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Abstract 

Biomaterial platforms are an integral part of stem cell biomanufacturing protocols. The collective 
biophysical, biochemical, and cellular cues of the stem cell niche microenvironment play an 
important role in regulating stem cell fate decisions. Three-dimensional (3D) culture of stem 
cells within biomaterials provides a route to present biophysical and biochemical stimuli such as 
cell-matrix interactions and cell-cell interactions via secreted biomolecules. Herein, we describe 
a maleimide-functionalized gelatin (GelMAL) hydrogel that can be crosslinked via thiol-Michael 
addition click reaction for the encapsulation of sensitive stem cell populations. The maleimide 
functional units along the gelatin backbone enables gelation via the addition of a dithiol 
crosslinker without requiring external stimuli (e.g., UV light, photoinitiator), reducing reactive 
oxide species generation. Additionally, the versatility of crosslinker selection enables easy 
insertion of thiol-containing bioactive or bioinert motifs. Hematopoietic stem cells (HSCs) and 
mesenchymal stem cells (MSCs) were encapsulated in GelMAL, with mechanical properties 
tuned to mimic the in vivo bone marrow niche. We report insertion of a cleavable peptide 
crosslinker that can be degraded by the proteolytic action of SortaseA, a mammalian-inert 
enzyme. Notably, SortaseA exposure preserves stem cell surface markers, an essential metric 
of hematopoietic activity used in immunophenotyping. This novel GelMAL system enables a 
route to producing artificial stem cell niches with tunable biophysical properties with intrinsic cell-
interaction motifs and orthogonal addition of bioactive crosslinks. 
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1. Introduction 

Stem cells are defined by their capacity to produce multiple different cell types and self-renew 
[1]. Stem cells are essential for maintaining multicellular systems and, therefore, are vital for 
clinical therapies to regenerate or repair entire tissues [2-5]. Mesenchymal stem cells (MSCs), 
for example, can regenerate multiple types of tissue, are immunomodulatory, and have been 
extensively explored for regenerative therapies, with over 950 clinical trials currently registered 
with the FDA [6-8]. Hematopoietic stem cell (HSC) transplants are perhaps the most widely 
used stem cell regenerative therapy and are used to treat disorders of the blood and immune 
systems, with over 24,000 HSC transplants in 2018 in the U.S. [9-12]. These examples 
showcase the potential of stem cells for regenerative medicine; however, the utility of stem cell 
therapies has been undercut by a requirement for large cell numbers coupled with the rarity of 
stem cells [13, 14]. Consequently, there is a need for in vitro culture systems for stem cells in 
order to condition or expand these rare populations prior to utilization [13-15].  
 
Biomaterials offer an advantageous route towards stem cell culture by providing a biophysical 
and biochemical structure that can potentially mimic the in vivo stem cell microenvironment or 
niche. Encapsulation of cells within a 3D hydrogel enables incorporation of extracellular matrix-
inspired ligands, mechanotransducive stimuli, and delivery of soluble factors [16-18]. 
Additionally, soluble factor and matrix interactions offer an intrinsic means to control cell-cell 
communication by mediating passive or active transport of cell-secreted factors [19-22]. In our 
lab we have demonstrated engineered domains of autocrine and paracrine signaling in 
hydrogels to mediate HSC behavior [23-25]. Using hydrogels with restricted or enhanced cell-
cell communication (autocrine vs. paracrine signaling) we, and others, have identified soluble 
factors such as TGFβ-1 and SCF implicated in stem cell fate decisions [26-29]. In addition, by 
presenting covalently-bound SCF or the cell adhesive motif, RGD, hydrogels led to increased 
HSC maintenance [30, 31]. Culture in 3D hydrogel also offers additional tunable variables such 
as nano/macrostructure, chemistry, and biophysical properties [32, 33]. 
 
Synthetic polymers, notably polyethylene-glycol (PEG), have been widely used for stem cell 
culture, as it provides a bioinert substrate with orthogonal control of material parameters, e.g., 
mesh size, mechanics, and bioactivity. However, synthetic polymers typically require additional 
functionalization through peptide linkers or interaction sites for cell viability and cell-matrix 
interactions [34-37]. Conversely, biopolymers such as fibronectin and gelatin, which are derived 
from natural materials, offer inherent cell interaction motifs. Gelatin is a commonly used 
biopolymer for stem cell culture [38-40] as it possesses intrinsic cell interaction motifs, including 
cell-adhesive RGD sites and degradation motifs for material remodeling [41, 42], which have 
been linked to enhanced stem cell maintenance and expansion [31, 43-45]. A major challenge 
facing gelatin hydrogel fabrication is the thermally reversible physical gelation process, which 
requires a low temperature (<30°C) to maintain a gel [46-48]. To circumvent this, the gelatin 
peptide backbone can be functionalized with chemical crosslinking sites, allowing for a 
chemically-crosslinked hydrogel that is stable at biologically relevant temperatures (37°C) [40, 
49, 50]. Methacrylamide-functionalized gelatin (GelMA) has become widely used [38, 41, 51-
55], with hydrogel networks formed via covalent radical-initiated crosslinking of pendulant 
methacryloyl groups functionalized along the gelatin backbone. However, this process is a 
potential drawback to cell culture as it requires UV light and a free-radical photoinitiator. 
Although small doses of UV exposure have been shown not to affect viability of cell lines, there 
is concern that the initial burst of radical formation during photopolymerization will produce 
reactive oxygen species (ROS) [56]. The sensitivity of primary stem cells and the role of ROS in 
stem cell fate decisions [57] highlights the need for a hydrogel system without the need for UV 
or radical crosslinking. Additionally, although chemical crosslinks are an effective means of 
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generating a crosslinked hydrogel network, they can hinder cell recovery, as enzymatic methods 
are required to cleave the gelatin backbone [58]. These methods negatively impact cell viability 
and can cause internalization of sensitive surface markers which are essential for downstream 
phenotyping of stem cell populations [59, 60].  
 
Beneficial modifications to a gelatin biomaterial system would enable encapsulation of stem 
cells with intrinsic material-cell interactions without the introduction of confounding ROS. Such a 
platform should also allow for the safe and gentle recovery of cultured stem cells without 
disruption of markers required for downstream analysis. Herein, we use HSCs and MSCs to 
demonstrate a novel gelatin system that leverages inherent cell-interaction motifs, high stem cell 
viability, and full recovery of stem cell markers. We describe an approach to generate 
maleimide-functionalized gelatin (GelMAL) hydrogels with tunable mechanics and the capacity 
to incorporate peptides through thiol-maleimide Michael addition click reaction without the 
generation of free radicals. We also report insertion of degradable dithiol peptides for complete 
recovery of cell surface markers. HSCs are a model system that demonstrates the utility of 
GelMAL, as ROS play an important role in hematopoiesis by influencing HSC self-renewal, 
differentiation, and cell death [61-64]. Furthermore, robust preservation of surface markers is 
essential for immunophenotyping of hematopoietic lineage cells [65, 66].  
 

2. Methods and Materials 

2.1 Synthesis of GelMAL Biopolymer  

In a 20-mL glass vial, 0.25 g of Type A porcine gelatin (Sigma-Aldrich Company, Saint Louis, 
MO) was dissolved in a mixture of 5:4 (mL:mL) DI water:DMSO (Sigma-Aldrich, Saint Louis, 
MO) at 40 ºC. Then, 3-(maleimido)propionic acid N-hydroxysuccinimide ester (prepared as 
previously reported [67]) (0.125 g, 0.47 mmol) was dissolved in 1 mL of DMSO and added to the 
dissolved gelatin. After stirring at 40 ºC for 24 h, the resulting light pink solution was diluted with 
10 mL of DI water and purified using dialysis membrane (MW cutoff 3.5 kDa, Spectrum 
Laboratories, Rancho Dominguez, CA) in DI water at 40 ºC for 5 d. Samples were aliquoted into 
5-mL batches, lyophilized, and stored at -20 ºC until further use. 
 

2.2 NMR Spectroscopy of Gelatin and GelMAL 

2.2.1 1H HMR Spectroscopy 

Degree of functionalization of gelatin and GelMAL was calculated using 1 H NMR spectrometry. 
Samples were prepared by dissolving approximately 15 mg of biopolymer in 700 µL of 
deuterium oxide (Sigma Aldrich, St. Louis, MO). NMR spectra were measured at ambient 
temperature on a Bruker Carver B500 spectrometer (500 MHz). Prior to the analysis and 
interpretation, phase correction was applied to all spectra to obtain purely absorptive peaks, 
baseline correction was applied before integrating the signals of interest, and the chemical shift 
scale was adjusted by referencing 1H NMR chemical shifts to the residual solvent peak at 4.80 
ppm in D2O. GelMAL 1 H NMR (500 MHz, D2O,): δ 7.25 (m), 6.80 (s). Degree of functionalization 
(DOF) was defined as the number of modified lysine groups. Briefly, the aromatic integral was 
set to 1 in each spectrum and the peak area of lysine methylene protons was used for 
calculation of the DOF(%) as DOF = (1 - the area of lysine methylene of GelMAL/ the area of 
lysine methylene of gelatin)x100.  
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2.2.2 1H−13C-HSQC (Heteronuclear Single Quantum Coherence) NMR Spectroscopy 

Gelatin and GelMAL samples for 2D NMR spectroscopy were prepared by dissolving 
approximately 15 mg of biopolymer in 700 μL of deuterium oxide. High-resolution 500 MHz 
NMR spectra were measured at ambient temperature on a Bruker Carver B500 spectrometer 
(500 MHz). Water suppression was not applied to prevent the distortion of nearby peaks. Prior 
to the analysis and interpretation, phase correction was applied to all spectra to obtain purely 
absorptive peaks, baseline correction was applied before integrating the signals of interest, and 
the chemical shift scale was adjusted by referencing 1H NMR chemical shifts to the residual 
solvent peak at 4.80 ppm in D2O.  
 

2.3 Hydrogel formation 

2.3.1 DTT hydrogels 

A 3 or 5 wt% solution of GelMAL was prepared by dissolving GelMAL in PBS (Gibco Invitrogen, 
Thermo Fisher Scientific, Waltham, MA) and magnetically stirring the solution in a glass vial at 
45 ºC, yielding a very light pink solution. Hydrogels were prepared by dispensing 100 µL of the 
GelMAL solution into a Teflon mold (10 mm diameter) and rested at 4 ºC for 25 min to allow for 
physical gelation. Then, the hydrogels were removed from the molds and placed into wells 
containing freshly prepared 1.25 mg/mL aqueous solution of 1,4-dithiothreitol (DTT, Sigma-
Aldrich, Saint Louis, MO) on a shaker at RT for 8 min. The DTT solution was removed from the 
wells, and the hydrogels were washed in PBS (1 mL) for 5 min (PBS wash repeated two more 
times). For MSC viability and behavior studies, 3 wt% and 5 wt% GelMAL hydrogels were 
prepared as above, with hMSCs resuspended at a density of 106 MSC/mL in GelMAL precursor 
solution prior to dispensing into a Teflon mold (5 mm diameter, 20 µL) and crosslinking with 
DTT.  
   

2.3.2 Peptide and PEG dithiol hydrogels 

For peptide-crosslinked hydrogels, a 10 mM solution of a custom-made peptide (GCRD-
LPRTG-DRCG, Thermo Fisher Scientific, Waltham, MA) was prepared in PBS degassed with 
argon for 3 h. The LPRTG motif is an uncommon sequence in mammalian proteins and is 
specifically recognized and cleaved by a bacterial enzyme, SortaseA [68]. For PEG-dithiol 
crosslinked hydrogels, a 10 mM solution of PEG-dithiol (Mn = 1,000, Sigma Aldrich) was 
prepared in PBS. Hydrogels for mechanical testing were prepared by dispensing 75 µL of a 
concentrated GelMAL solution (6.66 wt%) into a Teflon mold (10 mm diameter, 100 µL). 
Crosslinking was initiated by addition of 25 µL peptide or PEG-dithiol solution for a final 
concentration of 5 wt% GelMAL and 2.5 mM crosslinker. The filled molds were kept at RT (25 
°C) for 20 min during the gelation process. For cytotoxicity and ROS assays, 5 wt% GelMAL 
hydrogels were prepared as above, with primary hematopoietic stem and progenitor cells 
(HSPCs) resuspended at a density of 105 cells/mL (cytotoxicity) or 5x105 cells/mL (ROS) in the 
GelMAL precursor solution prior to dispensing into a Teflon mold (5 mm diameter, 20 µL) and 
addition of peptide crosslinker.  
 

2.3.3 GelMA hydrogels 

A 5 wt% solution of GelMA was prepared in PBS. GelMA was functionalized following previously 
defined protocols [23, 69, 70] to match the degree of functionalization in GelMAL (~80%). 
Lithium acylphosphinate photoinitiator (PI) was added to a final concentration of 0.1 wt% and 20 
µL of the solution was dispensed into a Teflon mold (5 mm diameter, 20 µL) and exposed to 
7.14 mW/cm2 UV light (λ = 365 nm) for 30 s. For cell response assays (cytotoxicity and ROS 
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assay), HSPCs were resuspended at a density of 105 cells/mL (cytotoxicity) or 5x105 cells/mL 
(ROS) in the GelMA precursor solution prior to crosslinking.  
 

2.4 Mechanical testing  

Material properties of GelMAL with increasing gelatin content and crosslinkers of increasing 
molecular weight (DTT, peptide, PEG1000-dithiol) were investigated to determine the tunability of 
the system and appropriate matching of mechanics to the in vivo HSC niche. Hydrogels of 
GelMAL-DTT (3 and 5 wt%), GelMAL-peptide (5 wt%), and GelMAL-PEG (5 wt%) were swelled 
in PBS overnight. Compressive Young’s moduli of hydrogels (3 and 5 wt% GelMAL) were 
obtained from the stress–strain curve in unconfined compression using an Instron 5943 (Instron, 
Norwood, MA) as previously described [26, 71]. In brief, samples for mechanical testing were 
compressed at a rate of 0.1 mm/min and the moduli were calculated using a custom MATLAB 
code (Mathworks, Inc., Natick, MA). Raw compression data was smoothed with a moving 
average (n = 3) and contact with the hydrogel surface was established by 10 consecutive load 
outputs above 0.005 N. The moduli were calculated from a fit to the linear regime of 15% strain, 
with an initial offset of 2.5% strain. For swelling studies, 3 and 5 wt% GelMAL-DTT samples 
were hydrated in PBS for 24 h and weighed in air and in heptane using an Archimedes 
buoyancy test kit. Samples were then dehydrated in a vacuum oven at room temperature, and 
similarly weighed. The volume of samples was determined from the mass change in air and 
heptane, using the density of heptane to calculate volume displacement. The swelling ratio is 
defined as the ratio of the volume of the swollen hydrogel to the volume of the dehydrated 
hydrogel.  
 

2.5 Cell isolation and cultures 

All work involving primary cell extraction was conducted under approved animal welfare 
protocols (Institutional Animal Care and Use Committee, University of Illinois at Urbana-
Champaign). Bone marrow cells were isolated from the crushed tibiae and femurs of C57BL/6 
female mice, age 4-8 weeks (The Jackson Laboratory, Bar Harbor, ME). The bone marrow 
suspension was lysed in ACK lysis buffer for 2 min and then washed in PBS + 5% FBS (v/v) at 
300 rcf for 10 min. Isolation of hematopoietic lineage negative was performed with EasySep™ 
Mouse Hematopoietic Progenitor Cell Isolation Kit (#19856, Stemcell Technologies, CA). For 
cytotoxicity studies, enriched lineage negative cells were further purified to obtain an enriched 
Lin- Sca-1+ c-kit+ (LSK) population using EasySep™ Mouse Sca1 and cKit Positive Selection 
kits (#18756 & #18757, Stemcell Technologies, CA). For ROS studies, a Lin- Sca-1+ c-kit+ (LSK) 
hematopoietic stem and progenitor cell (HSPC) population was isolated using a BD FACS Aria 
II flow cytometer. LSK antibodies were supplied by eBioscience (San Diego, CA), and are as 
follows: APC-efluor780-conjugated c-kit (1:160, #47-1172-81), PE-conjugated Sca-1 (0.3:100, 
#12-5981-83), and Lin: FITC-conjugated CD5, B220, CD8a, CD11b (1:100, #11-0051-82, #11-
0452-82, #11-0081-82, #11-0112-82 ), Gr-1 (1:400, #11-5931-82), and Ter-119 (1:200, #11-
5921-82 ) [10, 65, 72]. 
 
Human bone marrow-derived mesenchymal stem cells (MSCs) (Lonza, Walkersville, MD) were 
cultured in DMEM supplemented with 10% MSC-qualified fetal bovine serum (FBS, Thermo 
Fisher Scientific, Waltham, MA), penicillin/streptomycin, and plasmocin prophylactic (Invivogen, 
San Diego, CA) to prevent mycoplasma contamination. The cells were used before passage 5 
and were maintained in an incubator at 37 °C and 5% CO2. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 23, 2021. ; https://doi.org/10.1101/2021.03.22.436491doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.22.436491


7 

 

2.6 Assessment of MSC Behavior in GelMAL Hydrogels 

MSCs in 3 wt% and 5 wt% GelMAL were cultured for 72 h in DMEM supplemented with 10% 
MSC-qualified FBS, penicillin/streptomycin, and plasmocin prophylactic at 5% CO2 and 37 °C.  
 

2.6.1 Live/Dead Imaging 

The Live/Dead Fixable Staining Kit (Promocell, Germany) was used to discriminate live and 
dead cells for imaging. Briefly, hydrogels were washed with PBS and incubated in 1 mL PBS 
containing 1 µL of Fixable Dead Cell Stain for 30 min with shaking. Subsequently, hydrogels 
were washed with PBS, fixed and permeabilized, and stained with Hoescht 33342 to visualize 
cell nuclei. Control hydrogels containing dead cells were prepared by fixing hydrogels in ice-cold 
70% ethanol for 15 min (Figure S1). Hydrogels were imaged using DMi8 Yokogawa W1 
spinning disk confocal microscope with a Hamamatsu EM-CCD digital camera (Leica 
Microsystems, Buffalo Grove, IL) by taking z-stacks at 10x magnification with a step size of 5 
µm and a total depth of 200 µm. Three regions of interest were imaged per hydrogel. For 
analysis, background was subtracted from maximum intensity images using a rolling ball radius 
of five pixels in ImageJ (NIH, Bethesda, MD). Then, images were processed using CellProfiler 
to determine the percentage of live cells [73]. At least 1000 cells were imaged per hydrogel, with 
n = 3 hydrogels per group. 
 

2.6.2 F-Actin Staining and Imaging 

Hydrogels were fixed with methanol-free formaldehyde and permeabilized using Tween 20. F-
actin staining was performed using CytoPainter Phalloidin iFluor-633 Reagent (abcam, United 
Kindgom) for 1 h at RT. Hydrogels were washed and stained with Hoescht 33342 before 
imaging. Z-stacks were taken using a DMi8 Yokogawa W1 spinning disk confocal microscope 
with a Hamamatsu EM-CCD digital camera. Z-stacks had a step size of 2 µm and a total depth 
of 100 µm and were taken at 20x magnification. 
 

2.7 Assessment of HSPC behavior in GelMAL hydrogels 

2.7.1 Cytotoxicity  

5 wt% GelMAL-peptide and 5 wt% GelMA hydrogels containing 105 LSK/mL were immediately 
placed in 500 µL SFEM media (#09650, Stemcell Technologies) supplemented with 100 ng/mL 
SCF (#250-03, Peprotech, Rocky Hill, NJ) and 1% PenStrep and cultured at 5% CO2 and 37 °C. 
At time points of 1 h and 48 h samples were tested for cytotoxicity via a commercially available 
LDH-Glo™ Cytotoxicity Assay (#J2380, Promega, Madison, WI). In brief, 10 µL conditioned 
media was diluted in LDH Storage Buffer (200 mM Tris-HCl, 10% glycerol, 1% BSA, pH 7.3) 
and reacted with LDH Detection Reagent on a shaker for 1 h at RT. Immediately following the 
reaction, the samples were moved to an opaque-walled 96-well plate in triplicate and 
luminescence was read using a BioTek Synergy HT Plate Reader and Gen5 Software (BioTek 
Instruments, Inc., Winooski, VT). Relative luminescence was calculated by subtracting the 
average values from a background control (media). Values of each sample are reported as the 
mean of each triplicate, and n = 4 (GelMAL-peptide) and n = 5 (GelMA).  
 

2.7.2 Reactive oxygen species 

Purified LSK cells were encapsulated in either 5 wt% GelMAL (peptide) or GelMA (PI) at 5x105 
LSK/mL and cultured for 2 h at 5% CO2 and 37 °C in 500 µL SFEM media (#09650, Stemcell 
Technologies) supplemented with 100 ng/mL SCF (#250-03, Peprotech) and 1% PenStrep. 
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After 2 h, hydrogels were resuspended in 5 μM CellROX Deep Red Reagent, for oxidative 
stress detection (#C10422, ThermoFisher Scientific) in media and incubated for 1 h. Hydrogels 
were washed in PBS for 5 min and fixed in 4% formaldehyde for 15 mins. Hydrogels were 
washed in PBS and stained with Hoescht 33342 (1:2000) before imaging. A negative control 
was created with no CellROX reagent (Figure S2). Z-stack images were captured using a Zeiss 
LSM 710 NLO (Zeiss, Oberkochen, Germany; 40x W objective). Maximum intensity images 
were processed using CellProfiler to quantify the mean CellROX fluorescence in each cell, with 
corrected fluorescence intensity reported as the fluorescence intensity with background (three 
reference spots) removed. A total of 4 mice were used to create n = 3 samples per hydrogel 
condition, with at least 10 cells per hydrogel (n = 30 cells per condition) and 3 reference spots 
per image. 
 

2.9 Surface markers 

Lin- murine bone marrow cells were resuspended in 100 µL degradation buffer (50 mM HEPES, 
150 mM NaCl, 10 mM CaCl2, pH = 7.4) and exposed to either 100 Units Collagenase Type I, 
100 Units of Collagenase Type IV (Worthington Biochemical, Lakewood, NJ),  10 µM SortaseA 
(#13101, ActiveMotif, Carlsbad, CA) with 15 mM GGG, and a control with buffer only. After 1 h 
at 37 °C, the degradation reaction was quenched with PBS + 5% FBS and centrifuged at 300 rcf 
x 10 min. The pellet was resuspended in PBS + 5% FBS for staining. After Fc blocking, cells 
were stained with surface marker antibodies and analyzed with Fluorescence-Assisted 
Cytometry (FACs) using a BD LSR Fortessa (BD Biosciences, San Jose, CA). Propidium Iodide 
(5:1000 µL) was used for dead cell exclusion. All samples were run for a minimum of 25,000 live 
events. Compensation was setup using AbC™ Total Antibody Compensation Bead Kit 
(#A10513, ThermoFisher). All antibodies were supplied by eBioscience (San Diego, CA) and 
are as follows: PE-conjugated CD150 (1:160, #12-1502-80), APC-conjugated CD48 (1:160, 
#17-0481-80), eFluor450-conjugated c-kit (4:500, #48-1171-80), PE-Cy7-conjugated Sca-1 
(0.3:100, #25-5981-81), and Lin: FITC-conjugated CD5, B220, CD8a, CD11b (1:100, #11-0051-
82, #11-0452-82, #11-0081-82, #11-0112-82 ), Gr-1 (1:400, #11-5931-82), and Ter-119 (1:200, 
#11-5921-82 ) [10, 65, 72]. A total of 4 mice were used to create n = 3 samples per degradation 
condition.  
 

2.10 Statistical methods 

Prior to significance testing, normality and equality of variance were tested with Shapiro-Wilks 
[74, 75] and Brown–Forsythe [76, 77] respectively at a significance level of 0.05. Surface 
markers were analyzed with a one-way ANOVA. Swelling ratio was analyzed with a Student’s T-
test, and ROS studies were analyzed via Mann-Whitney U test. Elastic modulus studies were 
analyzed via a Welch-corrected ANOVA with Games-Howell post-hoc pairwise mean 
comparison. All statistical analysis was performed in R [78].  
 

3. Results 

3.1 Synthesis of GelMAL 

Functionalized gelatin macromers were generated by decorating lysine amines along the gelatin 
macromer with maleimide functional groups via NHS ester-activated peptide coupling with 
maleimide reagent M (Figure 1), which was synthesized by reacting 3-maleimidopropionic acid 
with N-hydroxysuccinimide to give maleimide intermediate M in 75% yield (Figure 1A). Gelatin 
was mixed with 0.5 weight equivalent of M in a 1:1 (v/v) DMSO:water. The solvent 
(DMSO:water) minimized unwanted side reactions between lysine amines on gelatin and the 
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maleimide group while maintaining sufficient reactivity between the amine and carboxyl. The 
resulting pH of 6.7 provided the appropriate balance between reactivity and stability of the 
maleimide, amine, and carboxyl groups; maleimide groups react selectively with thiols in a 
narrow reaction pH window (6.5-7.5), while higher pH (>8.5) favors primary amines reactions 
and increases the susceptibility of maleimides to hydrolysis [79]. The crude product was purified 
by dialysis and lyophilized to afford GelMAL as a light pink solid (Figure 1B).  
 

 

Figure 1. Chemical characterization of GelMAL A. Two-step synthetic procedure (A) B. 1H 
NMR spectrum showing the chemical shift for the olefin protons on the maleimide ring in 
GelMAL C. Stacked 1H NMR spectra of unmodified gelatin and GelMAL showing shift in peak of 
hydrogen adjacent to nitrogen in lysine upon functionalization with maleimide. 
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3.2 Chemical characterization of GelMAL 

The degree of functionalization (DOF) of GelMAL was defined as the percentage of amine 
groups from lysine and hydroxyl lysine that were functionalized with a maleimide group. The 
DOF was determined via 1H NMR spectroscopy as extensively reported previously by using the 
phenylalanine aromatic signal (7.5–6.9 ppm, integrating for 5 protons) as the reference integral 
and the decrease of the lysine ε-CH2 signal of nonmodified gelatin [54, 80] and GelMAL (2.95–
2.8 ppm). 2D NMR spectroscopy has been recently reported for gelatin and gelatin 
methacrylamide [81]; this method of analysis was performed on GelMAL to confirm the signals 
of the double bond protons of the maleimide group (6.8 ppm, integrating for 2 protons) (Figure 
S3). The measured 1H−13C-HSQC spectrum shows individual signals for each unique proton 
bonded to a 13C atom, providing more structural information than 1D 1H NMR spectroscopy [82], 
and serves as additional evidence that the lysine groups were functionalized (Figure 1C). The 
integral of this signal with respect to the reference signal was also used to calculate the DOF of 
GelMAL and ranged from 70-85%.  
 

3.3 Material properties of GelMAL hydrogel 

Mechanical properties of GelMAL hydrogels were calculated as a function of increasing gelatin 
content and increasing molecular weight of crosslinker. Hydrogels of 3 or 5 wt% were 
crosslinked with either DTT (GelMAL-DTT), PEG1000-dithiol (GelMAL-PEG) or custom-made 
peptide (GelMAL-peptide). The peptide was designed to contain an LPRTG sequence to enable 
mammalian-inert cleavage by the SortaseA enzyme. The swelling ratio measures association of 
water and can be used to predict behavior of the hydrogel on multiple length scales (micro- and 
macro-properties) [83]. Volumetric swelling ratios (wet/dry volume) of 3 wt% and 5 wt% 
GelMAL-DTT were significantly different (p-value = 0.0381), with an increased ratio in the lower 

 

Figure 2. Biophysical characterization of GelMAL hydrogels. A. Volumetric swelling ratio of 
3 and 5 wt% hydrogels. n=5 and 6 respectively. (p-value = 0.0381). B. Elastic moduli were 
determined via unconfined mechanical compression of samples crosslinked via DTT (3 and 5 
wt% GelMAL), PEG (5 wt% GelMAL), or peptide (5 wt% GelMAL). n=6. p-values displayed on 
graph. The bar height represents the mean, error bars are SD, and dots show the individual 
data points.  
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weight content hydrogel: 3 wt% = 26.5 ± 5.15 (n = 5), 5 wt% = 20.5 ± 2.85 (n = 6) (Figure 2A). 
Compression studies of GelMAL hydrogels (dia. =10 mm, DTT) at two different concentrations 
were performed to demonstrate the ability to control hydrogel stiffness. GelMAL-DTT hydrogels 
of 3 wt% vs. 5 wt% showed statistically significant (p = 0.018) differences in elastic modulus: 
E3wt% = 1.81 ± 0.80 and E5wt% = 4.58 ± 1.49 kPa (Figure 2B). Inserting a peptide or PEG1000 
crosslinker into 5 wt% GelMAL led to a significant decrease in moduli compared to GelMAL-
DTT, with EPEG = 1.72 ± 0.60 (p-value = 0.018) and Epeptide = 1.49 ± 0.66 kPa (p-value = 0.010) 
respectively (Figure 2B). Increasing weight content led to an increase in elastic modulus and a 
decrease in swelling ratio, which is expected given the increased gelatin content.  

 

3.4 Cytotoxic response to GelMAL formation  

HSC cytotoxicity in GelMAL hydrogels was compared to 5 wt% GelMA, which our lab has used 
extensively for HSC encapsulation [23, 26]. There was no detectable lactate dehydrogenase 
(LDH) in Lin- hematopoietic cell cultures 1 h post-encapsulation, setting a baseline (0) for the 
initial time point. While HSCs in GelMA hydrogels showed a slight increase in cytotoxicity after 
48 h in culture, there was no significant difference (p-value = 0.275) in cytotoxicity between 
GelMA and GelMAL samples, with a relative luminescence of 5.58x104 ± 5.65x104 and 2.07x104 
± 1.72x104 (arbitrary units) respectively (Figure S4).  

 

 
Figure 3. MSC behavior in GelMAL hydrogels A. Representative images of hydrogels 
incubated with fixable live/dead reagent show minimal staining for dead cells. Scale bar = 200 
µm B. Quantification of live cells reveals that the vast majority of encapsulated MSCs remain 
viable in 3 and 5 wt% GelMAL hydrogels. C. Phalloidin staining reveals that MSCs adopt a 
spread morphology in GelMAL hydrogels. Scale bar = 100 µm 
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3.5 MSCs are viable in GelMAL hydrogels 

To assess the ability for GelMAL hydrogels to support culture of multiple stem cell types, we 
encapsulated MSCs in hydrogels and performed live/dead viability (Figure 3A) and F-actin 
staining after 72 h. Qualitative and quantitative assessment of hydrogels stained using the 
Fixable Dead Cell Stain revealed that a majority of cells (> 95%) encapsulated in GelMAL 
hydrogels remained viable after long-term (72 h) culture (Figure 3B). Additionally, F-actin 
staining revealed that MSCs adopted spread morphologies in GelMAL hydrogels, suggesting 
the ability for the MSCs to stretch and bind to presented attachment sites (Figure 3C). 
 

3.6 Reactive oxygen species generation 

Reactive oxygen species (ROS) generated during encapsulation of HSCs can artificially age 
and negatively influence stem cell fate decisions [64, 84, 85]. The use of photoinitiated 
crosslinking  leads to increased concentration of radicals and ROS-mediated cytotoxicity 
propagate [56, 86, 87]. GelMAL, with insertable peptide crosslinks, is a route towards reducing 
ROS exposure of sensitive HSCs. Use of a dye that fluoresces when oxidized by reactive 
oxygen species showed increased oxidative stress on HSCs encapsulated in the presence of a 
photoinitiator (GelMA; Figure 4A). Comparison of total corrected fluorescence in cells 
encapsulated in conventional methacrylamide-functionalized gelatin (GelMA) versus maleimide 
crosslinked GelMAL-peptide (5 wt%) demonstrated a significant (p-value = 5.46 x 10-5) 
decrease in ROS uptake by HSCs in GelMAL (0.0290 ± 0.0137) compared to GelMA (0.0414 ± 
0.00717; Figure 4B).  
 

3.7 Recovery of hematopoietic markers  

We subsequently assessed the ability to analyze surface antigen expression of hematopoietic 
cells recovered after exposure to degradation enzymes used to degrade GelMAL-peptide 
(SortaseA) vs. GelMA (Collagenase I, Collagenase IV) hydrogels, with results compared to 

 
Figure 4. Fluorescent imaging of ROS. A. Representative images of an HSPC encapsulated 
in 5 wt% GelMA or GelMAL. Nucleus is stained with Hoescht. ROS are stained with CellROX 
(red). Images are auto-thresholded to Max/Min using ZEN lite (Zeiss Microscopy). Scale bar is 
10 µm.  B. Quantification of background corrected mean fluorescence intensity of CellROX dye 
in HSPCs encapsulated in 5 wt% GelMA (n=32) and GelMAL-peptide (n=32). Red crossbar 

represents mean, * indicates significant difference (p-value = 5.46 x10
-5
). 
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unexposed cells. SortaseA is an enzyme that specifically recognizes and cleaves the LPXTG 
motif, such as the LPRTG sequence found in the peptide crosslinker used in this study.  
Common surface markers of hematopoietic stem cells were analyzed after exposure to 
degradation enzymes (Table 1). Of the 5 surface markers tested, 3 were sensitive to the 
degradation scheme used. CD150 and c-Kit expression were both significantly lower in 
Collagenase treated samples compared to SortaseA, with p-value < 0.0001 for each condition. 
Figure 5 demonstrates a representative LSK isolation scheme where Live events are isolated 
from the Singlet events, followed by gating on the lineage negative population (Figure 5A) and 
subsequently the Sca1+ and c-Kit+ subpopulation (Figure 5B). Gating on lineage-committed 
negative cells (Lin-) is the first step to purifying hematopoietic stem cells (Figure 5A). There 
was a significant increase in Lin- cells in samples exposed to Collagenase Type I (78.4 ± 0.495 
%) or Collagenase Type IV (77.0 ± 0.739 %) compared to SortaseA (54.5 ± 11.4 %) and control 
(60.0 ± 1.41 %) cells. While the overall percentage of Lin- cells increased with collagenase 
exposure, there was a decrease in the LSK (Lin- Sca-1+ c-Kit+) hematopoietic stem and 
progenitor cell population obtained after collagenase exposure. We observed no differences in 
the fraction of identified LSK cells between control and SortaseA (5.06 ± 0.207% of all cells) 
exposed cells. However, exposure to Collagenase Type I (0.0398 ± 0.0041 %) or Collagenase 
Type IV (0.256 ± 0.0464 %) led to a significant decrease in overall identified LSK cells (p-values 
< 3.8x10-9 compared to SortaseA exposure).  

 

 
Figure 5. Representative gating strategy A. Representative FACs graphs showing gating 
hierarchy of Singlet events to dead cell exclusion to gating on lineage negative events. B. 
Identification of LSK (Lin- Sca-1+ c-Kit+) cells after exposure to degradative enzyme. All graphs 
show Lineage negative events identified using the hierarchy listed in A.  
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4. Discussion 

Material systems for stem cell culture are an important step in developing methods for 
expansion or interrogation of stem cell biology. Commonly used biomaterials, such as PEG, 
require additional insertion of cell-interaction sites or expose encapsulated stem cells to 
damaging reactive oxygen species (ROS) during crosslinking. Gelatin is a commonly used 
material for stem cell culture, and it has previously been applied to stem cell systems due to its 
poroelastic (modulus, diffusion) tunability and its inherent cell interaction sites (e.g. the cell-
adhesion site RGD). Although comprised mainly of glycine (~33%) [88], the free amines present 
in lysine groups along the backbone of gelatin offers an avenue to create a library of chemical 
modifications. We report a two-step synthesis process that leverages easily accessible and 
standard N-hydroxysuccinimide (NHS) chemistries to functionalize free amines on the gelatin 
macromer with pendulant maleimides with a high degree of functionalization (70 - 80%). This 
effort, while inspired by recent development of maleimide-functionalized PEG hydrogels [89-91] 
is to our knowledge the first report of the modification of lysine groups within a gelatin macromer 
with maleimide groups. 
 
The tunability of the GelMAL hydrogels system provides biophysical features that recapitulate 
the stem cell microenvironment. Using HSCs as a model system, the mechanical properties 
(elastic modulus, swelling ratio) of GelMAL hydrogels were tuned to match the in vivo HSC 
microenvironment (0.25 – 24 kPa) [92] which has previously been shown to maintain an HSC 
population in vitro [23]. Increasing gelatin content (3 to 5 wt%) led to 2.5-fold increase in 
modulus in DTT crosslinked GelMAL and a decrease in swelling ratio. The flexibly of the system 
offers a choice of crosslinkers, allowing for a range of modulus without loss of gelatin content, 
which possesses the required cell-interaction motifs essential for stem cell culture. By altering 
the choice of crosslinker from a small molecule (DTT, 154.25 g/mol) to a larger molecule (PEG, 
1000 g/mol; peptide, 1405.58 g/mol) there was an associated 2.5-fold decrease in modulus of 5 
wt% hydrogels.  
 
The dithiol-based crosslinking of GelMAL offers versatility to orthogonally modulate a range of 
biophysical properties without adverse cytotoxic response. Notably, we described the potential 
for insertion of a cleavable peptide (GCRD-LPRTG-DRCG), capped by two thiol-presenting 
cysteines. The inserted peptide can be cleaved using the bacterial-based enzymatic reaction of 
Sortase A (SrtA), which is highly specific to the LPXTG motif [68, 93] and is a standard in 

 
Table 1. Percent of live cells after exposure to degradative enzyme. * Indicates significance 
compared to SrtA with p-value<0.05  

% Collagenase 

Type 1

Collagenase 

Type IV
SrtA Control

Lin- 78.4  0.495 * 77.0  0.739 * 54.5  11.4 60.0  1.41

CD48- 28.3  0.689 30.3  2.28 29.5  3.73 29.8  1.70

Sca-1+ 4.83  0.176 4.45  0.323 6.20  1.44 3.64  0.421

c-Kit+ 0.133  0.044 * 0.769  0.298 * 22.1  6.04 10.1  0.467

CD150+ 0.073  0.012 * 0.453  0.137 * 5.03  0.927 3.08  0.445

LSK 0.0398  0.0041 * 0.256  0.0464 * 5.06  0.207 1.84  0.251
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protein engineering [94-96]. Gelatin-based hydrogels are commonly degraded with mammalian 
collagenases that cleave along the gelatin backbone. However, collagenase degradation is 
promiscuous and can cause degradation of essential biomarkers for hemopoietic activity. 
Collagenase Type I and the less tryptic Collagenase Type IV [97] can cleave or cause 
internalization of surface markers required for stem cell characterization. The insertion of a SrtA-
cleavable peptide during crosslinking enables degradation without injury to surface markers 
enabling accurate quantification of hematopoietic populations and biomolecular activity. Surface 
markers present on hematopoietic cells are essential for immunophenotyping assays that are 
the backbone of hematopoietic identification and isolation. We show that while exposure to SrtA 
preserved commonly used markers of hematopoietic stem cells (LSK), commonly used 
collagenase enzymes led to a loss in surface marker fidelity. This may be particularly valuable 
for rapid isolation and analysis of rare cell populations as well as to adapt approaches used to 
examine the complex secretome generated by encapsulated cells within synthetic PEG 
hydrogels now within gelatin hydrogels. 
 
Importantly, dithiol-based crosslinking of a maleimide-functionalized gelatin allows for 
successful encapsulation of primary murine hematopoietic stem cells without the introduction of 
confounding reactive oxygen species (ROS). By avoiding free radical-initiated crosslinking 
schemes, the production of ROS during encapsulation can be mitigated, as evidenced by the 
significantly decreased ROS uptake in HSCs encapsulated in GelMAL. Exposure of HSCs to 
ROS leads to a decrease in lifespan and alteration of self-renewal and differentiation pathways 
[62-64]. Additionally, the dithiolated peptide crosslinker showed no cytotoxic effect on sensitive 
HSCs even after extended culture. Similarly, MSCs encapsulated in GelMAL (DTT-crosslinked) 
have high long-term viability and the spreading morphology of MSCs within GelMAL confirms 
local cell-matrix interactions and paves the way for future studies examining dynamic 
reciprocity: the synergistic interactions between matrix and different cell types [98, 99]. Taken 
together, these data suggest that material properties of GelMAL can be tuned to mimic the in 
vivo microenvironment in a manner that reduces concerns associated with crosslinking-mediate 
ROS production and using degradation schemes less likely to cleave cell surface antigens or 
secreted biomolecules.  
 
The reported GelMAL hydrogel provides important advantages for the development of ex vivo 
culture platforms for expansion and analysis of (stem) cells in multidimensional hydrogels. The 
GelMAL hydrogel provides a route to tune biophysical properties, incorporate intrinsic cell-
interaction motifs, and add orthogonal cleavable crosslinks. The GelMAL hydrogel successfully 
encapsulated two disparate adult stem cell populations commonly localized within the bone 
marrow (HSCs and MSCs) without ROS production and retains high levels of cell viability. We 
also show the dithiol crosslinking approach enables insertion of a peptide that can be cleaved 
with a mammalian-inert proteolytic enzyme. This is an important step in furthering investigations 
into stem cell fate decisions with unhindered recovery of vital surface markers. GelMAL 
hydrogels may be particularly valuable in future studies of reciprocal signaling between multiple 
cell populations. The potential for rapid, target degradation of GelMAL via a Sortase-mediated 
reaction is critical for such studies where radical propagation or cell isolation process would 
reduce cell viability and hinder quantitative assessment of cell phenotype.  
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Figure Captions 

Figure 1. Chemical characterization of GelMAL A. Two-step synthetic procedure (A) B. 1H 
NMR spectrum showing the chemical shift for the olefin protons on the maleimide ring in 
GelMAL C. Stacked 1H NMR spectra of unmodified gelatin and GelMAL showing shift in peak of 
hydrogen adjacent to nitrogen in lysine upon functionalization with maleimide. 

 

Figure 2. Biophysical characterization of GelMAL hydrogels. A. Volumetric swelling ratio of 
3 and 5 wt% hydrogels. n=5 and 6 respectively. (p-value = 0.0381). B. Elastic moduli were 
determined via unconfined mechanical compression of samples crosslinked via DTT (3 and 5 
wt% GelMAL), PEG (5 wt% GelMAL), or peptide (5 wt% GelMAL). n=6. p-values displayed on 
graph. The bar height represents the mean, error bars are SD, and dots show the individual 
data points.  

 
Figure 3. MSC behavior in GelMAL hydrogels A. Representative images of hydrogels 
incubated with fixable live/dead reagent show minimal staining for dead cells. Scale bar = 200 
µm B. Quantification of live cells reveals that the vast majority of encapsulated MSCs remain 
viable in 3 and 5 wt% GelMAL hydrogels. C. Phalloidin staining reveals that MSCs adopt a 
spread morphology in GelMAL hydrogels. Scale bar = 100 µm 
 

Figure 4. Fluorescent imaging of ROS. A. Representative images of an HSPC encapsulated in 
5 wt% GelMA or GelMAL. Nucleus is stained with Hoescht. ROS are stained with CellROX (red). 
Images are auto-thresholded to Max/Min using ZEN lite (Zeiss Microscopy). Scale bar is 10 µm.  
B. Quantification of background corrected mean fluorescence intensity of CellROX dye in HSPCs 
encapsulated in 5 wt% GelMA (n=32) and GelMAL-peptide (n=32). Red crossbar represents 

mean, * indicates significant difference (p-value = 5.46 x10
-5
). 

 
Figure 5. Representative gating strategy A. Representative FACs graphs showing gating 
hierarchy of Singlet events to dead cell exclusion to gating on lineage negative events. B. 
Identification of LSK (Lin- Sca-1+ c-Kit+) cells after exposure to degradative enzyme. All graphs 
show Lineage negative events identified using the hierarchy listed in A.  

 

Table Captions 

Table 1. Percent of live cells after exposure to degradative enzyme. * Indicates significance 
compared to SrtA with p-value<0.05  
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Supplemental Figures  

 
Figure S1. Hydrogels containing MSCs were fixed with ice-cold ethanol to generate dead cell 
controls for fixable live/dead staining. Scale bar = 200 µm 
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Figure S2. Negative controls of GelMA and GelMAL with no CellROX staining. Scale bar = 10 
µm 
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Figure S3. 1H−13C-HSQC 2D NMR Spectroscopy. A. Spectrum of unmodified gelatin. B. 
Spectrum of maleimide-functionalized gelatin. Filled arrows point to emergence of peaks from 
maleimide. Empty arrows point to a shift from 2.89 to 3.02 ppm of the modified lysine. X-axis is 
1H and y-axis is 13C.   
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Figure S4. Relative luminescence of LDH present in GelMA and GelMAL after 48hr culture. 
Relative luminescence with background subtracted using a media control.  
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