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Delivering cells using semi-permeable hydrogels is becoming an increasingly important direction in cell based
therapies and regenerative medicine applications. Synthetic hydrogels have been functionalized with
bioactive motifs to render otherwise inert polymer networks responsive. However, little effort has been
focused on creating immuno-isolating materials capable of retarding the transport of small antigenic
molecules secreted from the cells delivered with the synthetic carriers. Toward the goal of developing a
complete immuno-isolation polymeric barrier, affinity peptide-functionalized PEG hydrogels were developed
with the ability to sequester monocyte chemotactic protein 1 (MCP-1), a chemokine known to induce the
chemotaxis ofmonocytes, dendritic cells, andmemory T-cells. Affinity peptides capable of sequesteringMCP-1
were identified from CCR2 (a G protein-coupled receptor for MCP-1) and incorporated within PEG hydrogels
via a thiol-acrylate photopolymerization. The release of encapsulated recombinantMCP-1 from PEG hydrogels
is readily tuned by: (1) incorporating affinity peptides within the network; and/or (2) altering the spacer
distance between the affinity peptide and the crosslinking site. Furthermore, when pancreatic β-cells were
encapsulated within these novel peptide-functionalized hydrogels, the release of cell-secreted MCP-1 was
significantly reduced, demonstrating the potential of this new gel formulation to reduce the host innate
immune response to transplanted cells by decreasing the recruitment and activation of host monocytes and
other immune cells.
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1. Introduction

The long-term survival of transplanted islets is key to the
successful reversal of type 1 diabetes [1]. To overcome graft rejection
induced by host T-cells, the administration of immunosuppressants
(e.g., sirolimus/rampamycin and tacrolimus) is inevitable, albeit these
drugs are toxic to islet cells and may cause unfavorable systemic
complications [2–6]. Recently, poly(ethylene glycol) (PEG) hydrogels
are in development for many cell delivery and regenerative medicine
applications [7,8], including the encapsulation of pancreatic β-cells for
cell transplantation to treat Type 1 diabetes [9,10]. The needs for
immunosuppressants following islet transplantation may be alleviat-
ed when the islet grafts are encapsulated and protected by a physical
hydrogel barrier. One of the major characteristics of PEG hydrogels is
their high water content that leads to preferential high diffusivity for
small molecular weight nutrients and metabolic products, such as
glucose and insulin [11,12]. The crosslinked PEG polymer network
provides a selective “immuno-isolation barrier” to protect the
encapsulated cells from immune destruction initiated by host
antibodies and immune cells [1]. The design of immuno-isolating
hydrogels, however, requires consideration of not only antibodies and
immune cells, but also small molecular weight antigenic, chemotactic,
and cytotoxic immune-mediators (e.g., reactive oxygen species and
pro-inflammatory cytokines) [13,14]. While preventing direct cell–
cell contact and antibody diffusion is relatively easy with size
exclusive barriers, such as PEG hydrogels, it remains a challenging
task to preclude the diffusion of small molecular weight soluble
immune-mediators in permissive and bio-inert hydrogels [1,11].

The concentration of a variety of cytokines and chemokines is
known to be elevated at the site of injury, infection, or transplantation
[15–17]. The increased cytokine/chemokine concentration plays an
important role in the dynamic inflammatory response. For example,
donor antigens (e.g., chemokines) secreted by transplanted cells are
responsible for recruiting host inflammatory and immune cells [18–
20]. In this regard, unmodified PEG hydrogels fail to prevent the
leakage of small molecular weight chemokines secreted from cells
encapsulated in the gel capsule. These chemokines, which readily
diffuse out of the gel, can recruit additional immune cells that sub-
sequently secrete excess cytotoxic cytokines that can damage the
encapsulated cells [1,11,13]. Thus, implementing mechanisms to
regulate the transport and escape of these small molecular weight
antigenic/cytotoxic molecules produced by transplanted cells would
be highly advantageous, and fabrication of new cell carriers that
enable this suppression of transport of undesired molecules while
maintaining cell viability would be highly desirable.
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Chemokines are small proteins (∼8 to 13 kDa) known to attract
inflammatory and immune cells. For example, the major function of
monocyte chemotactic protein 1 (MCP-1 or CCL2), a member of the CC
chemokine superfamily, is to recruit monocytes [21–23], dendritic
cells [24,25], and memory T-cells [26] to the site of injury, infection,
and transplantation. These immune cells, when recruited and
activated, secrete a variety of cytotoxic cytokines that subsequently
cause damage to the allogenic or xenogenic cells, even when these
cells are encapsulated in hydrogels. Chemokines are important
immune-regulators in a variety of autoimmune and inflammatory
diseases [23], including type 1 diabetes [27–29]. Constitutive
expression of chemokines, such as MCP-1, from pancreatic islets has
been demonstrated and is known to play a critical role in the
induction of autoimmune response that leads to the onset of type 1
diabetes [30]. The secretion of MCP-1 from pancreatic islets, as well as
insulin-producing INS-1E and RINm5F β-cells, is enhanced following
the stimulation with angiotensin-II (Ang-II) [31,32]. It has also been
shown that the expression and secretion of MCP-1 from murine
pancreatic β-cell line, MIN6, is up-regulated upon stimulation with
pro-inflammatory cytokines [33]. Clinical studies have also revealed
elevated serum MCP-1 concentration in type 1 diabetic patients [34],
as well as reduced transplanted graft survival associated with
increased circulating donor MCP-1 concentrations [35]. Given the
importance of MCP-1 in type 1 diabetes, we hypothesize that it would
be beneficial to design functional gel barriers that could eliminate or
minimize the release of donor MCP-1 from transplanted allogenic/
xenogenic β-cells.

Significant efforts have been dedicated to the design of bioactive
materials for regulating local inflammation [13,14,36]. Previously,
strategies were developed based on affinity protein–peptide binding
to control growth factors release [37] from PEG-based hydrogels, as
well as to antagonize a pro-inflammatory cytokine, tumor necrosis
factor α (TNFα), within the local gel environment [13]. In the context
of regulating the inflammatory response, affinity peptides were
conjugated in photopolymerized PEG hydrogels, creating cytokine-
antagonizing hydrogels that sequester and antagonize infiltrated
TNFα, thereby decreasing apoptosis of the encapsulated cells,
including pancreatic islets [13]. Here, we present the identification
and characterization of affinity peptides capable of binding to murine
MCP-1 and describe the fabrication of affinity PEG–peptide hydrogels
to reduce the diffusion of chemokine MCP-1 from highly permissive
PEG hydrogels. Specifically, several synthetic peptides derived from
extracellular loops of murine CCR2, a 7 trans-membrane G protein-
coupled receptor (GPCR) for murineMCP-1, were synthesized and co-
polymerized with PEG-diacrylate (PEGDA), via a thiol-acrylate
photopolymerization [10,37,38], to form peptide-functionalized PEG
hydrogels. These affinity PEG–peptide hydrogels were found to
sequester MCP-1 secreted by the encapsulated MIN6 β-cells and
subsequently reduce the activation and chemotaxis of macrophages.

2. Materials and methods

2.1. Materials

Standard amino acids (Fmoc-capped), Fmoc-Rink-amide MBHA
resin, and reagents for solid phase peptide synthesis were obtained
from Anaspec (Fremont, CA). Diethylene glycol spacer (Fmoc-PEG2-
Suc-OH) was obtained from Bachem (Torrance, CA). Recombinant
murine MCP-1 protein (M.W. 13.8 kDa) and ELISA development kits
for murine MCP-1 and IL-1β were purchased from Peprotech (Rocky
Hill, NJ). Rabbit anti-mouse MCP-1 antibody was acquired from Santa
Cruz Biotechnology (Santa Cruz, CA). Goat anti-rabbit HRP-conjugated
antibody was purchased from Abcam (Cambridge, MA). AlamarBlue®
reagent was obtained from Invitrogen (Carlsbad, CA). All other chemi-
cals were received from Sigma-Aldrich (St. Louis, MO) unless noted
otherwise.
2.2. In vitro cellular activities of monocytes in the presence of
recombinant MCP-1

A monocyte/macrophage cell line, J774a.1 (ATCC: TIB-67TM), was
used to test the dose-dependent response of monocytes to MCP-1.
(1) Chemotaxis: J774a.1 cells were seeded in a 24-well trans-well
device (pore size: 7 μm) and placed in the wells containing different
concentrations of recombinant murine MCP-1 in high glucose DMEM
(with 10% FBS, 1% penicillin–streptomycin, and 0.5 μg/mL fungizone)
for 16 h. Migrating cells that adhered to the bottom of the trans-well
devices were fixed with 4% formalin for 15 min, washed with PBS, and
stained with crystal violet (0.2 wt% in 20% methanol/PBS) for 30min.
Excess crystal violet was removed by extensively washing with PBS.
Stained cells were imaged with a phase contrast microscope and
counted in 5 different fields per sample (n=4). The number of
migrating cells without MCP-1 treatment was set as 100%. (2)
Proliferation: J774a.1 cells were seeded in 24-well plates at 100,000
cells/well overnight. Cells were incubated in serum-free DMEM
overnight prior toMCP-1 treatment. Various concentrations of murine
MCP-1 were added to cells that were further incubated for 24 h. The
relative cell proliferation was determined by AlamarBlue® reagent
according to the manufacturer's protocol. (3) IL-1β secretion: J774a.1
cells were seeded in a 24-well plate at 100,000 cells/well for
overnight, followed by treatment of MCP-1 in serum-free DMEM.
After 24 h of culture, media were collected and analyzed with murine
IL-1β ELISA kit to determine the amount of IL-1β secretion.

2.3. Design, synthesis, and purification of peptide analogs

Peptide sequenceswerederived formmurineCCR2, aGPCR forMCP-1.
Prior studies have suggested that the first and second extracellular loops
of CCR2 play an important role inMCP-1/CCR2 binding [39,40]. Thus, two
sequences derived from loop-1 and loop-2 of CCR2, respectively, were
chosen as initial affinity peptides candidates for murine MCP-1 binding.
While the complete sequence of loop-1 (112AHYAANEWVFGNIMCK127 or
P1 in Fig. 2A) was synthesized, only a portion of loop-2 (211WKNFQTI217

or P2 in Fig. 2A) was selected and synthesized. This sequence (P2) is a
comparison result of sequence alignment between murine and human
CCR2, as a peptide sequence (WNNFHTIMR) derived from human CCR2
was previously found to exhibit high affinity for humanMCP-1 [40]. Thus,
it was hypothesized that the selected P2 sequence should contribute to
affinity binding between murine MCP-1 and CCR2, due to the high
sequence homology of chemokines and their receptors between species.
A terminal cysteine residue and an additional glycine spacer were added
for conjugating the peptide within crosslinked PEGDA hydrogels.

All peptides were synthesized (Applied Biosystems 433A) using
solid phase Fmoc chemistry with HBTU/HOBt amino acid activation.
Peptides were deprotected and cleaved from the solid support using
5 wt.% phenol in 95% TFA, 2.5% triisopropylsilane (TIPS), and 2.5%
water. Peptides were purified by reverse-phase HPLC and charac-
terized by MALDI-TOF mass spectroscopy. In all peptide analogs, an
additional cysteine residue was added to the N-terminus for covalent
conjugation within PEGDA hydrogel network via a thiol-acrylate
photopolymerization [10,37,38].

2.4. Synthesis of PEGDA macromer, LAP photoinitiator, and PEG
hydrogels

The synthesis of poly(ethylene glycol) diacrylate (PEGDA, 10 kDa)
has been described elsewhere [37,41]. Briefly, hydroxyl-terminated
PEG (PEG, 10 kDa) was first dissolved in toluene at above 60 °C and
reacted with 4 molarity excess (to hydroxyl group) of acryloyl
chloride and triethylamine (TEA) at room temperature for overnight.
The product was filtered through neutral alumina to remove TEA-HCl
salt and precipitated in cold ether. The PEGDA macromer was then
filtered and dried in vacuo. The degree of acrylation was over 95% as
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determined by 1H NMR. The photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) was synthesized by reacting an
equimolar amount of dimethyl phenylphosphonite with 2,4,6-
trimethylbenzoyl chloride [42,43]. Briefly, 2,4,6-trimethylbenzoyl
chloride was added drop-wise into dimethyl phenylphosphonite
and allowed to react for 18 h, followed by the addition of 4 molarity
excess of lithium bromide in 2-butanone. The reaction mixture was
heated to 50 °C until a solid precipitate formed (∼10 min). The mixture
was cooled to room temperature and allowed to rest for 4 h. The
resulting product was filtered and washed extensively with excess
amount of 2-butanone anddiethyl ether, thendried in vacuum. Previous
studies have shown that the photoinitiator LAP is more efficient,
compared to the widely used 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure-2959) in fabricating hydrogels from
PEGDA with 365 nm light. The photo-curing time required to obtain a
cured hydrogel is reduced to less than 2 min with ∼7 mW/cm2 of
365 nm light, while maintaining cytocompatibility [42].

PEG–peptide hydrogels were synthesized via a thiol-acrylate
mixed-mode photopolymerization reaction [10,38]. Briefly, 10 wt.%
of PEGDA (M.W. 10 kDa) macromer was dissolved in pH 7.4 PBS
containing 0.05 wt.% of photoinitiator (LAP) and selected amounts of
peptides. The pre-polymer solutions were mixed and injected
between two glass slides separated by 1 mm thick Teflon spacers,
followed by photopolymerization under a UV lamp (365 nm, 7 mW/
cm2) at ambient temperature for 2 min. Equal sized hydrogel disks
were obtained using a 7 mm diameter biopsy punch.

2.5. Rheological analysis of hydrogel equilibrium properties

Hydrogels with or without peptides as described above were
prepared for rheological property measurements. Prior to measure-
ment, gels were incubated in PBS at room temperature for 48 h to reach
equilibrium swelling. Rheological properties of the swollen hydrogels
were measured using a modified ARES rotational rheometer (TA
Instruments). Strain sweep experiments (ω=10 rad s−1) were con-
ducted on equilibrated hydrogels between parallel plates. Gel moduli
were determined within the materials linear viscoelastic regions.

2.6. Characterization of peptide affinity and incorporation into PEG
hydrogels

Peptide affinity was qualitatively revealed by a modified ELISA
similar to a prior study [44]. Briefly, purified peptides (100 μM) were
coated in a Maxisorp 96-well ELISA plate at 4 °C overnight, washed 3
times (0.05% Tween-20 in PBS), and blocked with 1% BSA for at least
1 h. The plate was then incubated with recombinant murine MCP-1 at
various concentrations for 2 h at room temperature. Rabbit anti-
mouseMCP-1 antibody and goat anti-rabbit HRP-conjugated antibody
were used as primary (2 h) and secondary (1 h) antibodies, respec-
tively. Finally, TMB substrate was added and the plate was incubated
for 15–20 min before stop solution (0.2 NHCl)was added. Absorbance
of the plate at 450 nm was measured with a microplate reader.

The degree of peptide incorporation in PEG hydrogels was
determined by quantifying the concentrations of unconjugated pep-
tides. Briefly, affinity peptides (1 mM) were included in a 10 wt.%
PEGDA pre-polymer solution and co-polymerized as described above.
The resulting gels of identical size (7 mm dia.×1 mm thickness) were
incubated in pH 7.4 PBS at ambient temperature for 48 h to allow for
release of unconjugated peptides. The supernatants were collected
and the concentrations of the unconjugated peptides were quantified
by Fluoraldehyde reagent (PIERCE).

2.7. Characterization of recombinant MCP-1 release

Recombinant murine MCP-1 was photo-encapsulated in PEGDA
hydrogels to characterize its in vitro release. Briefly, 100 ng/mL of
MCP-1 was mixed with 10 wt.% PEGDA (Mn∼10 kDa), 0.05 wt.% LAP,
and peptide analogs at desired concentrations. The mixed macromer
solutions were injected between two glass slides separated by 0.5 mm
Teflon spacers and exposed to UV light (365 nm, 7 mW/cm2) for 2min
to allow photo-curing. The resulting gels were cut into identical
circular disks with a 7 mm diameter biopsy punch and placed in at
least 2 mL of release buffer (0.1% BSA, 1 mM EDTA in PBS, pH7.4). To
maintain the bioactivity of the released MCP-1, gel samples were
placed at 4 °C on an orbital shaker. After sampling at predetermined
time intervals, gels were transferred into fresh release buffer. Samples
were stored at −20 °C until determination of released MCP-1
concentrations using a murine MCP1/JE ELISA kit. It should be noted
that storage of the collected cytokine samples at low temperature
(−20 °C) for extended period of time often leads to the loss of
immunoreactivity. However, for recombinant MCP-1 samples, we did
not observe significant loss of immunoreactivity after 24 h of storage
(93.8±8.4%). Around 50% decrease in immunoreactivity may occur
after storage for 72 h at −20 °C.

2.8. Photo-encapsulation of MIN6 cells and cytokine-stimulated MCP-1
secretion

MIN6 cells were trypsinized from flasks and dispersed into single
cells, mixed with sterile-filtered macromer solutions containing
10 wt.% PEGDA, 0.05 wt.% LAP, and desired concentrations of peptide
analogs. Mixed cell-macromer solutions (30 μL per sample) were
injected into 1 mL sterile syringes with the tips cut-off and placed
under UV light for 2 min to allow photo-gelation and encapsulation.
Encapsulated cells were placed in RPMI-1640 medium for at least 1h
to remove any un-encapsulated cells located on the gel surface. After
which, the cell-laden hydrogels were transferred into fresh media or
media containing a cytokine cocktail, including IFN-γ (750 units/mL),
IL-1β (10 units/mL), and TNFα (500 units/mL) for 6 h or 24 h. Media
were collected and the concentrations of the cell-secreted MCP-1
from gels were determined by ELISA. The amount of cell-secreted
MCP-1 was normalized to cell viability determined by CellTiter-Glo
reagent as described elsewhere [10].

2.9. Statistical analysis

Results were presented as Mean±SEM. All experiments contain-
ing 3 to 4 replicates were repeated independently at least three times.
Statistical analysis was performed using one-way ANOVA, followed by
Turkey test with 95% confidence intervals.

3. Results and discussion

3.1. Effects of recombinant MCP-1 on monocyte activities in vitro

MCP-1 is known to exert a variety of cellular activities on
monocytes, including chemotaxis, proliferation, and secretion of
cytokines such as interleukin-1β (IL-1β). These cellular activities
were verified in vitro using a model murine monocyte/macrophage
cell line, J774a.1. As shown in Fig. 1A, J774a.1 cells migrate
directionally in response to increasing MCP-1 concentration, demon-
strating the chemotactic effect of MCP-1 to monocytes. In addition to
chemotaxis, MCP-1 also induces enhanced cell proliferation (Fig. 1B)
and IL-1β secretion (Fig. 1C). Collectively, these in vitro results
confirm the importance of MCP-1 on recruiting and activating
monocytes.

3.2. Affinity peptide identification and peptide analog design rationale

Affinity peptides that bind to murine MCP-1 were identified from
its receptor CCR2 (Fig. 2A) [39,40]. The sequence P1 (112AHYAA-
NEQVFQNIMCK127) was derived from the entire extracellular loop-1



Fig. 1. Effects of recombinant MCP-1 on in vitro (A) chemotaxis, (B) proliferation, and
(C) secretion of IL-1β of a monocyte/macrophage cell line, J774a.1 (Mean±SEM,
n=4). Asterisks represent statistical significance compared to non-treated cells
(pb0.05).

Fig. 2. (A) Model of extracellular loops of murine CCR2, a murine MCP-1 receptor.
Sequences P1 and P2 were derived from extracellular loop 1 and loop2, respectively.
(B) Affinity ELISA to determine binding affinity of P1 and P2 to recombinant MCP-1. BSA
and a scrambled sequence were used as negative controls (Mean±SEM, n=4).
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of murine CCR2, while the sequence P2 (211WKNFQTI217) was only a
partial sequence of the 2nd loop. The rationale of selecting P2 as a
potential affinity peptide for murine MCP-1 was based on previous
efforts in identifying human MCP-1 binding peptide [40]. It was
shown that the sequence WNNFHTI (derived from loop-2 from
human CCR2) binds to humanMCP-1with an equilibrium dissociation
constant (Kd) of 22 μm [40]. It was therefore hypothesized that a
sequence derived from the same location on murine CCR2 may also
contribute affinity binding to murine MCP-1, in part due to highly
conserved sequences between murine and human MCP-1 and CCR2.

The two sequences (P1 and P2) were synthesized using a solid
phase peptide synthesizer and purified with reverse-phase HPLC.
After purification, the identity of P1 and P2 were verified by MALDI-
TOF (See supporting information). Amodified ELISA was developed to
determine whether P1 and P2 indeed exhibit affinity to murine MCP-
1. As shown in Fig. 2B, P1 and P2 are both affinity peptides for murine
MCP-1, as increasing the concentrations of soluble MCP-1 in the
incubation buffer enhances its binding to the surface-adsorbed
peptides. Wells coated with BSA, or a control peptide with identical
amino acids but scrambled sequence of P2, were used as controls and
only minimal non-specific interactions were observed at very high
MCP-1 concentrations (Fig. 2B). Since both P1 and P2 exhibit similar
affinity to MCP-1 and P2 (WKNFQTI) is a shorter peptide that allows
facile synthesis andmodification, only P2were used in the subsequent
studies.

3.3. Conjugation of peptide into hydrogels, peptide-functionalized
hydrogel properties

Previously, several peptide-functionalized PEG hydrogels were
engineered for a variety of controlled release and tissue engineering
applications [10,13,37]. An efficient and convenient peptide conju-
gation scheme, namely thiol-acrylate photopolymerization (Fig. 3A),
was utilized in this study to conjugate and crosslink affinity peptide
analogs within PEG hydrogels. It has been revealed that the archi-
tecture of affinity peptides crosslinked in PEG hydrogels significantly
affects their affinity binding to target proteins [37]. Since the main
purpose of this study was to retain MCP-1 within hydrogels, peptide
structures that offer high affinity binding are particularly favor-
able. Thus, three P2 analogs with an additional N-terminal cysteine
and different spacers separating the cysteine residue (crosslinking
site) and the affinity binding sequence (Fig. 3B) were synthesized
and conjugated within PEG hydrogels to examine the relationship
between peptide architecture and affinity binding, as well as to
enhance the retention of MCP-1 within the permissive PEG
hydrogels.



Fig. 3. (A) Reaction scheme of thiol-acrylate photopolymerization. (B) Chemical structure of a control peptide (CGKFIQWNT) with additional terminal cysteine and glycine residues.
(C) Chemical structure of the affinity peptide (CGWKNFQTI) with an additional cysteine residue and a glycine spacer. (D) Chemical structure of the affinity peptide with an additional
cysteine residue and three diethylene glycol spacers (COOOWKNFQTI, O: diethylene glycol spacer).
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Prior to studying the affinity binding and retention of MCP-1 in PEG
hydrogels, the efficiency of peptide incorporation within crosslinked
PEG hydrogels was quantified to be at least 80% (data not shown).
Further, it was determined that the incorporation of a small amount of
P2 peptide analogs does not significantly alter the physical properties of
the PEGDA-10 kDa hydrogels (10 wt.% or 10 mM). As shown in Fig. 4,
rheological analysis revealed similar gel mechanical properties, imply-
ing a similar gel crosslinking density. Further, equilibrium gel swelling
was not affected by the incorporation of the affinity peptides (data not
shown), suggesting similar transport properties for small molecular
weight molecules such as glucose, insulin, and most importantly in this
study, cell-secreted MCP-1. It is important to note that maintaining the
high permeability of hydrogels for small biomolecules is of paramount
importance in the encapsulation of pancreatic β-cells due to the critical
role of maintaining β-cells viability and facile insulin diffusion.
Previously, it has been shown that the diffusion of insulin in the highly
swollen PEG hydrogels was not affected by the incorporation of small
quantities of crosslinkable peptides [10].
Fig. 4. Rheological analysis of PEG hydrogels incorporating with or without affinity
peptides. (PEGDA: 10 kDa, 10 wt.%∼10 mM; peptide concentration: 1 mM) (Mean±
SEM, n=3).
3.4. Recombinant MCP-1 release from affinity hydrogels

Toward the goal of sequestering cell-secreted MCP-1 from PEG
hydrogels, the efficiency of affinity peptide-functionalized PEG
hydrogels in controlling the diffusion of in situ encapsulated
recombinant MCP-1 was examined. Fig. 5 shows a rapid release of
large quantities of MCP-1 from unmodified PEG hydrogels, revealing a
major disadvantage of highly permeable PEG hydrogels in controlling
the diffusion of small molecular weight biomolecules. Further, an
intermediate release of MCP-1 was obtained when using affinity
peptides with only one glycine spacer separating the crosslinking site



Fig. 5. Recombinantmurine MCP-1 release from PEG gels (10%, 10 kDa) with or without
affinity peptide. Peptide incorporation concentration: 100 µM. (Mean±SEM, n=4).
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(cysteine) and the affinity binding motif (WKNFQTI). Finally, very
limited release of MCP-1 was observed from affinity peptide with
three diethylene glycol spacers. Fig. 5 demonstrates that the release of
MCP-1 from PEG hydrogels can be reduced significantly due to the
binding of MCP-1 to network-immobilized affinity peptides. Further-
more, the binding can be further enhanced, at the same peptide
incorporating concentration, by using affinity peptides with longer
spacers. This demonstrates an important aspect of affinity binding in
hydrogels using crosslinked peptide. Previously, work has shown that
increasing spacer distance enhances the affinity binding of crosslinked
peptides and soluble growth factor [37]. As shown in Fig. 5, enhanced
binding leads to reducedMCP-1 release. The benefits of using peptides
with specific affinity for cytokines are multifaceted. For example,
similar tunable protein retention/release effects can be achieved by
changing peptide affinity, concentration, architecture, and presenta-
tion in hydrogels. For example, increasing peptide concentrations in
hydrogels or further increasing the length of the di(ethylene glycol)
spacer may also result in similar enhanced protein retention, as
suggested by prior research results [13,37,41,45]. This former
approach, however, will likely decrease the gel crosslinking density
significantly due to the excessive chain transfer and termination
during polymerization, while the latter may decrease the purity of the
peptide due to the increased sequence length. Note that the absolute
amounts of MCP-1 release shown in Fig. 5 may be skewed due to the
practical limitation in the use of frozen MCP-1 aliquots and the short-
term storage of the collected samples that result in decreased
immunoreactivity in ELISA. However, the shape of the curves and
the relative release amounts using different peptide architectures
should remain the same, as all the samples were processed with the
same conditions.
Fig. 6. (A) MCP-1 release fromMIN6 cells encapsulated in 10% PEG hydrogels incubated
with orwithout a cytokine cocktail (1x cytokine: 750 units/mL IFN-γ, 10 units/mL IL-1β,
and 500 units/mL TNFα). (B) MCP-1 release from MIN6 cells encapsulated in PEG
hydrogels or PEG–peptide hydrogels incubated in 1x cytokine cocktail (peptide=
100 µM, mean±SEM, n=4). Asterisks represent statistical significance between
indicated groups (pb0.05).
3.5. MCP-1 secreted by MIN6 cells encapsulated in affinity hydrogels

MIN6 cells, a murine β-cell line, have been used in a variety of
in vitro β-cell models focusing on understanding molecular and cell
biology of type 1 diabetes. MIN6 cells have also been shown to secret
MCP-1 under the stimulation of a cytokine cocktail containing tumor
necrosis factor α (TNFα), interleukin-1β (IL-1β), and interferon
γ (IFNγ) [33]. Here, MIN6 cells were encapsulated in either
unmodified PEG hydrogels or gels functionalized with MCP-1 binding
peptides. A high cell encapsulation density (200,000 cells/gel) was
employed to increase cell–cell contact that maintains MIN6 cell
viability during the course of study (data not shown). Following
photo-encapsulation, the cell-laden hydrogels were incubated in
RPMI-1640 medium for one hour to allow for the removal of any sol
fraction. Cell-laden hydrogels were transferred to media containing
various concentrations of cytokine cocktails to stimulate the synthesis
and secretion of MCP-1. Fig. 6A shows that the secretion of MCP-1
from MIN6s encapsulated in unmodified PEG hydrogels increases
significantly and dose dependently under the stimulation of the
cytokine cocktail, demonstrating that unmodified PEG hydrogels were
unable to prevent the diffusion of small antigenic molecules, such as
MCP-1, from permissive hydrogels network. The release of cell-
secreted MCP-1 from affinity peptide-functionalized PEG hydrogels,
however, was decreased significantly (Fig. 6B), with a trend similar to
that shown in the release of recombinant MCP-1 (Fig. 5). Specifically,
more than 60% of MCP-1 was sequestered and retained in PEG
hydrogels after 24 h of cytokine stimulation.

It should be noted that the purpose of using high concentrations of
cytokine cocktail in Fig. 6 was to augment the effects of affinity
binding on retaining MCP-1 within a short period of time (24 h).
Clinically, the average amount of human MCP-1 (M.W. 8 kDa)
secreted by isolated islets is around 30 pg/islet/day (∼0.4 pmol) for
high MCP-1 secreting islets. The affinity hydrogel formulation used in
this study (100 µM peptides in 30 μL gels) theoretically is sufficient to
sequester 3nmol of MCP-1 in its maximal capacity. As noted before,
increasing peptide affinity or concentration can further enhance the
capacity of the affinity hydrogels in retaining cell-secreted MCP-1.
Therefore, it is expected that the formulation of this affinity hydrogel
platform can be readily adjusted to fulfill future clinically-relevant
applications. Future studies will be focused on developing in vitro co-
culture systems containing cell-laden hydrogels and monocytes, as
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well as in vivo studies to determine the therapeutic efficacy of this
strategy in reducing local inflammation. Further, affinity peptides
capable of binding to other chemokines (e.g., (IFNγ)-inducible
protein-10 (IP-10), macrophage inflammatory protein (MIP), etc.)
might be implemented together with MCP-1 binding peptides
developed here to augment the effects of reducing chemokine
diffusion.

4. Conclusions

An affinity hydrogel platform with the ability to sequester
selectively a chemokine, MCP-1, was developed. In this study, two
peptide sequences with binding affinity to murine MCP-1 were
identified from extracellular loops of murine CCR2. A peptide analog,
namely WKNFQTI, was incorporated within highly swollen PEG
hydrogels to selectively and specifically bind to recombinant murine
MCP-1 without affecting the bulk properties of hydrogels. Further, the
release of in situ encapsulated MCP-1 was reduced by changing the
peptide architecture (i.e., adding a tri-diethylene glycol spacer).
Similarly, the release of MCP-1 secreted by the encapsulated MIN6
cells was reduced significantly. In addition to the encapsulation of
pancreatic β-cells for type 1 diabetes, this strategy also has the
potential to enhance the immuno-isolating function of PEG hydrogels,
through selectively reducing diffusion of antigens, in the encapsula-
tion and delivery of allogenic cell types.
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