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Macrophage Adhesion on Gelatin-Based Interpenetrating
Networks Grafted with PEGylated RGD
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ABSTRACT

Human blood-derived macrophage adhesion on interpenetrating networks (IPNs) composed of
PEGylated RGD-modified gelatin and poly(ethylene glycol) diacrylate was studied. The interaction
between biomaterial immobilized with biofunctional peptides such as RGD and macrophages is cen-
tral in the design of tissue-engineering scaffolds. PEGylated RGD-modified gelatin was synthesized
via several steps involving PEG derivations and characterized by high-performance liquid chro-
matography, mass spectroscopy, gel permeation chromatography, and the trinitrobenzenesulfonic
acid method. IPNs containing modified or unmodified gelatin were cultured with human macro-
phages and monitored at 2, 24, 96, and 168 h. At each time point, IPNs containing gelatin modified
with PEGylated RGD showed a comparable adherent macrophage density as tissue culture poly-
styrene and a significantly higher cell density than other IPN formulations containing unmodified
gelatin or gelatin modified with PEGylated triglycine. Although surface-immobilized RGD can serve
to mediate the adhesion of different cell types on the biomaterial surface, the interaction of RGD
with immune/inflammatory cells such as macrophages should also be considered when assessing the
potential host response of tissue-engineering scaffolds.

INTRODUCTION

THE ARGININE-GLYCINE-ASPARTIC ACID (RGD) SE-
QUENCE, a ubiquitous cell adhesion motif, has re-
ceived ongoing interest in biomaterial and tissue engi-
neering research because of the proven ability of this
peptide to promote cell adhesion.!™ The RGD motif is
found in a variety of extracellular matrix (ECM) proteins
including fibronectin, vitronectin, fibrinogen, collagens,
and laminins.>® Various cell types such as fibroblasts,
macrophages, platelets, endothelial cells, and lympho-
cytes express extracellular membrane integrin receptors
that recognize the RGD sequence of these proteins (Table
1).>-8 Hence, RGD has been used extensively in a wide
range of biomedical and tissue-engineering applications

including the modification of biomaterials and tissue
grafts,” biodegradable tissue scaffolds for cartilage re-
generation,'” transplantation matrices for hepatocytes,!!
and the promotion of cellular ingrowth in vascularized
tissue matrices.'? Macrophages, a key cell type in the host
inflammatory and immune processes, express a large
number of extracellular membrane receptors that recog-
nize a myriad of surface-associated ligands such as ECM
proteins.!3 For example, macrophage as3; integrins com-
plex with RGD-containing protein, resulting in cellular
activation events that include phagocytosis, secretion, mi-
gration, and antigen presentation.* While biomaterials
immobilized with RGD are designed to enhance the ad-
hesion of selected desirable therapeutic cell types such
as endothelial cells and keratinocytes in tissue-engineer-
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VarioUs PROTEINS THAT CONTAIN THE RGD INTEGRIN-BINDING SEQUENCE, THE INTEGRINS THAT

Binp THE RGD SEQUENCE, AND THE VARIOUS CELLS THAT EXPRESS THESE INTEGRINS?®

Integrins
recognizing
Protein containing

RGD sequence RGD sequence

protein containing

Cells expressing
integrin that recognize
RGD-containing protein

Fibronectin asf

Fibronectin, agf
tenascin

Fibronectin, ayB
vitronectin

Fibronectin, vitronectin ayB3
thrombospondin,
von Willebrand factor

Vitronectin ayBs

Fibronectin, vitronectin ayBe
tenascin

Collagens, laminins, ayBs
fibronectin

Collagens, fibronectin, amBs
vitronectin, fibrinogen,
thrombospondin,
von Willebrand factor

Collagens, P
laminins

Fibronectin, laminins, asf®
thrombospondin

Fibronectin, ayBP
VCAM

Laminins aB°

Macrophages, fibroblasts, platelets,
keratinocytes, memory T cells
Fibroblasts, neural cells,
smooth muscle cells
Endothelial cells

Macrophages, endothelial cells,
platelets, B lymphocytes

Fibroblasts, hepatoma cells
Carcinoma cells

Renal tubular epithelial cells

Platelets

Fibroblasts, platelets, endothelial cells,
B and T lymphocytes
B lymphocytes, kidney glomerular cells

Macrophages, lymphocytes, NK cells,
lymphocytes, eosinophils, thymocytes

Developing skeletal and cardiac muscle,
melanoma cells

2Adapted from Refs. 1-4.

"Denotes weak RGD-integrin binding or binding only under special conditions.

ing applications, the potential recognition of these ligands
by macrophages should also be considered.

Several interpenetrating network (IPN) systems have
been designed for a variety of tissue-engineering appli-
cations including tissue scaffolding, bioadhesives, im-
plant coatings, and the delivery of pharmaceutical or
bioactive reagents.!4"!7 Polyethylene glycol diacrylate
(PEGdA) has been combined with collagens, alginate,
gelatin, and hyaluronic acid to form IPNs that have
proven successful in delivering bioactive substances and
sustaining cell populations both in vivo and in vitro.'8-20
Previously, we have synthesized multifunctional IPNs
composed of PEGdA and chemically modified gelatin as
tissue scaffolds and drug delivery matrices.?’?> These
IPNs have demonstrated an increased tensile strength and
elasticity when compared with conventional hydrogels
and an enhanced drug delivery efficacy in vivo.2:?> The
presence of PEGdA in the IPN formulation is designed
to provide photoactive moieties and to minimize non-

specific cell interaction. A gelatin backbone in these IPNs
provides a potential platform for the immobilization of
bioactive molecules. The immobilized factor on the
gelatin backbone can function in mediating a desirable
cellular behavior. In this study, we have modified gelatin
with bioactive peptides (i.e., RGD), using heterodifunc-
tionalized polyethylene glycol (PEG) as a linker. The re-
sulting modified gelatin is utilized in the formation of
IPNs and the adhesion of macrophages on these sub-
strates is analyzed.

MATERIALS AND METHODS
Synthesis and characterization of
PEGylated-peptide modified gelatin

The reaction scheme for PEGylated-peptide modified
gelatin (Fig. 1) has four main stages: (1) the synthesis of
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Bis-COOH-PEG* from PEG-diol followed by the addi-
tion of a ethyl acetate group to both ends, (2) activation
of the terminal COOH groups with N-hydroxysuccin-
imide (N-HOSu), (3) peptide conjugation to Bis-NSu-ac-
etate-PEG to form NSu-PEG-peptide, and (4) gelatin
modification with NSu-PEG-peptide. All starting mate-
rials were received without additional purification and
purchased from Sigma Aldrich (St. Louis, MO) unless
otherwise specified.

Bis-COOH-PEG synthesis. One equivalent per mole
PEG (2000 Da) was dissolved in dry THF followed by
the addition of 16 eq/mol sodium hydride (NaH), stirred
at room temperature for 1 h in an argon environment.
Twenty equivalents per mole of ethyl bromoacetate (Et-
BrAc) was then added to this solution, stirred under ar-
gon at room temperature for 1 h, filtered, precipitated in
cold hexane, and dried in a vacuum oven. A mixture of
PEG, HO-PEG-EtAc, and Bis-EtAc-PEG was obtained.
Although several PEG:NaH:EtBrAc molar ratios were
utilized (Table 2A), a respective 1:16:20 ratio resulted in
the maximum possible conversion of Bis-COOH-PEG
from PEG. The PEG, HO-PEG-EtAc, and Bis-EtAc-PEG
dried mixture was dissolved in deionized water followed
by the addition of 20 eq/mol of 1 N NaOH, adjusted to
pH 12.5, stirred for 1 h, and extracted with methylene
chloride. The aqueous phase was removed, adjusted to
pH 9.0 with 1 N HCI, and extracted again with methyl-

*Abbreviations used: Bis-COOH-PEG, bis-carboxylate-
PEG; Bis-EtAc-PEG, bis-ethylacetate-PEG; Bis-NSu-PEG,
bis-N-succinimidyl-acetate-PEG; DCC, 1,3-dicyclohexylcar-
bodiimide; DIPEA, N,N-diisopropyl ethylamine; DMF, N,N-di-
methyl formamide; DMPA, 2,2-dimethoxy-2-phenyl-acetophe-
none; EDTA, ethylenediaminetetraacetic dianhydride; ELSD,
evaporative light scattering; ECM, extracellular matrix; Et-
BrAc, ethyl bromoacetate; FN, fibronectin; GPC, gel-per-
meation chromatography; HO-PEG-COOH, «-hydroxy-w-car-
boxy-PEG; HO-PEG-EtAc, a-hydroxy-w-ethylacetate-PEG;
HO-PEG-NSu, a-hydroxy-w-N-succinimidyl-acetate-PEG; HO-
PEG-GGG, a-hydroxy-w-glycine-glycine-glycine-acetate-PEG;
HO-PEG-RGD, a-hydroxy-w-arginine-glycine-aspartic acid-
acetate-PEG; HPLC, high-performance liquid chromatography;
IPN, interpenetrating network; Mp, peak molecular weight;
MPEG, polyethylene glycol monomethyl ether; MPEG-COOH,
a-methoxy-w-carboxyl-PEG; MPEG-EtAc, a-methoxy-w-ethyl-
acetate-PEG; MPEG-IPN, MPEG-modified gelatin IPN;
MPEG-NSu, a-methoxy-w-N-succinimidyl-acetate-PEG; MS,
mass spectroscopy; N-HOSu, N-hydroxysuccinimide; NSu-
PEG-GGG, a-N-succinimidylacetate-w-glycine-glycine-glycine-
PEG; NSu-PEG-RGD, a-N-succinimidylacetate-w-arginine-
glycine-aspartic-PEG; OD, optical density; PBSE, PBS with 5
mM EDTA; PEG, polyethylene glycol (diol) 2K; PEGdA, poly-
ethylene glycol diacrylate; TCPS, tissue culture polystyrene;
TNBS, trinitrobenzenesulfonic acid.
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ene chloride. The aqueous phase was removed again, ad-
justed to pH 3.0, and extracted for a third time. The or-
ganic phase solution was evaporated under vacuum in a
Rotavapor (BUCCI R-114, Switzerland), and dried in a
vacuum oven. The Bis-COOH-PEG (2000 Da) product
was characterized with a reversed-phase HPLC system
(Gilson, 10 to 100% acetonitrile, 1-mL/min flow rate for
30 min) coupled with UV/Vis and evaporative light-scat-
tering detectors (ELSD).

Bis-NSu-PEG synthesis and peptide conjugation. One
equivalent per mole of the mixture containing Bis-COOH-
PEG was dissolved in dry THF, followed by the addition
of 8 eqg/mol N-HOSu. A total of 8 eq/mol of N,N'-dicy-
clohexylcarbodiimide (DCC) was separately dissolved in
THF and then added dropwise to this solution (Fig. 1). The
solution was stirred at room temperature for 4 h, filtered,
precipitated in cold hexane, dried in a vacuum oven, and
the resulting Bis-NSu-PEG mixture was characterized by
reversed-phase HPLC. A total of 1 eq/mol of the solution
containing Bis-NSu-PEG was then dissolved in DMF un-
der argon followed by the addition of 1.5 eq/mol of RGD
(98% purity; University of Wisconsin Biotechnology Cen-
ter) or GGG (99% purity; Bachem, King of Prussia, PA).
A total of 1.5 eg/mol of N,N-diisopropyl ethylamine (DI-
PEA) was added to the mixture, and HPLC was used to
monitor the peptide conjugation as a function of reaction
time at 0, 15, 30, 40, and 60 min. The product NSu-PEG-
RGD was further characterized by MS (Fourier transform
HiRes MALDI mass spectrometer, 0.1-mg/mL sample di-
lution in water; IonSpec 7.0T).

Gelatin modification with NSu-PEG-peptide. One
equivalent per mole of NSu-PEG-RGD was added to a
solution containing 1% gelatin (300 bloom, porcine skin;
Sigma Aldrich) in PBS. The mixture was adjusted to pH
8.0 and stirred for 1 h at room temperature. A pressurized
ultrafiltration system with a 30-kDa membrane filter was
used to separate PEG-peptide modified gelatin from re-
sidual Bis-peptide-PEG side products and unreacted NSu-
PEG-peptide. MPEG-modifed gelatin was synthesized ac-
cording to a similar reaction scheme but with MPEG
(2000 Da) as the starting material in lieu of PEG-diol.
Unmodified gelatin, RGD-PEG-modified gelatin, GGG-
PEG-modified gelatin, and MPEG-modified gelatin were
characterized with an Ultrahydrogel column in a gel-per-
meation chromatography (GPC) system (Waters, 80% 0.1
M NaHOj3, 20% acetonitrile at a 0.7-mL/min flow rate for
60 min) coupled with a refractive index (RI) detector. The
percent modification of gelatin lysyl residues with PEG-
peptide was determined by an established method based
on trinitrobenzenesulfonic acid (TNBS) and spectropho-
tometry.?3?* The number of lysyl residues and percent
modification for unmodified and modified gelatins are
shown in Table 3.
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FIG. 1.

IPN synthesis

Modified or unmodified gelatin was dissolved in
deionized water at 37°C. This solution was combined
with PEGdA (600 Da) in a 4:6 gelatin:PEGdA weight ra-
tio to form a 10 wt% solution according to previously es-
tablished procedures.? Briefly, 20 uL of 2,2-dimethoxy-
2-phenyl-acetophenone (DMPA) initiator solution (0.02
g of DMPA in 0.5 g of PEGdA) was added to the
gelatin~-PEGdA mixture, vortexed, injected into a PTFE
mold (diameter, 7 mm; thickness, 0.75 mm), and secured
between two glass slides. IPN solution within the PTFE
molds was irradiated with UV light (maximal intensity,

Peptide PEG modified gelatin

(W indicates gelatin backbone)

Synthesis scheme of peptide-PEG-modified gelatin.

365 nm; 21,700 uW/cm? at a distance of 2.5 cm from
mold surface, UVP, model B 100 AP) for 3 min from
both sides. The resulting IPNs were allowed to cool for
several minutes and then removed from the PTFE molds.

Monocyte adhesion assay

Human monocytes were isolated from citrated whole
blood of healthy adult volunteers according to an estab-
lished density gradient, nonadhesion method.?® All IPN
samples were sterilized via vy irradiation (1 Mrad) and
placed in individual wells of 48-well TCPS plates and
cultured with monocytes at a concentration of 10°
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TABLE 2. MOLAR RATIOS OF REACTANTS USED IN THE SYNTHESIS OF PEPTIDE-CONJUGATED PEG
A. Bis-COOH-PEG synthesis

PEG 2K
in THF NaH EtBrAc
(mmol) (mmol) (mmol)
1 1.5 1.5

1 1.7 1.7
1 2 2

1 4 4

1 8 8

1 16 16

1 16 20

1 16 40

B. Bis-Nsu-PEG synthesis and peptide conjugation

Bis-NSu-PEG 2K
in DMF Peptide (RGD, GGG) DIPEA
(mmol) (mmol) (mmol)
1 1.5 1

1 1.5 1.5
1 2 1.5
1 2 2

cells/mL (i.e., 5 X 10° cells/cm? surface area) in RPMI
culture medium containing 10% autologous serum at
37°C under 5% CO,.1?7 At 2, 24, and 96 h, samples
were washed with RPMI medium to remove nonadher-
ent cells and fresh culture medium was added. At 2, 24,
96, and 168 h, samples were washed and stained with
Wright’s stain, and adherent macrophages were quanti-
fied using a computer-assisted video analysis system
(MetaMorph version 4.1; Universal Imaging, Down-
ingtown, PA) coupled to an inverted light microscope
(Eclipse TE300; Nikon, Tokyo, Japan). Adherent cell

density is expressed as number of cells per square mil-
limeter of surface area.

Statistical analysis

All experimental results were expressed as means =*
standard error of the mean. HPLC data (n = 3), GPC data
(n = 2), and TNBS data (n = 3) were averaged. Mono-
cyte adhesion data (three independent samples of each
substrate in triplicate for each of the four culture time
points) were analyzed by two-way analysis of variance

TaABLE 3. ToraL NUMBER OF MODIFIED GELATIN LYSYL RESIDUES AND
PERCENT MODIFICATION AS DETERMINED BY TNBS METHOD?

No. of lysyl
Modified gelatin residues Percent modification
Unmodified gelatin 6.653 = 0.070 0
MPEG-modified gelatin 0.829 + 0.035 87.4 £ 0.5
GGG-PEG-modified gelatin 1.170 = 0.027 81.1 =04
RGD-PEG-modified gelatin 1.235 = 0.061 81.6 = 0.9

2All values are expressed as means = SEM; n = 3.
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and Tukey post hoc testing at p < 0.01 using SigmaStat
version 2.03 software (SPSS, Chicago, IL).

RESULTS AND DISCUSSION

Synthesis of gelatin modified with
PEGylated peptide

Molar ratios of reagents versus PEG derivative, ab-
straction conditions, and reaction time are all critical in the
synthesis of gelatin modified with PEGylated peptide. The
conversion of PEG to Bis-COOH-PEG relied heavily on
the molar ratios of the ionizing reagent, NaH, and EtBrAc,
to PEG. Several PEG:NaH:EtBrAc ratios were utilized
(Table 2A); however, a ratio of 1:16:20 resulted in the
maximal conversion of PEG to Bis-COOH-PEG while
minimizing the side product intermediate HO-PEG-
COOH. High NaH concentration ensured the ionization of
both terminal hydroxyl moieties. Similarly, EtBrAc, in a
proportionally large concentration allowed the ethyl ac-
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etate group to add to both ends of the ionized PEG species.
The percent yield of each species at all stages of the syn-
thesis is quantified on the basis of normalized peak areas
of HPLC chromatograms (Table 4). After the addition of
ethyl bromoacetate, the Bis-EtAc-PEG species resulted in
~90% yield with the HO-EtAc-PEG and PEG species at
5% each. Subsequently, abstractions at several pH levels
were performed to optimize the condition for separating
each of these three species. At pH 12.5, PEG abstracted to
methylene chloride because of its high solubility in the or-
ganic phase, while the COOH groups of Bis-COOH-PEG
and HO-PEG-COOH ionized, leaving the two species in
the aqueous phase. A second abstraction at pH 9.0 resulted
in the separation of Bis-COOH-PEG from most of the HO-
COOH-PEQG, leaving the compounds in the aqueous and
organic phases, respectively. A third abstraction of Bis-
COOH-PEG to methylene chloride for solvent removal oc-
curred at pH 3.0. After abstraction, Bis-COOH-PEG was
characterized by HPLC with a peak resulting at an elution
time range between 6.3 and 7.3 min (Fig. 2). The peak
to the right of the Bis-COOH-PEG peak indicates the

TaBLE 4. HPLC ErutioN TIME, NORMALIZED PEAK AREA, AND PERCENT YIELD
FOR PEG DERIVATIVES AND INTERMEDIATES SYNTHESIZED FROM PEG 2K*

Elution time Normalized peak Yield
Compound® (min) area (N;) (%) UV signal
PEG 10.6 1 100 No
PEG 10.6 1 5 No
HO-PEG-EtAc 11.6 19.0 90 Weak
Bis-EtAc-PEG 12.8 1.1 5 Weak
Bis-COOH-PEG 6.5 64.6 69 No
HO-PEG-COOH 7.8 27.5 30 Weak
PEG 10.6 1 1 Weak
COOH-PEG-NSu 9.2 2.9 3 No
PEG 10.6 1 1 No
HO-PEG-NSu 12.0 15.6 17 Weak
Bis-NSu-PEG 13.2 69.9 78 Medium
Bis-RGD-PEG 7.3 131.2 56 No
NSu-PEG-RGD 8.6 77.3 33 No
PEG 10.6 1 0 No
Bis-NSu-PEG 13.1 25.2 11 Medium
Bis-GGG-PEG 7.4 45.6 34 No
NSu-PEG-GGG 8.8 64.7 48 No
PEG 10.6 1 1 No
Bis-NSu-PEG 13.2 23.1 17 Medium

aAll values are expressed as a mean of peak data from three independent syntheses (n = 3). Peaks were normalized with
the ELSD signal of the internal PEG 2K to calculate the percent yield (Ni/ N), where N; is the normalized peak area for

each peak and 3, N is the sum of N;.

PEach subgroup of compounds corresponds to the products resulting at the end of each reaction stage shown in Fig. 1.
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FIG. 2. ELSD signals of HPLC chro-
matograms of PEG 2K, bis-COOH-PEG 2K,
bis-NSu-PEG 2K, and RGD-PEG-NSu 2K.
Products were characterized with a reversed-
phase HPLC system (Gilson, 10 to 100% ace-
tonitrile at at 1-mL/min flow rate for 30 min,
coupled with a UV/Vis detector and an evap-
orative light-scattering detector [ELSD]). For
each material, a representative chromatogram
from three independent syntheses is shown.

0 5 10 15 20
Elution Time (minutes)

presence of a small amount of HO-PEG-COOH remain-
ing in the final product. Bis-COOH-PEG resulted in a fi-
nal yield of 69% (Table 4).

The terminal COOH groups of Bis-COOH-PEG sub-
sequently were activated with N-HOSu to facilitate fur-
ther peptide conjugation.?82° The Bis-NSu-PEG product
was characterized by HPLC and resulted in a peak at a
higher elution time range of 12.9 to 13.2 min (Fig. 2),
when compared with Bis-COOH-PEG, because of the in-
creased hydrophobicity of the activating N-succidimidyl

25

groups. Two smaller peaks near elution times of 9.2 and
12.0 min indicate the presence of COOH-PEG-NSu and
HO-PEG NSu, respectively (Fig. 2). The final yield of
the Bis-NSu-PEG product was 78% (Table 4).

During the conjugation of Bis-NSu-PEG with pep-
tides, both Bis-NSu-PEG:peptide:DIPEA molar ratios
and reaction time were important in obtaining the high-
est possible yield of NSu-PEG-peptide. Several Bis-
NSu-PEG:RGD:DIPEA molar ratios were utilized
(Table 2B). A respective ratio of 1:1.5:1.5 resulted in
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FIG. 3. MS spectroscopy of RGD-PEG conjugate. Peak molecular weight is identified by the arrow at 2569.372 g/mol.
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the highest conversion to NSu-PEG-peptide. HPLC was
used to monitor the conjugation reaction as a function
of reaction times of 0, 15, 30, 40, and 60 min. A reac-
tion time of 40 min resulted in the optimal formation of
NSu-PEG-RGD. NSu-PEG-RGD was characterized by
HPLC and resulted in a peak at an elution time range
of 8.3 to 8.7 min (Fig. 2). The larger peak at elution
time 7.3 min indicates Bis-RGD-PEG species that
formed in greater yield. The final yield of NSu-PEG-
RGD was 33% (Table 4). Conjugation of Bis-NSu-PEG
with GGG was also performed according to similar pro-
cedures and resulted in a yield of 48% (Table 4). The
RGD-PEG conjugation was verified by MS, showing a
peak molecular weight (Mp) of 2569.372 g/mol (Fig.
3), whereas the theoretical calculated molecular weight
of RGD-PEG is 2545 g/mol.

Subsequently, the mixture containing NSu-PEG-pep-
tide and Bis-RGD-PEG was utilized to modify the ly-

sine residues of gelatin (Fig. 1). Bis-peptide-PEG side
products were not expected to conjugate to gelatin lysyl
groups because of the absence of the activating NSu moi-
ety. To separate PEG-peptide-modified gelatin from Bis-
peptide-PEG and residual unreacted NSu-PEG-peptides,
the final reaction mixture was passed through a pres-
surized ultrafiltration (Millipore, Bedford, MA) with a
30-kDa filter membrane. Unmodified gelatin, RGD-
PEG-modified gelatin, GGG-PEG-modified gelatin, and
MPEG-modified gelatin were further characterized by
GPC. GPC peak elution time for each of the modified
gelatins decreased, indicating an increase in molecular
weight in comparison with unmodified gelatins (Fig. 4).
The largest species, RGD-PEG-modified gelatin, eluted
first with GGG-PEG-modified gelatin and MPEG-mod-
ified gelatin eluting later. TNBS confirmed gelatin lysyl
group modification for these three species with 81.6,
81.1, and 87.4% modification, respectively (Table 3).

TABLE 5. ADHERENT MONOCYTE DENSITY ON TCPS AnND VARIOUS IPNs CONTAINING MODIFIED
AND UNMODIFIED GELATIN, DETERMINED AT 2, 24, 96, AND 168 h oF CULTURE?

Culture time

2h 24 h 96 h 168 h
TCPS 587 * 157¢ 502 *= 236°¢ 260 = 152¢ 262 + 160°¢
Unmodified gelatin IPN 177 = 70P 71 = 23 28 = 20P 12 = 6°
MPEG-modified gelatin IPN 109 + 26° 106 + 31b 23 + 9b 12 + 6°
GGG-PEG-modified gelatin IPN 116 + 60° 128 + 57° 28 + 25b 15 + 10°
RGD-PEG-modified gelatin IPN 437 £ 166¢ 417 + 238°¢ 233 *+ 142¢ 191 £ 121¢

aAll values are expressed as number of cells per mm? surface area, mean = SEM; n = 3, in triplicate.
bSignificantly different from TCPS positive control at p < 0.01, ANOVA.
¢Significantly different from unmodified gelatin IPN negative control at p < 0.01, ANOVA.
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FIG.5. Adherent monocyte density on TCPS (<), RGD-PEG-modified IPN (X), unmodified gelatin IPN (A), GGG-PEG-mod-
ified IPN (1), and MPEG-modified IPN () at 2, 24, 96, and 168 h.

Monocyte adhesion assay

Adherent monocyte densities at 2, 24, 96, and 168 h on
TCPS or IPNs containing unmodified gelatin or gelatin mod-
ified with MPEG, GGG-PEG, or RGD-PEG were quanti-
fied and expressed as number of cells per square millime-
ter of surface area (Table 5 and Fig. 5). At each time point,
adherent monocyte densities on IPNs with unmodified
gelatin, or gelatin modified with MPEG or GGG-PEG, were
significantly lower than that on TCPS controls, but not dif-
ferent from each other. At each time point, RGD-PEG-mod-
ified gelatin IPNs showed a comparable macrophage den-
sity with TCPS and a significantly higher adherent monocyte
density than each of the other IPN formulations. Adherent
macrophage density on all substrates decreased gradually
with increasing culture time. This is expected from non-
proliferative primary macrophages. On the basis of these re-
sults, the presence of PEGdA in the IPN formulation played
a significant role in minimizing cell adhesion (i.e., [IPN con-
taining unmodified gelatin). This allows for the modifica-
tion of IPNs with immobilized ligands such as peptides and
soluble factors (i.e., drugs, growth factors) to specifically af-
fect the behavior of a selected cell type. The RGD peptide
sequence has been incorporated extensively into biomateri-
als to promote the interaction of different types of cells, such
as fibroblasts and keratinocytes. Because immune/inflam-
matory cells such as macrophages also recognize surface-
immobilized RGD sequences, a more detailed study of li-
gand-receptor complexation, subsequent intracellular
signaling, and phenotypic behavior is needed. For example,
the PHSRNGRGD peptide, but not RGDG¢PHSRN, RGD,
or PHSRN, has been shown to play a unique and necessary

role in mediating foreign body giant cell formation from the
fusion of macrophages.?!3 Giant cells are standard histo-
logical markers of end-stage inflammation; however, the
causal relationship between materials biocompatibility and
the presence of giant cells is highly debated. The judicial
selection of bioactive ligands in promoting the interaction
of a specific cell type, but not others, requires a mechanis-
tic understanding of ligand—receptor association and subse-
quent cellular events.

CONCLUSION

Molar ratios of PEG derivatives versus other reactants,
abstraction conditions, and reaction time were all critical in
the synthesis of gelatin modified with PEGylated-peptides
as a component in IPN formulation. IPNs containing RGD-
PEG-modified gelatin showed a significantly higher mac-
rophage density when compared with IPNs containing un-
modified gelatin and peptide controls. While RGD promotes
the adhesion of a variety of cell types, the role of this pep-
tide on immobilization in mediating macrophage interac-
tion should also be addressed in tissue-engineering design.
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