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Abstract

Microfluidic systems incorporating or contained within hydrogels are important in creating microphysiological 

systems (MPSs). Often naturally-derived hydrogels are used, as their inherent bioactivity supports dynamic 

cellular behaviors. Hydrogel biomaterials that are partly or fully synthetic are desirable in engineering systems 

with specific, designed properties, though they typically lack bioactive features of natural materials without 

additional molecular design. In particular, engineering synthetic biomaterials to support physiologically relevant, 

dynamic cellular behaviors is an important design goal. Granular hydrogels inherently permit dynamic cellular 

activity, owning to porosity between particles and dynamic material properties in the absence of interparticle 

crosslinking. However, using dynamic granular hydrogels in MPSs requires stable channels to perfuse fluid in 

these dynamic systems. Here, we establish channels within granular hydrogels to enable perfusion through 

spatially controlled interparticle crosslinking. Selective crosslinking allowed for the formation of stable channels 

while allowing hydrogel microparticles between two channels to remain uncrosslinked. This allowed 

spatiotemporal control of signals within an environment established from microparticles without interparticle 

crosslinking. Fluorescently tagged molecules allowed for the visualization of controlled soluble gradients 

between two channels within the device. Additionally, embedded 3D printing processes can be used to specify 

material composition within the system, demonstrating integrated technology for engineering well-defined 

hydrogel systems. Integrated microfluidic-based control over soluble signals in a system that is compatible with 

3D printing processes will establish a basis for building MPSs for broad applications, and the ability to maintain 

granular systems in culture without interparticle crosslinking will enable design of synthetic hydrogels that access 

unique dynamic properties within these systems.

Introduction

Microfluidic technologies have enabled the creation of physiological systems that reproduce complex biology 

and patient-specific diseases in vitro within lab-on-a-chip devices.1–3 These microphysiological systems (MPSs) 

can combine control over flow and control over biophysical and biochemical environments cells experience to 

model tissues for applications in drug discovery,4–6 studying disease progression,7,8 and personalized 

medicine5,9,10. As cell decisions are dependent on cells’ integration of soluble and matrix-tethered biochemical 

signals as well as mechanical environmental cues, designing synthetic systems in well-defined hydrogels in 

which microflows can deliver soluble cues will present opportunities to understand and perturb physiological 

systems.11,12 Microfluidic devices make it possible to establish gradients or to precisely deliver signals to cells in 

2D and 3D environments.13–15 Additionally, in establishing vascularized microphysiological models, hydrogels 
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integrated within microfluidic devices can contain endothelial cell-lined microfluidic channels or microvascular 

networks perfused by microfluidic flows.16–20 

In microfluidic systems, natural hydrogel materials like fibrin or collagen, have been shown to readily support 

cellular self-organization in multicellular structures, such as microvascular networks.12,21,22 However, fully- or 

partially synthetic systems are often desired to achieve designed control over material properties,11,23  including 

through processing by photopatterning and photolithographic 3D printing, which allows for additional control of 

material compositions in microfluidic devices.24,25 In these systems, mesoscale channels can readily be 

established directly in microfluidic devices by casting around needles17,26,27 or molds28–30, but microscale 

vasculature and self-organized multicellular structures typically require hydrogel design that permits cells to self-

assemble. Typically compatible hydrogel design includes complex structures through crosslinks engineered to 

degrade31, or respond dynamically32 to cellular activity. 

Recently, efforts using granular hydrogel biomaterials have highlighted their strengths in designing MPSs. 

Granular hydrogels support dynamic cellular behaviour,33,34 microvascular structures,35,36 and tissue growth37,38. 

Granular hydrogels are formed by packing hydrogel microparticles, whose individual diameters are typically on 

the order of 10 or 100s of microns, into a bulk scaffold, which results in material systems with unique properties 

compared to continuous hydrogels.39,40 If microparticle-based scaffolds do not include interparticle crosslinking, 

or annealing,37 the bulk material can yield and flow in response to mechanical perturbations.36 Unlike continuous 

hydrogels, microparticle-based granular materials are inherently permissive; they support dynamic cellular 

behaviors such as proliferation, migration, or multicellular self-organization. In granular hydrogels, this is largely 

a function of micron size pores between individual microparticles. When particles are not crosslinked at their 

surfaces to one another, they also have the potential to yield and move in response to cellular activities. Granular 

hydrogels, made from synthetic or semi-synthetic hydrogels, are highly tunable, with control over polymer 

material, size, stiffness, and degradability, for example, that in turn influence cellular behaviors.35,41–44 An 

additional strength of granular hydrogels in designing complex systems is their compatible with bioprinting 

processes that can be used to specify cellular and material architectures within these materials.45,46 

Integrating granular hydrogels into devices in which controlled flows could be applied would allow for additional 

control over microenvironments presented by these materials. In particular, devices that support unannealed 

granular hydrogels, which lack crosslinking between microparticles, are unstable in standard in vitro culture.39  

Microdevices that can support unannealed granular systems would allow study of cell responses to dynamic 

behaviors within the microparticles that are lost after interparticle crosslinking. Additionally, devices might be 

designed to be compatible bioprinting processes that can be used to specify material complexity in unannealed 

granular hydrogels. Current examples of devices used to contain granular hydrogels rely on physical features, 

such as posts, to contain uncrosslinked materials.41,47,48 As an alternative, perfusable channels embedded within 

granular hydrogels – which have been achieved in continuous (non-granular) hydrogels by casting the hydrogel 

around a removeable object26,49,50 or material,27,51,52 and digital light 3D printing24 – have been established within 

fully annealed granular hydrogels53–56, but are unexplored in systems in which unannealed microparticles are 

preserved within the granular hydrogel volume.
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Our approach embeds channels fully within the biomaterial, allowing cylindrical channel topographies and 

avoiding the use of high aspect ratio posts or physical constraints to separate unannealed particles from flow. 

Here, we designed channels to align with fluidic inlets and outlets, and we used selective crosslinking of granular 

hydrogels immediately around a channel to stabilize the channel walls in the presence of fluid flow. These 

allowed hydrogel particles that comprised channel walls to be stable in the presence of shear, which might cause 

unannealed systems to become unpacked and dissociate into the fluid flow. However, in the space between 

channels, microparticles remained unannealed (Figure 1), allowing for them to retain their dynamic qualities in 

the presence of perfusive flow. The unannealed granular material could also support 3D printing processes that 

deposited new materials to create complex architectures within the system. By using two channels to direct flow 

through the device, it was thus possible to form soluble gradients within the granular hydrogel. Taken together, 

the system allows for unique control over both soluble cues and unique material-associated cues, the former 

through control over perfusion and the latter through selective annealing and 3D printing-based control over the 

placement of material within the microfluidic device.

Materials and methods

Norbornene modified hyaluronic acid (NorHA) synthesis

NorHA was synthesized as previously described.57 Briefly, HA-TBA was formed by dissolving sodium 

hyaluronate (Lifecore, 60 kDa) in DI water and mixed with Dowex 50X proton exchange resin for 2 hours. The 

resulting solution was titrated with tetrabutylammonium hydroxide to pH 7, frozen and lyophilized. HA-TBA was 

then modified via amidation with 5-norbornene-2-methylamine, anhydrous dimethyl sulfoxide (DMSO), and 

benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphon-ium hexafluorophosphate (BOP) under nitrogen at room 

temperature for 2 h. The reaction was quenched with cold water, purified via dialysis (SpectraPor, 6–8 kDa 

MWCO) for 3 days with DI water and NaCl, then another 4 days with DI water, frozen and lyophilized. The degree 

of modification was 15.5% determined by 1H NMR (Supplemental Figure S1). 

Hydrogel fabrication

A NorHA hydrogel precursor solution was made by combining NorHA (3 wt%, 0.6 thiol:norbornene (SH:Nb)), 

with dithiothreitol (DTT, ThermoFisher) photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 25 

mM, Sigma-Aldrich), and deionized water. 

NorHA hydrogel microparticles were formed using a batch emulsification technique similar to previously reported 

approaches (Figure 2).43 Briefly, the aqueous solution was added to light mineral oil with Span 80 (0.5 vol%, 

Sigma-Aldrich) at a 20:1 oil to aqueous ratio of the oil to aqueous volumes and mixed on a stir plate at 600 rpm. 

After 1 minute the microparticles were crosslinked under UV light (320-390 nm) at 60 mW/cm2 for 5 minutes. 

The particles were centrifuged at 3,500 rcf for 2 minutes to remove the majority of the oil and surfactant. The 

particles were then washed sequentially with 2 wt% Pluronic F-127 (Sigma-Aldrich), and 70 vol% ethanol two 

times. Microparticles were stored in phosphate buffered saline (PBS) at 4 °C until use.

Page 3 of 28 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:3

7:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00219B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00219b


Polyethylene glycol (PEG) microparticles were generated via aqueous two-phase suspension, based off previous 

approaches.58 Briefly, eight arm PEG-norbornene (3 wt%, PEG-Nb, 20 kDa, JenKem), four-arm PEG-thiol (0.6 

SH:Nb, 10 kDa, JenKem), and LAP (10 mM) were combined in aqueous solution. A 25 wt% solution of dextran 

(70 kDa, Sigma-Aldrich) was mixed with PEG-Nb hydrogel precursor solutions at a 4:1 ratio of continuous 

(dextran) to dispersed (PEG-Nb) phases. This mixture was mixed at 200 rpm for 1 minute prior to crosslinking 

under UV light at 30 mW/cm2 for 5 minutes. Following crosslinking, the resulting particles were suspended in 

15x volume of PBS to thermodynamically favor a single-phase solution and centrifuged twice to remove dextran 

and other unreacted materials. 

After microparticles were washed and prior to forming a bulk granular scaffold, all microparticles were allowed 

to swell overnight in PBS. To form granular hydrogels, microparticles were then packed together by centrifuging 

a suspension of microparticles at 21,000 rcf for 5 minutes and excess PBS was removed, creating packed 

microparticles. To allow for photoinitiated interparticle crosslinking, microparticles were resuspended in a 10 wt% 

PEG-SH and LAP (25 mM) crosslinking solution prior to centrifuging. Packed microparticles were loaded into an 

8 mm diameter biopsy punched polydimethylsiloxane (PDMS) slab that was 5 mm think and placed under UV 

light for 5 minutes at 100 mW/cm2 to crosslink microparticles together. Granular hydrogel disks were placed in 

PBS at 37 °C for 24 hours to quantify stability.

Hydrogel characterization

Fluorescein isothiocyanate-dextran (FITC-dextran, 1 mg/mL, 2 MDa, Sigma-Aldrich) was added to the hydrogel 

precursor solution to visualize the microparticles using fluorescent microscopy in order to characterize 

microparticle size. Microparticles were suspended in PBS and imaged using Lecia DMi8 fluorescent widefield 

microscope.

Rheological behaviors of packed microparticles were characterized using oscillatory shear rheology (DHR3 

rheometer, TA instruments). For in situ rheology the rheometer was equipped with a 20 mm sandblasted 

geometry and UV light at 100 mW/cm2 was used. To determine gelation a time sweep (1 Hz, 1% strain) was 

performed followed by frequency sweeps (0.1-100 rads/s, 1% strain) to assess the storage and loss moduli of 

the hydrogel.  Packed NorHA microparticles’ dynamic responses to applied strain were analyzed using a 20 mm 

parallel plate geometry set at a gap ten times the average particle diameter. A solvent trap was used to reduce 

evaporation. Cyclic stain sweeps alternating between high (500%) and low (1%) strain, were used to assess the 

yielding and recovery responses of the packed microparticles. 

Device fabrication

A computer-aided design (CAD) model of the negative mold of the device was made using Autodesk Fusion 360 

software and printed using stereolithographic 3D printer (Form 2, Formlabs). The mold was washed with 

isopropanol twice then cured for 30 minutes at 75 °C.  27-gauge needles were inserted through the negative 

mold in designed locations, and PDMS (Sylgard 184, Dow Corning) was added into the reverse mold. PDMS 
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was cured at 37 °C for 24 hours. The PDMS device frame was then removed from the mold, plasma treated with 

air, and bonded to a glass coverslip (#1, 60x24 mm, VWR). 

Device loading

27-gauge needles were placed through the channels of the PDMS device to template channels within the 

hydrogel. To form the continuous NorHA hydrogels within the device, NorHA precursor solution was added and 

crosslinked under UV light. Alternatively, to form a fully annealed granular hydrogel within the device, 

microparticles were resuspended in the crosslinking solution, then centrifuged at 21,000 rcf for 5 minutes. These 

packed microparticles were loaded into the PDMS device. To ensure no bubbles were formed in the material the 

device was carefully loaded with the packed microgels, with attention to directing deposition during pipetting to 

the space underneath the 27-gauge needles. With careful handling of material post-centrifugation, for example 

through use of a positive displacement pipette or through loading of packed material into a syringe and extruding 

from the syringe into the device, the introduction of air bubbles was avoided. Once the device was filled, material 

was crosslinked under UV light.

To form unannealed granular hydrogels containing channels, interparticle crosslinking was desired only 

immediately adjacent to the channels, leaving the bulk of the microparticles uncrosslinked to one another. To 

achieve this, LAP was localized to the needles used for templating the channels, and microparticles were 

resuspended in a solution containing 10 wt% PEG-SH without LAP, packed via centrifugation, and then added 

to the device with 27-gauge needles in place. LAP was localized to the needles by pipetting a 25 mM LAP 

solution over the needles after the needles were positioned within the PDMS frame and before adding the packed 

microparticles. Before adding packed microparticles to the device, the LAP solution was aspirated, leaving 

needles surfaces wetted with LAP solution. Upon adding the packed microparticles to the device, crosslinking 

was initiated under UV light.

In conjunction with all hydrogels used – the continuous hydrogel, the fully-annealed granular hydrogel, and the 

unannealed granular hydrogel – a glass coverslip (#1, 18x18 mm, VWR) was placed on top of the device 

immediately after loading to prevent hydrogels from drying out. Then the device was flipped and placed under 

UV light at 100 mW/cm2 for 5 minutes to crosslink the hydrogel. Then needles were slowly removed to ensure 

the channels were not disrupted. Devices were immediately imaged via brightfield microscopy to confirm channel 

formation and measure channel diameter.

Measuring channel stability

Devices were loaded with the unannealed granular hydrogel, and rhodamine B (rhodB, 12 µg/mL, Sigma-Aldrich) 

was injected into one of the channels at 0 h, 24 h, and 7 days for visualization of the channel to confirm stability 

over time. The devices were incubated at 37 °C and kept in a humid environment. The devices were rocked 

gently to promote flow across the device during incubation to assess prolonged flow conditions.  

Diffusion characterization
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Devices containing hydrogels with two parallel channels were perfused by introducing a flow of a solution 

fluorescently labeled albumin (FITC-albumin, 50 µg/mL, Sigma-Aldrich)59 into one of the channels at a flow rate 

of 1 mL/h using a syringe pump for 25 minutes at 37 °C. Timelapse fluorescent and brightfield images were 

taken using Leica DMi8 widefield microscopy at 0, 5, 10, 15, 20, and 25 minutes. Due to the slow diffusion of 

FITC-albumin from the channel into the continuous hydrogel, the channel was perfused for 24 h at 37°C, at which 

point images were taken for analyzing diffusivity into the continuous hydrogel. 

For dual-channel diffusion experiments, rhodB and FITC-albumin were dissolved in separate solutions, at the 

concentrations given above. The PDMS device was loaded, as described, with PEG-Nb packed microparticles 

and selectively annealed along the channels. Once the needles were removed, the FITC-albumin and rhodB 

solutions were introduced in solutions flowing through different parallel channels in opposite directions. 

Timelapse images were taken every 5 minutes of the whole device. Images including rhodB were pseudo-colored 

blue in figures for accessibility.

Perfusion with suspended fluorescent microspheres 

Devices loaded with unnannealed NorHA microparticles were perfused with medium containing suspensions of 

fluorescent microspheres (FMs, FlouSpheres Carboxylate-Modified Microspheres, 10% vol/vol, ThermoFisher). 

FMs were 1 µm in diameter and perfused at a flow rate of 1 mL/h. Timelapse images were taken over 5 minutes.

3D printing

A biomaterial ink for 3D printing was formed from a granular hydrogel60, based on gelatin microparticles. Gelatin 

microparticles were formed via a batch emulsification technique as previously described.61 Briefly, a 15 wt% 

solution of gelatin type B (Sigma-Aldrich) with FITC-dextran (1 mg/mL, 2MDa, Sigma-Aldrich) was made by 

dissolving components at 80 °C. The warmed gelatin solution was added to warmed (80 °C) light mineral oil 

containing 2 vol% Span 80 and emulsified via homogenized at 2,000 rpm for 3 minutes, before being placed in 

a 4 °C refrigerator to cool. The resulting microparticles were washed sequentially with 2 wt% Pluronic F-127, and 

PBS 5 times.  Gelatin microparticles were packed together at 21,000 rcf for 5 minutes to create a granular gelatin 

hydrogel to be used as an ink in 3D printing. A 3D printer equipped for volumetric extrusion (BIOprinter, 

FELIXprinter) was used print the granular gelatin ink. The granular gelatin was loaded into a syringe that was 

placed in the printhead for extrusion. Discrete voxels or non-linear material structures were printed into the center 

of unannealed NorHA packed microparticles contained within the region in the center of the device between two 

channels formed, as described above. Simple G-codes were used to direct the printer, and a sample is provided 

in the supplemental material. 

Cell culture

Human umbilical vein endothelial cells (HUVEC, P6) were cultured in vascular cell basal media (ATCC) with 

endothelial cell medium supplements, including VEGF (ATCC), at 5% CO2 and 37 °C in a humidified environment 

with media changed every 2 days. NorHA hydrogel microparticles were fabricated as described with the addition 

of 2 mM RGD to the precursor solution. Microparticles were sterilized with 70% ethanol and stored in media at 
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4 °C overnight before use. NorHA precursor solution with 2 mM RGD was sterilized by 0.22 µm filtration. Devices 

were sterilized in 70% ethanol. Microparticles were resuspended in PEG-SH and centrifuged at 21,000 rcf for 5 

min. HUVECs were mixed within the granular hydrogel at 5x106 cells/mL. For annealed granular hydrogels, 1 

mM LAP was added to the particle-cell mixture. Devices were loaded and crosslinked at 15 mW/cm2 for 60 s, 

after which media was added. The devices were placed on a rocker and slowly rocked to allow media to flow 

through the channels. After 24 h the devices were stained for viability using Live/Dead stain, calcein-AM and 

ethidium homodimer (Invitrogen) and fluorescently imaged to visualize the entire channels and quantify cell 

viability around them (Supplemental Figure S4). 

Image and statistical analysis

Brightfield images of channels were analyzed to quantify channel diameter using ImageJ. Fluorescent images 

of diffusion were also processed and analyzed using ImageJ. To quantify diffusion from fluorescent images, 

intensity was traced from the channel boundary perpendicularly into the surrounding hydrogel in the device to 

the edge of the image. Three replicate intensity profiles were taken at different points along the channel. Axial 

convective flow filling the channel with fluorescent solute was significantly faster than radial diffusion.  

Fluorescent intensities along this trace were acquired, and background fluorescence was subtracted from each 

point.  Each fluorescent intensity value was then normalized to the maximum fluorescent intensity value of the 

FITC-albumin solution in the channel. Based on the known set normalized intensity, an approximation for the 

effective diffusion coefficients was calculated for all hydrogel systems by taking the distance traversed by solute 

squared over time (equ.1).

𝐷 ∝ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒2

𝑡𝑖𝑚𝑒  (eqn.1)

Each diffusion experiment performed had n = 3 trials. GraphPad Prism 9 was used for all statistical analysis. 

Data are reported as mean ± standard error of the mean, and particle diameter is reported as mean ± standard 

deviation. Statistical significance was determined by a one-way ANOVA followed by a post hoc Tukey’s Honest 

Significant Difference test. Data were graphed with the mean and error bars representing the standard deviation.

Results

Hydrogel fabrication and characterization

Hydrogel crosslinking in both continuous hydrogels and internal to hydrogel microparticles was achieved  through 

a thiol-ene photoinitiated click chemistry reaction (Figure 2A).62 Stoichiometric control over NorHA and DTT 

allowed unreacted norbornene groups to be left after crosslinking for future interparticle crosslinking, or 

annealing, through the same photochemistry. The NorHA microparticles generated by bulk emulsification were 

polydisperse with a mean diameter of 67 ± 27 µm (Figure 2B-C).  Microparticles were centrifuged to pack them 

into a granular hydrogel. annealed, In the presence of photoinitiator, PEG-SH, and UV light, annealing between 

microparticles occurred rapidly (Figure 3A, blue line transitioning from light to dark blue to indicate gelation) 

within 10 – 20 s, with a slight increase in bulk storage modulus from ~100 Pa to ~120 Pa observed (Figure 3A-
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B). Gelation time in a continuous NorHA precursor solution to form a continuous hydrogel (Figure 3A, green line) 

occurred on the same time scale. In a continuous hydrogel a significantly higher storage modulus of ~7 kPa is 

observed (Figure 3A-B) owing to the lack of microporosity in the bulk material.

In comparing viscoelastic properties under under static conditions or low frequency, granular and continuous 

hydrogels all exhibited solid-like viscoelastic properties (Supplemental Figure S2C). In the granular hydrogel 

system, when particles are not annealed together they retain their natural dynamic properties. Under increasing 

strains, the bulk microparticle material yields, exhibiting liquid-like flow. Cyclic strain sweeps that alternated 

between applications of low (1%) and high (500%) oscillatory strain demonstrated that the unannealed granular 

hydrogel had the ability to flow in response to applied strains and restabilize when strain was removed (Figure 

3C), which is an important property when developing a support material for 3D printing. The potential for particles 

to shift and move in the absence of interparticle crosslinking also permits rearrangement to support cell activities 

and growth.

In characterizing the stability of the granular hydrogels, over an extended period, granular hydrogels that were 

annealed showed no signs of degradation after 24 h in culture, while granular hydrogels that were unannealed 

dissociated as microparticles eroded into the surrounding medium over this time (Figure 3E). This highlights both 

the potential for dynamic reorganization in unannealed systems and the critical need for systems that allow 

dynamic, unannealed particles to be maintained in culture, which is the focus of this work. 

Device characterization

To support granular hydrogels in culture, a 3D printed negative mold (Figure 4A-Bi) was used to fabricate a 

PDMS device (Figure 4Bii-iii) that contained granular hydrogels (Figure 4Biv) with integrated microchannels 

(Figure 4Bv). Channels within the PDMS (Figure 4Biii) were designed to allow inlet and outlet fluidic connections 

to introduce controlled microflows into the hydrogels. As described above, granular hydrogels were introduced 

into the device and either fully annealed throughout the granular hydrogel bulk or annealed around the channels 

only, by localizing photoinitiator to the needles. Channel integrity was confirmed via imaging following channel 

formation under brightfield imaging (Figure 5A-C). After removing the 27-gauge needle, which had an outer 

diameter of 413 µm, brightfield images showed the channels had diameters of 358 ± 7 µm, 325 ± 15 µm, and 

295 ± 13 µm for the bulk, fully annealed, and selectively annealed hydrogels, respectively (Figure 5D). A slight, 

but statistically significant, decrease in channel diameter was observed between only the selectively annealed 

hydrogel group and the bulk hydrogel. Channel stability was tested in the selectively annealed granular hydrogel 

in the device by introducing a rhodB (pseudo-colored blue) into the channel allowing for visualization the whole 

length of the channel over days in culture. At each of the day 0, 1 day, and 7 day timepoints, a channel is seen, 

evidencing long-term stability of the channel within the granular system when the microparticles are selectively 

annealed only adjacent to the channel and the bulk of the microparticles are unannealed (Figure 5E). 

Channel stability was also observed in experiments to quantify diffusive transport from the channels. Here, 

medium containing fluorescently tagged albumin (FITC-albumin) was introduced in axial flow through the 

channels, and fluorescent imaging was used to visualize radial protein transport into the surrounding hydrogel 
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over time (Figure 6). Because the granular hdyrogels, both the annealed and selectively annealed systems, 

contained microporous spaces among the hydrogel microparticles, the soluble FITC-albumin was able to rapidly 

diffuse into the surrounding bulk material (Figure 6A-B). This interstitial diffusion supported rapid diffusive 

transport of this model protein granular materials’ bulks in comparison to traditional, continuous hydrogels. In 

continuous hydrogels, the movement of soluble FITC-albumin into the hydrogel is hindered by the nanoporous 

polymer network, leading to no measurable diffusion after 25 min, as shown in the low normalized intensity from 

the channel into the hydrogel (Figure 6C).

To characterize the mass transport observed through the system, we approximated effective diffusivities from 

the fluorescent images. Within the continuous hydrogel system, because no measurable FITC-albumin was 

observed after 25 min, imaging was continued over 24 h (Supplemental Figure S3). The effective diffusion 

coefficient calculated for FITC-albumin in the continuous hydrogel was 8 ± 5 μm2/s. In comparison, in the 

microporous granular systems the effective diffusivities observed for FITC-albumin were 303 ± 56 μm2/s and 

319 ± 44 μm2/s for annealed and unannealed granular systems, respectively (Figure 6D). While there were 

significant differences between diffusivity measured in the granular systems compared to the continuous 

hydrogel, there was no significant difference between the annealed and unannealed granular hydrogels. The 

diffusivity (𝐷∞) of albumin in water at 37°C, calculated using Stokes-Einstein equation, is expected to be 106 μm2

/s (Figure 6D, grey dashed line).63 The observed diffusivities of albumin in the granular hydrogels were an order 

of magnitude greater than the observed diffusivity in the continuous hydrogel and they were on the same order 

of magnitude as free diffusion. However, the apparent diffusivities in the granular systems are higher than 

expected compared to 𝐷∞, indicating that advective flows through the granular hydrogels must be present during 

experimentation as discussed below. 

In addition to NorHA-based microparticles, PEG-Nb microparticles were used to form granular hydrogels to 

demonstrate the potential for the device to be used with, and channels to be formed in, granular hydrogels with 

different polymer backbones and microparticle sizes. PEG-Nb microparticles were also formulated using a phase 

separation process, rather than emulsification, that resulted in particles with a diameter of 12 ± 7 µm 

(Supplemental Figure S2). When the device was loaded with PEG-Nb microparticles and selectively crosslinked 

along the channel, stable channels were observed. As above, this was confirmed by continuous flow of medium 

through the channels that contained fluorescently labeled solutes.

To observe the potential to establish complex, multi-solute gradients within granular hydrogels, a granular 

hydrogel with two channels was formed within the device. RhodB, a model for a small molecule that exhibits 

rapid diffusion, was introduced into the top channel in the device in a flow from left to right. FITC-albumin, a 

model for a larger protein solute, was introduced into the bottom channel from right to left (Figure 7, top row: 

FITC-albumin in green; middle row: rhodB, pseudo-colored blue; bottom row: overlay of FITC-albumin and 

rhodB). The differences in diffusivity of the small rhodB molecule and larger FITC-albumin protein were readily 

apparent. Twenty minutes after the channels were filled rhodB had diffused across the device while the diffusive 
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front of the soluble FITC-albumin was still close to the main channel wall (Figure 7). After 40 minutes both 

gradients extended from the channel into the middle of the device (Figure 7). 

To observe the movement of significantly larger suspended species, fluorescent microspheres (FMs) were 

perfused through the channel and timelapse imaging allowed for tracking of the FMs as they flowed through the 

device (Supplemental Videos 1-3). Imaging of FMs revealed flow patterns and differences in porosity between 

hydrogel formulations. Within the bulk hydrogel FMs were confined to the channel in which they were introduced 

and were not observed to move into the bulk of the hydrogel. Within the annealed and unannealed granular 

hydrogel groups, FMs were observed moving with convective flow along the channel length and into the 

surrounding granular hydrogel system. From this experimentation and diffusion experiments, described above, 

it was evident both that soluble and suspended particles could easily be transported into the bulk granular 

system, but also that when axial flows were initiated in the channels, the change in pressure upon initiating 

convection into the device drove radial flows from the channel in the microporous granular systems. This carried 

fluorescent solutes, above, and FMs, here, with the radial flow. Pore spaces between microparticles within 

granular hydrogels were thus able to support convection into the bulk of the material.

3D printing

To establish that 3D printing processes could be used to design heterogeneous material architectures between 

channels within a microdevice, we printed a biomaterial ink directly into the unannealed microparticles within a 

selectively annealed device prior to closing the device. In the selectively annealed systems, where crosslinking 

only occurred between microparticles adjacent to the channels, the unannealed microparticles in the bulk of the 

granular hydrogel flowed around the printer nozzle (schematic in Figure 1) in an embedded 3D printing process 

on chip. To demonstrate the potential for using 3D printing to establish material complexity, both discrete features 

and non-linear structures were formed in the system. First, discrete voxels were printed in the center region of 

the device (Figure 8A). According to the computer design and print parameters, the gelatin microparticle voxels 

that were printed were about 1.5 mm in diameter. Voxels were positioned with 4 mm or 2 mm between centers. 

Next, a sawtooth patterns with a 1 mm (Figure 8B) or 1.5 mm (Figure 8C) amplitude and 3 mm frequency were 

printed. The larger print (Figure 8C) was in contact with a surrounding channel, allowing transport of liquefied 

gelatin to be visualized from the printed ink into the channel, and then axially along the channel (Figure 8C).

Cells within hydrogels on-device

To demonstrate the strengths of channels within granular hydrogels in supporting cell viability within devices, 

endothelial cells (HUVECs) were cultured within the device in either selectively annealed granular hydrogels, 

fully annealed granular hydrogels, or continuous hydrogels for 24 h (Figure 9). After 24 h cells within the 

continuous hydrogel had low cell viabilities within the hydrogel, compared to cells in the granular hydrogels 

(Figure 9B). Cell viability was only 22.2 for the continuous hydrogel, but 79.8% and 78.2% for the fully annealed 

and selectively annealed granular hydrogels, respectively.

Discussion
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Advances in microphysiological systems and in vitro tissue models will benefit from systems where it is possible 

to establish complex material compositions of material, and control critical soluble and matrix bound signals. 

Granular hydrogels facilitate the design of material complexity that is not available in continuous bulk hydrogels 

through inherent features like microporosity and their discrete particulate nature39 as well as compatibility with 

embedded printing processes.64–66 The development of a microfluidic system that integrates channels within 

granular materials will allow control of soluble signals within granular systems and will allow studies in granular 

hydrogels without unannealed microparticles dissociating into surrounding media. This technology would support 

maintenance of systems with highly dynamic properties over time and under perfusion, enabling new cell-

material interactions to be designed via dynamic microenvironmental cues.  Additionally, a device compatible 

with 3D printing presents opportunities for controlling combined soluble and physical signals. 

Granular hydrogels were formed from norbornene-modified hyaluronic acid (HA) and polyethylene-glycol (PEG) 

microparticles (Figure 2 and Supplemental Figure S2). Stoichiometric control of norbornene functionalization 

allows design of physical and biochemical functionalities in hydrogels62,67 and facilitates interparticle crosslinking 

in granular systems.68,69 This control was leveraged here to design systems with excess norbornene groups to 

facilitate interparticle crosslinking adjacent to channels to stabilize granular hydrogels around the channel lumen, 

while leaving the bulk of the granular system uncrosslinked. Packed microparticle systems that lack interparticle 

crosslinking retain the ability for individual microparticles to move past one another, preserving inherent stress 

yielding properties within granular materials that can be challenging to achieve without careful molecular design 

in continuous bulk hydrogels (Figure 3). These dynamic behaviors can be seen in the rheological transitions 

between solid- and liquid-like behaviors in uncrosslinked granular systems to applied strains (Figure 3D). These 

properties are desirable in allowing bioprinting to control material architectures60 and stress yielding matrices 

can influence cell responses70. However, unannealed granular systems dissociate in culture environments 

without interparticle crosslinking (Figure 3D) in the absence of a device designed to retain them.

To address this challenge, here we developed a PDMS of a microfluidic device to contain granular hydrogels 

and allow for introduction of controlled flows. The simple fabrication of this device using of a 3D-printer allowed 

for a low-cost entry point to for initial engineering and ultimately design of the device for specific applications. 

Additionally, additive manufacturing technology could be used for higher throughput fabrication of these systems 

and additional fluidic control systems or devices multiplexed on a single chip would enable easy scale up for 

translational applications addressing clinical needs in personalized models. Here, these systems supported 

granular hydrogels with channels aligned to fluidic inputs. Particles forming channel walls were locally stabilized 

by interparticle crosslinking, allowing flow while leaving the bulk of the granular system unannealed. The 

approach here achieved this by localizing photoinitiator to a small volume of solution wetting channel-forming 

needles. Diffusion-based approaches have been used elsewhere to spatially control crosslinking near 3D printed 

structures.71

The open device design used here allows for materials to be introduced into the device, with materials fully 

surrounding channel forming needles. To avoid bubble formation, granular hydrogels should be centrifuged fully 

for packing and extruded from the bottom surface upwards into the device. While careful deposition of granular 
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hydrogels avoids entrapping air in deposited hydrogels, if a material gap forms, light centrifugation of the device 

prior closing can collapse voids. Bubbles during perfusion have the potential to disturb the granular support 

surrounding channels, so microfluidic connections should be made to air-free feeds. With air free and steady 

flows, channels granular systems, but fully annealed and selectively annealed, supported flow and remained 

patent for days (Figure 5E). Channel diameters were specified by needle templating (Figure 5D, grey dash line), 

which yielded channels whose diameter became modestly smaller due to swelling of the hydrogels after needle 

removal. Swelling increased as total crosslinking within the hydrogels decreased, as expected. Continuous 

hydrogels exhibited the smallest changes to channel diameters and unannealed granular hydrogels the greatest. 

Importantly, while swelling must be accounted for in planning an application, swelling did not disrupt channel 

stability over time (Figure 5E). The granular hydrogels and devices used are expected to be compatible with 

other channel-formation process, including removable 3D printed ink used to template vessel structures.52,72–74 

Gradients of soluble molecules were established from channels in granular hydrogels. Transport of FITC-albumin 

into the granular hydrogels, where one channel served as a source of the protein and the other as a sink, 

evidenced rapid transport of FITC-albumin through the materials’ bulks. Transport of the labeled protein 

extended far into the material surrounding the channels after 25 min of observation, which contrasted with 

continuous hydrogels (Figure 6A). Within continuous hydrogels, the formation of a protein gradient required  

hours (Supplemental Figure S3). Granular systems can thus address avoid challenges faced by continuous 

hydrogel systems in supporting rapid transport and quick changes of soluble signals, primarily due to the lack of 

microporosity that might support convection or free diffusion, with transport instead occurring through 

nanoporosity in the  continuous polymer network. Rapid gradient formation is expected to be useful in 

spatiotemporal control or switching of signals important to an MPS and will also be of value where soluble signals 

with short half-lives are important in understanding physiological processes.

Towards quantitative understanding of transport informing the design of spatiotemporal signaling, apparent 

diffusivities for FITC-albumin in the hydrogel system were quantified (Figure 6D). Apparent diffusivities of FITC-

albumin evidenced the same order of magnitude as in water (indicated by the gray dashed line in Figure 6D)63, 

which is unsurprising due to the microscale interstitial spaces between particles where nanoscale solute diffusion 

is rapid and uninhibited. The apparent diffusivity of FITC-albumin in the granular hydrogel was, however, three 

times greater than the value calculated for free diffusion using the Stokes-Einstein relationship, indicating that 

transport observed in the device was not solely due to diffusion. It is likely that advection into the material 

contributed to transport as flows initiating the starts of experiments created small pressure imbalances. Additional 

observations of flow using FMs confirmed that the granular system easily supported interstitial flow and the 

transport of much larger, microscale particles. While the system’s ability to support transport is a potential 

strength, future development of the microfluidic device should include refinements to controlling the introduction 

of flows and pressure during experiments, for example through refining device packaging and fluidic connections. 

A more precise quantitative model of solute diffusion in the granular system should account for interstitial flow 

rates, material porosity, and potentially nanoscale porosity within the microparticles.

Page 12 of 28Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:3

7:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00219B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00219b


In reciprocal cell-microenvironment interactions within physiological systems, complex extracellular signals are 

integrated through cell signaling pathways to determine cellular behavior. Towards demonstrating the potential 

to define multiple soluble signaling gradients, two model molecules, rhodB and FITC-albumin, were introduced 

to the granular system and they established opposing concentration gradients (Figure 7A) across the granular 

bulk, as expected from diffusion studies. Each channel within the device acted as the source for one compound 

and the sink for the other. Additionally, towards demonstrating generalizability of granular systems in 

microdevices to different backbone materials, here small (~10 µm in diameter) PEG-Nb microparticles were 

employed. As with NorHA, hydrogel channels were stable and gradients formed rapidly, indicating that 

integrating and perfusing channels within granular hydrogels could be used with a range of microparticle sizes 

and with both natural- derived and synthetic polymers.

We also expected, based on granular hydrogels’ microporosity and the calculations of apparent diffusivity, that 

granular hydrogels were supporting interstitial flows. This might be a strength in models of disease and 

physiological systems, were interstitial flows are important in cancer metastasis7 and microvascular network 

formation18,21,28. The presence of radial flow from the channels and into the granular systems’ interstitial spaces 

was directly observed through the inclusion of FMs (Supplemental Videos 1-3) that were carried in suspension 

in flow into the granular materials’ interstitial spaces. Because of their large, microscale size relative to molecular 

solutes, convection of FMs also suggests the potential for cellular movement within such a granular hydrogel, 

highlighting the biological attraction of these materials in modeling dynamic cell behaviors and the need for 

culture systems that allow researchers to exploit these features in designing synthetic cellular matrices.

Towards designing complex material structures in addition to soluble signaling, this system allowed 3D printing 

to be used to control material heterogeneities within the granular hydrogel on the microdevice. Controlling 

crosslinking of microparticles to one another adjacent to the channels allowed for the granular hydrogel between 

the channels to be used as a support bath for 3D printing. The unannealed granular space then supported 

deposition of printed material in complex structures on the microdevice (Figure 8). These included the specific 

and regular computer-guided placement of the depots of a granular gelatin material and the printing of a non-

linear sawtooth structure in the granular bulk between the two channels that would be challenging to introduce 

into an MPS system. Unlike a continuous hydrogel system, the granular hydrogel can support this embedded 

printing, which can be extended to allow depositions of materials with different mechanics, bio-functionalities, 

and porosities.39 Additionally, bioprinting can help create biological systems that have controlled placement of 

cells and materials within the microfluidic device, which will be valuable for reproducible control of biological 

environments and emergent structures. To illustrate the patency of channels surrounding a printed structure and 

also the enhanced diffusion within their mesoscale diameters, a gelatin bioink that melted upon heating was 

printed so that one end of the filament was in contact with the channel. Upon melting, diffusion into the channel 

and along its length was observed in fluorescent imaging (Figure 8C). 

Finally, culturing cells within granular hydrogel allows for higher viability. The nanoscale porosity of continuous 

hydrogel slows transport and limits the ability for cells to spread and grow within the hydrogel, without further 

design of the material for degradation. In a continuous system we observed a substantial loss viability after 24 h 
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in continuous gels (Figure 9). The inherent microporosity with granular hydrogels allows cells to reside and move 

within microporous interstitial spaces among the particles without additional molecular design. Additionally, it 

enhances transport, as discussed. Consequently, cell culture in granular hydrogels significantly increased the 

viability of HUVECs in devices after 24 h. Importantly, because we were able to culture cells within selectively 

annealed microgels, there are new opportunities for studying complex biophysical cues and cellular responses. 

Compared to annealed granular systems, unannealed systems offer environments where unannealed particles 

might move in response to forces. But culture unannealed systems is challenging, as they erode in standard 

tissue culture systems. This system addresses this challenge and enables control over soluble signaling 

gradients and matrix architectures, the integration of microfluidics, and supports embedded printing to facilitate 

design of a range of cell-instructive cues not available in other systems. This device is expected to support 

applications of controlled flows to granular systems that will facilitate the development of well-defined biomaterial 

systems in vitro and of advanced models for tissue engineering and microphysiological applications. 

Conclusion 

In this work, a microfluidic device was developed to contain granular hydrogels, with the ability to selectively 

crosslink microparticles adjacent to channels within the device, leaving microparticles in the hydrogel volume 

between the channels uncrosslinked to one another. These unannealed granular hydrogels have valuable 

properties but are otherwise challenging to be used as scaffolds for tissue engineering or microphysiological 

systems because they undergo erosion into culture media. Here, a device that facilitated easy loading of packed 

microparticles allowed the fabrication of channels into which media could be introduced, without scaffold erosion. 

Through spatial control over crosslinking that locally stabilized channels, gradients of soluble compounds could 

be established across the hydrogels. Additionally, the uncrosslinked microparticles could support material to 

deposition via 3D printing in the device bulk. Taken together, the system enabled the design and presentation of 

diverse matrix-bound and soluble cues that might be presented to cells, which also grew better within granular 

materials than in continuous hydrogels. Granular hydrogels thus supported a combined microfluidic and 3D-

printing approach for exerting spatiotemporal control over soluble and material-based signals in dynamic 

systems. Looking forward, the system will allow increased complexity to be designed into biological systems in 

vitro for a variety of biomedical applications.
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Figure 1: Schematic illustration of a granular hydrogel containing microfluidic device system that could have 
multiple channels, crosslinked or annealed, between microparticles within the granular hydrogel (indicated by 
red points in top insert) could be designed throughout the entire scaffold or be localized immediately adjacent to 
the channels in the hydrogel. With in the volume of the hydrogel between the channels, it would be possible to 
further define or modify the material structure via 3D printing. Cells might be included among the hydrogel 
microparticles, if desired.
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Figure 2: A) Hyaluronic acid (black) functionalized with norbornene groups (blue) and reacted with dithiol 
crosslinker (red) to form the hydrogel polymer network. B) Batch emulsification technique to fabricate hydrogel 
microparticles. C) Size distribution and D) representative image of NorHA hydrogel microparticles (scalebar 500 
µm).
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Figure 3: A) In situ rheology of the gelation of a NorHA continuous hydrogel (green) and granular hydrogel (light 
blue unannealed, dark blue annealed), the grey area represent the UV light on. B) Quantification of the storage 
modulus at 0.1 rad/s (n=3, p≤0.0001). C) Cyclic strain sweep alternating between high (white) and low (grey) 
strain of unannealed packed NorHA microparticles. D) Packed microparticles that are annealed (i) and not 
annealed (ii) together right after exposure to UV light and annealed and unannealed microparticles after 24 h 
(scalebar 20 mm).
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Figure 4: A) Device manufacturing process of fabricating the microfluidic device used here. B) 3D printed 
negative mold of the device (i), the mold loaded with PDMS (ii), the PDMS device (iii), the PDMS device 
plasma boned to a glass coverslip loaded with hydrogel solution ready to be crosslinked under UV light (iv), 
and the device after being crosslinked and having Rhodamine B injected into the channels (v) to help with 
visualization of them (scalebar 5 mm). C) Schematic illustration of selectively crosslinked material in Bv, with 
two stable channels lined by annealed particles (blue), surrounding a granular hydrogel bulk (gray particles 
between blue). A printer nozzle can move through these particles depositing biomaterial- and bioinks (green) 
within the unannealed particles (right).
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Figure 5: Brightfield images of channels after the templating needle was removed from A) the granular 
hydrogel selectively crosslinked along the channel (“unannealed”), B) the fully crosslinked granular hydrogel 
(“annealed”), and C) the continuous hydrogel (scale bar 200 µm). D) Quantification of the channel diameter 
where the grey dash line represents the needle diameter (n = 3, p ≤ 0.05). E) Fluorescent images of channel in 
selectively annealed (‘unannealed”) granular hydrogel at day 0, day 1, and day 7 after initial channel formation 
(scalebar 1 mm).
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Figure 6: A-C) Representative images of FITC-albumin diffusing into the hydrogel from the channel at 0, and 25 
mins for unannealed granular, annealed granular, and continuous hydrogel and the normalized intensity profiles 
of the fluorescent signal from the channel that where then used to calculate the diffusion coefficients (scalebar 
500 µm). D) Calculated estimated diffusion coefficients of continuous, annealed granular, and unannealed 
granular hydrogel, the grey dash line is the diffusion coefficient of albumin in water at 37 °C (n = 3, p ≤ 0.05). 
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Figure 7: Anti-parallel flow of FITC-albumin (green) and rhodamine B (blue) within the device over time. Top 
row is FITC-albumin, middle row is rhodamine B, bottom row is rhodamine B and FITC-albumin overlay 
(scalebar = 500 µm).

Page 25 of 28 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:3

7:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LC00219B

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00219b


Figure 8: 3D printing of gelatin microparticles (green) into the NorHA microparticle support bath between two 
channels. Channel locations indicated by dotted lines. Complex material structures composed of (A) voxels and 
(B) a sawtooth pattern were established between channels in the device. (C) To help visualize the presence of 
the channels, gelatin melting during incubation at 37 °C could be seen flowing into a channel that is in contact 
with the printed structure (starred), evidencing patency of the adjacent channel and its support of transport 
(scalebars = 2 mm).
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Figure 9: Channels and microporosity together support high cell viability. A) In channel-containing hydrogels 
within devices, HUVECs cultured 24 h were stained for viability (green) or cell death (red) in selectively 
crosslinked (“unannealed”) granular hydrogels, fully annealed granular hydrogels, and continuous hydrogels 
(scalebar = 1 mm). B) Quantification of viability after 24 h show that granular hydrogels exhibited high 
viabilities close to 80%, while only 20% of the cells within continuous hydrogels were alive (n = 3, p ≤ 0.0001). 
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Data Availability Statement

The data supporting these findings is available in Supplementary Information. Additional 

data is available upon request from the corresponding author. 
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