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ABSTRACT

Establishing a robust, functional microvascular network remains a critical challenge for both the revascularization of damaged
or diseased tissues and the development of engineered biological materials. Vascularizing microgels may aid in efforts to develop
complex, multiphasic tissues by providing discrete, vascularized tissue modules that can be distributed throughout engineered
constructs to vascularize large volumes. Here, we fabricated poly(ethylene glycol)-norbornene (PEGNB) microgels containing
endothelial and stromal cells via flow-focusing microfluidic droplet generation. When embedded in bulk fibrin hydrogels, these
cell-laden microgels initiated the formation and development of robust microvascular networks. Furthermore, extended precul-
ture of cell-laden PEGNB microgels enabled the formation of vessel-like structures supported by basement membrane within the
matrix without aggregation. Our findings highlight the suitability of PEG-based matrices for the development of vascularizing
microgels capable of forming well-distributed, robust microvascular networks.

1 | Introduction volumes to restore perfusion to ischemic tissues remains an on-
going challenge.

Traditional tissue engineering strategies typically involve

seeding cells within scaffolds or encapsulating them within
hydrogels [1]. However, engineering large, functional tissue re-
placements to overcome the persistent problem of organ short-
ages has proven difficult for more than 25years, primarily due
to the inability to provide adequate vascularization throughout
constructs manufactured via these traditional approaches [2, 3].
Similarly, creating functional microvasculature throughout large

Strategies based on the assembly of small modular tissues (i.e.,
microgels, microspheres, microparticles, microbeads, etc.) have
emerged as a promising approach to building larger tissues. For
example, granular hydrogels, including microporous annealed
particle (MAP) scaffolds, are comprised of crosslinked micron-
sized microgels with an interconnected pore structure formed by
the void spaces between microgels [4]. These granular materials
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are inherently modular, as they can be composed of diverse,
heterogeneous populations of microgels [5]. Though typically
composed of acellular microgel building blocks, the individual
modules are small enough (100-300 um) to enable encapsulated
cells to survive and function based on oxygen and nutrient diffu-
sion alone. Discrete cell-laden modules comprising unique mi-
croenvironments can be fabricated, cultured in tissue-specific
media, and then delivered in a minimally invasive fashion as
functional tissue units or combined to engineer complex, mul-
tiphasic tissue structures [5, 6]. Cell-laden microgels have also
been developed as extrudable inks for bioprinting [7-9] and as
components of supportive baths for extrusion printing [10-12].

Vascularizing microgels are of particular interest as they could
be incorporated into either granular and/or 3D bioprinted scaf-
folds to increase the functionality and complexity of multiphasic
engineered tissues and to potentially nucleate the formation of
more extensive vasculature. Previous studies have developed
microgels that support the in vitro culture [13-16] and in vivo
delivery of endothelial cells [17-21]; however, only a small num-
ber of these studies focused on vascularization within these
microgels [20, 22-26], all of which utilize (modified) natural
matrices. Previous work from our groups developed cellularized
fibrin-based microgels that support prevascularization in vitro
and the formation of functional microvascular networks in vivo
after implantation in subcutaneous [26] and hindlimb ischemia
[25] models. While these studies demonstrated a promising
modular approach to vascularizing ischemic tissues, the animal
origins of many natural materials and their batch-to-batch vari-
ability may be barriers to translation. Furthermore, fibrin mi-
crogels were prone to aggregation when cultured in suspension
for extended periods of time in order to achieve prevasculariza-
tion [15, 25, 26]. This resulted in heterogeneous populations of
microgels with diameters greater than 400 pum (larger than the
estimated diffusion limitation in many tissues [27]) which could
limit nutrient diffusion, hinder their injectability or printabil-
ity, and reduce the overall distribution of the microvasculature
throughout tissue constructs.

Poly(ethylene glycol) (PEG) has been widely explored as a prom-
ising material for tissue engineering applications due to its ability
to be modified with specific end groups to confer desired biologi-
cal functionalities, affording relatively easy customization of hy-
drogel properties [28]. PEG-based hydrogels have a demonstrated
ability to support microvascular networks in vitro [29-32] and
in vivo [33]. Acellular PEG microgels have also been established
for biomolecule delivery [34-36] and as building blocks for larger
hydrogel scaffolds formed either via jamming [37] or secondary
crosslinking to create MAP hydrogels [4]. Previous literature
has demonstrated the encapsulation of endothelial cells within
PEG-based microgels, focusing mainly on cell viability [16, 38]
and subsequent injection in vivo [18, 19]. However, the prevas-
cularization of synthetic microgels through a period of in vitro
preculture prior to delivery, which may aid in the rapid develop-
ment of mature, functional microvasculature, has not been in-
vestigated. To address this gap, in this study, we first fabricated
cell-adhesive, degradable PEG-norbornene (PEGNB) microgels
containing endothelial and stromal cells. We then evaluated their
ability to support vessel morphogenesis within individual micro-
gels, reduce microgel aggregation, and nucleate the formation of
robust, well-distributed microvascular networks.

2 | Materials and Methods
2.1 | Cell Culture

Human umbilical vein endothelial cells (HUVECSs) were iso-
lated from umbilical cords from the University of Michigan Mott
Children's Hospital as previously described [39]. Umbilical cords
were obtained by a process considered exempt by the University
of Michigan's Institutional Review Board (notice of determi-
nation dated August 21, 2014) because the tissue is normally
discarded, and no identifying information is provided to the re-
searchers who receive the cords. HUVEC were cultured in fully
supplemented EGM2 (Lonza Inc., Walkersville, MD). HUVEC
were used from passages 4 to 7. Normal human lung fibroblasts
(NHLFs; Lonza) were cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco, Waltham, MA) supplemented with
10% fetal bovine serum (FBS; Gibco). NHLF were used from
passages 10 to 15. All cells were cultured at 37°C and 5% CO,
with media replacement every 2days.

2.2 | Microfluidic Droplet Generation of PEGNB
Microgels

PEGNB microgels were formed via thiol-ene photopolymer-
ization. PEGNB (4-arm, 20kDa; Creative PEGWorks, Durham,
NC) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP; Sigma-Aldrich, St. Louis, MO) were purchased from
commercial sources that provide the percent substitution of
norbornene by NMR and purity by HPLC, respectively. The
thiol-containing adhesive peptide Ac-CGRGDS-NH2 (RGD;
AAPPTEC, Louisville, KY) and dithiol-containing matrix
metalloproteinase- (MMP-) sensitive crosslinking peptide
Ac-GCRDVPMS|MRGGDRCG-NH2 (VPMS, cleavage site
indicated by |; AAPPTEC), which contain an N-terminal acetyl-
ation and a C-terminal amidation, were dissolved in 25mM
acetic acid, filtered through 0.22 um filters (Sigma-Aldrich), ly-
ophilized for 48 h, and stored in a desiccator at —20°C. The thiol
content (purity) of each batch of peptide aliquots was determined
using Ellman's reagent (Thermo Fisher, Waltham, MA). PEGNB
and LAP were suspended in serum-free EGM2 (SF-EGM2) and
sterile filtered through 0.22um filters to create fresh stocks at
desired concentrations for each experiment. Sterile peptides
were resuspended in SF-EGM2 to reach desired concentrations.

A flow-focusing microfluidic device was used to encapsulate
cells in PEGNB microgels. The discontinuous phase consisted
of 20%x10° total cells/mL in a 1:1 HUVEC:NHLF ratio sus-
pended in a precursor solution comprised of 3wt% PEGNB
(w/v), 0.1 wt% LAP (w/v), 0.1% Pluronic F-68 (v/v; Gibco),
1mM RGD, 2.25mM VPMS (90% crosslinked, 0.9 thiols per
norbornene after accounting for RGD concentration), and SF-
EGM2. Monoculture microgels contained 20x10° total cells/
mL of each individual cell type. The continuous phase consisted
of sterile filtered 0.5% FluoroSurfactant (008-FluoroSurfactant;
RAN Biotechnologies, Beverly, MA) in NOVEC-7500 (Best
Technology Inc., Minneapolis, MN). Microgel precursor
solutions and fluorinated oil were loaded into glass syringes
(Hamilton Company, Reno, NV) and injected into the microflu-
idic device via syringe pumps at constant flow rates of 15 and
30uL/min, respectively. The syringe containing the cellular
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precursor solution was placed vertically and contained a small
magnetic stir bar (6 mm X 3 mm; Big Science Inc., Huntersville,
NC), which was continuously stirred using an adjacent stir plate
to prevent cell settling throughout droplet generation. Microgels
were collected in a single well of a standard 24-well plate and
polymerized with a 6-W LED 365nm Gooseneck Illuminator
(AmScope, Feasterville, PA) placed 1.5in. above the microgels
and set to max intensity for 905, corresponding to approximately
50mW/cm? as measured by a radiometer.

Microgels were collected from the oil via sequential on-strainer
rinses. First, microgels were rinsed three times with DMEM con-
taining 10% FBS and 1% Pluronic F-68 on a 40 um cell strainer
(Fisher). Then, microgels were rinsed three times with DMEM
containing 10% FBS on the strainer. Microgels were transferred
to a vented 50mL conical tube with a filter cap (CELLTREAT
Scientific Products, Shirley, MA) containing 20mL of warm
EGM2. Microgel suspensions were cultured under static condi-
tions for up to 7days. The medium was changed the day after,
then every other day. During medium changes, the spent me-
dium was aspirated from above the settled microgel pellet, and
then the microgels were disturbed and redistributed upon the
addition of new medium.

2.3 | Mechanical Characterization of Bulk PEGNB
Hydrogels

Hydrogel shear storage moduli (G’) were measured on Day 1
(after overnight swelling) for bulk hydrogels of the same for-
mulation (chemical composition and cell density) as microgels.
Hydrogels were centered between the Peltier plate and an 8-mm
measurement head of an AR-G2 rheometer (TA Instruments,
New Castle, DE). The Peltier plate and measurement head were
covered with P800 sandpaper to reduce slippage. Shear storage
modulus was averaged over a 1-min time sweep measured at
37°C, 5% strain amplitude, 1rad/s frequency, and either 0.05N
normal force or a minimum gap height of 1000 um, if hydrogels
were too soft to reach the target normal force. In situ rheology
to measure gelation kinetics of 300uL bulk hydrogels upon
UV exposure was performed using a 5-min time sweep at 5%
strain amplitude and 1000 um gap height in which the UV light
(50 mW/cm?) was turned on at 30s.

2.4 | Angiogenesis Assay

Microgels cultured for 1 day (D1 PC) were embedded in bulk fi-
brin hydrogels to evaluate angiogenic sprouting, similar to mod-
els previously described [40, 41]. Culture media above the settled
microgels were aspirated, leaving only microgels in a small vol-
ume of media. Precursor solutions were made by mixing varying
volumes of microgels with SF-EGM2, FBS (10% final), thrombin
(1U/mL final), and fibrinogen stock solution (2.5-10.0mg/mL
final clottable protein). For HUVEC monoculture microgels em-
bedded with stromal cells in the surrounding fibrin, 250K/mL
NHLF were also included in the precursor solution. Then, 500
or 250 uL of the microgel-protein mixture was added per well of
a standard 24- or 48-well culture plate, respectively, and incu-
bated at room temperature for 5min before being placed in the
incubator for 25min at 37°C to complete the gelation process.

EGM2 (0.5-1mL/well) was added to each hydrogel after gela-
tion. Media were changed the day after, then every other day
for 7days.

2.5 | Imaging and Quantification

After overnight swelling, quantification of microgel diameter
and cell density was performed on 4X brightfield images using
Fiji. Cell densities per microgel are reported based on the frac-
tional area occupied by cell bodies in individual microgel im-
ages and binned into four categories representing > 50% (high),
25%-50% (medium), <25% (low), or none (empty) of the micro-
gel occupied by cells. Polydispersity index (PDI) was calculated
as PDI=(standard deviation/mean)?. Viability of cells encap-
sulated in the microgels was assessed using a Live/Dead Cell
Imaging Kit (Fisher: Invitrogen). On Days 1, 3, 5, or 7, microgels
in suspension and fibrin hydrogels were fixed with zinc formalin
(Z-fix; Anatech, Battle Creek, MI) for 10 min, then washed three
times with 1X Tris-buffered saline (TBS) for 5min. Hydrogels
were stained overnight with rhodamine-conjugated lectin from
Ulex europaeus agglutinin I (UEA, 1:200; Vector Laboratories,
Newark, CA), 4',6-diamidino-2-phenylindole (DAPI, 1ug/mL;
Thermo Fisher), and AlexaFluor 488 phalloidin (1:200; Thermo
Fisher) which label endothelial cells, cell nuclei, and F-actin, re-
spectively. Samples were rinsed overnight with TBS prior to im-
aging. For immunofluorescent staining of basement membrane
proteins, samples were permeabilized with 0.5% (v/v) Triton X-
100 (Thermo Fisher) in TBS for 1h, rinsed four times for 5min
with 0.1% (v/v) Tween-20 (Thermo Fisher) in TBS (TBS-T), and
blocked overnight at 4°C in antibody diluting (AbDil) solution
consisting of 2% (w/v) bovine serum albumin (BSA; Sigma-
Aldrich) in TBS-T. Gels were incubated with primary antibodies
for collagen IV (1:500, mouse IgG1; Thermo Fisher) or laminin
beta-1 (1:500, rabbit IgG; Thermo Fisher) diluted in AbDil solu-
tion overnight at 4°C. Gels were washed three times for 5min
and rinsed overnight at 4°C with TBS-T. Gels were stained with
appropriate secondary antibodies, AlexaFluor 488 goat anti-
mouse (1:200, IgGH+L; Thermo Fisher) or AlexaFluor 488 goat
anti-rabbit (1:200, IgGH+L; Thermo Fisher), diluted in TBS-T
and UEA and DAPI, as described above, overnight at 4°C. Gels
were rinsed overnight at 4°C with TBS-T prior to imaging.
Confocal z-stacks (4X, 10X, 20X, 40X) and scan slides (4X) were
acquired using an Olympus IX81 microscope equipped with a
disk-scanning unit (DSU; Olympus America, Center Valley,
PA) and Metamorph Premier software (Molecular Devices,
Sunnyvale, CA). Z-series stacks were collapsed into maximum
intensity projections using Fiji. Quantification of preformed mi-
crovascular structures within precultured microgels was per-
formed on 150 um stacks (25um/slice, 7slices/stack) imaged at
4X magnification. Total vessel length (the cumulative sum of
vessel-like segments, in mm) in 4X scan slides was quantified
using the angiogenesis tube formation module in Metamorph.

2.6 | Statistics

Statistical analysis was performed using Prism (GraphPad,
La Jolla, CA). Data are represented as mean +standard de-
viation of at least three independent experimental replicates.
Data were checked for normality using a Shapiro-Wilk test
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(p>0.05) before statistical analyses. Data were analyzed using
one-way ANOVA with Tukey post hoc testing with prespeci-
fied comparisons between conditions. A value of p <0.05 was
considered significant.

3 | Results and Discussion

3.1 | Microfabrication of Cell-Adhesive,
Degradable PEGNB Microgels Containing
Endothelial and Stromal Cells

A flow-focusing microfluidic device was used to produce
cell-laden PEGNB microgels (Figure 1). While there is an es-
tablished body of literature surrounding PEG-based micro-
gels, comparatively fewer studies encapsulate cells within
the microgel matrix, and even fewer do so via microfluidic
droplet generation (compared to electrosprayed or batch
emulsification methods) [16, 18, 42]. Microgel composition
was selected based upon our prior work vascularizing bulk
PEGNB hydrogels [43]. In fully synthetic PEG hydrogels,
RGD (CGRGDS), a fibronectin mimetic adhesive ligand, al-
lows cells to interact with the surrounding matrix, and VPMS
(GCRDVPMS|MRGGDRCG), an MMP-susceptible cross-
linker, permits degradation of the matrix via cell-secreted
proteases. We have previously shown that the formulation
of hydrogel used here 3wt% PEGNB, 1mM RGD, 0.9 thiols/
norbornene) supports vascularization of bulk gels [43]. The oil
phase, flow rates, initial cell concentration, buffers, microgel
polymerization, and isolation protocol were varied to improve
cell encapsulation efficiency and post-encapsulation viability.
Mineral oil with Span-80 (2%-5%) was ineffective in prevent-
ing coalescence of low (< 5%) wt% PEGNB microgels during
fabrication; therefore, fluorinated oil with a PTFE-based sur-
factant was used due to its ability to effectively stabilize emul-
sions [44] as well as its biocompatibility [45]. To improve the
cell distribution in the microgels, a small stir bar was added
to the glass syringe containing the precursor solution before
it was loaded on a vertically oriented syringe pump adjacent
to a small stir plate. The solution was continuously stirred
throughout droplet production to prevent cell settling in the
syringe. Microgels were crosslinked off the microfluidic de-
vice via bulk exposure to UV for complete polymerization.
Initial attempts to photopolymerize low wt% PEGNB micro-
gels in an adjacent PDMS-glass serpentine channel exposed
to UV prior to collection were unsuccessful. Though 10 and
5wt% PEGNB microgels could be crosslinked in 30 and 60s,
respectively, within the serpentine channel, 3wt% microgels
did not polymerize even after extended UV exposure (tested
up to 8.5min). Further, reducing flow rates to increase resi-
dence time of UV exposure increased the potential for droplet
coalescence. Acellular bulk hydrogels of the same formulation
rapidly crosslinked in response to UV exposure, as demon-
strated by in situ rheology (Figure 2A).

Cell densities ranging from 4 to 30 million total cells/mL
and flow rates ranging from 5:10 to 70:210 pL/min (PEG:oil)
were explored to balance increasing the overall number of
cell-laden droplets, reducing the time before the precursor
solution reached the microfluidic device to prevent cell aggre-
gation, and maintaining continuous, stable droplet production

(Figure S1). Higher cell concentrations resulted in a greater
number of cell-laden droplets; however, at lower flow rates,
greater cell concentration elicited cell aggregation, junction
clogging, and unstable droplet production. Higher flow rates
allowed for faster droplet production, reducing overall cell
aggregation, but also resulted in unstable droplet production
and increased droplet polydispersity. Ultimately, utilizing “in-
termediate” flow rates of 15:30 uL/min (precursor:oil) and a
cell concentration of 20 million total cells/mL produced the
greatest incidence of cell-laden microgels while maintaining
stable droplet production. Finally, the protocol for isolating
the microgels from the perfluorinated oil was optimized to
(1) preserve microgel structure by using on-strainer rinses in-
stead of high-speed centrifugation and (2) improve cell viabil-
ity by using serum-containing media for the rinses as opposed
to PBS. Resuspending all microgel precursor components (i.e.,
PEGNB, LAP, RGD, VPMS, and the cells) in serum-free media
also greatly improved post-encapsulation cell viability com-
pared to PBS.

After overnight swelling, referred to as day 1 precultured (D1
PC), microgels had an average diameter of 234.6+37.8um
(Figure 2B). Cell-laden bulk hydrogels of the same formula-
tion and cell density (20M/mL) had an average swollen shear
storage modulus (G’) of 107.6 +14.0 Pa, which falls within the
range of stiffnesses previously identified to support vasculariza-
tion in bulk PEGNB hydrogels [43]. Cell density per microgel
was quantified as high, medium, low, or empty if greater than
50%, between 25% and 50%, less than 25%, or none of the mi-
crogel was occupied by cell bodies on phase images, respec-
tively (Figure 2C). Roughly half of all microgels had medium
(20% +£2%) or high (31%+5%) cell density, with the greatest
percentage of microgels (41% +2%) having low cell density and
a small portion of microgels being empty (9% +4%). Microgels
contained both fibroblasts and UEA-positive endothelial cells
distributed throughout the interior of the microgels (Figure 2D)
that displayed high viability 24 h post-encapsulation (Figure 2E).
Our group as well as others have demonstrated the ability of
NHLF to take on a pericyte-like phenotype and support vessel
morphogenesis in vitro and in vivo [26, 41, 43, 46, 47].

Despite variability in cell density as a result of cell aggregation
during droplet production, microgels displayed consistent diam-
eters between batches (PDI=0.03) (Figure 2B). PDI values of
0.1 or less are considered highly monodisperse [48]. Although
microfluidic droplet generation enables the production of more
monodisperse droplets compared to other methods (e.g., electro-
spraying, batch emulsification), cell settling and aggregation in
the precursor solution at high cell densities often lead to a more
variable cell distribution within droplets [49-51]. Therefore,
we optimized flow rates and cell concentration in the precur-
sor solution to increase the occurrence of higher cell density
microgels without disturbing droplet production (Figure S1), as
large cell aggregates can result in flow fluctuations that affect
the monodispersity of the droplets [51]. Future iterations of mi-
crogels could be produced using other microfluidic geometries
that yield larger volumes of microgels in shorter periods of time
[52, 53], which may reduce cell aggregation and improve cell
distribution across microgels. Nevertheless, ~50% of all micro-
gels contained either a medium or high cell density, which likely
possess the threshold density of cells required for vasculogenic
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FIGURE 1 | Chemical structures and schematic of microgel fabrication. (A) The microgel precursor solution contained PEGNB and thiol-
containing peptides which, in the presence of the photoinitiator LAP, react upon exposure to UV light to form a crosslinked network. (B) Cell-
encapsulating microgels were fabricated via flow-focusing microfluidic droplet generation (junction channel width=150um). After off-chip UV

crosslinking, microgels were isolated from the oil using repeated on-strainer rinses before being cultured in EGM2 in a vented conical tube. Created

with Biorender.com.

assembly. While the other ~50% of the microgels contained only =~ norbornene groups remain after microgel polymerization. We
afew or no cells, it is feasible that these low cell density or empty ~ recently demonstrated a similar approach in which HUVEC and
microgels could be beneficial in generating vascularized MAP- NHLF co-encapsulated within the void space of PEGNB-based
like hydrogels [4, 54-56], in which the empty microgels could  granular hydrogels formed robust microvascular networks
be utilized for secondary crosslinking if enough free, available throughout the pores of the scaffold in vitro [57].
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FIGURE2 | Microgels contained viable endothelial and stromal cells distributed throughout the hydrogel matrix. (A) In situ rheology of acellular

bulk hydrogel dynamic crosslinking (UV exposure at 30s; purple dashed line). (B) Size distribution of cellular microgels. (C) Cell density distribu-

tion throughout microgels. (D) Representative max intensity projection (Z=150um) of HUVEC and NHLF distributed throughout D1 preculture
(PC) microgels (red—UEA, green—phalloidin, blue—DAPI; scale bar =100 um). (E) Live/dead staining and (F) phase images of D1 PC microgels
(green—live, red—dead; scale bar =200 um); *p <0.05, ****p <0.0001, N =3 batches.

3.2 | Microgels Catalyze the Formation
of Microvascular Networks in Bulk Fibrin
Hydrogels In Vitro

Cellular D1 PC microgels nucleated the formation of microvas-
cular networks when embedded in acellular bulk fibrin hydro-
gels and cultured for up to 7days in vitro. After 3days, 65% + 8%
of cell-laden microgels were surrounded by angiogenic sprouts
invading the fibrin matrix, which increased to 82%+ 1% after
7 days. Both vessel structures and stromal cells were present in
the surrounding matrix (Figure 3A). The basement membrane
component collagen IV (COL IV) was present and localized to
UEA-positive vessel structures, indicative of a mature vessel
phenotype (Figure 3B). Higher magnification images revealed
close perivascular localization of stromal cells, as evident by
UEA-negative DAPI and phalloidin staining along the ablumi-
nal surfaces of vessel structures (Figure 3C,D). Vessel structures
also contained hollow lumens between UEA-positive vessel
walls (Figure 3E, arrow).

A robust, interconnected microvascular network will be re-
quired to vascularize large tissue volumes. Bulk fibrin hydrogels
were loaded with different D1 PC microgel volume fractions to
evaluate the required microgel density for well-distributed mi-
crovascular networks. All four of the microgel volume fractions
evaluated (5%, 10%, 15%, and 20% of the total bulk gel volume)
resulted in microvascular networks that were well-distributed
throughout the entirety of the hydrogel (diameter =13 mm). By
increasing the volume fraction of microgels encapsulated in
bulk fibrin hydrogels, vessel density was increased within the
constructs (Figure 4). Including greater than 5% volume fraction

of microgels promoted increased vascularization of the sur-
rounding hydrogel (Figure 4E). Modulating vessel density by
changing the volume fraction of vascularizing microgels within
a construct potentially enables the fabrication of vascular beds
that meet the metabolic demands of a variety of tissues [58].

Various biological tissues have differing physical and chemical
properties (e.g., stiffness and composition) that control cell be-
havior and reflect tissue function [59, 60]. D1 PC microgels were
embedded in 2.5, 5.0, 7.5, and 10.0mg/mL fibrin hydrogels to
assess how the surrounding matrix density influenced vessel
sprouting (Figure 5). Increased fibrin density attenuated overall
sprouting, resulting in a 26%, 38%, and 60% reduction in total
vessel length in 5.0, 7.5, and 10.0 mg/mL hydrogels, respectively,
compared to 2.5mg/mL fibrin. This is consistent with our pre-
vious work showing attenuation of vascular morphogenesis by
increasing fibrin density [40]; however, sprouting still occurred
in even the highest density fibrin (Figure 5D), which may be
important when developing tissues of heterogeneous matrix
composition. As fibrin density was increased, vessel structures
remained more closely localized to the surface of microgels de-
spite the fibroblasts having invaded into the surrounding matrix.

3.3 | Extended Preculture of Microgels Permits
the Formation of Primitive Microvascular Networks
Within Individual Microgels

Previous studies have demonstrated varying degrees of prevas-
cularization of discrete microgels ranging from approximately
350-900um in diameter using modified natural matrices,
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FIGURE3 | DI PC microgels vascularize tissue mimics in vitro. (A) Vessel structures and stromal cells sprout from PEGNB microgels after 7days

of culture (scale bar=500um). (B) Basement membrane, COL IV, deposition was localized to vessel structures (scale bar=100um). NHLF were

closely associated with vessel structures present (C) near microgels (scale bar=50um) and (D) along vessel sprouts (scale bar=25um). (E) Hollow
lumen (arrow) formation was demonstrated through laser confocal microscopy at the middle slice of vessel structures (scale bar =25um) (red—UEA,

green—phalloidin, blue—DAPI, yellow—collagen IV).

including customized alginate [23, 24], collagen interlocked
by ultra-long DNA [20], and methacrylated gelatin [22]. In our
prior work using fibrin-based microgels [25, 26], we observed
that preculture of microgels allowed for the formation of vessel
segments within the matrix, but also resulted in the aggrega-
tion of populations of microgels into larger masses (greater than
500pum in diameter), hindering injectability. Therefore, PEGNB
microgels were subjected to extended preculture (up to 7days)
to determine if this platform could support prevascularization
without microgel aggregation to develop injectable microgels.
Quantification of the percentage of microgels containing prim-
itive vessel-like structures (Figure 6E) revealed that the major-
ity (72% £ 14%) of cell-containing microgels contained primitive
vessel-like structures present throughout the matrix as early as
3days (Figure 6A,B). These structures persisted through 7days
of preculture (80%+4%) (Figure 6C,D). UEA-negative phal-
loidin staining appeared mainly localized to the outside of the
microgels, suggesting fibroblasts migrated to the exterior of the
microgels as the endothelial cells assembled into vessel-like
structures inside the modules.

As preculture time progressed, vessel-like structures continued
to develop inside the PEGNB microgels, resulting in greater
basement membrane deposition and more well-defined UEA-
positive structures. Immunostaining for COL IV (Figure S2)
showed an increase in the presence of the protein with increased

preculture duration, indicating vessel maturation over time.
Importantly, microgels cultured for up to a week in suspension
showed no signs of microgel aggregation, permitting extended
preculture of discrete tissue modules without compromising in-
jectability or diffusion of nutrients into the microgels [27].

3.4 | Co-Encapsulation of Endothelial and Stromal
Cells Is Required for Effective Prevascularization
of Microgels

During microfluidic droplet production, we occasionally ob-
served the formation of cell aggregates in the precursor solution
(not shown), which resulted in variations in the numbers of cells
per microgel across a population of microgels. Through a series
of troubleshooting experiments, we determined that NHLFs
were the cell type primarily responsible for these aggregates.
This observation, combined with prior evidence in the literature
demonstrating vessel morphogenesis in bulk PEG hydrogels con-
taining endothelial cells alone [30], led us to assess if HUVEC
monoculture microgels (20 X 106 cells/mL) could be prevascular-
ized in the absence of stromal cells. After 5days of suspension
culture (D5 PC), HUVEC monocultures showed no evidence of
vessel morphogenesis within the microgels (Figure 7A). D1 PC
HUVEC monoculture microgels were embedded in bulk fibrin
hydrogels containing 250 K/mL NHLF and cultured for 7days.
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FIGURE4 | Microgels form robust, well-distributed microvascular networks. Whole gel scan slides (10 mm x 10 mm) of 2.5mg/mL fibrin hydro-
gels containing (A) 5%, (B) 10%, (C) 15%, and (D) 20% volume fraction of D1 PC cell-laden PEGNB microgels cultured for 7days in vitro (red—UEA;
scale bar =1000 um). (E) Quantification of total vessel length for tested volume fractions.

FIGURES5 | Microgelsvascularize high density fibrin hydrogels. Representative max intensity projections (Z=150 um) of D1 PC microgels cultured
in (A) 2.5, (B) 5.0, (C) 7.5, and (D) 10.0mg/mL fibrin hydrogels for 7days in vitro (red—UEA, green—phalloidin, blue—DAPI; scale bar =100 um).
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FIGURE 6 | Microgels support prevascularization through extended suspension culture. Representative max intensity projections (Z =100 um) of

microgels cultured in suspension for (A, B) 3 and (C, D) 7days (red—UEA, green—phalloidin, blue—DAPI; scale bar =100 um). (E) Quantification

of primitive vessel-like structures within cellular microgels; ****p <0.0001, N =3 batches.

FIGURE7 | HUVEC monoculture microgels facilitate angiogenic sprouting but lack the capability of prevascularization. (A) D5 PC EC monocul-

ture microgels in suspension (scale bar =200 um) (red—UEA, green—phalloidin, blue—DAPI). (B) Whole gel scan slides of D1 PC EC monoculture
microgels embedded with 250 K/mL NHLF in bulk 2.5mg/mL fibrin hydrogels cultured for 7days (scale bar =1000 um).

NHLF in the surrounding hydrogel supported angiogenic
sprouting from the HUVEC monoculture microgels (Figure 7B).
Total vessel length (228 mm) was comparable to that of fibrin
gels containing a 5% volume fraction of D1 PC co-culture mi-
crogels (Figure 4E). Interestingly, increasing the concentration
of NHLF in the surrounding bulk gel to 500K/mL resulted in
a 55% reduction in total vessel length. While HUVEC mono-
cultures did not facilitate prevascularization in the absence of
NHLF, this result suggests that the delivery of endothelial cells
alone could be effective for revascularization in vivo, with the
expectation that host stromal cells would aid in vessel assem-
bly upon implantation. This approach has been demonstrated
with encapsulated endothelial colony-forming cells in PEG-
fibrinogen composite microgels [18, 19].

These observations suggest that stromal cells need to be in di-
rect (or very close) contact with HUVEC monoculture microgels
to support vessel morphogenesis and angiogenic sprouting. In a
subsequent experiment, equal volumes of NHLF monoculture
microgels and HUVEC monoculture microgels (each fabricated
with 20 x 10°cells/mL) were co-cultured in suspension in a sin-
gle bioreaction tube to determine if NHLF paracrine signaling
would facilitate prevascularization of HUVEC microgels in a
mixed population. After 7days of suspension culture (D7 PC),
a portion of HUVEC microgels showed evidence of primitive
vessel-like structures when intense phalloidin staining was
present on the exterior of microgels (Figure 8, arrows). Some
microgels showed punctate UEA staining and weak phalloidin
staining, which we interpreted as unassembled HUVEC lacking
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FIGURES8 | Co-culture of HUVEC and NHLF monoculture microgels resulted in prevascularization of a portion of microgels. Monoculture mi-

crogels co-cultured in suspension in a single bioreaction tube (arrows indicate microgels that appear to contain vessel-like structures; red—UEA,

green—phalloidin, blue—DAPI; scale bar =200 um).

actin filaments (as phalloidin should label F-actin in both cell
types). Unlike microgels containing both HUVEC and NHLF,
some aggregation was observed after 7days of culture with
these monoculture microgels. The prevalence of UEA-negative,
phalloidin-positive microgels in these aggregates suggests the
NHLF may have migrated from their microgels onto the sur-
face of the HUVEC microgels. These findings suggest stromal
cells must be in more intimate, and perhaps direct, contact with
HUVEC, by way of being in/on the same microgel, for prevascu-
larization to occur.

4 | Conclusion

Modular constructs provide discrete microenvironments that
enable the delivery of functional tissue units and/or the ability
to engineer complex tissue structures. In this study, we repro-
ducibly fabricated fully synthetic RGD-modified and protease-
susceptible cell-laden PEGNB microgels via microfluidic
biofabrication, producing homogeneous droplets with a narrow
size distribution. We showed for the first time the ability to en-
capsulate populations of both EC and stromal fibroblasts within
these PEG microgels, which supported extended periods of sus-
pension preculture and enabled prevascularization of individual
microgels. When embedded in a surrounding hydrogel matrix,
EC within these microgels were also able to sprout and form in-
terconnected networks with those from adjacent microgels to ex-
tensively vascularize larger tissue volumes. Compared to those
formulated from natural matrices, PEG-based microgels offer
a “blank slate” that can be modified to include tissue-specific
peptides or bioactive molecules and can be easily customized for
encapsulation of different cell types to produce tissue-specific
modules without changing the manner of microgel production.
This approach, therefore, has the potential to be incorporated
into strategies, such as modular granular scaffolds or 3D bi-
oprinting, to promote the development of well-distributed mi-
crovascular networks throughout large volumes, increasing the
complexity and functionality of engineered tissue constructs.
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