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Statement of Purpose: Cellular spreading is important in 
that it allows cells to interact with their environment, 
including receiving cues toward proliferation and even 
differentiation1. While others have incorporated cell 
adhesivity and proteolytic degradability into synthetic 
hydrogels to induce cellular spreading2,3, none of these 
processes affords control over the extent of spreading in 
3-D. Here, we present a sequential crosslinking technique 
with acrylated hyaluronic acid (AHA) where the 
mechanism and type of crosslinking is used to support or 
inhibit spreading. Notably, the technique was designed to 
also provide spatial control over cell spreading. Although 
HA was used in this work due to its biological importance 
and past use in tissue engineering4,5, this approach is 
versatile, with a range of applications and cell types.
Methods: AHA (~40% acrylation from 1H NMR) was 
prepared via the condensation coupling of hydroxyethyl 
acrylate succinate (HEA-suc) and the 
tetrabutylammonium salt of HA (HA-TBA), purification 
by dialysis, and lyophilization. The structure of AHA and 
sequential crosslinking scheme is shown in Figure 1. In 
the primary step, AHA macromers (first reacted with 
RGDS, 1mM) underwent an addition reaction with 
bifunctional, matrix metalloprotease (MMP)-degradable 
oligopeptides to consume varying percentages of 
acrylates. The secondary step involved a photoinitiated 
radical polymerization of remaining acrylates with 10 
mW/cm2 UV light and I2959 photoinitiator. The 
mechanics (compressive modulus) and swelling at each 
step and degradation in the presence of MMP-1 (40 mM) 
were assessed for acellular gels. Human mesenchymal 
stem cells (hMSCs, Lonza, 5 x 106 cells/mL) were 
encapsulated in 3 wt% AHA hydrogels synthesized with 
photopolymerization alone or sequential crosslinking in 
which 50% or 75% of total acrylate groups were 
consumed during the primary step. After 5 days of culture 
in growth media, cells were visualized with live/dead 
staining, and the viability and aspect ratios (the longest 
divided by shortest dimension of encapsulated cells, 
measured using NIH ImageJ) were quantified. To 
spatially control cellular spreading, light was blocked 
using high resolution masks during the secondary step.  
Results: HA hydrogels increased in modulus and 
decreased in swelling with sequential crosslinking, 
dependent on the fraction of acrylates consumed (results 
not shown). It was hypothesized that the production of 
covalent kinetic chains with the radical 
photopolymerization would inhibit cell spreading, 
whereas the addition crosslinking with MMP-cleavable 
groups would permit spreading. The morphology and 
aspect ratios of encapsulated hMSCs are shown in Figure 
2A and 2B, respectively. As expected, cells in 
photopolymerized constructs retained a rounded 
morphology, while cells in addition-only gels exhibited 
significant spreading. hMSC viability was high (� 90%) 
in all conditions. No spreading was observed without 

RGDS incorporation, or with a non-MMP-cleavable 
crosslinker. 

 
Figure 1. Schematic of sequential crosslinking of AHA. 
 

Sequential crosslinking was able to inhibit spreading, and 
the extent of inhibition was dependent on the acrylate 
consumption during the primary step (e.g., 50% addition 
> 75% addition, latter not shown), since a greater number 
of acrylates are available for the secondary step. When a 
mask was used to block light over half of the sample 
during the secondary step, spreading occurred where the 
mask covered and did not where UV light penetrated 
(Figure 2C). Although this was only a simple system, 
more complex masks or lasers could be used to obtain 
high resolution features. Ongoing work is investigating 
the influence of spatial spreading on hMSC differentiation 
towards the fabrication of complex multi-cellular tissues. 

 
Figure 2. hMSC encapsulation in sequentially crosslinked AHA 
hydrogels. (A) Images of calcein-stained hMSCs in photopolymerized, 
addition, or sequentially crosslinked AHA hydrogels. (B) Histogram of 
the cellular aspect ratio for these same groups. (C) Live image of 
differential hMSC morphology in an AHA hydrogel spatially patterned 
with a mask blocking half the sample (top). Scale Bars = 100 μm. 

Conclusions: The sequential crosslinking presented here 
is a novel, robust method to control stem cell spreading in 
3-D. While a single acrylation efficiency and macromer 
concentration were used in the current study, the 
versatility of the technology arises from the ability to vary 
these and other material design parameters (e.g., modulus 
and degradation kinetics) to best match the application or 
target tissue of interest. Such a material could be used to 
engineer tissue interfaces (e.g., osteochondral) under the 
premise that spatially distinct material properties alone 
could induce differential and controlled differentiation of 
encapsulated stem cells. 
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