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Development of an alternative source of functional, transplantable b-cells to replace or supplement cadaveric
tissue is critical to the future success of islet cell transplantation therapy. Embryonic pancreatic precursor cells
are desirable as a renewable source of b-cells as they are both proliferative and inherently capable of pancreatic
cell differentiation. We have previously shown that precursor cells undergo selective b-cell differentiation when
dissociated and photoencapsulated in a polyethylene glycol (PEG) hydrogel network; however, these cells
remained immature and were not glucose responsive. Collagen type 1 supports mature cell viability and
function in many cell types and we hypothesized that incorporating it within our gels may support differen-
tiating b-cells and facilitate b-cell maturation. For these studies, collagen-1 was entrapped with dissociated
pancreatic precursor cells in a PEG hydrogel matrix (PEGCol) with the following key findings: (1) mature,
glucose-responsive, islet-like structures differentiated from spontaneously forming precursor cell clusters in
PEGCol, but not unmodified PEG, hydrogels; (2) a balance existed between providing sufficient collagen-1
signaling to support precursor cell development and providing an overabundance of adhesive sites allowing
contaminating mesenchymal cells to thrive’ and (3) mechanical stability provided by the PEG hydrogel platform
is important for successful precursor cell culture, as PEGCol hydrogels encourage glucose responsiveness and
high-insulin gene expression, while pure collagen gel cultures, with the same collagen concentration, have
negligible insulin gene expression. These results indicate that PEGCol hydrogels are a useful culture platform to
promote differentiation of a glucose-responsive b-cell population from dissociated precursor cells.

Introduction

Islet cell transplantation has emerged as a potentially
curative treatment for type 1 diabetes, a disease afflicting

an estimated 500,000–1 million people in the United States;
however, cadaveric tissue shortage remains a significant
limitation for this therapy motivating the search for a re-
newable cell source.1–5 Embryonic pancreatic precursor cells
are a potentially unlimited source of transplantable b-cells as
they have been directed down the early stages of pancreatic
development but remain proliferative and have the innate
ability to differentiate into any of the cells found in the ma-
ture endocrine or exocrine pancreas. We have previously
shown that dissociated precursor cells encapsulated in poly-
ethylene glycol (PEG) hydrogels selectively differentiate into
pancreatic b-cells, indicating that b-cell differentiation may
be the default pathway in pancreatic development.6 One
limitation of this system is that the differentiated cells in
unmodified polyethylene glycol (PEG) hydrogels gels after 7

days of culture were immature and unable to release insulin
in response to changes in media glucose concentrations. To
build upon this encouraging foundation, we aim to move
beyond using PEG hydrogels as a passive, protective three-
dimensional culture platform by functionalizing the hydrogel
with specific signaling molecules incorporated to selectively
encourage desirable cell behavior, specifically the differentia-
tion and maintenance of mature, glucose-responsive b-cells.

Collagen type 1 has been shown to support the survival
and enhance differentiated function of many mature cell
types, including smooth muscle cells, glomerular epithelial
cells, and hepatocytes.7–10 When entrapped in PEG hydro-
gels along with neural precursor cells, collagen type 1 en-
hanced both cell viability and mature neuronal-specific
differentiation.11 Further, collagen type 1 has proven bene-
ficial for in vitro culture of pancreatic endocrine cells. Intact
islets cultured in the presence of collagen-1 demonstrate
enhanced survival and function, while blocking islet–matrix
contacts with a disrupting b1 integrin antibody leads to a
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decrease in insulin gene expression and islet-cell apopto-
sis.12,13 Additionally, the presence of fibrillar collagen en-
couraged dedifferentiated pancreatic endocrine cells grown
in monolayers to reestablish functional islet-like clusters.14,15

In this study, we explore the effect of entrapping collagen
type 1 along with encapsulated embryonic pancreatic pre-
cursor cells in PEG hydrogels on precursor cell differentia-
tion and maturation. The differentiation of entrapped cells
was evaluated using gene expression analysis and immu-
nohistochemistry, while functional maturity was determined
by measuring insulin release in response to low- and high-
glucose media. Hydrogels comprised of varying collagen
concentrations were then tested to determine if an optimal
collagen concentration could be identified to support b-cell
differentiation, function, and maintenance. The results for
PEG gels with entrapped collagen were then compared to
both unmodified PEG hydrogels, providing structural in-
tegrity without the signaling molecule, and pure collagen
gels, providing the signaling molecule without structural
integrity, to determine if both structural integrity and colla-
gen type 1 signaling capabilities would prove beneficial
in a culture platform designed for the differentiation of
embryonic pancreatic precursor cells into mature, glucose-
responsive b-cells.

Materials and Methods

Pancreatic precursor cell isolation,
encapsulation, and culture

PEG macromers were synthesized as previously de-
scribed.6,16 Dorsal pancreatic buds were dissected from day
15 rat embryos, dissociated into single cells, and photo-
encapsulated into 7.5 wt% PEG hydrogels.6 Embryonic day
15 was selected because it is at the beginning of the sec-
ondary transition in rat pancreas development, where
abundant multipotent precursor cells are present, but very
little endocrine or exocrine differentiation has occurred.17

Final encapsulated cell concentration was 3�106 cells=mL.
When collagen was entrapped in PEG hydrogel cultures,
collagen type 1 was added to the precursor cell=PEG mac-
romer solution to obtain final concentrations ranging from
0.25 to 1 mg=mL. PEGCol will be used to describe hydrogels
with a collagen concentration of 0.5 mg=mL. For pure colla-
gen gel cultures, cells were mixed with collagen (1 mg=mL
final collagen concentration), and the collagen–cell solution
was added to a 96-well conical bottom tissue culture plate,
and gelation was allowed to proceed for 90 min before ad-
dition of sterile culture medium. Dissolution of degradable
PEG and PEGCol hydrogels used in this study occurred in
12–14 days, and cell-loaded hydrogels were cultured for up
to 10 days. Day 10 hydrogel mesh size for all PEG-based
hydrogels used in this study (*100Å), calculated using the
volumetric swelling ratio as previously described,18 re-
mained substantially smaller than collagen fibril diameter
(30–70 nm),19 indicating stable collagen incorporation within
PEGCol hydrogels over the entire culture period. This ob-
servation was corroborated via staining of day 10 hydrogels
with an antibody directed against collagen.

Cells were maintained in RPMI-1640 culture medium
(exchanged every 2–3 days) supplemented with 10% fetal
bovine serum, 1% glutamate–penicillin–streptomycin, 0.5%
fungizone (Sigma, St. Louis, MO), and 0.1% N2 for up to 10

days at 378C. All medium components were purchased from
Invitrogen (Carlsbad, CA) unless otherwise noted.

Cell differentiation

Gene expression by quantitative real-time polymerase
chain reaction. Hydrogels were placed in TriReagent (Sig-
ma) immediately following polymerization and on days 3, 7,
and 10 of culture and stored at �208C. RNA isolation, cDNA
synthesis, polymerase chain reaction (PCR) amplification,
and gene expression calculations were carried out as previ-
ously described.6 Total RNA was extracted from the hydro-
gel cultures via gel homogenization followed by standard
phenol:chloroform extraction. DNase I treatment (Ambion,
Austin, TX) was used to remove contaminating DNA, and
the purified RNA was quantified using a RiboGreen assay
(Invitrogen), after which all samples were diluted to
10 ng=mL. cDNA was generated from 100 ng purified RNA
through reverse transcription (Reverse Transcription Kit;
ABI, Foster City, CA) and stored at �208C. Specific oligo-
nucleotide sequences used for gene amplification have been
published previously.6

Immunohistochemistry. Hydrogel cultures were fixed in
4% paraformaldehyde for 3–4 h followed by dehydration in a
30% sucrose solution. 40 mm gel sections were cut with a
cryostat and processed with antibodies directed against in-
sulin (b-cells; Sigma), glucagon (a-cells; Sigma), PDX-1 (un-
differentiated precursor cells and differentiated b-cells;
Abcam, Cambridge, MA), and vimentin (mesenchymal cells;
Sigma) using standard immunohistochemical techniques.
For PDX-1 antibody staining, slides with hydrogel sections
were boiled in Retreivagen A solution (BD Biosciences, San
Jose, CA) for 30 min and cooled to room temperature before
staining. After primary antibody application, sections were
rinsed and incubated with fluorophore-conjugated second-
ary antibodies (Molecular Probes, Carlsbad, CA). All images
shown are projections of a series of 10–15 optical sections
spaced 2mm apart.

Cells staining positively for insulin, glucagon, PDX-1, or
vimentin from both PEG and PEGCol day 0 sections were
counted. This value was then compared to the total number
of cells in the same section to determine the composition of
the initial encapsulated cell population (�20 sections from
three or more hydrogels).

In addition to quantifying cell types in the initial cell pop-
ulation, tightly associated cell clusters greater than 20 mm in
longest diameter (with nuclear staining alone) were also
counted and their longest diameter was measured in sections
from both PEG and PEGCol hydrogel conditions on days 0
and 7 (�20 sections from three or more hydrogels for each
condition). The number of clusters per hydrogel was esti-
mated by using the conservative approximation that all
clusters would appear in at most two consecutive 40 mm hy-
drogel sections. The number of sections=gel was calculated by
dividing either the day 0 or 7 gel height by 40mm. To deter-
mine the final cluster=gel estimate, the number of clusters=
section was multiplied by the number of sections=gel and
divided by 2 so that clusters appearing in consecutive sections
would not be counted twice. Additionally, in sections stained
with an antibody directed against insulin, it was noted whe-
ther or not the majority of cells (>50%) within a cluster stained
positively for insulin. The preponderance of cells in a mature
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islet are insulinþ b-cells, and therefore we used this criterion
as an indication of islet-like differentiation. To better show
collagen fiber distribution and continuity, intact hydrogels, as
opposed to thin sections, were incubated with a monoclonal
antibody directed against collagen type 1 (Sigma), followed
by incubation with a fluorophore-conjugated secondary an-
tibody. Images shown are a series of 21–25 optical sections
spaced 15 mm apart.

Glucose challenge test. To determine if encapsulated
precursor cells cultured in PEG, PEGCol, or collagen gels for
7 and 10 days were capable of glucose-stimulated insulin
release (GSIR), hydrogels were incubated in either a low-
glucose (1.1 mM) or high-glucose (16.7 mM) media. On days
7 and 10, hydrogel and collagen cultures were rinsed ex-
tensively then incubated for 2 h with either low- or high-
glucose media, as previously described.6 Supernatant media
insulin and C-peptide concentrations were measured using
Rat Insulin and Rat C-peptide Elisa kits (Mercodia, Winston
Salem, NC) according to the manufacturer’s instructions.

Statistical analysis

Statistical significance was determined using two-tailed,
unpaired Student’s t-test with p< 0.05 significance. All data
are presented as mean� standard error of mean.

Results

Initial cell composition

PEG and PEGCol hydrogel discs fixed immediately fol-
lowing encapsulation of dissociated precursor cells (day 0)
were sectioned and stained with antibodies directed against
PDX-1, vimentin, insulin, and glucagon. As expected, cell
populations in both the PEG and PEGCol conditions at this
time were identical, and therefore images were used inter-
changeably for day 0 immunocytochemical analysis.

The majority of cells on day 0 stained positively for PDX-1
(65� 6%), a transcription factor present in undifferentiated
pancreatic precursor cells that becomes restricted to matur-
ing b-cells as precursor cell differentiation progresses.20,21

Another fraction of cells stained positively for vimentin
(25� 3%), indicating the presence of mesenchymal cells
(Table 1 and Fig. 1a, d). Only a few scattered insulin and
glucagon cells were found (Fig. 1b, c), with each making up
<1% of the initial encapsulated cell population.

Differentiation of encapsulated pancreatic
precursor cells in hydrogel cultures

PEG and PEGCol hydrogel cultures were followed for 10
days using a combination of immunohistochemistry and

quantitative real-time PCR to determine the differentiation of
encapsulated pancreatic precursor cells.

Immunohistochemistry. PEG and PEGCol hydrogels
were sectioned and stained with antibodies directed against
PDX-1, insulin, glucagon, and vimentin. Figure 1 shows rep-
resentative images for PEGCol gels on days 0 (a–d), 7 (e–h),
and 10 (i–k). Images from PEG hydrogels were in agreement
with our previously published work and were not included in
this manuscript.6 Upon initial encapsulation of the embryonic
precursor cell population, PDX-1þ cells did not costain with
insulin (Fig. 1a), indicating that these cells were undifferen-
tiated pancreatic precursors. Only a few scattered insulin and
glucagonþ cells were seen on day 0 (Fig. 1b, c), while a larger
fraction were vimentinþmesenchymal cells (Fig. 1d). In ad-
dition to single cells, spontaneously formed clusters of cells
were also seen on day 0 and were comprised predominantly
of PDX-1þ cells (Fig. 1a, inset). There were no insulin or
glucagonþ cells observed within these clusters on day 0. By
days 7 and 10, however, the strongest insulin staining was
observed within the cell clusters, while relatively weak insulin
staining was observed in insulinþ single cells in PEG and
PEGCol cultures (not shown). No cell clusters were found
remaining in unmodified PEG hydrogels. Insulinþ cells
within the clusters were also PDX-1þ (Fig. 1e, i), an expected
result for differentiated b-cells. Dual staining was not ob-
served in PEG hydrogels or single cells within PEGCol gels
(not shown). Additionally, in PEGCol gels, glucagonþ cells
were found predominantly on the periphery of the clusters
(Fig. 1g, k), similar to the pattern found in mature rodent
islets22; however, glucagon staining was undetectable in PEG
hydrogel cultures by day 7, consistent with previously pub-
lished results.6 Although mesenchymal cells were a signifi-
cant fraction of the initial cell population, only a few scattered
cells remained vimentinþ in PEGCol gels by day 7, and no
vimentinþ cells could be found on day 10 (not shown).

Gene expression analysis. Quantitative real-time PCR
was run on cell-loaded PEG and PEGCol hydrogels on
culture days 0, 3, 7, and 10. Figure 2 shows relative fold-
difference in insulin, glucagon, PDX-1, and Glut2 gene ex-
pression from day 0. Insulin gene expression is significantly
greater in PEGCol hydrogel cultures compared to unmodi-
fied PEG cultures at all time points tested (Fig. 2a). Ad-
ditionally, while relative insulin gene expression decreased
in PEG hydrogels from days 7 to 10 (135- to 70-fold), insulin
gene expression increased in PEGCol hydrogel cultures (800-
to 4800-fold). Relative gene expression values for glucagon
and PDX-1 were also significantly higher in PEGCol hydro-
gels when compared to time-matched PEG hydrogels on
days 7 and 10. Insulin, glucagon, and PDX-1 gene expression
results (Fig. 2) verified immunohistochemical images in
Figure 1 and previously published work.6 Additionally,
Glut2 gene expression levels were enhanced in PEGCol hy-
drogel cultures when compared to day 0 or time-matched
PEG values. Glut2 is a glucose transporter found in the cell
membrane of mature b-cells and is not only an important
indicator of b-cell maturity but also is required for glucose-
mediated insulin release. There was no evidence of exocrine
differentiation in cell-loaded PEG or PEGCol hydrogels, as
amylase gene expression was undetectable on culture days 7
and 10 (data not shown).

Table 1. Encapsulated Cell Composition at Day 0

Antibody Cell type % positive staining

Anti-PDX-1 Pancreatic precursor 65� 6
Anti-vimentin Mesenchymal 25� 3
Anti-insulin b-cell <1
Anti-glucagon a-cell <1
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Varying collagen composition in gel cultures. To deter-
mine if changes in collagen content in cell-loaded hydrogel
cultures would alter insulin gene expression and b-cell dif-
ferentiation, we encapsulated precursor cells in hydrogels
with 0.25, 0.5, or 1 mg=mL collagen or in pure 1 mg=mL col-
lagen gels. Interestingly, there was greater insulin gene ex-
pression in PEGCol (0.5 mg=mL) cultures when compared to
all other conditions (Fig. 3a). Especially striking was the sig-
nificant drop in insulin gene expression when changing culture
platforms from the PEGCol (1 mg=mL) hydrogel to the pure
1 mg=mL collagen gel. Vimentin gene expression, however,
was significantly higher in both pure collagen and PEGCol
(1 mg=mL) cultures compared to time-matched PEG and
PEGCol hydrogels (Fig. 3b), signifying an enhanced mesen-
chymal cell presence when collagen content was increased. To
verify gene expression data, pure collagen gels at culture day
7 were sectioned and stained with antibodies directed against

vimentin and insulin (Fig. 3h, i). The vast majority of cells
cultured for 1 week in pure collagen gels were vimentinþ
mesenchymal cells, and only scattered single insulinþ cells
were detected.

All gel conditions were also stained with an antibody di-
rected against collagen type 1 for visual verification of col-
lagen concentration and distribution (Fig. 3c–f).

No differences in measured volumetric swelling, mesh size,
or compressive modulus were found between PEG and
PEGCol gel conditions, indicating gene expression differences
were due to collagen content and not changes in mechanical
properties (data not shown). This result is not surprising since
even at 1 mg=mL, collagen makes up only 0.1% of the total gel
weight. The compressive modulus for a 1 mg=mL collagen gel
was too low to be measured, demonstrating the lack of me-
chanical support provided to the pancreatic precursor cells
entrapped within our pure collagen gels.

FIG. 1. Confocal microscopy images of cells encapsulated in PEG hydrogels with entrapped collagen (PEGCol) on culture
days 0 (a–d), 7 (e–h), and 10 (i–k). Images are of hydrogel sections incubated with antibodies directed against insulin and
PDX-1 costained (a, e, i), insulin alone (b, f, j), glucagon (c, g, k), and vimentin (d, h). On day 0, 65� 5% of encapsulated cells
stained positive for PDX-1 (a), including cell clusters (inset); however, no PDX-1þ cells were found to costain with insulin at
this time. Insulin (b) and glucagon (c) staining was seen in only scattered single cells on day 0 and was not detected in cell
clusters. On day 0, 25� 3% of the encapsulated cells were vimentinþ (d). Strong insulin and PDX-1 costaining was seen on
both days 7 and 10 (e, i), where upper and lower insets show separated insulin and PDX-1 staining, respectively. Insulin
staining was seen throughout the islet-like clusters present in PEGCol hydrogels at days 7 and 10 (f, j), while glucagonþ cells
are predominantly found on the periphery of the clusters (g, k). By day 7 only a few scattered vimentinþ cells were present in
PEGCol hydrogels (h) and none was found on day 10 (not shown). A 40,6-diamidino-2-phenylindole (DAPI) nuclear coun-
terstain was used in all images. Scale bar, 10mm for all images. Color images available online at www.liebertonline.com=ten.
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Functional b-cell differentiation in hydrogel
and collagen gel cultures

Functional differentiation of cells encapsulated in all cul-
ture platforms was tested on day 7 by incubating gels in low-
and high-glucose media and measuring supernatant insulin
content. High-glucose media insulin concentrations were
normalized to low-glucose media insulin concentrations,
resulting in GSIR values (Fig. 4a). Results in Figure 4a indi-
cate a higher level of glucose responsiveness from the cell
population in PEGCol (0.5 mg=mL) hydrogels (GSIR index of
2.6� 0.3) compared to all other culture platforms. Cells in
PEGCol (0.25 and 1 mg=mL) gels did respond to high-glucose
concentrations (GSIR index of 1.7� 0.2 and 1.8� 0.1, respec-
tively), although to a lesser extent than PEGCol (0.5 mg=mL)

cultures; however, cell populations cultured in unmodified
PEG hydrogels and pure collagen gels were not glucose re-
sponsive. These results indicate that the decrease in insulin
gene expression in PEGCol (1 mg=mL) hydrogels and pure
collagen gels (Fig. 3a) was not simply a dilution effect due to
the success of the mesenchymal cells and was instead an
indication of decreased b-cell number or maturity compared
to PEGCol (0.5 mg=mL) hydrogels.

To verify maintenance of a glucose-responsive cell pop-
ulation in PEGCol (0.5 mg=mL) gels, a glucose challenge
test was performed on cell populations in both PEG and
PEGCol hydrogels at 10 days of culture (Fig. 4b). PEGCol
hydrogel cultures remain glucose responsive through day 10
(GSIR index of 3.3� 0.3), while PEG cultures were still unre-
sponsive.

FIG. 2. Real-time polymerase chain reaction obtained gene expression results for insulin (a), glucagon (b), PDX-1 (c), and
GLUT2 (d) in both polyethylene glycol (PEG) hydrogels (white bars) and PEG with entrapped collagen (PEGCol) hydrogels
(gray bars) over 10 days of culture. Insulin gene expression is shown on a log axis. All values are normalized to day 0. *p< 0.05
and **p< 0.01 compared to time-matched PEG hydrogel values. #p< 0.05 and ##p< 0.01 between indicated PEGCol time points.
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To ensure that released insulin was endogenously pro-
duced by the differentiating b-cells and not due to insulin
uptake from media supplements, C-peptide concentrations
in low- and high-glucose media were also measured on day 7
and 10 for PEG and PEGCol (0.5 mg=mL) cultures (Fig. 4c).
Before secretory vesicle exocytosis, proinsulin is cleaved into
insulin and C-peptide. C-peptide is therefore released in a 1:1
ratio with insulin and can be used to verify insulin synthesis
within b-cells. Results in Figure 4c are shown as C-peptide
concentrations measured in high-glucose media normalized
to C-peptide concentrations measured in low-glucose media.
These results corroborate insulin concentration measure-
ments (Fig. 4a, b), with significantly more C-peptide released
in high-glucose media when compared to low-glucose media
for PEGCol (0.5 mg=mL) cultures on both days 7 and 10, and
no differences between low-and high-glucose media con-
centrations for unmodified PEG hydrogels on either culture
day were tested. Measurable C-peptide release that parallels

the observed insulin release suggests that differentiating b-
cells are releasing endogenously produced insulin.

Counts, sizes, and compositions
of spontaneously formed clusters

The presence of islet-like clusters in PEGCol hydrogels on
culture day 7, along with the conspicuous absence of similar
clusters in unmodified PEG hydrogels, motivated an explo-
ration of cell cluster number, size, and cell composition (Table 2).
On day 0 there were no differences in cluster size or number
between PEG and PEGCol hydrogels. The number of clusters
remained constant in PEGCol hydrogels from days 0 to 7;
however, in PEG hydrogels, there were no detectable clusters
remaining after 1 week (Table 2). The average cluster size in
PEGCol hydrogels increased from 36 to 51mm from days 0 to 7
in PEGCol hydrogel cultures, potentially indicating a low le-
vel of proliferation within the clusters. However, as cells in

FIG. 3. Real-time polymerase chain reaction determined day 7 insulin (a) and vimentin (b) gene expression for PEG (white
bars), PEGCol (0.25 mg=mL) (striped bars), PEGCol (0.5 mg=mL) (light gray bars), PEGCol (1 mg=mL) (dark gray bars), and
1 mg=mL collagen gels (black bars). All values are normalized to day 0. *p< 0.05 and **p< 0.01 compared to PEG hydrogel
values. %p< 0.05 compared to PEGCol (0.25 mg=mL) hydrogel values. ##p< 0.01 compared to PEGCol (0.5 mg=mL).
&&p< 0.01 compared to PEGCol (1 mg=mL) hydrogel values. þp< 0.05 compared to all other conditions. (c–g) Confocal
microscopy images of PEG, (c) PEGCol (0.25 mg=mL), (d) PEGCol (0.5 mg=mL), (e) PEGCol (1 mg=mL), (f) and collagen (g)
gels stained with an antibody directed against collagen type 1 (red). Scale bar, 100 mm. (h, i) Confocal microscopy image of
cells in a 1 mg=mL collagen gel after 7 days of culture stained with antibodies directed against vimentin (h) and insulin (i). A
40,6-diamidino-2-phenylindole (DAPI) nuclear counterstain was used. Scale bar, 10mm. Color images available online at
www.liebertonline.com=ten.
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clusters make up only a small fraction of the initial population
(*5%; estimated using single cell volume, cluster volumes,
and encapsulated cell concentration), we were unable to de-
tect any increases in DNA concentration to further verify
proliferation (data not shown). Applying the same logic, it is
not surprising that we were also unable to detect statistical
differences when measuring DNA content in PEG and PEG-
Col hydrogel cultures even though clusters were lost by day 7
in unmodified PEG hydrogels, presumably due to apoptosis.
As insulinþ cells make up the majority of mature islets, we
counted clusters in which greater than 50% of the cells were
insulinþ as an indication that these clusters were becoming
islet-like. No cell clusters met this criterion in either PEG or
PEGCol hydrogels on day 0 (Table 2). In fact, no cells within
the spontaneously forming clusters were found to be insu-
linþ at this initial time point and instead the vast majority of
cells within these clusters stained positively for PDX-1 (Fig.
1a, inset), indicating that the clusters were comprised of un-
differentiated, pancreatic precursor cells. By day 7, however,
the majority of cells stained positive for insulin in every cell
cluster in PEGCol hydrogels, indicating 100% differentiation
of these spontaneously forming clusters into islet-like clusters
(Fig. 1e, f).

Discussion

Here we utilize biologically inert PEG hydrogels as me-
chanically supportive three-dimensional culture platforms to
study the effects of collagen type 1 on encapsulated embry-
onic pancreatic precursor cells, a feat that would be impos-
sible in Matrigel or collagen culture systems typically used to
study the developing pancreas. We explored a variety of
PEGCol hydrogel compositions, as well as pure PEG and
pure collagen gels, to determine the hydrogel that would
best support pancreatic precursor cell differentiation and
maturation into glucose-responsive b-cells. Our results indi-
cate a critical balance between providing sufficient numbers
of collagen fibrils for adequate signaling to differentiating
precursor cells and providing an overabundance of adhe-
sive sites allowing for mesenchymal cell growth (Fig. 3).
Increasing collagen content from pure PEG to PEGCol

FIG. 4. Insulin release from PEG, PEGCol (0.25 mg=mL),
PEGCol (0.5 mg=mL), PEGCol (1 mg=mL), and 1 mg=mL
collagen gels at 7 days of culture (a), PEG and PEGCol
(0.5 mg=mL) at 10 days of culture (b), and C-peptide release
for PEG and PEGCol (0.5 mg=mL) on days 7 and 10 of cul-
ture (c). Glucose-stimulated insulin release (GSIR) was cal-
culated by normalizing the amount of insulin released in
16.7 mM glucose media to the amount of insulin released in
1.1 mM glucose media during a 2-h incubation. A GSIR value
of 1 would indicate a culture that does not differentially
release insulin in response to a higher glucose concentration.
þ designates statistical significance from all other conditions
with p< 0.05 compared to PEGCol (0.25 and 1 mg=mL) gels
and p< 0.005 compared to PEG and collagen gels. *p< 0.05
and **p< 0.01 compared to PEG hydrogel values. &p< 0.05
compared to PEGCol (1 mg=mL) hydrogels. (c) C-peptide
release was also measured in low-glucose (1.1 mM) and high-
glucose (16.7 mM) media and is presented as C-peptide
concentration in high-glucose media normalized to the C-
peptide concentration in low-glucose media. *p< 0.05 be-
tween low- and high-glucose concentrations.

‰
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(0.5 mg=mL) enhances all measures of b-cell maturity (Figs.
2a, c, d and 3a) and function (Fig. 4a) without significantly
enhancing mesenchymal cell growth (Fig. 3b); however, ad-
ditional collagen (PEGCol 1 mg=mL) facilitates a significant
increase in vimentin gene expression without a benefit to
insulin gene expression (Fig. 3a, b) or glucose responsive-
ness (Fig. 4a). Providing mechanical stability with the PEG
hydrogel platform appears to be important in maintaining a
successful precursor cell population, as PEGCol (1 mg=mL)
hydrogel cultures remain glucose responsive with a high
level of insulin gene expression, while pure 1 mg=mL colla-
gen gel cultures show negligible insulin gene expression
(Figs. 3a and 4a). A higher concentration of collagen could be
used to enhance mechanical stability in collagen gels; how-
ever, the overabundance of adhesive sites would still favor
growth of the mesenchymal cells present in the initial cell
population.

An interesting and important difference between PEG and
PEGCol hydrogels was the survival and differentiation of
spontaneously forming cell clusters found in both PEG and
PEGCol gels immediately following polymerization. One
possible explanation for spontaneous cluster formation is the
presence of E-cadherin cell adhesion proteins on the surface
of all epithelial cells of the developing and adult pancreas,
including PDX-1þ embryonic pancreatic precursor cells.23 E-
cadherin is known to mediate cell–cell interactions required
for b-cell aggregation and islet formation in the developing
pancreas,24 making it a likely facilitator of precursor cell
clustering. On day 0 cluster number and size were the same
in both gel conditions (Table 2), indicating that clusters formed
in the medium before gelation via a collagen-independent
mechanism. The same number of clusters remained in PEG-
Col gels on day 7 compared to day 0, indicating 100% cluster
survival; however, no clusters survived in unmodified PEG
hydrogels (Table 2). Cells within the clusters in PEGCol hy-
drogels were found to uniformly differentiate from groups of
PDX-1þ =insulin� pancreatic precursor cells on day 0 (Table
1 and Fig. 1a, inset), to islet-like clusters on days 7 (Fig. 1e–g)
and 10 (Fig. 1i–k), comprised mainly of cells costaining with
insulin and PDX-1 and with glucagonþ cells located primarily
on the periphery. The majority of remaining single cells in
both PEG and PEGCol hydrogels stained weakly for insulin
on day 7 as previously described.6 As the presence or absence
of clusters appeared to be the defining difference between the
PEG and PEGCol conditions, enhanced insulin, glucagon,
PDX-1, and Glut2 gene expression (Fig. 2a–d), as well as glu-

cose responsiveness (Fig. 4), were all attributed to the presence
of islet-like clusters in PEGCol hydrogels.

Collagen type 1 enhances mature islet viability and func-
tion,12,15,25 while blocking b1 integrin interactions between
mature islets, and collagen type 1 decreases insulin gene
expression and increases b-cell apoptosis.13 It appears as if
the collagen in PEGCol hydrogels is providing the same
necessary support to the differentiated islet-like clusters as it
does to mature islets. Encapsulated cells in unmodified PEG
hydrogels differentiate into insulin-expressing b-cells,6 but
we believe maturing islet-like clusters are not provided the
necessary signaling to maintain viability in the synthetic
scaffold. This hypothesis is consistent with the fact that cell
populations are weakly glucose responsive in PEG hydrogels
on day 3, but lose this ability by day 7, indicating loss or
dedifferentiation of maturing b-cells.6 When collagen is en-
trapped into the PEG matrix, the differentiating islet-like
clusters maintain viability (Table 2), continue their matura-
tion (Figs. 1 and 2), and become stably glucose responsive
through 10 days of culture (Fig. 4). Our results indicate
that immature, single cells may be more resilient to absent
collagen–cell interactions as weakly staining single cells are
present in both PEG6 and PEGCol cultures through day 7
(data not shown). These immature, PDX-1–negative b-cells
are credited for the increase in insulin gene expression in
PEG hydrogels through day 7 (Fig. 2a).

Although we have shown that the islet-like clusters have
the characteristics of adult rodent islets, the GSIR index for
day 10 PEGCol cultures (3.3� 0.3, Fig. 4b) is approximately
23% lower than reported values for mature rat islets
(4.26� 0.34).26 One possible explanation is that the remain-
ing single cells are contributing to basal insulin expression,
but are not increasing their insulin release in response to
high-glucose media conditions, a finding consistent with
other published studies.27

In vivo, the development of mature islets begins as differ-
entiated insulinþ cells aggregate to form insulin cell clusters,
while separately formed clusters of glucagon cells, originating
from multihormonal cells,28 elongate and surround the insu-
lin cell core.28,29 Because very little cell migration is expected
to occur in hydrogels utilized in this study, in vitro develop-
ment of undifferentiated PDX-1þprecursor cell clusters into
islet-like structures within PEGCol hydrogels must proceed
through a mechanism different from in vivo development.
Previous studies demonstrated that induced clustering of
adult pancreatic ductal epithelial cells enhanced b-cell dif-

Table 2. Counts, Sizes, and Composition of Spontaneously Formed Clusters in PEG

and PEGCol Hydrogels at Days 0 and 7

Characteristic Day PEG
0.5 mg=mL

PEGCol

Cluster count (per hydrogel) 0 39� 7 43� 5
7 0 38� 7

Average cluster size (high, low) (mm, largest diameter) 0 41 (91.5, 20.6) 36 (95.8, 20.2)
7 not applicable 51a (100.6, 21.5)

% clusters with >50% insulinþ cells 0 0 0
7 not applicable 100

ap< 0.05 compared to day 0.
PEG, polyethylene glycol; PEGCol, PEG hydrogels with entrapped collagen type 1.
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ferentiation and islet formation.30 Additionally, layering col-
lagen or Matrigel on top of dissociated, dedifferentiated islet
cells facilitates reaggregation of such cells into islet-like clus-
ters,14,15,31 and islets which dedifferentiated while embedded
within a collagen matrix have been made to reform islet-like
clusters under specific culture conditions.32 Further, clusters
of human fetal pancreatic cells differentiate in vivo into en-
docrine-rich islet-like clusters.33–35 Taken together, our work
and previous findings demonstrate that clusters of un- or
dedifferentiated cells have the inherent capability to de-
pendably differentiate and organize into islet-like structures,
with appropriate locations and numbers of a- and b-cells. One
study hypothesized that cell–matrix contacts may direct non-
b-cells toward the periphery of the reforming clusters; how-
ever, this theory was not explored further.15 Recapitulation of
islet structures in our in vitro cultures is an important finding,
as islet cell organization is crucial for islet function.36

In summary, results from this study highlight the per-
missive effect of entrapped collagen type 1 on both the
differentiation of pancreatic precursor cell clusters into glucose-
responsive, islet-like structures and the maintenance of differ-
entiated clusters over several days in PEG hydrogel culture.
Understanding how to generate a mature, glucose-responsive
cell population from PDX-1þprecursor cells is an important
step toward creating a cell source that can replace or augment
cadaveric islet donors. Researchers working with embryonic
stem cells are making advances toward the generation of a
PDX-1þprecursor cell population, with the consensus that
properly functioning islets must be generated through a cell
type indistinguishable from pancreatic precursors found in the
developing pancreatic bud.37–39 Recently, significant progress
has been made toward the meaningful differentiation of hu-
man embryonic stem cells into functioning islets; however, the
final stages of differentiation from a heterogeneous cell popu-
lation highly enriched in PDX1þpancreatic precursor-like cells
to functioning islets have so far progressed in vivo.40 Trans-
planting a heterogeneous population of cells that are not fully
differentiated poses potential risks to patients, as isolated
pockets of unwanted ectoderm, mesoderm, and nonpancreatic
endoderm have been found in vivo and contaminating undif-
ferentiated, proliferative cells put the patient at risk for tumor
formation.40,41 The research presented here focuses on the dif-
ferentiation of PDX-1þprecursor cells into mature, functional
islet-like clusters in vitro, which would alleviate much of the
risk associated with the clinical use of embryonic tissue. Our
study suggests a potential culture platform to facilitate the final
differentiation step from clusters of undifferentiated PDX-
1þpancreatic precursor cells into mature, glucose-responsive,
and transplantable islets. Further studies must be conducted to
optimize the number of clusters formed and to test the capa-
bility of differentiated islet-like clusters to alleviate diabetes in
animal models.
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