as the 

macromer concentration increased, obtaining diameter values of 340 ± 18, 380 ± 24, and 

420 ± 15 μm for 6, 8 and 10 wt%, respectively. These values correlated well with the nozzle 

size of the microfluidic device (300 μm), showing a slightly larger size after purification 

and incubation in PBS probably due to swelling, an effect that was more evident for 10 

wt% formulation. PEG-4aNB microgels crosslinked after collection showed higher diameter 

values in comparison to in situ crosslinked microgels with very high standard deviation 

values, 520 ± 200, 670 ± 460 and 590 ± 210 μm for 6, 8 and 10 wt%, respectively. 

These results demonstrate that in situ crosslinking of microgels in the microfluidic device 

is a better methodology to fabricate homogeneous and monodisperse PEG-4aNB microgels 

in comparison to traditional post-collection crosslinking approaches. Crosslinking degree 

for in situ crosslinked PEG-4aNB microgels was evaluated using diffusion NMR (Figure 
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S1). 8 wt% microgel composition was compared to 8 wt% PEG-4aNB bulk hydrogels 

fabricated under the same experimental conditions. Translational motion in a crosslinked 

polymer network will exhibit restricted length scales, which are well below the length scale 

associated with the spatial distribution of crosslinks, which is in the sub-μm range. In fact, 

no significant decay was observed for the stimulated echo of the polymer chains of the 

microgel and the hydrogel even at the highest achievable gradient strength. This indicates 

the absence of translational motion below the detection limit of the experiment (D < 5 × 

10−13 m2/s corresponding to a mean-square displacement below 0.1 μm during the selected 

time interval of Δ = 20 ms). For comparison, significant Brownian diffusion could be 

measured for the non-crosslinked polymer solution (D = 1.64 × 10−11 m2/s, corresponding to 

a measurable mean square displacement of 0.8 μm).

Proteolytic degradation of PEG-4aNB microgels in the presence of collagenase I was 

assessed by tracking the amount of PEG-FITC released into solution. Since PEG-FITC 

is covalently linked to the PEG-4aNB macromer, its release is indicative of the degradation 

of the polymer network.[2b] PEG-FITC release significantly increased over time for every 

polymer concentration in the presence of collagenase I (Figure 2c), confirming that 

microgels can be proteolytically degraded. No significant differences were found between 

microgel compositions after 1 hour and 1 day of incubation, whereas significant differences 

were observed for longer times (i.e., 5 days) for 6 and 8 wt% when compared 10 wt% 

microgels. Microgel degradation was confirmed by fluorescence microscopy, showing no 

microgels present after 5 days of incubation in collagenase I. In contrast, microgels 

incubated in PBS (negative control) did not show morphological changes, maintaining their 

round and homogeneous shape over time (Figure 2d).

3.2. Cell Encapsulation In PEG-4aNB Microgels Using In Situ Crosslinking Approach

The in situ crosslinking approach was evaluated for encapsulation of hMSCs in PEG-4aNB 

microgels. A hMSCs suspension was mixed with the functionalized macromer solution 

and pumped into the device as previously described. Cells were successfully encapsulated 

in PEG-4aNB microgels and confocal images of live/dead staining for encapsulated 

cells showed high cell viability over 15 days of culture for every microgel composition 

(Figure 3a,b). After 3 days of culture, encapsulated hMSCs proliferated and started to 

colonize the microgel surface, showing a spread morphology. After 15 days of culture, 

encapsulated hMCSs had colonized the whole microgel surface (Figure 3a). Quantitative 

analysis of encapsulated hMSCs viability indicated that cell viability was slightly reduced 

after microgel encapsulation in comparison to initial hMSCs viability after trypsinization 

(84±2%), which is attributed to handling during washing steps and direct UV irradiation 

during in situ crosslinking. Nevertheless, cell viability was maintained over time for 8 and 

10 wt% microgels (Figure 3b). A significant decrease of cell viability was observed for 

encapsulated hMSCs in 6 wt% microgels after 13 days of culture, which might be due to 

softer matrix obtained for this formulation compared to 8 and 10 wt% microgels.

Metabolic activity of encapsulated cells was analyzed by alamarBlue assay (Figure 3c), 

showing increasing fluorescence signals over time for every microgel formulation. These 

results indicate that encapsulated hMSCs exhibited metabolic activity over time that was 
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positively correlated to the increasing macromer concentration in the PEG-4aNB microgels, 

with higher metabolic activity for hMSCs encapsulated in 10 wt% microgels, followed by 8 

and 6 wt%, respectively.

3.3. Multiplex Secretome Analysis of Encapsulated MSCs in PEG-4aNB Microgels

Analytes secreted by hMSCs (i.e., secretome) exert powerful therapeutic actions on tissue 

regeneration processes,[12] and some of them have also been proposed as surrogate potency 

markers of hMSCs.[11, 13] To assess the secretome profile of encapsulated hMSCs in 

PEG-4aNB microgels, we performed a 23-plex analyte panel assay by stimulating the cells 

with IFN-γ. Figure 4a shows the heat map and two-way hierarchal clustering analysis of 

analyte secretion in presence and absence of IFN-γ for 6, 8 and 10% microgel formulations. 

As expected, hMSCs cultured in presence of IFN-γ showed a higher secretion of the 

evaluated analytes for all microgel compositions, confirming their stimulation via IFN-γ. 

Significant differences are observed for 10 wt% microgel concentration, which had the 

lowest analytes secretion in absence of IFN-γ, but were significantly upregulated upon 

IFN-γ stimulation. Figure 4c shows the individual analysis for secreted analytes that showed 

statistical differences after IFN-γ stimulation for the different PEG-aNB concentrations. 

Among all analytes, programmed cell death protein 1 (PD-L1), matrix metalloproteinase 

13 (MMP-13), intercellular adhesion molecule 1 (ICAM-1), and chemokine ligand 2 or 

monocyte chemoattractant protein 1 (CCL2/MCP-1) were significantly higher for every 

microgel formulation in the presence of IFN-γ. MMP-13 plays a key role in the breakdown 

of cartilage and progression of osteoarthritis through the cleavage of collagen II, being a 

promising target for the treatment of the disease.[14] ICAM-1 is a cell surface glycoprotein 

and an adhesion receptor that is best known for regulating leukocyte recruitment from 

circulation to inflammation sites, being recognized as a key regulator of many essential 

tissue functions.[15] Among analytes that were only significantly upregulated in 10 wt% 

PEG-4aNB microgels, we found macrophage inflammatory protein-1 alpha (CCL3/MIP-1), 

three interleukin cytokines (interleukin-6 (IL-6), interleukin-12 (IL-12), and interleukin-25, 

also known as IL-17E), and tumor necrosis factor alpha (TNF-α). The family of IL-6 

and IL-12 plays critical roles in different immune responses.[16] For its part, IL-17E is a 

unique cytokine of the IL-17 family that triggers the expression of type 2 immunity-related 

cytokines.[17] Finally, chemokine ligand 9 (CXCL9) was significantly upregulated in the 8 

and 10 wt% microgel formulation. CXCL9 is an important immunoregulatory factor that 

acts as a T-cell chemoattractant and regulates PD-L1 in several types of cancer.[18]

4. Discussion

Thiol-norbornene (thiol-ene) photoclickable PEG-based hydrogels are versatile biomaterials 

for tissue engineering and regenerative medicine applications.[3a, 3c, 7a] Its unique 

photopolymerization reaction provides several advantages when compared to other 

photocrosslinkable polymers like vinyl- or methacrylate-based macromers (e.g., PEG-

acrylate, PEG-methacrylate). Among the main advantages, we highlight that (i) PEG-NB 

reaction takes place in physiological conditions and does not need high radical concentration 

during the initiation step compared with chain-growth polymerization reactions; (ii) 

the gelation reaction occurs in a stoichiometric ratio, which minimizes the chemical 
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toxicity due to the reduced presence of unreacted components; and (iii) the step-growth 

photopolymerization process is less sensitive to oxygen inhibition compared to other 

acrylate-based polymers such as PEGDA. [2c, 3a, 3c] These properties render the PEG-

NB crosslinking reaction a fast and highly cytocompatible methodology in comparison 

to acrylated-based traditional photopolymerization processes.[3a] Therefore, we present a 

rapid and facile microfluidic technique for the fabrication of PEG-NB microgels for cell 

encapsulation. Microfluidics fabrication of PEG-NB microgels has been previously explored 

using fluorocarbon or silicone-based oils as continuous phases to avoid microparticle 

merging during collection.[3c, 4c, 4e, 5b, 6] The selection of an optimal continuous phase for 

droplet-based microfluidic generation of microgels plays a key role in the high-throughput 

generation of highly monodisperse microparticles[19]. The use of these sophisticated oils 

as continuous phases not only makes the fabrication process orders of magnitude more 

expensive, but also technically more complicated, since they are difficult to remove from 

the aqueous phase during microgel purification. [3c] In this study, we compared in situ 
and post-collection crosslinking approaches using a flow-focusing microfluidic device for 

microgel generation (Figure 1), and we demonstrated that in situ irradiation of the polymer 

droplets in the device led to monodispersed microparticles only using the traditional and 

cost-effective mineral oil/SPAN80 mixture as a continuous phase (Figure 2). To the best of 

our knowledge, none of the published protocols for the generation of PEG-NB microgels is 

based on the use mineral oil as a continuous phase. With this microgel fabrication approach, 

we were able to tune the microgel formulation by changing the macromer concentration 

from 6 to 10 wt% and obtained homogeneous microparticles for the 3 different PEG-4aNB 

microgel groups. In addition, microgel sizes for all 3 formulations fabricated with the in 
situ crosslinked approach showed similar diameter when compared to the nozzle size of 

the microfluidic device, as opposed to PEG-4aNB microgels crosslinked after collection. 

This aspect would facilitate the modulation of the microgel size by simply modifying 

the nozzle size of the microfluidic device, as we have previously shown for maleimide-

functionalized PEG macromers.[1a] One of the main advantages of using microfluidic 

techniques is the high-throughput generation of homogeneous microparticles in a short 

amount of time, but high-throughput fabrication is not always directly related to high 

speed generation. Our in situ crosslinking approach provides a rapid and high-throughput 

protocol for microgels synthesis using a high flow rate (18 μL/min for polymer phase) 

that allows to run 100 μL of polymer solution in 5 min, being significantly faster in 

comparison to other microfluidic techniques reported for microgel fabrication.[1a, 3c] Due 

to the lack of homopolymerization between norbornene groups of the macromer and 

the orthogonal reactivity between norbornene and thiol group,[3a] PEG-NB crosslinking 

reaction allows the photoconjugation of cysteine containing peptides or thiolated proteins 

to modify the polymeric network properties. RGD adhesive ligand and PEG-thiol were also 

conjugated to the polymer network, providing the microgels with excellent cell adhesive 

and visualization properties. Moreover, our PEG-4aNB microgels were crosslinked with the 

protease-degradable peptide VPM. Thus, the microgels could be easily degraded in presence 

of collagenase I (Figure 2c and d). For long-term periods of incubation in collagenase I (i.e. 

5 days), faster degradation kinetics were observed for 6 and 8 wt% formulations compared 

to 10 wt%, which is likely due to the less dense polymer network of the lower polymer 

concentration microgels. These results show the ability to tune microgel properties with 
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this microfluidic approach. Recently, our group demonstrated that the in vivo degradation 

of norbornene-based PEG hydrogels can be tuned by changing the linkage groups within 

the thiol-ene PEG. We showed that by substituting the 4-arm ester-linked PEG-norbornene 

(PEG-4eNB) by an amide linkage (PEG-4aNB), the rapid degradation of PEG-4eNB could 

be mitigated and the in vivo stability of the PEG-NB hydrogels improved, providing a 

non-degradable in vivo platform for different applications.[7a] This work opened the door 

for the generation of PEG-NB biomaterials with more controllable degradation rates due 

to the photoconjugation of enzymatically degradable peptides in the polymer backbone, 

as shown in the current study. Thus, we present an attractive and facile approach to 

fabricated protease-sensitive degradable microgels that can be potentially applied for cell 

delivery applications. This approach offers several advantages when compared to previous 

reported degradable PEG-NB microgels, which showed an ultra-fast hydrolytic degradation 

upon contacting with aqueous solution,[4c] such us stimuli-dependent degradation, tunable 

degradation rate, and extended residence time for biomaterial engraftment when implanted.

Thiol-ene photocrosslinking reaction of PEG-NB has arisen as a suitable technique for 

2D and 3D cell encapsulation and culture mainly due to the mild gelation conditions 

that occurs at physiological pH and the low concentration of free radicals generated 

during the photopolymerization process.[3a, 3c, 7a] Here, we demonstrate that hMSCs 

can be successfully encapsulated in PEG-4aNB microgels at 6, 8 and 10 wt% polymer 

concentration. Encapsulated cells showed excellent cell viability and metabolic activity 

for 13 days of culture, and even though no longer culture times where explored, 

these results demonstrate the potential of PEG-4aNB microgels as biomaterial platforms 

for long-term cell culture. Encapsulated hMSCs showed excellent cell morphology and 

spreading, colonizing the whole microgel surface at 15 days (Figure 3a). Cell viability 

was reduced after microgel encapsulation in comparison to pre-encapsulation viability 

(~84%). Several studies have demonstrated that even though photopolymerization is a mild 

and cytocompatible crosslinking mechanism, long-wave UV light (315–400 nm) can have 

detrimental effects on cell viability. However, these studies also demonstrated that UV 

light exposure did not induce significant changes in gene expression or differentiation 

capacity of MSCs, being able to maintain their functionality.[20] In our approach, relatively 

high cell viability during encapsulation process is favored due to mild conditions of thiol-

ene photopolymerization, the high flow rates of the microgels in the microfluidic device 

that reduces the exposure time of the cells to UV light, and also to the relatively low 

UV irradiation intensity (32 mW/cm2) necessary for the successful crosslinking of the 

hydrogel microparticles in comparison to other UV-light mediated encapsulation protocols 

that apply UV irradiation intensities up to 100 mW/cm2.[3c] We posit that the decreased 

cell viability after encapsulation is impacted by the washing steps when cells remain 

without media for a short period of time. Cell metabolic activity showed significantly 

higher metabolic activity, inferred to reflect cell proliferation, over time for every microgel 

composition. hMSCs encapsulated in 8 and 10 wt% PEG-4aNB microgels demonstrated 

significantly higher metabolic activity at 13 days of culture in comparison to 6 wt% 

microgel formulation. These results support the conclusion that PEG-4aNB microgels 

provide a suitable microenvironment with high cytocompatibility for cell encapsulation 
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and cell carrier applications, which are critical parameters for therapeutic cell delivery 

applications together with sustained cell viability after photoencapsulation process.

hMSCs have attracted a deep therapeutic interest as a promising cell source for the 

treatment of degenerative and inflammatory diseases.[11, 21] Although this interest was 

first focused in the ability of hMSCs to differentiate into different cell lineages and their 

self-renewal capacity, investigations have attributed hMSC therapeutic effects to paracrine 

signaling via the secretion of bioactive factors that influence tissue remodeling processes 

and trigger immunomodulatory responses.[12, 22] We analyzed the secretome profile of 

hMSCs encapsulated in PEG-4aNB microgels for 23 different analytes. Our results showed 

that the analytes were upregulated in the presence of the stimulating factor IFN-γ. 

Individual analysis of secreted analytes demonstrated that the encapsulated hMSCs in 10 

wt% PEG-4aNB microgels showed generally significant higher secretion of the analytes 

that were upregulated upon IFN-γ stimulation when compared to the other two PEG-4aNB 

formulations. These results correlate well with the significant higher metabolic activity 

found for encapsulated hMSCs in 10 wt% microgel formulation. Among analytes with 

increased expression for hMSCs encapsulated in PEG-4aNB microgels, CXCL9 and PD-L1 

are of particular interest.[18, 23] CXCL9 chemokine has been identified to play a key immune 

checkpoint inhibition in preclinical cancer models, [18a] together with other two family 

members, CXCL10 and CXCL11, and arising as a target for novel cancer therapy.[18, 23a] 

CXCL9 induces PD-L1 expression via CXCR3 signaling cascade.[23a] Other upregulated 

analytes in encapsulated hMSCs are related to immune responses and T-cell recruitment 

processes (i.e., IL-6, IL-12, IL-17E). Overall, these results show that the stimulation of 

encapsulated hMSCs with IFN-γ triggered the expression of analytes related to immune-

related, indicating the immunoregulatory potential and functionality of the encapsulated 

cells in PEG-4aNB microgels.

5. Conclusion

We present a rapid and facile approach to synthesize protease-degradable PEG-4aNB 

microgels with high uniformity and well-controlled size. The mild crosslinking conditions 

and microfluidic set-up permit the encapsulation of hMSCs with excellent viability and 

metabolic activity after encapsulation, which was sustained over time. Finally, the secretory 

profile of the encapsulated hMSCs showed increased expression in presence of IFN-γ. 

Cytokine upregulation was increased in hMSCs encapsulated in 10 wt% microgels. Overall, 

these results indicated the suitability of PEG-4aNB microgels cell carrier platforms. We 

envision that this synthesis approach will make a huge impact on the cell encapsulation field 

for more sensitive cell lines.
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Figure 1: 
PEG-4aNB crosslinking strategy for microgel synthesis using microfluidics. a) 

Photopolymerization reaction of PEG-4aNB functionalized with RGD and thiol-PEG-FITC 

using VPM as protease degradable crosslinking agent and LAP as photoinitiator. b) 

Schematic of microfluidic device used PEG-4aNB microgels preparation. Microgels were 

crosslinked in the device by applying UV light directly to the microfluidic device (in situ 
crosslinking) or after collection (post-collection crosslinking).
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Figure 2: 
PEG-4aNB microgel size distributions and proteolytic degradation kinetics. a) Size 

distribution histograms for 6, 8, and 10 wt% microgels for in situ crosslinked and 

post-collection crosslinked microgels approaches, accompanied by fluorescence images of 

each microgel group after purification and values for coefficient of variation (%CV). b) 

PEG-4aNB microgel diameter values for 6, 8, and 10 wt% polymer concentration for in situ 
and post-collection approaches (mean ± SD). c) Tracking of released PEG-FITC in solution 

over time for 6, 8 and 10 wt% PEG-4aNB microgels in presence of 3.9 units/mL collagenase 

I. d) Fluorescence images for 6, 8, and 10 wt% PEG-4aNB microgels in PBS as control and 

in 3.9 units/mL collagenase I after 1 hour and 5 days of incubation; *p<0.01, ***p=0.0005, 

****p<0.0001. Two-way ANOVA analysis was used to detect significant differences among 

samples.
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Figure 3: 
Cell viability and metabolic activity of encapsulated hMSCs in 6, 8 and 10 wt% PEG-4aNB 

microgels over time. a) Confocal images of Live/Dead staining after 1, 3, 7, 13 and 15 days 

of culture. Live cells are shown in blue (LIVE 405 dye), dead cells in red (TOTO-3 dye) and 

microgels in green (PEG-FTIC). b) Cell viability analysis for encapsulated hMSCs in 6, 8 

and 10 wt% PEG-4aNB microgels after 1, 3, 7 and 13 days of culture. c) Metabolic activity 

analyzed by alamarBlue assay of encapsulated hMSCs in PEG-4aNB microgels after 1, 3, 7 

and 13 days of culture. n = 4 biologically independent samples, mean ± SD; *p < 0.01, **p 

< 0.001, ***p = 0.0002, ****p < 0.0001. Two-way ANOVA analysis was used to test for 

differences among groups.
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Figure 4: 
Cytokine secretion of encapsulated hMSCs in 6, 8 and 10 wt% PEG-4aNB microgels in the 

absence and presence of IFN-γ. A) Heat map and two-way hierarchal clustering of analyte 

secretion. b) Principal components analysis (PCA) for analytes secretion. c) Individual 

analysis of factors secreted from encapsulated hMSCs in 6, 8 and 10 wt% PEG-4aNB 

microgels; n = 3 biologically independent samples, mean ± SD; *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p<0.0001. One-way ANOVA analysis was used to detect differences among 

samples.
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