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Abstract

Microporous annealed particle (MAP) hydrogels have emerged as a versatile biomaterial platform 

for regenerative medicine. MAP hydrogels have been used for the delivery of cells and 

organoids but often require annealing post injection by an external source. We engineered an 

injectable, self-annealing MAP hydrogel with reversible interparticle linkages based on guest-host 

functionalized polyethylene glycol maleimide (PEG-MAL) microgels. We evaluated the effect 

of guest-host linkages on different types of microgels fabricated by either batch emulsion or 

mechanical fragmentation methods. Batch emulsion generated small spherical microgels with 

controllable 10–100 μm diameters and mechanical fragmentation generated irregular microgels 

with larger diameters (100–200 μm). Spherical microgels (15 μm) showed self-healing behavior 

and completely recovered from high strain while fragmented microgels (133 μm) did not 

recover. Guest-host interactions significantly contributed to the mechanical properties of spherical 

microgels but had no effect on fragmented microgels. Spherical microgels were superior to 

the fragmented microgels for co-injection of immune cells and pancreatic islets due to their 

lower force of injection, demonstrating more homogeneously distributed cells and greater cell 

viability after injection. Based on these studies, the spherical guest-host MAP hydrogels provide a 

controllable, injectable scaffold for engineered microenvironments and cell delivery applications.
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Granular hydrogels are composed of compacted microgels that provide a porous and injectable 

alternative to traditional bulk hydrogels. We show that compacted PEG maleimide (PEG-MAL) 

microgels interlinked with guest-host interactions undergo shear-thinning and are self-healing. We 

investigated different microgel fabrication methods and found that spherical microgels generated 

by emulsion had improved mechanical properties and imparted lower stresses on cells and islets 

during injection than microgels made by mechanical fragmentation.
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1. Introduction

MAP hydrogel is a type of granular hydrogel with inter-particle bonding that has emerged as 

a platform for bioprinting and tissue engineering. [1–6] Granular hydrogels are composed of 

packed hydrogel microparticles that create a porous interstitium between the microgels. This 

interconnected interstitium promotes increased diffusion of nutrients, rapid cell migration, 

and vessel invasion. [7] Granular hydrogels can be made from the same polymers as 

bulk hydrogels and are similarly tunable for their bioactive and mechanical properties. 

[1, 8] Furthermore, the microparticles demonstrate shear-thinning viscous behavior under 

applied stress that allows injection of the hydrogel. [9] These shear-thinning properties 

make granular hydrogel materials injectable without damage to the internal structure of 

the hydrogel. [6, 10, 11] By adding a secondary mechanism to anneal the individual 

microparticles, the overall granular structure is stabilized resulting in a MAP hydrogel. 

However, MAP hydrogels in which the interparticle crosslinks are covalently fixed may 

face challenges with injectable delivery and self-healing. [12] To address these limitations, 
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we have engineered a class of MAP hydrogel based on reversibly interacting polyethylene 

glycol (PEG) hydrogel microspheres.

Methods that have been used to generate granular hydrogels include batch emulsion, 

water-in-oil microfluidics, lithography, electrohydrodynamic spraying, and mechanical 

fragmentation. [1, 6, 8, 13–18] Of these methods, batch emulsion and mechanical 

fragmentation methods provide a quick, scalable approach to generating hydrogel 

microparticles. These methods result in large batches of microgels whose sizes and 

polydispersity index (PDI) can be controlled by altering the time of emulsion or the time 

of fragmentation. [7, 19] The porosity of the scaffold can be controlled by altering the size 

of the microgels or by changing the degree of packing through centrifugation or vacuum 

filtration. [16] The microporous structure creates paths of negative space surrounding the 

hydrogel microparticles for cells to infiltrate, migrate, spread, and proliferate. [4, 11] 

Different fabrication methods also generate different shapes of microgels. For example, 

batch emulsion methods generate spherical microgels, whereas mechanical fragmentation 

creates irregularly shaped gels. [20]

Since granular hydrogels depend on a building-block approach to scaffold formation, 

different types of microgels may be mixed to form heterogeneous scaffolds. The scaffold 

can then be linked together using non-covalent bonding. The inclusion of these non-covalent 

interactions prevents microgel dispersion and structural disintegration when injected. 

Although microgels can be jammed together by physical interactions, adding secondary 

crosslinking between the individual microgels enhances stabilization under high mechanical 

loads. [21]

With the rising prominence of granular and MAP hydrogels used in bioprinting and for 

delivering cell therapies, there is a need to identify the effect of different fabrication 

methods on microgel size, scaffold porosity, secondary crosslinking, and viability of cellular 

therapies incorporated within the granular hydrogel interstitial spaces. Here, we study the 

effect of different batch fabrication methods of interlinked PEG-maleimide (PEG-MAL) 

granular hydrogels on mechanical properties and the viability of injected cells and islets. 

We chose PEG as a model hydrogel as one of the most common synthetic polymers used 

in tissue engineering. PEG is a biocompatible polymer with modular chemistry due to 

the addition of reactive groups (vinyl sulfone, norbornene, acrylate, or maleimide) that 

cap the ends of the PEG chain. Maleimide-thiol chemistry was specifically chosen for 

microgel generation because of its well-defined hydrogel mesh structure, stoichiometric 

incorporation of bioligands, increased cytocompatibility, improved cross-linking efficiency 

and reaction time scales. We designed the granular hydrogel to have guest-host interactions. 

The host molecule β-cyclodextrin is a cyclic oligosaccharide of repeating D-glucose units 

with a hydrophobic inner core. The guest molecule, adamantane, is a hydrophobic spherical 

group that can reversibly crosslink with the host cyclodextrin molecule. [22, 23] In the 

granular hydrogel scaffold, these guest-host interactions provide a non-covalent reversible 

crosslinking network between the individual microgels.
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2. Results

We investigated batch emulsion and mechanical fragmentation as fabrication methods to 

generate granular hydrogels with and without guest-host interparticle interactions. Synthesis 

of guest-host hydrogel precursor molecules was performed to conjugate adamantane-thiol 

and mono-6-mercapto-β-cyclodextrin to 4-arm PEG-MAL chains before crosslinking. The 

functionalized macromers were then mixed with a stoichiometrically balanced amount 

of 4-arm PEG-SH crosslinker at pH 5.4 and a trace amount of Alexa Fluor-MAL for 

visualization. The number of PEG arms between the PEG-MAL macromer and the PEG-SH 

crosslinker were matched to reduce the incidence of intramolecular primary loops within 

the hydrogel structure. [24] For the batch emulsion method, this mixture was immediately 

vortexed in mineral oil to generate an emulsion and allowed to finish crosslinking on a 

rocker for 30 minutes. The microgels were then collected by centrifugation and washed 

(Figure 1A). For mechanically fragmented microgels, guest-host functionalized bulk PEG-

MAL gels were cast in a 24-well plate and homogenized in deionized water with a tissue 

homogenizer (Figure 1B).

We compared the particle and pore size of the microspheres and fragmented gels by adding 

high molecular weight TRITC dextran to fill the void space between the individual hydrogel 

microparticles and imaging by confocal microscopy (Figure 2A, B). We found that the 

diameter of the microspheres made by a 30 second vortex time was on average smaller than 

the fragmented gels made at 4 minutes homogenization time (Microspheres: <D> = 14.8 μm, 

PDI = 0.22, Fragmented Gels: <D> = 132.6 μm, PDI = 0.31). (Figure 2C). We determined 

that the PDI decreased with decreasing size of the microsphere but did not decrease with the 

size of the fragmented bulk gels. Through the emulsion method, we were able to control the 

size of the microspheres based on the vortexing time ranging from 15 seconds to 90 seconds 

(Figure 2D). We studied the effect of increasing the homogenization time of the initial bulk 

gel to generate smaller fragmented gels from 1-minute to 5-minutes in 1-minute intervals 

but were unable to significantly change the size of the particles based on homogenization 

time (Figure 2E). The average interparticle distance between the fragmented gels (36.63 

μm) was significantly greater than that of the microspheres (9.7 μm) (Figure 2F). The 

number of pores within a 500 μm2 area was significantly higher for microspheres (530 

pores) than fragmented gels (248 pores) (Figure 2G), and the resulting packing fraction of 

the microspheres was significantly higher than the fragmented gels (Figure 2H). Based on 

the size of the particles and resultant pore sizes we found that we had greater control over 

the batch emulsion method compared to the mechanical fragmentation method. This control 

allows for the tailoring of the scaffold to mimic the interstitial architecture of specific tissues 

and control the pore size for cell invasion and migration within the scaffold.

We next characterized the effect of the guest-host interactions on the mechanical properties 

of packed microspheres and fragmented gels through a series of rheological tests. Guest-

host scaffolds were formed by adding equal volumes of β-cyclodextrin and adamantane 

functionalized granular hydrogels to a suspension and packing by centrifugal filtration. 

Guest-host scaffolds were compared to scaffolds composed only of host microgels (host-

host). We performed a low amplitude (1 %) oscillatory frequency sweep from 0.1 to 10 

Hz. Both the guest-host fragmented gels and the guest-host microspheres demonstrated 
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viscoelastic behavior (Figure 3A), with a frequency-independent storage modulus (G’) 

greater than the loss modulus (G”) over the range of the frequency sweep. Guest-host 

fragmented gels had a similar storage modulus at 1 Hz (1860 Pa) to the guest-host 

microspheres (1840 Pa). The storage modulus of the host-host fragmented gels (host 

fragmented gels) was significantly higher than the host-host-microspheres (host-host-

fragmented gels = 2050 Pa, host-host-microspheres = 670 Pa) (Figure 3B).

We conducted an oscillatory strain sweep from 0.1 to 500 % at a constant frequency of 1 

Hz and determined the approximate yield stress and for all groups (Figure 3C, D). For guest-

host functionalized microgels, there was no significant difference in the approximate strain 

rate amplitudes and resulting yield stress between microspheres (430 Pa) and fragmented 

gels (550 Pa). However, for host-host microgels, there was a significant difference between 

the strain rate amplitude and resulting yield stress of microspheres (120 Pa) and fragmented 

gels (700 Pa) (Figure S1A, B). We compared the storage modulus at 1 Hz between 

the guest-host and host-host functionalized groups to determine the effect of guest-host 

interactions on the different granular hydrogels. We found that storage modulus at 1 Hz was 

significantly different between the guest-host and host-host microspheres, but that guest-host 

functionalization had no effect on this measurement for the fragmented gels (Figure 3E).

Next, we performed a cyclic strain sweep alternating between low (1 %) and high (500 %) 

strain to understand the shear-thinning and recovery characteristics of the granular hydrogels 

(Figure 3F, G). The guest-host and host-host microspheres were able to recover their initial 

storage modulus after both periods of high strain, whereas both the guest-host and host-host 

fragmented gels had a decrease in their storage modulus (Figure 3H). We conducted a 

unidirectional shear rate sweep to investigate how guest-host interactions influenced the 

yielding and shear-thinning of packed microspheres and fragmented gels (Figure 3I, J). 

All materials demonstrated a shear-thinning behavior with decreasing viscosity as the shear 

rate increased. We determined the yield stress of the materials using linear regression of 

the flow curves for guest-host microspheres (190 Pa), guest-host fragmented gels (670 Pa), 

host-host microspheres (120 Pa), and host-host fragmented gels (620 Pa). We then compared 

this to the yield stress calculated from the strain sweep experiments (Figure 3C, D) and 

plotted them to compare the yield stresses (Figure 3K). We found that the microspheres 

without guest-host interactions had the lowest yield stress, followed by the microspheres 

with guest-host interactions, and then the two fragmented gel groups which had very similar 

yield stresses. We note that the shear rate sweeps shown in Figure 3I and 3J do not exhibit 

the characteristic upturn in shear stress at high shear rates that granular gels typically 

exhibit. [25] We hypothesized that the crossover shear rate to a fluid-like state occurred at a 

higher shear-rate than tested with the unidirectional shear rate sweep. To test this hypothesis, 

we performed a strain-rate frequency superposition (SRFS) analysis on the oscillatory strain 

sweep to determine the shear rate at yielding. SRFS is performed by mapping the strain 

amplitude at a given frequency to the strain rate. We found that the crossover shear rates 

were more than an order of magnitude higher than the largest shear-rate tested in the 

unidirectional sweeps (Figure S1C). These results indicate that the apparent stress plateau in 

the unidirectional shear rate sweep correspond to the yield stress. (Figure S1C). [26]
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Based on our rheological analysis, we found that there were no significant differences 

between the fragmented gels with and without guest-host interactions. Our initial hypothesis 

was that the fragmented gels would have increased availability for guest-host interactions 

due to the larger surface areas between the individual gels. However, the force of friction 

caused by the anisotropy of the particles poses a greater force than the combined guest-host 

interactions between the particles. This is seen in the ability to maintain the same modulus 

in the frequency sweeps (Figure 3A, B), in the lack of self-healing (Figure 3F, G) and in the 

higher yield stress across both unidirectional and oscillatory sweeps (Figure 3K). However, 

the guest-host interaction is prominent in the behavior of spherical microgels which have a 

higher packing fraction.

Next, we investigated the use of the granular hydrogels as an injectable cell and islet 

delivery scaffold due to their shear-thinning and self-healing properties. To characterize 

injectability of the hydrogel microparticles, we measured the extrusion force of our guest-

host microspheres and fragmented gels through a 20 G needle (Figure 4A). Microgels 

with guest-host interactions had a significantly higher extrusion force than their host-host 

counterparts. Further, the guest-host fragmented gels had a significantly higher extrusion 

force than the guest-host microspheres (Figure 4B). We used this data in combination our 

previous rheological analysis to derive the wall shear stress within the needle for each 

material (Supplementary Information). We found that the wall shear stress of the microgels 

was significantly higher than the 1X PBS control (Figure 4C). The maximum shear stress for 

all groups was of a similar order to the physiological shear stress within microvasculature 

(~9.5 Pa). [27] When injected, the microspheres and fragmented gels underwent a partially 

laminar flow at the edges of the needle and a plug flow in the center of the needle, this is 

representative of the turbulent flow for a Herschel-Bulkley fluid, a non-Newtonian fluid with 

a power law index and a yield stress. [28, 29]

To investigate cytocompatibility during injection under high shear stresses, we loaded the 

microspheres and fragmented gels with Jurkat T cells by mixing the cells and microgels 

in a suspension, packing the scaffold down by centrifugation, and loading them into a 1 

ml syringe. We injected a total of 150 μl of microspheres and fragmented gels loaded 

with Jurkat T Cells into a rectangular channel (ibidi μslide VI 0.4) and labeled the cells 

with Calcein AM and Ethidium-Homodimer-1 to visualize the distribution and viability 

of cells within the scaffold after injection (Figure 5A). The first 50 μl injected from the 

syringe contained few microspheres or fragmented gels and contained an abundance of cells. 

The microspheres began flowing in the next 50–100 μl, while the fragmented gels did not 

flow until the final 100–150 μl of the injected volume (Figure 5B, C). We found that the 

interstitial fluid is eluted first and flowed around the microgels packed into the syringe along 

with most of the cells within the media before the yielding of the microgels in the latter 

fractions of the injection. These results demonstrate granular convection and separation of 

the microgels and cells during the injection. The fragmented gels were unable to maintain a 

consistent cell distribution during the injection. Further, although the distribution of cells in 

the microspheres was not perfectly distributed within the microsphere scaffold, there is more 

predictability of the presence of cells within all parts of the injection. Cells injected within 

the microsphere scaffold showed greater viability in all phases of the injection, whereas 

those injected in the fragmented gels had lower viability (Figure 5D). The lower viability 
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of cells injected in fragmented gels may be due to the increased extrusion force and shear 

surfaces between fragmented gels (Figure 4B).

We engineered these self-healing MAP hydrogels as a vehicle for cell delivery where 

vasculature and immune cells can rapidly infiltrate the interior of the scaffold to integrate 

transplanted cells or organoids with host systems. To begin to understand how these 

materials function as a vehicle for injectable cell delivery, we assessed the viability of 

human pancreatic islets co-injected with the fragmented and microsphere scaffolds. Human 

islets were loaded with either guest-host microspheres or fragmented gels into the back of 

a syringe, injected, and stained for viability. Islets injected with spherical microgels showed 

no change in viability from no injection control islets or islets injected in media, while islets 

injected with fragmented gels were significantly less viable (Figure 6A, B).

3. Discussion

Here we investigated the mechanical and bio-physical properties of granular hydrogels for 

injectability and cell and islet delivery. Previously we have shown the benefit of using 

granular hydrogels for rapid cell migration and created spherical microgels with shear-

thinning capabilities. [7] We further expanded on our understanding of self-healing MAP 

hydrogel to demonstrate the contribution of guest-host molecules to mechanical properties 

and investigate different fabrication methods.

Two types of granular hydrogels were formed by either batch emulsion or mechanical 

fragmentation. Both methods generated large quantities of PEG-MAL microgels without the 

need for large parallelization of microfluidic devices. We found that we could not control the 

average size of mechanically fragmented gels by altering the time of homogenization and 

compared that to our previous findings of controlling size of microspheres made by batch 

emulsion. The batch emulsion method resulted in on average smaller microgel sizes (14.8 

μm) whereas mechanical fragmentation was limited to microgels of larger sizes (132.6 μm) 

(Figure 2C). By controlling the size of the microgels we could change the resulting pore size 

of the scaffold. The particle and pore size of the scaffold has been shown to influence cell 

invasion and migration through the scaffold and inflammatory response. [30]

We attempted to make fragmented gels of smaller sizes using both smaller rotor-stator 

generator probes and sieving to separate particle sizes but were unable to generate smaller 

gels. Rotor stators are high shear mixers that incorporate both a rotor and a stationary 

stator. As the rotor turns at high speeds within the stationary stator, it creates a vortex 

circulating the product through the gap between the rotor and stator, mechanically shearing 

the contents at high speeds and creating a very homogenous blend. We found that there 

was a fragmented particle size limit (around 100 μm) reached when the shear forces applied 

by the homogenizer could no longer surpass the ultimate tensile strength of the hydrogel. 

The relationship between the hydrogel ultimate tensile strength, shear force and particle size 

has been systematically investigated by others for pectin and agarose gels. [31, 32] They 

show that particle size is dictated by the balance between shear force and ultimate tensile 

strength. This explains why smaller microgels were only able to be generated by emulsion: 

the shear force is applied before the hydrogel has completed crosslinking. In our engineering 
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design criteria, we wanted to make microgels of approximately 20 μm in diameter such 

that the interstitium of the MAP constructs would mimic the length scales of the native 

pancreatic architecture. This criterion was achievable using the batch emulsion method, 

but not mechanical fragmentation by homogenization. Future methods to create smaller 

fragmented gels may include extrusion fragmentation, cryogenic grinding (cryomilling), or 

blending. [33–35]

We hypothesized that guest-host interactions on the fragmented gels would have a greater 

influence on the mechanical properties of the scaffold due to the larger surface interactions 

between the individual microgels. These larger surface areas could provide more guest-

host interactions and create a greater cumulative interaction. We tested this hypothesis by 

conducting a series of rheological studies between guest-host functionalized gels and host-

host-functionalized gels to control for crosslinking density of the hydrogel. In a frequency 

sweep from 100 to 0.01 Hz we found that both spherical and fragmented guest-host granular 

hydrogel scaffolds showed viscoelastic behavior (Figure 3A). When comparing the storage 

modulus at 1 Hz there was no statistical difference between the two types of gel (Figure 3E). 

We found that the addition of guest-host interactions to the spherical microgels increased 

the storage modulus at 1 Hz by 1.8-fold, while addition of guest-host interactions had no 

effect on the storage modulus of irregular fragmented microgels. These results were contrary 

to our original hypothesis that guest-host interactions would have a greater effect on the 

mechanical properties of irregular microgels. We speculate that this is due to the influence 

of high local frictional forces between the irregular shaped microgels making the guest-host 

interactions negligible in magnitude.

In previous studies, granular hydrogels have shown to be a shear-thinning injectable 

material. [7, 10, 36–38] We compared the shear-thinning and self-healing properties of 

the different fabrication methods by conducting a cyclic strain experiment between 1 % 

and 500 % strain to simulate injection conditions. Both fabrication methods demonstrated a 

shear-thinning hydrogel; however, the microspheres had significantly increased self-healing 

capabilities. The percent difference in the initial and final storage modulus following high 

strain demonstrates the ability of the spherical guest-host gel formulation to better recover 

its original mechanical properties (Figure 3F, G). The lower local frictional forces between 

the microspheres than the fragmented gels which have more angularity between the particles 

may have prevented the fragmented gels from recovering. [39] The spherical microgel 

scaffold can more easily rearrange and return to the original modulus because there is 

more slip between individual microgels. The self-healing behavior is increased with the 

presence of guest-host interactions in microspheres, stabilizing the structure after the strain 

is removed. In the fragmented gels, the guest-host interactions did not have a significant 

effect in the self-healing capabilities of the material as local frictional forces cause granular 

networks to be less connected and more anisotropic. [39]

We sought to understand the injectability of the granular hydrogels and the viability of 

injected cells and islets. We loaded syringes with spherical or irregular microgels and 

measured the force of injection applied to the syringe by a syringe pump. We measured 

the peak injection force and derived the ejection pressure for each group. Guest-host 

fragmented gels had the highest extrusion force followed by host-host fragmented gels 
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and the guest-host microspheres. Differently from the rheology results, the addition of 

guest-host interactions had similar effects on both the microspheres and fragmented gels 

by increasing the force of extrusion. To further elucidate the effects of the shape of the 

microgels and the guest-host interactions we derived the wall shear stress within the needle 

for each of the groups to determine the maximum stress applied to the cells during injection. 

We found that there were no significant differences in the wall shear stress between the 

groups of microgels, possibly due to the complex behavior of viscous granular flows through 

circular pipes with turbulent flow that is not captured in our derivation of the Navier-

Stokes equations (Supplementary Information). Future studies including computational fluid 

dynamics are currently being carried out to investigate this phenomenon.

To inject homogeneous constructs, the location of cells and organoids within the scaffold 

must be controllable. We determined the distribution of cells loaded into the scaffolds 

by loading each of the microsphere and fragmented gel scaffolds with Jurkat T cells and 

injecting them into a channel slide for visualization. Cells injected with the microspheres 

were more evenly distributed in the extruded volume than cells in irregular fragmented 

microgels. We found that microspheres with a lower yield stress (Figure 3K) were able to 

flow more quickly and under a smaller stress than the fragmented gels. During injection 

we observed granular convection within the granular hydrogel structure. Incorporated cells 

elute and flow out from the syringe and around the microgels before the yielding and elution 

of the particles themselves (Figure 5A). Granular separation during injection also occurs in 

the spherical microgels, but to a lesser extent due to the tighter packing structure. The high 

packing density of the microgels led to a more even distribution of the cells throughout the 

scaffold across all volumes extruded.

Finally, we assessed the viability of human islets co-injected with the microsphere or 

fragmented gel scaffolds. We mixed islets within the granular hydrogels, loaded them into 

syringes, injected them into a petri dish, and stained for viability to understand effect 

of injection forces on the viability of the islets. We found that islets injected with the 

microspheres had significantly higher viability than the islets injected within the fragmented 

gels. Microspheres provided a better environment for the islets during injection because of 

the lower frictional forces between the particles allowing for a lower yield stress and flow 

to occur. Since the fragmented gels had greater forces of friction between the particles, 

the islets embedded within the scaffold likely experienced greater shear forces due to the 

particle-to-particle interactions.

4. Conclusion

In this study, we investigated two different batch methods of microgel fabrication for 

generating MAP hydrogel scaffolds. We demonstrated that smaller spherical microgels 

provided superior injectability and self-healing capabilities over larger fragmented gels. 

Guest-host interactions on the granular hydrogels provided self-healing capabilities for 

spherical microgels. By encapsulating cells and islets within the interstitial spaces we show 

that granular hydrogels made by a batch emulsion method is a quick and effective way to 

generate an injectable, shear-thinning scaffold safe for cell and islet delivery. Future studies 
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include the use of spherical granular hydrogels in the delivery of islets for the treatment of 

type 1 diabetes.

5. Experimental Section/Methods

Chemicals and Reagents:

4-arm PEG-MAL (20 kDa) was purchased from Laysan Bio. 4-arm PEG-thiol (PEG-SH, 

20 kDa) was purchased from Jenkem Technology. 1-adamantane-thiol, Span 80, mineral oil, 

TRITC-Dextran (500 kDa), and triton-X 100 were obtained from Sigma Aldrich. Mono(6-

mercapto-6-deoxy)-β-cyclodextrin was obtained from Zhiyuan Biotechnology.

Microsphere Synthesis:

PEG-MAL (4-arm, 20 kDa) (120 mg ml−1, 5 mM) macromer was dissolved in phosphate 

buffered saline (PBS) with 1 % HEPES at pH 5.4 and split into two equal volumes. The 

reduced pH helps to slow down the crosslinking reaction which proceeds so quickly at 

neutral pH as to hinder mixing and handling. [40] At pH 5.4, gelation of PEG-MAL 

with PEG-SH takes, on average, 34 seconds. [7] Adamantane-thiol was dissolved in 

dimethyl sulfoxide (DMSO) (1.8 mg ml−1, 1 mM) and mono-6-mercapto-β-cyclodextrin 

was dissolved in 1X PBS with 1 % HEPES at pH 5.4 (122 mg ml−1, 1 mM). Adamantane 

and β-cyclodextrin were added dropwise to each of the PEG-MAL solutions at 1:1 molar 

ratio and reacted for 30 minutes at room temperature to functionalize 1 of the 4 PEG-MAL 

arms with guest or host molecules. PEG-SH (4-arm, 20 kDa) (82.2 mg ml−1, 8 mM) was 

dissolved in PBS with 1 % HEPES at pH 5.4 and reacted with a trace amount of Alexa 

Fluor-MAL for 5 minutes to aid in microgel visualization. PEG-SH was added to PEG-MAL 

at a 1:1 volume ratio, quickly pipetted up and down several times to mix thoroughly, then 

transferred to a 30x volume of mineral oil with 2 % vol/vol Span 80 surfactant in a 50 ml 

conical tube. The tube was vortexed for 30 seconds to generate an emulsion, then allowed 

to finish crosslinking for 30 minutes at 25°C on a rocker plate to generate microgels of final 

polymer concentration of 10 % wt/vol. Crosslinked microgels were centrifuged at 3,000 × 

g for 5 minutes and washed three times with 0.3 % Triton X-100 in deionized (DI) water, 

once with 50 % acetone in DI water, once with DI water, and finally once with PBS at 

pH 7.2. The microgels were then packed together by centrifugal filtration using Costar 

0.45 μm microcentrifuge filters at 3,000 × g for 10 minutes. Granular gels were formed by 

adding equal weights of adamantane-microgels and β-cyclodextrin-microgels to a centrifuge 

tube, suspending in PBS, vortexed for 30 minutes, and packed by centrifugal filtration as 

described above.

Fragmented Gel Synthesis:

PEG-MAL macromer (120 mg ml−1) functionalized with adamantane or β-cyclodextrin 

and labeled with trace amounts of Alexa Fluor-MAL-568 and Alexa Fluor-MAL-488 was 

crosslinked for 30-minutes at 25°C in a 12 well plate. After crosslinking, bulk gels were 

minced using a razor blade and added to 5 ml of DI water in a 15 ml conical tube. The gels 

were fragmented using a Pro Scientific tissue homogenizer with a 20 mm generator probe 

for 4 minutes. Networks were formed by adding equal amounts of adamantane-fragmented 

microgels and β-cyclodextrin-fragmented microgels to a centrifuge tube and vortexing for 
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30 minutes. They were then packed together by centrifugal filtration using a Costar 0.45 μm 

microcentrifuge filter at 3,000 × g for 10 minutes.

Particle and Pore Size Analysis:

Microsphere size distribution and guest-host interactions were characterized by confocal 

microscopy. Microsphere diameters were quantified directly using the Analyze Particles 

plugin for the Fiji distribution of ImageJ. [41] For fragmented microgels, a gaussian filter 

was first applied, the images were binarized, a watershed filter was applied, and the particles 

were then analyzed using the Analyze Particles plugin for Fiji. [41] Regions of interest 

(ROIs) were manually adjusted to correct for any error in the watershed analysis. The major 

axis was taken as the Feret’s diameter of the particle. The particle size data were then 

analyzed by frequency distribution with a bin size of 5, the average diameter and standard 

deviation were used to determine the PDI (Equation 1), where σ is the standard deviation 

and <D> is the average diameter. [42]

Polydispersity Index PDI =   σ
D

2
(1)

Pore size analysis was determined by incubating the assembled microgel scaffold with high 

molecular weight TRITC-Dextran (500 kDa) for 1 hour and then imaged using confocal 

microscopy. The high molecular weight prevents dextran from diffusing into the microgels 

and instead labels the pores around the individual microgels. A gaussian filter was applied, 

images were binarized, a watershed filter was applied, and the particles were analyzed 

using the Analyze Particles plugin for Fiji. The area and major axis lengths for each pore 

were then averaged across each condition. The percent porosity for each condition was 

determined by dividing the cross-sectional area of the labeled pores by the cross-sectional 

area of the total gel volume imaged.

Rheological Measurements:

Rheological measurements were performed on an Anton Paar MCR 702 Rheometer with a 

20 mm roughened plate on plate configuration with 0.5 mm gap height at 25°C. To prepare 

samples for rheology, they were first loaded into a 0.45 μm Costar centrifuge filter tube 

and centrifuged at 3,000 × g for 5 min to remove any excess water and pack gels. To 

load the samples, about 1 ml of the microgels were placed on the bottom plate at room 

temperature. Oscillatory shear strain amplitude sweeps were performed at 1 Hz between 

strains of 0.01 % and 500 %. Yield stress and strain was determined by taking the second 

derivative of the fitted curve and finding the point of inflection. Storage modulus (G’) and 

loss modulus (G”) were determined by frequency sweeps taken at 1 % strain from 10 to 0.01 

Hz. Unidirectional shear-rate sweeps were performed by shearing the sample at a chosen 

shear-rate (γ) while measuring shear stress (σ). An effective viscosity was determined from 

the ratio of shear-stress to shear-rate in these measurements. A linear regression was then 

performed to determine the zero-frequency limit and resultant yield stress of the microgel 

systems on GraphPad. Strain cycle and recovery experiments were conducted by alternating 

1 % strain for 120 seconds and 500 % strain for 60 seconds over three periods at 1 Hz. A 

strain-rate frequency superposition analysis was conducted to determine the yield strain rate. 

Widener et al. Page 11

Adv Nanobiomed Res. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We mapped the strain amplitude at a given frequency against strain rate, then determined 

the yield strain rate by taking the product of ω and yield strain. We compared this strain 

rate amplitude to the shear-rate range in the unidirectional shear-rate sweep to determine the 

accuracy of the yield stress as measured by the oscillatory strain sweeps.

Force of Injection Measurements:

Force of Injection measurements were taken using a force sensor (Tekscan, Flexiforce), 

Redboard (SparkFun), and syringe pump. The plunger of a luer-lock 1 ml syringe (BD) 

was removed, using a spatula, 200 μl microgels were loaded into the back of the syringe. 

The plunger was replaced, and the gels were compressed into the bore of the syringe. A 1” 

20 G needle (BD Precision Glide) was connected, and the syringe was then loaded onto a 

syringe pump with the force sensor placed between the syringe plunger and pump actuator. 

The force sensor was connected to a Redboard for data acquisition. The microgels were 

extruded for 30 seconds at a volumetric flow rate of 600 μl minute−1. Voltage output was 

recorded using Arduino IDE. The extrusion force was calculated by converting voltages to 

forces using a standard force-voltage calibration curve created using known weights before 

experimentation. The wall shear stress was determined by using the derived Navier Stokes 

equations of a turbulent shear-thinning fluid through the needle of length (L) and internal 

diameter (d) due to a pressure drop (ΔP) within the needle for microgels and fragmented gels 

(Equation 2). The pressure drop was defined as the difference between the entrance pressure 

applied at the plunger and the exit pressure at the needle opening.

τw = ΔP * R
2L (2)

The wall shear stress for PBS was determined using a derivation of the Navier-Stokes 

Equations (Equation 3). [43–45]

τw = ΔP * R
2L − R

2 + 1 (3)

In Vitro Injection of Pancreatic Islets and Cells:

Jurkat T cells were added to granular hydrogels at a density of 5 × 106 cells ml−1. Cells 

and gels were mixed in 1 ml of media and then centrifuged for 5 min at 500 × g to remove 

supernatant and compact the scaffold. The cell + gel mixture was loaded into the syringe the 

same as above. The syringe was then connected to an Ibidi channel slide (Ibidi 15 μ-Slide 

VI) and injected into the chip 50 μl at a time. The cells were then labeled with Calcein AM 

and Ethidium Homodimer-1 to assess viability. Each 50 μl fraction was imaged individually 

as it was extruded from the needle into the channel slide. We quantified the separation of the 

injection fractions by counting the total number of cells injected and dividing by the number 

of cells quantified for each volume partition for both microspheres and fragmented gels

Human pancreatic islets from deceased nondiabetic donors were obtained from the 

Integrated Islet Distribution Program (IIDP) at City of Hope and Prodo Labs 

(Supplementary Table 1) were mixed with granular hydrogels prior to injection testing. 
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Briefly, 100 μl of compacted granular gel was added to a 1.5 ml centrifuge tube, 

approximately 100 pancreatic islets were hand-picked and suspended in 10 μl of media. The 

islets were then pipetted into the center of the gel. The islet + gel mixture was slowly mixed 

by stirring the pipette tip in the gel. The islet plus gel mixture was loaded into the syringe 

the same as above and carefully compacted, a 20 G, ½” needle was attached before injecting 

into an 8-well plate. Islets were labeled with Calcein AM and Ethidium Homodimer-1 to 

assess viability after injection.

Microscopy:

Microgels were imaged on a Leica SP8 confocal laser-scanning microscope using 10x/0.3 

and 20x/0.8 numerical aperture Plan-Apochromat air objectives at 1024 × 1024-pixel 

resolution. Images were processed and quantified using Fiji. ROIs were determined using 

either the analyze particle tool in ImageJ for microgel size analysis and the StarDist plug-in 

for cell counting in the cell and islet injections. [41, 46]

Statistical Analysis:

Means among three or more groups were compared by a one-way analysis of variance 

(ANOVA) in GraphPad Prism 8 Software. If deemed significant, Tukey’s post hoc pairwise 

comparisons were performed. Means between two groups were compared by two-tailed 

Student’s t-test. A robust regression and outlier removal analysis (ROUT method) was 

conducted to remove outliers from rheology data. A confidence level of 95 % was 

considered significant. The statistical test, exact P values, and definition of n are all 

indicated in the individual figure legends. All error bars in the figures display the mean 

± s.d.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fabrication methods of granular hydrogels. (A) Batch water-in-oil emulsion fabrication of 

PEG-MAL granular hydrogels. 4-arm PEG-MAL macromer and 4-arm PEG-SH crosslinker 

at pH 5.4 is added into a mineral oil and surfactant solution and quickly vortexed for 

30 seconds while crosslinking occurs. Microspheres are isolated using centrifugation and 

washed to remove excess oils. (B) Mechanical fragmentation of bulk 4-arm PEG-MAL 

hydrogels. The bulk gel is minced, added to a volume of DI Water, and fragmented for 4 

minutes using a 20 mm tissue homogenizer. Fragmented gels are isolated by centrifugation.
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Figure 2. 
Particle and Pore Size Analysis of Granular Hydrogels. (A) 3D rendered confocal 

images of Alexa Fluor-MAL-488 labeled microspheres (cyan) and fractured gels (orange) 

incubated with high molecular weight TRITC-dextran (magenta). (B) Confocal images of 

microspheres and fragmented gels with TRITC-dextran infiltration and merge. (C) Microgel 

diameter for microspheres and fractured gels. Microgel diameter of fractured gels is greater 

than microspheres and the polydispersity index is much higher for fractured gels. (D) 

Demonstration of the control over size of microsphere through alteration of vortex time 

from 15 seconds to 90 seconds. (E) Lack of control over size of fragmented gels through 

mechanical fragmentation from 1 minute homogenization to 5 minutes. Significance from 

1 min time group displayed above groups, all other comparisons are displayed as bars 

Widener et al. Page 17

Adv Nanobiomed Res. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



above all groups. (F) Interparticle distance between pores of scaffold for microspheres and 

fractured gels as measured by the pore major axis of each pore. (G) The number of pores per 

area for both microspheres and fragmented gels. (H) The packing fraction of microspheres 

and fragmented gels. For all panels, significance between means of three or more groups 

determined by one-way ANOVA, p < 0.05 with Tukey’s post-hoc pairwise comparisons, 

significance between means of two groups determined by two-tailed student’s t-test. * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 3. 
Rheology of Granular Hydrogels. Frequency sweeps from 10 Hz to 0.01 Hz at 1 

% amplitude for (A) guest-host microspheres and fragmented gels and (B) host-host 

microspheres and fragmented gels. All gels demonstrate viscoelastic behavior over the 

frequency range. Strain sweep from 100 % shear strain to 0.01 % shear strain for (C) 

guest-host microspheres (blue, circle) and fragmented gels (orange, circle) and (D) host-host 

microspheres (blue, triangle) and fragmented gels (orange, triangle). (E) Storage modulus 

at 1 Hz for guest-host and host-host microspheres and fragmented gels. Cyclic strain 

alternating between low (1 %) and high (500 %) strain over 60 seconds for (F) guest-host 

and (G) host-host gels. The high strain region is indicated by a grey overlay. (H) The 
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recovery (G’/G’0) of the initial and final storage modulus in the cyclic strain experiment (F, 

G). (I, J) Shear-thinning was identified in both the microsphere and fragmented microgels 

via a unidirectional shear rate sweep. The solid lines indicate the linear regression at the 

zero-frequency limit. The curvature was determined to be due to the time-dependent nature 

of reconstruction within the material. Yielding was not observed as determined by the yield 

strain rate in the oscillatory strain sweeps (Figure 3C, D, Supplementary Figure 1). (K) 

The calculated yield stress from the unidirectional shear rate sweeps and the oscillatory 

shear strain sweeps comparison. All groups fall within the 1:1 correlation except for the 

microspheres which are still within the two-fold range. For all panels, significance between 

means of three or more groups determined by one-way ANOVA, p < 0.05 with Tukey’s 

post-hoc pairwise comparisons. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 4. 
Injectability of Granular Hydrogels. (A) The injection force of guest-host and host-host 

microspheres and fragmented gels, and 1X PBS as measured by a force sensor in a 1 ml 

syringe with a 20 G needle. The maximum force that the force sensor could measure is 

indicated by the dashed line. (B) The maximum extrusion force calculated from the injection 

force experiment. (C) Wall shear stress calculated from the derived Navier-Stokes equations. 

For all panels, significance between means of three or more groups determined by one-way 

ANOVA, p < 0.05 with Tukey’s post-hoc pairwise comparisons. * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, **** = p < 0.0001.
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Figure 5. 
Distribution and Viability of Cells injected within Granular Hydrogels. (A) Graphical 

representation of experiment. Syringes were loaded with microspheres or fragmented gels 

loaded with Jurkat T Cells and injected into a dish. The injection was partitioned into 50 μl 

volumes for a total of 150 μl and each eluted fraction was imaged to quantify the distribution 

of cells and microgels. Graphical representations granular convection of cells and MAP 

scaffold as force is being applied during injection. The cells within the microspheres have 

shorter elution paths (represented by red arrow) due to compaction of microspheres than 

cells within the fragmented gels. The cells within the fragmented gels have more space to 

elute around the gels due to the larger sizes of the particles. The black arrow represents the 

force applied during the injection. (B) Confocal images of the injection fractions. In the first 

50 μl of injection the cells elute around the microspheres and fragmented gels. During the 

next 50 μl (50–100) the microspheres yield and contain the cells in the interstitial spaces 

between the gels. In the last 100–150 μl the fragmented gels begin to flow but lack cells as 

most have moved past the large particles in the first 100 μl of injection. (C) Quantification 

of the percent of total cells per μl of injection for microspheres and fragmented gels in 

each fraction of the injection. (D) Percent viability of total cells injected in each stage of 

injection. For all panels, significance was determined by two-tailed student’s t-tests between 

Widener et al. Page 22

Adv Nanobiomed Res. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the microsphere and fragmented group at each stage of the injection. * = p < 0.05, ** = p < 

0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 6. 
Injection of Islets within Granular Hydrogels. (A) Human pancreatic islets injected in 

microspheres (cyan), fragmented gels (orange), media only as compared to a no-injection 

control. Islets were stained with Calcein AM (Live, green) and EthD-1 (dead, red) after 

injection, PEG-MAL gels are labeled with AlexaFluor 647. Media was added to dilute 

and disperse the microspheres and fragmented gels after injection to aid in identifying and 

imaging islets. Scale bar is 50 μm. (B) Percent viability of the islets after injection within 

media-only, microspheres, fragmented gels, as compared to a no-injection control. Percent 

viability was calculated by dividing the number of live cells by the total number of cells 

in the islet, data is representative of multiple donors. Significance between means of three 

or more groups determined by one-way ANOVA, p < 0.05 with Tukey’s post-hoc pairwise 

comparisons. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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