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Abstract

Multi-cellular aggregates are found in healthy and diseased tissues, and while cell-cell contact is
important for regulating many cell functions, cells also interact, to varying degrees, with extra-
cellular matrix (ECM) proteins. Islets of Langerhans are one such example of cell aggregates in
contact with ECM, both at the periphery of the cluster and dispersed throughout. While several
studies have investigated the effect of reintroducing contact with ECM proteins on islet cell
survival and function, the majority of these experiments only allow contact with the exterior cells.
Thus, cell-culture platforms that enable the study of ECM-cell interactions throughout multi-
cellular aggregates are of interest.

Here, local presentation of ECM proteins was achieved using hydrogel microwell arrays to
incorporate protein-laden microparticles during formation of MING p-cell aggregates. Varying the
microparticle seeding density reproducibly controlled the number of microparticles incorporated
within three-dimensional aggregates (i.e., total amount of protein). Further, a relatively uniform
spatial distribution of laminin- and fibronectin-coated microparticles was achieved throughout the
X-, Y-, and z-directions. Multiple ECM proteins were presented to f-cells in concert by
incorporating two distinct populations of microparticles throughout the aggregates. Finally,
scaling the microwell device dimensions allowed for the formation of two different sized cell-
particle aggregates, ~80 and 160 um in diameter. While the total number of microparticles
incorporated per aggregate varied with size, the fraction of the aggregate occupied by
microparticles was affected only by the microparticle seeding density, indicating that uniform
local concentrations of proteins can be preserved while changing the overall aggregate
dimensions.
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Introduction

In the body, cells within numerous tissue types exist in multicellular clusters and are
exposed to a complex milieu of both soluble cues and insoluble matrix interactions. One
example is the islets of Langerhans, which are multicellular aggregates consisting of a-, -,
8-, and other hormone-producing cells that signal to one another in a coordinated way to
regulate blood glucose levels (Seeley et al., 2000; Samols et al., 1986). Soluble cues,
including nutrients, growth factors, and hormones, are often transported to interior cells
residing in such aggregates via a network of blood vessels and capillaries that deliver these
and many other molecules. Solid matrix interactions also provide important cues and can be
accessible to interior cells within aggregates via basal lamina that surrounds the blood
vessels and capillaries found throughout the cell clusters. Research has shown that cells
within multicellular aggregates are affected by the presence of both soluble and insoluble
cues, and when isolated from the body or grown in vitro, recapitulating some of these key
interactions found in cellular aggregates can be of critical importance in maintaining their
function (Carpenedo et al., 2009; Carpenedo et al., 2010; Mahoney and Saltzman, 2001;
Ravindran et al., 2011; Schukur et al., 2013; Zhu et al., 2007).

One way to introduce and control local interactions between and to cells within aggregates is
through the incorporation of microspheres during aggregate formation. Microspheres can
immobilize either insoluble matrix cues or release soluble cues in a manner that allows
control of their spatiotemporal presentation in multicellular aggregates. Release of soluble
cues to aggregated cells has been shown to promote stem cell differentiation (Carpenedo et
al., 2009, 2010) and influence neuronal tissue response (Mahoney and Saltzman, 2001).
Anchorage-dependent molecules, such as extra-cellular matrix (ECM) proteins and
biologically relevant peptides, can also be tethered to particle surfaces to locally present
insoluble cues that are also crucial for in vitro regulation of cell behavior in multi-cellular
structures. Immobilized biological moieties delivered to three-dimensional cell aggregates
via non-degradable microspheres have been shown to cause differentiation of adult stem
cells (Ravindran et al., 2011), promote more healthy proliferation profiles in liver cells (Zhu
et al., 2007), increase bone-like tissue formation from secretions of stromal cells (Qiu et al.,
2001), and support the in vitro culture of islet cells in an artificial pancreas (Silva and
Mateus, 2009).

The invitro culture of pancreatic islets of Langerhans might also benefit from the spatial
introduction of insoluble matrix cues. By interactions with the basal lamina that envelopes
the islet, as well as the double basement membrane that surrounds the walls of blood vessels
within islets (Virtanen et al., 2008), cells throughout the islet are in contact with several
insoluble ECM proteins, such as collagen types I and 1V, laminin, and fibronectin (van
Deijnen et al., 1992; Wang and Rosenberg, 1999). Previous research focused on the in vitro
culture of islets has shown that re-introduction of certain ECM proteins significantly reduces
global apoptosis and increases insulin production, even though, presumably, only the
exterior cells of the islet are in contact with the matrix signals (Daoud et al., 2010; Nagata et
al., 2001; Weber and Anseth, 2008). Further, modifying synthetic encapsulation materials
with protein-derived peptides (e.g., IKVAV, IKLLI, RGDS, GLP-1) has shown similar
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positive effects on islet viability and function (Duncanson and Sambanis, 2013, Lin and
Anseth, 2009a; Weber et al., 2007).

While these approaches make strides towards demonstrating the potential importance of re-
introducing cues found in the basal lamina during islet culture, little is known about how the
distribution of these signals influences functional properties (i.e., controlling cell-matrix
interactions throughout the aggregate). Since introducing ECM interactions throughout
multicellular B-cell aggregates in a controlled fashion can be challenging, we developed a
scheme using synthetic microspheres modified with either fibronectin or laminin by surface
adsorption and then used a hydrogel microwell array (Bernard et al., 2012) to create
microsphere-laden p-cell aggregates of defined sizes and particle contents. By varying the
amount of particles incorporated within an aggregate, different concentrations of proteins
can be introduced to cells locally. Additionally, multiple populations of microspheres, each
coated with a different protein, can be incorporated within the same cluster to study the
synergistic effects of various ratios of proteins on aggregate cell function.

Materials and Methods

Protein adsorption to microparticles

Spherical microparticles based on a melamine resin, 1 um in diameter and fluorescently-
labeled with either Rhodamine B or Nile Blue were purchased from Sigma, and matrix
proteins were physically adsorbed to the surface via the manufacturer’s instructions (details
in Supplemental Methods). Total protein adsorbed to the microparticles was quantified using
a microBCA assay (Pierce, Rockford, IL) (Table SI) by first desorbing from the particles
using a surfactant, sodium dodecyl sulfate (SDS, Sigma, St. Louis, MO). Solutions of
fibronectin and laminin in SDS were used to generate standard curves.

MING cell culture

MING cells (P26—P36) were kept in T75 flasks (Corning, Corning, NY) and supported with
high glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS, Gibco), 1% PenStrep (Gibco), 0.2%
Fungizone (Gibco), 1 mM sodium pyruvate (Sigma) and 60 UM 2-mercaptoethanol (Sigma).
Media was changed every 3—4 days and cells were split 1:3 weekly.

Microwell array and cell-particle aggregate formation

Microwell arrays were formed via a published protocol (Bernard et al., 2012) using a
macromer solution containing poly(ethylene glycol) (PEG) synthesized as described
previously (Lin and Anseth 2009b). A schematic of the microwell formation is shown in
Figure 1A-C and details of microwell formation are presented in the Supplemental Methods.
Cell culture wells were fabricated with a fixed depth of 100 um and square cross-sections of
either 100 pm x 100 pm (w100) or 200 pm x 200 um (w200). Microwell arrays were
sterilized by quick immersion in 70% ethanol, followed by swelling in sterile HBSS
containing 1% Pen Strep and 0.2% Fungizone under a germicidal UV light for at least 1
hour.
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MING cells were removed from culture flasks and stained with 10 M CellTracker Green
CMFDA (Life Technologies, Carlsbad, CA) for visualization. Single cell suspensions of
dyed MING were first pre-incubated overnight on an orbital shaker (35 rpm) in
polypropylene Eppendorf tubes (VWR) with an appropriate number of microparticles to
achieve a particle-to-cell ratio of 1:5 (i.e., 1 microparticle for every 5 cells), 1:1, or 5:1.
After pre-incubation, the cells and particles were seeded into the microwell devices by
centrifugation at 1200 rpm for 150 s (Fig. 1D-F) as described previously (Bernard et al.,
2012; Kloxin et al., 2012; Ruiz and Chen, 2008). Unseeded cells and microparticles were
gently resuspended and the centrifugation seeding step was repeated. The well plates were
placed on an orbital shaker at 37°C and 5% CO,, for 2 hours and then cultured statically for
5 days to allow for aggregate formation as shown by previous studies (Bernard et al., 2012).
After 5 days, the cell-microparticle aggregates were removed from the microwell device
arrays by gentle rinsing with media and single cells and unincorporated microparticles were
removed by separation via cell strainers (BD Falcon). This aggregation method produced
cell-microparticle structures that were robust enough to maintain their size and cohesiveness
through removal from the microwell arrays and further analysis. Vigorous pipetting and
vortexing can disturb the cell-cell adhesiveness sufficiently enough to cause the break up of
these clusters (data not shown). Aggregates from w100 and w200 microwells contained
approximately 500 and 800 cells, respectively (Bernard et al., 2012).

Confocal microscopy and image analysis

Cell-microparticle aggregates were imaged on a Zeiss LSM 710 NLO (Carl Zeiss,
Oberkochen, Germany) using A=488 nm laser to visualize the cells (green), A=541 nm laser
to image the Rhodamine-labeled particles (red), and A=633 nm laser to excite the Nile Blue-
labeled particles (blue). Images were taken at 2 um z increments and the images were
compressed into 10 pm stacks (5 images per stack) for image analysis. A minimum of 30
cell-microparticle aggregates formed under each condition from at least 3 independent cell
seeding events were analyzed. More details are provided in the Supplemental Methods.

Statistical analysis

Statistical significance was determined using a student’s t-test with Welch’s correction for
unequal variances and a 95% confidence interval or ANOVA with Tukey’s test, as
indicated. A p-value < 0.05 is denoted by an asterisk (*) in the figures.

Results and Discussion

Creating cell-microparticle aggregates

Cell-microparticle aggregates of defined and uniform sizes were created using centrifugation
and a hydrogel microwell device array (Bernard et al., 2012; Kloxin et al., 2012; Ruiz and
Chen, 2008) to template their formation. A simplified schematic of the cell-microparticle
aggregation process is shown in Figure 1. Protein-coated microparticles were first incubated
with cells overnight (Fig. 1D) to facilitate cell-particle interactions and attachment. This pre-
incubation was performed to achieve a more efficient and even distribution of microparticles
throughout the cell aggregates, as the independent cells and microparticles (i.e., without any
pre-incubation) can have different settling times during seeding in the devices (Fig. S3).
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After this incubation period, cells and microparticles were seeded into hydrogel microwell
arrays (Fig. 1E) using centrifugation and orbital shaking, as previously described (Bernard et
al., 2012). After five days in static culture, the cell-microparticle aggregates were removed
from the microwell arrays (Fig. 1F) and imaged to assess microparticle incorporation within
the aggregates. Removing the cell-microparticle aggregates from the microwell arrays was
crucial for proper assessment of microparticle incorporation to ensure that loose
microparticles, which were seeded into the microwell arrays but not incorporated into the
cell-particle aggregates, were removed prior to analysis.

Analyzing the spatial distribution of microparticles within 3D cell aggregates

To assess the spatial distribution of the ECM-coated microparticles within the 3D j-cell
aggregates, image analysis was performed throughout the z-direction of confocal images,
taken at 2 um intervals. An example of this analysis is shown in Figure 2 and Figures S1 and
S2. First, all individual z-planes of the cell-microparticle aggregate were compressed into a
maximum z-projection of the entire aggregate (Fig. 2A) to determine the area of the image
to analyze, that is, the x-y location (in pixels) of the image occupied by each aggregate.
Next, the original, single plane images were stacked into smaller projections representing 10
um sections of the aggregate (Fig. 2B—E). Each 10 um stack was then analyzed to assess the
number of green pixels (representative of MING cells stained with a cytoplasmic dye, Fig.
2F-1) and red pixels (illustrating microparticle presence, Fig. 2J-M) contained within the
mask of that particular aggregate. These data were then used to determine both the total
number of incorporated microparticles, as well as the distribution of these microparticles
throughout the 3D aggregate. On average, each laminin-coated resin particle appeared as 11
square pixels in the compressed confocal image (determined by imaging and measuring
single particles, data not shown). The number of red pixels in each stack was converted to an
approximate number of microparticles in that layer by dividing by the average number of
pixels per particle. The number of microparticles was summed from each stack to give an
estimate of the total microparticles within an aggregate. Finally, the percentage of the cross-
sectional area of an aggregate in each 10 um stack that was occupied by microparticles was
calculated to assess the spatial distribution of microparticles throughout the cell aggregates.
The particle cross-sectional area was defined as the percentage of pixels within the
aggregate mask of a stacked image that contained particles (red pixels) compared to the total
number of pixels (red and green).

Cell-microparticle seeding ratio influences particle incorporation

MING B-cells and laminin-coated resin microparticles were pre-incubated at various
concentrations of microparticles to vary the particle incorporation, and therefore, the amount
of protein delivered to the cells within the cell-microparticle aggregates. Cells incubated
with three ratios of laminin-coated microparticles — one particle for every five cells (1:5),
one particle for every cell (1:1), and five particles for every cell (5:1) — were seeded into
hydrogel microwell arrays. After five days of culture, the cell-microparticle aggregates were
removed from the arrays and imaged. These results are presented in Figure 3. Total z-
projections of confocal images (100 um deep) taken of MING cells (green) aggregated with
varying amounts of laminin-coated resin particles (red) are shown in Figure 3A-C. Varying
the seeding ratio of particles to cells did not affect the ability of MING cells to aggregate in
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the hydrogel microwell arrays over the concentrations studied. Relatively uniform cell
cluster size and microparticle incorporation were observed in the x-, y-, and z-dimensions,
regardless of particle seeding density, and a noticeable increase in the number of particles
within the cell aggregates was observed when the initial particle density was increased.

The effect of initial microparticle seeding density on the spatial distribution and total
microparticle incorporation within these -cell aggregates was quantified using image
analysis via MATLAB (as presented in Fig. 2). The average number of incorporated
microparticles after varying the particle incorporation density and the distribution of these
particles throughout the cell aggregates are presented in Figure 3D. While the number of
microparticles incorporated into the p-cell aggregates did not scale directly with incubation
conditions, there was a significant increase in the number of incorporated microparticles
when the seeding ratio was increased from 1:5 (80 + 20 microparticles per aggregate) to 1:1
(140 £ 30 microparticles per aggregate) and then increased again to 5:1 (360 = 50
microparticles incorporated). This trend indicates that the spatial presentation of total protein
throughout the multi-cellular B-cell aggregates can be varied from 0.90 pg (1:5) to
approximately 4.3 pg of laminin (5:1) using this method (Table I). In general, these
aggregates were ellipsoidal in shape with a minor axis of 80 pm and a major axis of 160 pm,
containing ~800 cells (Bernard et al., 2012).

To quantify the spatial distribution of microparticles within the aggregates, the fraction of
the cross-sectional area occupied by microparticles was also analyzed (Fig. 3E). These data
demonstrate a relatively uniform incorporation of microparticles throughout the cell
aggregates, indicating good dispersion of the protein to many cells within the aggregates.
Additionally, although the microparticles are denser than the cells, pre-incubation of cells
with the particles prior to seeding helped to promote a more even distribution throughout the
aggregate. Without this pre-incubation, large numbers of particles settle to the bottom of
device during aggregation, resulting in a non-uniform distribution of protein (Supplemental
Information, Fig. S3).

Controlling and manipulating the distribution of protein-coated microparticles within cell
aggregates should provide a useful tool to better understand how local presentation of ECM
ligands influences the function of B-cell aggregates, perhaps more closely mimicking native
islet architecture in which cells throughout islets are in contact with basement membrane
proteins that comprise the capillary walls. Islets cultured on protein-coated surfaces (Daoud
et al., 2010, Nagata et al., 2001; Wang and Rosenberg, 1999) and encapsulated within
protein-containing materials (Oberg-Welsh, 2001; Na et al., 2001; Weber and Anseth 2008)
show increased viability and insulin secretion where, presumably, only a small fraction of
the cells are in contact with the matrix molecules. By incorporating proteins throughout
cellular aggregates, a higher percentage of cells could have access to these cues, which may
influence their functional response dynamics. Moreover, investigating protein presentation
in this way may overcome inherent biasing of studies towards smaller aggregates that
contain a higher fraction of periphery cells, as traditional methods only provide contact of
exterior cells with the ECM ligands.

Biotechnol Bioeng. Author manuscript; available in PMC 2015 September 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bernard et al. Page 7

Simultaneous, local presentation of two different ECM proteins throughout cell aggregates

To develop a platform in which multiple, insoluble, tethered cues may be presented in
concert throughout multi-cellular B-cell aggregates, we first created two populations of
protein-laden microparticles: microparticles labeled with Rhodamine-B and coated with
laminin (LN) and microparticles labeled with Nile Blue and coated with fibronectin (FN).
We then studied how varying ratio of these microparticles influenced their incorporation,
and thus, the amount of each protein presented to the cells. Specifically, the ratio of the two
particles was varied from 3:1 to 1:1 to 1:3, FN:LN, respectively, while keeping the total
number of particles seeded in each device, five particles for every cell, the same. These
results are presented in Figure 4.

Using this method, both LN- and FN-modified resin microparticles were incorporated into
[-cell aggregates. Confocal images of the cell-microparticle aggregates showed good
dispersion of both types of particles throughout the aggregates (Fig. 4A-C), indicating a
relatively uniform seeding of the particles in the x-, y-, and z-directions. This distribution
was quantified in a manner similar to the analysis performed to produce Figure 3E, and the
results are presented in the Supplemental Information, Figure S4. Interestingly, the ratio of
the two populations of particles, as well as the total number of particles incorporated within
the aggregates, did not scale with the initial microparticle seeding conditions (Fig. 4D-E).

To better understand these results, we observed that the number of Nile Blue-labeled resin
particles coated with fibronectin did scale roughly, as expected, with seeding conditions
(Fig. 4E, Table 1). For example, the FN-modified particle content decreased by
approximately one-third when the number of FN microparticles seeded with -cells was
reduced by one-third. However, the number of Rhodamine B-labeled, LN-coated
microparticles incorporated within the B-cell aggregates did not change significantly when
the total number of LN-coated particles pre-incubated with the cells was doubled (Fig. 4D).
Instead, a slight but significant increase was observed when incorporating the laminin-
coated microparticles at the highest seeding ratio (five microparticles for every cell, 75%
LN-coated and 25% FN-coated).

Additionally, the total number of microparticles (five particles per cell) seeded with the -
cells was held constant for all ratios of LN:FN microparticle seeding densities; however, the
total number of measured particles incorporated within the cell-microparticle aggregates
decreased with seeding condition (Fig. 4D). We hypothesize that this difference was due to
the inefficient incorporation of LN-coated microparticles relative to the FN-coated
microparticles, perhaps due to differences in the integrin-binding affinity or integrin
presentation on MING B-cells. To date, limited information is available related to specific
integrin presentation of MING f-cells, but they have been shown to adhere to the cell
adhesion peptide sequence Arginine-Glycine-Aspartate (RGD), the hallmark sequence found
in fibronectin and also present in many other ECM proteins, including some forms of
laminin (Na et al., 2001; Park et al., 2005; Yamada, 1991). Additionally, primary p-cells
from various species have been shown to express cell surface receptors for fibronectin and
laminin. Specifically, cell surface receptors a,f3, asp1, and agpq which have affinity for
both fibronectin and laminin, as well as a,/31 which binds fibronectin, and a1, agp1, and
the 67-kDa laminin receptor, which bind laminin, have all been identified on B-cells (Bosco
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et al., 2000; Jiang et al., 2002; Kaido et al., 2004; Ris et al., 2002; Virtanen et al., 2008;
Weber et al., 2008; Yamada, 1991). While B-cells are known to adhere to both laminin and
fibronectin in vitro, these cells show increased adhesion to fibronectin over laminin,
adhesion being the dominant interaction of -cells with fibronectin and laminin showing
greater effects in pseudo-islet formation and insulin secretion regulation (Daoud et al., 2010;
Maillard et al., 2009). This reported disparity in adhesion to these two ECM proteins may
influence microparticle association during the pre-incubation steps and ultimately
microparticle incorporation. Differences in cell affinity for various ECM ligands should be
taken into consideration when using this method to simultaneously present multiple cues
within cell aggregates. Of further note, the FN-coated particles also appear to cluster
together and form larger particle agglomerates after protein adsorption (Fig. S6), and during
pre-incubation with the MING cells, which may, in part, explain an enhanced incorporation
of these particles during aggregate formation.

In general, this cell-microparticle aggregate formation technique could be translated to study
the incorporation of a variety of insoluble molecules with varying affinities for -cells and
which bind different integrins. For example, collagen type IV also constitutes a large
percentage of the basement membrane proteins found in islets, binds cell surface receptors
a1p1 and ayfq on B-cells, and has been implicated in cell adhesion as well as insulin
secretion (Daoud et al., 2010; Weber et al., 2008). Studying different ECM molecules could
also allow the investigation of whether binding of different integrins and the affinity of
different molecules for B-cells affects microparticle incorporation as appears true with
laminin- and fibronectin-coated microparticles. Biologically, it would also be relevant to
study the effect of the incorporation of protein-coated microparticles on 3-cell function,
specifically, insulin secretion in response to glucose. Additionally, synergistic effects of
incorporating multiple ECM cues simultaneously might be investigated by incorporating
multiple populations of microparticles coated with various ligands.

Manipulating aggregate size changes the number of incorporated microparticles, but not
the relative particle density

Different sized p-cell-microparticle aggregates were formed by seeding microparticles and
cells (at a ratio of 1:5) in hydrogel microwell device arrays containing wells of two different
cross-sectional areas and volumes: 100 pm x 100 pm x 100 pm (w100) microwells and 200
pm x 200 pm x 100 um (w200) microwells. After culture, removal, and imaging, the total
number of incorporated LN-coated microparticles per aggregate, as well as the spatial
distribution of the microparticles within the aggregates, were analyzed and the results are
summarized in Figure 5. Significantly more microparticles were incorporated into the w200
aggregates (160 + 30) compared to the w100 aggregates (60 + 10) (p<0.01) (Fig. 5C).

We next determined the fraction of the aggregates comprised of microparticles to ascertain
whether microwell size affected microparticle seeding. Promisingly, the percentage of the
aggregate comprised of microparticles was relatively constant at 1.3% + 0.3% for w100
aggregates and 1.9% = 0.3% for w200 aggregates (Fig. 5D), indicating that the ratio of cells
to particles can be controlled while varying the aggregate size. Additionally, the cross-
sectional area of the aggregate composed of microparticles did not change with aggregate
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size (Fig. S5) demonstrating relatively uniform presentation of ECM proteins throughout the
multi-cellular aggregates, regardless of aggregate size. Therefore, this method shows
promise for creating cell-microparticle aggregates of different sizes that could be used to
study synergistic effects of aggregate size, or degree of cell coupling, and local presentation
of ECM ligands throughout three-dimensional aggregates. Natively, islets exist as a
heterogeneous distribution of sizes with rodent islets typically measuring from 50 um to 300
um in diameter (Lehmann et al., 2007; Takei et al., 1994). Islet size has been implicated in
cell survival and function post-isolation (Lehmann et al., 2007; MacGregor et al., 2006); and
the introduction of matrix molecules further impact islet cell function (Nagata et al., 2001,
Wang and Rosenberg, 1999; Weber and Anseth, 2008). This cell-microparticle formation
method could fill a critical void in the ability to simultaneously investigate the effect of cell
aggregate size and local protein presentation.

The presented technique to form 3D, multicellular, cell-microparticle aggregates also has the
potential to be used in a fundamental way to study islet cell biology. In addition to the
examples shown above, large numbers of microparticles, or microparticles of larger
dimensions, could be systematically introduced to mimic defects within pancreatic islets,
areas in which cell-cell communication is disrupted. Cells within an islet coordinate through
electrical pulses and ion flux through gap junctions of connected cells to regulate dynamic
and pulsatile insulin release (Benninger et al, 2008, 2011; Head et al., 2012). A percolation
theory-based model has been suggested to explain the minimum amount of cell coupling
necessary for an entire islet to be effectively coordinated (Benninger et al., 2008). This
model could be further investigated by the controlled introduction of void spaces, through
the incorporation of microparticles, to achieve aggregates of -cells above, at, and below the
critical connectivity density determined via percolation theory. Subsequent analysis of the
cell-cell communication in these clusters could further validate the model and garner
additional understanding of the way p-cells communicate and overcome defects in cell
coupling.

Alternatively, this technique could be used to further elucidate which aspects of cell-cell
contact are most critical for proper B-cell function. Microparticles can be functionalized with
any number of biological moieties that can successfully mimic cell-cell contact such as
EphA and Ephrin-A (Konstantinova et al., 2007; Lin and Anseth 2011), E-cadherin
(Calabrese et al., 2004; Jaques et al., 2008; Rogers et al., 2007), or Connexin-36 (Benninger
et al, 2011; Carvalho et al., 2012; Head et al., 2012; Jaques et al., 2008). Lin and Anseth
(2011) used a combination of EphA, ephrinA, and RGDS to promote (-cell survival at low
seeding densities in synthetic hydrogels in the absence of direct cell-cell contact.
Additionally, when preventing cell-cell interactions via E-cadherin proteins, Rogers et al.
documented a significant decrease in insulin secretion from p-cells (Rogers et al., 2007).
Similarly, when the gap junction forming protein connexin-36 is knocked-down in p-cells
within islet cell clusters, Head et al. (2012) found a resulting decrease in islet cell
coordination and insulin release. Using these types of molecules alone or in concert, along
with changing the amount of cell-cell contact allowed through the introduction of
microparticles as void spaces, could enable the study of the effect of specific cell-cell
interaction proteins on B-cell survival and insulin release.
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Conclusions

Cell-microparticle aggregates were formed with MING -cells and protein-laden resin
microparticles using hydrogel microwell arrays. The total amount of incorporated
microparticles, and therefore, the amount of adsorbed ECM protein presented to cells, was
controlled by varying cell-microparticle seeding conditions. Additionally, multiple matrix
cues were presented in concert within B-cell aggregates by the incorporation of two distinct
populations of microparticles containing laminin and fibronectin. Whether a singular ECM
molecule was presented or two different moieties were incorporated simultaneously, the
distribution of microparticles throughout the cell aggregate was relatively uniform.
Changing aggregate size resulted in a change in total microparticle incorporation, but the
fraction of the aggregate occupied by microparticles was unaffected by aggregate size, only
by microparticle seeding conditions. Collectively, these results demonstrate a versatile
technique to integrate a range of microparticle concentrations and compositions into cellular
aggregates of physiologically-relevant sizes. In addition to the utility shown in this work,
this cell-microparticle formation platform has the potential to illuminate many other areas of
islet cell biology and the investigation of phenomena affected aggregated cells of a variety
of cell types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Formation of microwell arrays and cell-microparticle aggregates
(A) Monomer solution was created from a 15 wt% macromer solution of PEGA (M,~400

Da) and PEGDA (M;,~3000 Da) in the molar ratios shown combined with photoinitiator
12959. (B) Hydrogel microwell arrays were formed via contact photolithography.
Unpolymerized macromer solution (gray) was pipetted between an acrylated glass slide and
a chrome photomask. The macromer solution was then polymerized through the photomask
to create hydrogel microwell arrays (C). Microwell arrays were formed with well widths (w)
of either 100 pm or 200 um and well depths (h) of 100 um. (D-F) Cell-microparticle
aggregates were formed by (D) incubating MING B-cells (green) with protein-laden particles
(red) overnight to facilitate cell-protein interactions and promote a more uniform
distribution. (E) Cell and microparticles were then seeded into hydrogel microwell arrays
(gray) using centrifugation and orbital shaking. (F) After 5 days of static culture, cell-
microparticle aggregates were removed from the microwell devices for imaging. Image not
to scale.
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Figure 2. Determination of spatial distribution of microparticles
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(A-E) Z-Projections of confocal images of cell-microparticle aggregates. MING p-cells are
stained with a CellTracker dye and appear green while laminin-coated microparticles appear
red. (A) Entire cell-microparticle aggregate (~100 um). (B—-E) Smaller z-projection stacks
taken throughout the z-dimension of the cell-microparticle aggregates starting at the bottom
(B) and progressing upward to the top of the aggregate (E). (F-I) Green pixels (cells) in each
stack. (J-M) Red pixels (microparticles) imaged in each corresponding stack. The red and
green pixels detected in J-M and F-I, respectively, are used to determine total microparticle
incorporation and spatial distribution of the microparticles throughout the z-direction. Scale
bars represent 50 pm. Note: For image analysis done, a total of 10 z-projection stacks, each
representing 10 um, were analyzed for each aggregate. Four example stacks are shown here

for clarity.
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Figure 3. Microparticleincor poration within B-cell aggregates varieswith seeding density
(A-C) Confocal images of cell-microparticle aggregates of MING6 -cells (green) and

laminin-coated resin microparticles (red) seeded at ratios of (A) one particle for every five
cells (1:5), (B) one particle for every cell (1:1), and (C) 5 particles for every cell (5:1). Scale
bars represent 100 um. (D) The total number of microparticles incorporated per aggregate as
a function of seeding density. * indicates p<0.05 using one-way ANOVA. (E) Percentage of
the cell-microparticle aggregate cross-sectional area comprised of microparticles at various
z-positions within the aggregates seeded at microparticle:cell ratios of 1:5 (hollow circles),
1:1 (dark triangles), and 5:1 (dark squares). Error bars represent standard error of the mean
for n > 45 aggregates.
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Figure4. Two different ECM ligands are presented simultaneously to aggregated p-cells
(A-C) Confocal images of MING6 B-cells (green) co-seeded with laminin-coated (red) and

fibronectin-coated (blue) microparticles. The relative amount of each population of particle
incubated with the MING cells was varied prior to seeding at ratios of (A) 25% laminin
coated microparticles and 75% fibronectin-coated microparticles (1LN:3FN), (B) 50%
laminin-coated microparticles and 50% fibronectin-coated microparticles (1LN:1FN), and
(C) 75% laminin-coated microparticles and 25% fibronectin-coated microparticles (3LN:
1FN). Images are composite stacks of 50 images taken at 2 um intervals and scale bars
represent 100 um. (D) Total number of particles, both laminin- and fibronectin-coated,
incorporated per aggregate as a function of particle seeding condition. Significantly fewer
particles are incorporated in the 3LN:1FN microparticle seeding condition (p<0.05 using
one-way ANOVA). (E) Average number of microparticles from each population of
incorporated per aggregate as a function of seeding conditions. White bars represent number
of laminin-coated microparticles incorporated per aggregate and black bars represent
number of fibronectin-coated microparticles per aggregate. n > 25 aggregates were
measured for each seeding condition. * denotes significant difference between the number of
particles of each kind incorporated for a given seeding condition, and # represents
statistically significant number of particles incorporated compared to other seeding
conditions for that type of particle. All statistical significances were determined using a
p<0.05 and student’s t-test.
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Figure 5. Effect of aggregate size on microparticle incor poration
Cell-microparticle aggregate size was controlled by incubation in different sized hydrogel

microwell arrays. (A, B) Confocal images of MING B-cells (green) and laminin-coated
microparticles (red) formed in microwells with (A) 100 pm and (B) 200 um. Scale bars
represent 100 pm. (C) Quantification of the total number of microparticles incorporated per
different size aggregates. * denotes p<0.05 using student’s t-test. (D) Percent of the total
cross-sectional area of each aggregate, summed over 100 pum in the z-direction, consisting of
microparticles. No significant difference was found in the fraction of the aggregate occupied
by microparticles relative to the percent occupied by cells. Error bars represent standard
error of the mean for n > 35 aggregates measured of each size.
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