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Abstract
The goal of this study was to elucidate the control mechanisms by which exogenous proteins regulate
keratinocyte growth factor (KGF) expression in fibroblasts adhered to differing substrates and
thereby provide insights into both fundamental in vitro cell signaling and cell-biomaterial interaction
research. A serum-free culture system in which cells maintained their proliferative capacity was
established and employed. The addition of transforming growth factor- α (TGF-α), interleukin-1β
(IL-1β) and platelet-derived growth factor-BB (PDGF-BB) individually showed no effect on KGF
protein release, however, IL-1β addition led to increased KGF mRNA transcription, intracellular
KGF protein synthesis, and granulocyte-macrophage colony-stimulating factor (GM-CSF) release.
Intracellular KGF protein synthesis and extracellular release were enhanced when fibroblasts were
treated with a combination of IL-1β and PDGF-BB which suggests KGF synthesis and release are
largely regulated by synergistic mechanisms. Surface-bound fibronectin-derived ligands and
individual exogenous proteins promoted fibroblast adhesion to semi-interpenetrating polymer
networks (sIPNs) but did not stimulate KGF release despite enhancement of KGF mRNA
transcription. Additionally, serum conditioning was found to have a significant impact on KGF
synthesis and the subsequent mechanisms controlling KGF release. This study demonstrates that
KGF release from fibroblasts is likely regulated by multiple mechanisms involving post-
transcriptional and exocytic controls which may be impacted by the presence of serum and how
serum is removed from the in vitro cell environment.
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INTRODUCTION
Mammalian fibroblast growth factors (FGFs) form a large family of polypeptide growth factors
which function in cell signaling, proliferation and differentiation.[1–3] Keratinocyte growth
factor/fibroblast growth factor-7 (KGF/FGF-7) has been shown to be secreted by mesenchymal
cells with mitogenic activity on keratinocytes.[1] In a wound healing environment, KGF is
produced via fibroblast-keratinocyte paracrine interaction[4–6] and subsequently enhances the
proliferation and migration of dermal keratinocytes.[7,8] KGF also influences epithelial cell
differentiation and regulates the expression of wound remodeling proteases.[9,10] A wide
range of growth factors and cytokines able to induce KGF expression, such as transforming
growth factor- α (TGF-α), interleukin-1β (IL-1β), platelet-derived growth factor-BB (PDGF-
BB) and tumor necrosis factor-α (TNF-α), have been reported.[1,11–13] Most of these studies,
however, are based on conditions using serum-containing media and a tissue culture
polystyrene (TCPS) substrate, thereby reflect the combined consequences of the various serum
components and the likely substrate-specific effects of a single type of surface. Moreover, the
majority of published reports on the effects of growth factors on KGF expression involve cells
transferred from serum-containing media directly into serum-free media without any type of
gradual transition period.[11–13] Although viability of the cells used in these studies is unclear,
such culture conditions result in a sudden change of environment which may lead to stress-
induced functional differences. Furthermore, previous work has not drawn a connection
between KGF gene transcription and subsequent protein synthesis and/or release. Additionally,
while serial transitioning of cells from serum-containing into serum-free media has been shown
to be selectively accompanied by up- or down-regulation of certain genes, demonstrating a
fine-tuning of signaling pathways, [14,15] there is an overall deficiency in studies comparing
the cell behavior in abruptly versus serially transitioned serum-free cultures.

In this study, human dermal fibroblasts successfully adapted into serum-free media were
seeded onto differing surfaces with or without modification with adhesive peptide motifs.
Fibronectin-derived peptides arginine-glycine-aspartic acid (RGD) and proline-histidine-
serine-arginine-asparagine (PHSRN) were employed as they have shown synergistic effects
on cell adhesion, migration, proliferation and protein expression, and have previouly been
utilized to modify biomaterials.[16–18] These peptides were conjugated to a semi-
interpenetrating polymer network (sIPN) based on poly(ethylene glycol) (PEG) and gelatin to
gain mechanistic insights into our previous studies, where we had shown that the sIPN modified
with ECM-derived ligands enhanced cell adhesion and influenced cytokine release in
fibroblast-keratinocyte and fibroblast-monocyte coculture systems as well as promoted ECM
remodeling in rodent full-thickness dermal defect and porcine partial-thickness defect models
in vivo.[6,19–22] The use of dissimilar substrates also allowed examination of whether KGF
control mechanisms were present when fibroblasts were adhered to different surfaces. The
effects of exogenous proteins on adhesion and protein release were analyzed in cells which
were serially transitioned into serum-free media. The resulting variations in KGF transcription
and protein release depending on exogenous protein or serum stimulation provide insights into
the control mechanisms governing KGF release by fibroblasts and the development of tissue
engineering strategies for wound regeneration.

MATERIALS AND METHODS
Synthesis of sIPNs containing PEGylated fibronectin-derived peptides

RGD and PHSRN were prepared by solid phase peptide synthesis utilizing Fmoc chemistry.
Peptide formation was confirmed by 1H-NMR and matrix assisted laser desorption/ionization
(MALDI, University of Wisconsin School of Pharmacy) with 95% purity confirmed with
HPLC. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
stated. Synthesis and characterization of PEGylated-peptide modified gelatin has been
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described previously.[23] Briefly, terminal hydroxyl groups of PEG diol (2 kDa, Fluka) were
converted to carboxylic acid with the addition of t-butyl bromoacetate and dioxane, and then
reacted with N-hydroxysuccinimide to synthesize PEG-bis-N-hydroxysuccinimide (PEG-bis-
NSu). Glycine-glycine-glycine (GGG, Fluka), RGD, and PHSRN were grafted onto one of the
two terminal groups of PEG-bis-NSu by the addition of N,N-diisopropyl ethylamine to form
N-hydroxysuccinimide-PEG-ligand. Gelatin was grafted to the other terminal group by adding
N-hydroxysuccinimide-PEG-ligand to 1% gelatin in phosphate buffered saline (PBS) solution
(pH=8) with N,N-diisopropyl ethylamine. The final product was purified by a pressurized
ultrafiltration system (Millipore, Bedford, MA) with a 30 kDa membrane followed by
lyophilization. The degree of peptide-PEG grafting onto gelatin was analyzed by
trinitrobenzenesulfonic acid-based spectrophotometry.[19,20] The percent modification of
gelatin was approximately 70 percent for GGG modified gelatin, 66 percent for RGD modified
gelatin and 71 percent for PHSRN modified gelatin.

sIPNs were prepared by combining 575 Da poly(ethylene glycol) diacrylate (PEGdA) and
PEGylated-peptide grafted gelatin or unmodified gelatin dissolved in ddH2O to create a 13 w/
w% PEGdA, 9 w/w% gelatin solution. The initiator, 2,2-dimethoxy-2-phenyl-acetophenone,
was incorporated into the PEGdA and gelatin solution to a final concentration of 0.1 wt%. The
solution was poured into 9.5 mm diameter Teflon® molds and crosslinked with UV light (CF
1000, Clearstone Technologies, Inc., Minneapolis, MN) at 365nm for 3 minutes. sIPNs were
sterilized with 70% ethanol for 30 minutes and washed three times with PBS before treatment
with antibiotics (Penicillin 300 IU/mL, Streptomycin 300 μg/mL and Amphotericin B 0.75
μg/mL, Mediatech, Inc., Herndon, VA) overnight.[24] sIPNs were then washed three times
with PBS for 15 minutes each rinse before being fitted into 48-well plates and equilibrated in
serum-free fibroblast basal media (FBM, Lonza, Walkersville, MD) at 37°C for 2 hours. The
FBM was then replaced for cell seeding.

Cell culture and transitioning to serum-free media
Neonatal human dermal fibroblasts (NHDF) were obtained from Lonza and cultured in
fibroblast growth medium-2 (FGM-2, Lonza) containing FBM, 0.1% insulin, 0.1%
recombinant human fibroblast growth factor-B, 0.1% GA-1000, and 2% fetal bovine serum
(FBS). Fibroblasts for all experiments were derived from the same cell stock at passage 6 to 8
and cells were harvested and split into each experimental group at confluence.

To successfully study the efficacy of serially transitioning cells to serum-free media, cells were
split into two groups. One group contained cells which were passaged directly into serum-free
media [FBM or Dulbecco’s Minimum Essential Media:Ham’s Nutrient Mixture F-12, 1:1 Mix
(DMEM/F-12, Mediatech)].[12] In the other group, over the course of three passages, the serum
concentration was slowly reduced by serially adjusting the ratio of FGM-2 to the new media
at each passage (from 1:1 to 1:3 to 1:9 and then to serum-free media). DMEM/F12
supplemented with 5% FBS (DMEM/F12+5%FBS) was also used as a serum-containing media
control. Cells from both groups were seeded onto 48-well tissue culture polystyrene (TCPS,
Becton Dickinson Labware, NJ) at a seeding density of 10,000 cells/cm2. Adherent cell density
was quantified and cell viability was observed at 24, 72, 120, and 168 hours using the method
described below.

Cell adhesion and viability studies by LIVE/DEAD viability/cytotoxicity assay
Adherent cell density was quantified by LIVE/DEAD viability/cytotoxicity assay for
mammalian cells (Invitrogen, Eugen, OR). Cells were washed twice with Dulbecco’s PBS (D-
PBS, Mediatech) followed by addition of 2μM calcein-AM and 2μM ethidium homodimer-1
and then incubated at 37 °C for 30 minutes. Cell morphology and viability were then observed
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using an inverted microscope (Nikon Eclipse TE 300) and images were recorded for cell
counting. Five images per sample were taken at random fields of view.

KGF and GM-CSF expression and release studies by ELISA
To study the effect of serum on KGF protein release, cells were cultured on TCPS in FBM,
FBM with 2% FBS, FBM with 5% FBS or FGM-2 at a cell seeding density of 50,000 cell/
cm2. Cell supernatant was assayed for KGF at 24, 72, 120, and 168 hours using an enzyme-
linked immunosorbent assay (ELISA, Quantikine KGF immunoassay colorimetric kit, R&D
Systems, Minneapolis, MN).

In order to study the effects of individual exogenous proteins on cell adhesion as well as KGF
and granulocyte-macrophage colony-stimulating factor (GM-CSF) release, serum-free FBM
was supplemented with one of the following human recombinant proteins: TGF-α (BioVision,
Mountain View, CA), IL-1β (BioVision), PDGF-BB (Sigma-Aldrich) or a combination of
IL-1β and PDGF-BB. A concentration of 10 ng/mL of each growth factor or cytokine was used
based on literature showing enhanced fibroblast KGF mRNA expression at this concentration.
[11–13] After serial media transition, fibroblasts were seeded onto TCPS and sIPNs at a seeding
density of 50,000 cells/cm2. FBM supplemented with 5% FBS served as a positive control.
Cell culture supernatant was collected for ELISA (Quantikine KGF and GM-CSF
immunoassay colorimetric kits, R&D Systems) and adherent cell densities were quantified
with LIVE/DEAD assay at 24, 72, 120 and 168 hours.

Cell lysate studies were performed to gain insights into protein release and extracellular
transport. Cells were seeded onto 6-well TCPS plates with or without sIPNs at a density of
50,000 cells/cm2 in serum-free FBM or FBM supplemented with 10ng/mL IL-1β, 10ng/mL
IL-1β and 10ng/mL PDGF-BB, or 5% FBS. At 48 and 120 hours, cells were washed with cold
D-PBS and lysed in mammalian protein extract reagent (M-PER, Pierce, Rockford, IL)
supplemented with EDTA-free Halt™ protease inhibitor cocktail (Pierce). After centrifugation
at 7,000 RPM for 5 minutes, the KGF concentration in the supernatant was analyzed via ELISA.
The total protein of cells cultured on TCPS was determined by BCA™ protein assay (Pierce)
and the KGF content in cell lysate was presented as a ratio of KGF to total protein concentration.
An accurate measure of total protein from cells adhered to sIPNs could not be obtained due to
the presence of gelatin in the sIPN.

Reverse transcription-polymerase chain reaction (RT-PCR)
Semi-quantification of KGF mRNA was achieved with RT-PCR. All chemicals and reagents
used for RT-PCR were obtained from Invitrogen (Carlsbad, CA) unless otherwise stated. After
serial media transition, fibroblasts were seeded onto sIPNs and TCPS at a density of 50,000
cells/cm2 in FBM, FBM plus 10ng/ml IL-1β, or FBM supplemented with 5% FBS. At 24, 72
and 120 hours, Cells were washed with D-PBS twice and total RNA was collected using
TRIzol® reagent according to the manufacturer’s recommendations. The RNA concentration
and purity was determined by NanoDrop ND-1000 Spectrophotometer (Nanodrop
Technologies, Wilmington, DE). 1 μg of total RNA from each TCPS sample and 600 ng of
total RNA from each sIPN sample were treated with DNase I (amplification grade). cDNA
was produced using the Moloney murine leukemia virus (M-MLV) reverse transcriptase
system and 200 ng per 1 μg total RNA of 15-mer random primers (University of Wisconsin
Biotechnology Center) was used in place of random hexamers. KGF and RNA polymerase II
(RPII) primers (University of Wisconsin Biotechnology Center) were designed to bind to
human cDNA using Primer3Plus software [25] based on DNA sequences obtained from the
NCBI database (Bethesda, MD) (Table 1). RPII has been shown to have stable RNA
transcription in various tissues and experimental conditions making it an appropriate choice
for a reference gene for this study.[26] PCR was accomplished by using the Platinum Blue
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PCR SuperMix system and was optimized to measure amplicon levels in the linear phase of
the amplification reaction. All samples were run in duplicate. Briefly, 2μl cDNA from the
reverse transcriptase reaction or the appropriate dilution was added to 200nM of sense primers,
200nM antisense primers and the SuperMix. The mixture was loaded into a thermal cycler
(Bio-Rad, Hercules, CA), hot-started for 3 minutes at 94°C, and then cycled 35x as follows:
denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C
for 60 seconds. Amplified DNA samples were maintained at 4°C prior to gel electrophoresis.
KGF and RPII amplicons for all samples at one time point were run on a 1.5% agarose gel with
0.005% ethidium bromide (Bio-Rad). Gel electrophoresis results were observed and recorded
by FOTO/Analyst® Investigator System (Fotodyne Inc., Hartland, WI) and the band intensities
were measured by ImageJ software version 1.32j [27] to calculate the intensity ratio between
KGF and the reference gene RPII.

Statistical Analysis
All data is shown as mean ± standard deviation of samples in independent experiments. Cell
density data, ELISA data and RT-PCR data were analyzed by unpaired Student-t test. A value
of p< 0.05 was considered statistically significant.

RESULTS AND DISCUSSION
Serum-free media transitioning

The transitioning of fibroblasts from serum-containing into serum-free media is crucial in
maintaining cell viability and productivity. Results demonstrated that neither DMEM/F12
(Figure 1) nor FBM (data not shown) supported fibroblast proliferation when cells were
transferred directly from complete growth medium, FGM-2, to serum-free media. Serially
transitioning cells into DMEM/F12 and DMEM/F12+5%FBS was successful in increasing
adherent cell density over 168 hours as compared to non-transitioned cells. Additionally, cells
transitioned into FBM and DMEM/F12+5%FBS demonstrated proliferative capacity while
cells transitioned into DMEM/F12 showed decreasing adherent density from 72 to 168 hours
(Figure 1). Furthermore, fibroblasts transitioned into FBM showed 0±0 pg/mL KGF release
from 24 to 168 hours (Figure 2). As serial transitioning to FBM allowed the fibroblasts to
maintain their viability and proliferative capacity while not inducing KGF release, subsequent
studies were conducted in this manner.

Effect of FBS supplementation on KGF release
The effect of FBS on KGF release was studied in serially transitioned fibroblasts cultured in
FBM with or without supplementation of FBS. The addition of FBS significantly increased
KGF release in a time- and dose-dependent manner. Fibroblasts cultured with 2% FBS
increased KGF secretion from 0±0 to 52.2±1.70 pg/mL as compared to fibroblasts cultured
with 5% FBS which showed a greater increase from 0.74±1.28 to 92.22±3.90 pg/mL at 24 and
168 hours, respectively (Figure 2).

Fibronectin-derived peptide modified substrates and exogenous proteins influence
fibroblast attachment in the absence of serum

The addition of fibronectin-derived peptide motifs, RGD (37±11 cells/mm2) and PHSRN (36
±9 cells/mm2), to the sIPN substrate enhanced cell attachment at 120 hours (p<0.01) as
compared to unmodified sIPNs (7±1 cells/mm2). Additionally, the adherent cell number on
RGD-modified sIPNs was stable over time as compared to cell adhesion to unmodified and
GGG-modified sIPNs (Figure 3A).
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A serum-free culture system provides a platform to study the effect of individual proteins on
fibroblast adhesion to various surfaces without interference from other serum components. In
this study, FBM supplemented with TGF-α, IL-1β or PDGF-BB was employed to elucidate
the effect of these proteins on cell adhesion. Results revealed that all these factors enhanced
cell attachment dramatically on both sIPN and TCPS surfaces (Figure 3). At 168 hours, higher
cell densities were observed on unmodified and GGG-modified sIPNs with PDGF-BB
compared to that with TGF-α and IL-1β (p<0.01). At 24 hours, cells on sIPN surfaces with the
addition of TGF-α, IL-1β, and PDGF-BB adapted a more spindle-like morphology (Figure 4A-
C) which indicates the cells were more viable and proliferative than cells with a round shape
(Figure 4D). At later time points, however, cells on sIPNs treated with TGF-α or IL-1β (Figure
4E–F) qualitatively lost most of the spindle-like morphology in contrast to cells treated with
PDGF-BB (Figure 4G). This observation is consistent with the fact that PDGF-BB is a mitogen
which not only stimulates cell proliferation, but also serves as a stronger chemoattractant than
TGF-α and IL-1β.[28,29]

The significant increase in adherent cell density and the change in cell morphology may be
attributed to several factors. First, the synthesis of extracellular matrix proteins was likely
enhanced by the addition of exogenous proteins. In serum-free conditions, IL-1β has been
observed to induce more dermatan sulfate and hyaluronate release, and also stimulated the
production of high molecular weight glycosaminoglycan hyaluronate. [30–32] PDGF-BB has
been shown to upregulate collagen I and III mRNA expression in dermal fibroblasts and also
increased the release of fibronectin, laminin, type IV and V collagens in rat testicular myoid
cells under serum-free conditions.[33,34] Such changes in extracellular matrix synthesis in
serum-free media and the subsequent adsorption of these proteins to TCPS and sIPN surfaces
may have provided cells with more sites for adhesion. Second, adhesion may have been
modulated by the regulation of integrin expression.[35] IL-1β and PDGF-BB have been found
to affect integrin expression and function in serum-containing media. IL-1β stimulated
expression of αv and β3 integrins when interacting with fibronectin/collagen materials.[36,
37] PDGF-BB acted to upregulate αvβ3 and αvβ5 integrins and modulate membrane motility
of β1 integrin.[38] Taken together, these studies suggest that the exogenous protein-induced
expression of integrins may also contribute to enhanced cell attachment in serum-free media,
however, studies on IL-1β and PDGF-BB stimulated integrin expression in serum-free
conditions are still lacking.

Effects of exogenous TGF-α, IL-1β, and PDGF-BB on GM-CSF and KGF expression in serum-
free media

In this study, we observed significantly increased GM-CSF release when IL-1β (Figure 5), but
not TGF-α or PDGF-BB, was supplemented. Fibroblasts showed marginal cumulative GM-
CSF release of less than 10 pg/mL (p<0.01) in TGF-α or PDGF-BB supplemented media.
However, GM-CSF release from cells stimulated with IL-1β was significantly enhanced,
particularly at 120 hours. There was no significant difference observed in the GM-CSF
concentration among cells adhered to modified or unmodified sIPNs at 24 and 72 hours. Cells
adhered to GGG-modified sIPNs, however, showed a greater increase in GM-CSF release than
RGD-modified and unmodified sIPNs at 120 and 168 hours (p<0.05). The GGG peptide has
been shown to be involved in stimulating the secretion of GM-CSF in mouse bone marrow
cells which may correlate with the response seen in this study.[39]

Individual exogenous proteins, TGF-α, IL-1β, or PDGF-BB, however, had no effect on KGF
release from confluent fibroblasts over time. Since individual growth factors were insufficient
to replicate the stimulatory effects of FBS and complete fibroblast growth media on KGF
release (Figure 2), IL-1β and PDGF-BB were combined to test whether the secretion of KGF
was regulated by synergistic effects of growth factors/cytokines. Result showed a detectable
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KGF concentration (11.79±2.35 pg/mL) in cell culture supernatant at 72 hours which was
comparable to released KGF from cells cultured with 2% FBS at the same time point.

Previous research has shown that stimulation of fibroblasts with individual growth factors or
cytokines such as IL-1β and PDGF-BB increased KGF mRNA expression.[11–13] Our data,
however, showed that these exogenous proteins induced no KGF protein release. Based on our
results, it is possible that IL-1β and PDGF-BB were acting synergistically with serum proteins
present in the media since, in some studies, cells were made quiescent with media supplemented
with 0.5% FBS.[11,13] To further elucidate the relationship between IL-1 β induced KGF
mRNA transcription and KGF protein release in serum-free media, RT-PCR and cell lysate
analysis were conducted.

KGF mRNA induction by serum and IL-1β on TCPS and sIPNs
To study the regulation of KGF gene transcription, RT-PCR was performed with serially
transitioned fibroblasts which were cultured in FBM, FBM with IL-1β and FBM with 5% FBS
on TCPS and sIPN substrates. Transitioned fibroblasts in FBM showed similar KGF mRNA
level to cells cultured in FBM supplemented with 5% serum on TCPS (Figure 6). The ratio of
KGF/RPII for cells gradually transitioned into FBM (2.8±1.1 and 3.1±1.8 at 24 and 72 hours
respectively) was generally higher than that of cells directly passaged into FBM without
transitioning (1.1±0.11 at 48 hours). This result suggests that the abrupt media change down-
regulated KGF gene transcription and possibly also changed the expression of other genes in
dermal fibroblasts. It has been reported that in fibroblasts without media transition, the
induction of KGF mRNA decreased with time in both serum and IL-1β supplemented media.
[11] In this study, however, the addition of IL-1β to FBM increased KGF mRNA levels from
2.8±1.1 to 7.8±4.4 at 24 hours on TCPS, and the level of KGF mRNA did not change
significantly over time (Figure 6). A stimulatory effect of IL-1β on KGF mRNA expression
was also observed in cells cultured on unmodified sIPN, although the mRNA level and the
extent of IL-1β stimulation were less than that seen in cells adhered to TCPS (Figure 6).
Furthermore, the KGF mRNA expression in fibroblasts adhered to RGD-modified sIPNs was
significantly lower than that on unmodified sIPN at 120 hours (p<0.01).

Changes between serum-free and serum-containing conditions have been discussed in terms
of cell cycle control, autocrine expression of growth factors, and gene expression regulation.
[14,40,41] The cell cycle is expected to be arrested in G1 or G0 phase in serum-deprived media
and therefore cells cease growing if they are transitioned from serum-containing to serum-free
media directly.[40] However, in this study, the growth of serially adapted cells in FBM was
not inhibited by such cycle control and cells still proliferated into confluence gradually.
Moreover, serum supplemented media had significantly higher KGF protein release which was
not observed in serum-free media despite similar mRNA induction. Thus, the results suggest
that the intracellular signaling pathways may be differentially regulated under serum-free
conditions. One possibility is that KGF mRNA translation in human dermal fibroblasts might
be regulated by various post-transcriptional controls which resulted in no KGF protein
expression. An alternative is that KGF mRNA was translated, but extracellular transport of the
protein was inhibited and the protein was stored intracellularly.

To understand the regulatory mechanisms of KGF protein production in serum-free media,
lysates of cells cultured on TCPS (Figure 7) and sIPN (Figure 8) surfaces were analyzed via
ELISA. Supplementation with both 5% FBS and IL-1β led to higher amounts of intracellular
KGF protein at 48 hours as compared to cells in FBM on TCPS and this stimulatory effect was
significantly enhanced over time (48 vs. 120 hours, p<0.05). There was a small amount of KGF
protein stored in cells serially transitioned into serum-free FBM, however, abrupt transition
from FGM-2 into FBM led to generally higher KGF protein stored in cells (Figure 7).
Considering the lower level of KGF gene transcription in cells without media transition as
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discussed above, the KGF present was likely translated prior to cells being passaged into FBM
or within the first 24 hours after cell seeding. The low levels of intracellular KGF protein in
fibroblasts serially transitioned into FBM at both 48 and 120 hours suggests a possible
inhibitory post-transcriptional control that leads to a decrease of KGF protein synthesis.
Interestingly, the KGF mRNA expression on RGD-modified sIPN was significantly lower than
unmodified sIPN (Figure 6, p<0.01), however, the KGF protein production in cells on RGD-
modified sIPN was significantly higher than that on unmodified sIPN (Figure 8, p<0.05). This
substrate effect is probably due to an inverse post-transcriptional regulation of KGF expression
which is similar to what was reported by Shaoul et al. with human gastric tissue: KGF protein
production was increased in gastric diseases but KGF mRNA level remained at low level.
[42] The addition of IL-1β to FBM significantly increased intracellular KGF protein levels
(Figure 7 and 8) as well as mRNA levels (Figure 6) on both TCPS and unmodified sIPN
surfaces, however, there was still no KGF protein release detected. This implies that IL-1β
regulates KGF expression in a manner likely related to protein release inhibition. The dramatic
increase of intracellular KGF protein in cells treated with a combination of IL-1β and PDGF-
BB on TCPS was consistent to the synergistic effect observed in KGF protein release in cell
supernatant.

CONCLUSION
A serum-free model was established to study the effects of specific serum proteins and different
substrates on human dermal fibroblast behavior. Exogenous TGF-α, IL-1β and PDGF-BB
significantly increased adherent cell number on both TCPS and sIPNs, but individually had no
effect on KGF protein release. IL-1β and PDGF-BB, however, synergistically acted to increase
protein expression and release. Increased KGF mRNA expression and intracellular KGF
protein synthesis in IL-1β treated fibroblasts suggest IL-1β stimulated KGF production but not
release of the protein, which implies there is some manner of extracellular transport regulation.
Results also demonstrated significant effects of both the presence of serum and the manner by
which serum is removed from the cell environment on protein synthesis and the subsequent
post-transcriptional and post-translational control mechanisms. Results of this study will
further our knowledge of cell signaling and wound regeneration-related cell-biomaterial
interaction research based on a serum-free environment.
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Figure 1.
Adherent human dermal fibroblast density on TCPS with or without serial transitioning (ST).
Cells were split into two groups. One group of cells were passaged directly into DMEM/F12
with or without 5% FBS. The other group of cells were serially passaged into FBM or DMEM/
F12 with or without 5% FBS by gradually reducing serum concentration. Cell seeding density
was 10,000 cells/cm2. Adherent cell density was quantified by LIVE/DEAD assay at 24 ( ),
72 ( ), 120 ( ) and 168 (□) hours. Complete growth medium FGM-2 served as a control. All
data presented as average ± standard deviation (n=3). Dashed line represents the cell
confluency.
§: Significantly different compared to cells without transitioning at the same time point, p<0.05.
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Figure 2.
KGF release from fibroblasts cultured on TCPS in FBM ( ), FBM+2% FBS ( ), FBM+5%
FBS ( ), and FGM-2 (□). Serially transitioned cells were cultured on TCPS in serum-free and
serum-containing media. FGM-2 served as a positive control using cells which did not undergo
serial transitioning. KGF concentrations in cell culture supernatant from 24 to 168 hours were
measured by ELISA. All data presented as average ± standard deviation (n=3).
‡: Significantly different compared to FBM+2%FBS, FBM+5%FBS, and FGM-2 at the same
time point, p < 0.05.
§: Significantly different compared to FBM+5%FBS, and FGM-2 at the same time point, p <
0.05.
¤: Significantly different compared to FGM-2 at the same time point, p < 0.05.
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Figure 3.
Adherent cell density of fibroblasts cultured on unmodified sIPN ( ), GGG-modified sIPN
( ), RGD-modified sIPN ( ) and TCPS (□) at 24, 72, 120 and 168 hours in FBM supplemented
with no exogenous protein (A), 10ng/mL TGF-α (B), 10ng/mL IL-1β (C), and 10ng/mL PDGF-
BB (D). Cells were stained with LIVE/DEAD fluorescent assay kit and observed under
microscope at 10× magnification. Images were recorded for cell counting. Five images per
sample were taken at random fields of view. All data presented as average ± standard deviation
(n=3).
‡: Significantly different compared to unmodified-sIPN with treatment by the same exogenous
protein, p < 0.05.
§: Significantly different compared to GGG-sIPN with treatment by the same exogenous
protein, p < 0.05.
N/A: Data not collected for that time point.
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Figure 4.
Inverted microscope images of human dermal fibroblasts adherent to RGD-modified (A–G)
and TCPS (H) surfaces at 24 (A–D, H) and 168 hours (E–G). Cells were cultured in FBM (D,
H) or FBM supplemented with TGF-α (A, E), IL-1β (B, F) and PDGF-BB (C, G). Cells were
stained with LIVE/DEAD fluorescent assay kit and incubated at 37°C for 30 minutes followed
by observation under inverted microscope. Live and dead cells were stained by calcium-AM
(green) and ethidium homodimer (red) respectively. The sIPN was slightly stained red in the
background. All images were taken at 10× magnification. Scale bar represents 100 μm.
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Figure 5.
GM-CSF release in IL-1β (10ng/mL) supplemented FBM from human dermal fibroblasts
adhered to GGG-modified sIPN ( ), RGD-modified sIPN ( ), unmodified gelatin sIPN ( )
and TCPS (□).  represents the GM-CSF release from fibroblasts cultured on TCPS in FBM
without supplemented IL-1β. All data presented as average ± standard deviation (n=3).
§: Significantly different compared to unmodified sIPN, p<0.05.
‡: Significantly different compared to RGD modified sIPN, p<0.05;
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Figure 6.
KGF mRNA levels of human dermal fibroblasts cultured in FBM ( ), FBM+5%FBS ( ) and
FBM+10ng/mL IL-1β (□) on TCPS; in FBM ( ) and FBM+10ng/mL IL-1β ( ) on unmodified
sIPN as well as in FBM on RGD-modified sIPN ( ) at 24, 72 and 120 hours presented as the
ratio between KGF and RPII band intensities. KGF and RPII band intensities were measured
by ImageJ software version 1.32j. FBM+5%FBS served as a control. All data presented as
average ± standard deviation (n=3 for TCPS and RGD-modified sIPN samples; n=2 for
unmodified sIPN samples).
N/A: data not collected for that time point.
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Figure 7.
KGF protein levels in the lysate of human dermal fibroblasts cultured on TCPS in different
media: FBM without serial transitioning ( ), FBM ( ), FBM+5% FBS ( ), FBM+10ng/mL
IL-1β ( ), FGM-2 ( ) and FBM+10ng/mL IL-1β+10ng/mL PDGF-BB (□). FBM+5%FBS
and FGM-2 served as controls. Cells were seeded in 6-well plates and lysed by M-PER with
protease inhibitor at 48 and 120 hours. The KGF concentration in cell lysate was measured by
ELISA and the total protein concentration was quantified by a BCA assay. The KGF protein
expression was presented as the ratio of KGF to total cell protein. All data presented as average
± standard deviation (n=3).
‡: compared to FBM with adaptation at the same time point, p<0.05;
§: compared to the same culture medium at 48 hours, p<0.05.
N/A: Data not collected for that media.
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Figure 8.
KGF protein concentrations in the lysate of human dermal fibroblasts cultured on unmodified
sIPN with FBM ( ) and with FBM+10ng/mL IL-1β ( ) as well as on RGD-modified sIPN
with FBM (□). Cells were seeded onto sIPNs which were fitted into 48-well plates. Cells were
then lysed by M-PER with protease inhibitor at 24 and 72 hours. KGF concentrations were
measured by ELISA. All data presented as average ± standard deviation.
§: significantly different compared to unmodified sIPN when cells were cultured in FBM,
p<0.05.
*: sample size n=2, otherwise n=3.
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