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Abstract: Recombinant peptides have the power to harness the

inherent biocompatibility of natural macromolecules, while

maintaining a defined chemistry for use in tissue engineering.

Creating scaffolds from peptides requires stabilization via cross-

linking, a process known to alter both mechanics and density of

adhesion ligands. The chemistry and mechanics of linear scaf-

folds from a recombinant peptide based on human collagen type

I (RCP) was investigated after crosslinking. Three treatments

were compared: dehydrothermal treatment (DHT), hexamethy-

lene diisocyanate (HMDIC), and genipin. With crosslinking,

mechanical properties were not significantly altered, ranging

from 1.9 to 2.7 kPa. However, the chemistry of the scaffolds was

changed, affecting properties such as water uptake, and initial

adhesion of human mesenchymal stem cells (hMSCs). Genipin

crosslinking supported the lowest adhesion, especially during

osteoblastic differentiation. While significantly altered, RCP

scaffold chemistry did not affect osteoblastic differentiation of

hMSCs. After four weeks in vitro, all scaffolds showed excellent

cellular infiltration, with up-regulated osteogenic markers

(RUNX2, Osteocalcin, Collagen type I) and mineralization, regard-

less of the crosslinker. Thus, it appears that, without significant

changes to mechanical properties, crosslinking chemistry did not

regulate hMSC differentiation on scaffolds from recombinant

peptides, a growing class of materials with the ability to expand

the horizons of regenerative medicine. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Reconstruction of musculoskeletal injuries after trauma
remains a challenge for current regenerative medicine tech-
nologies. Bone repair, in particular, is problematic due to the
biological and mechanical demands at the site of trauma. As
one of the key tools in regenerative medicine, porous scaf-
folds allow cellular infiltration and nutrient diffusion, and can
be tailored to elicit an appropriate biological response. Scaf-
folds have been fabricated from a variety of materials, includ-
ing ceramics and polymers. One of the leading biological
polymers is collagen type I, the major component of the
extracellular matrix (ECM) in bone.1 However, concerns have
been raised regarding immunogenicity and batch-to-batch
variation of this animal derived protein when used in bio-
medical devices.2 An attractive alternative are recombinant
polymers, which retain the native biocompatibility of the
template, but have a defined chemistry, without immunogenic

concerns. Like collagen scaffolds, recombinant peptides can
be formed into porous, interconnected scaffolds, with tunable
properties. In this study, we have used a recombinant peptide
based on human collagen type I (RCP, CellnestTM), which is
enriched with cell binding RGD motives.

Cellular response to environmental cues is mediated
through cell adhesion receptors. Integrin binding, for example,
is responsible for stem cell differentiation in response to
mechanics, one of the most important environmental stimuli
in bone.3 On two-dimensional (2D) substrates, mechanical
stiffness of over 25 kPa can lead to spontaneous osteoblastic
differentiation.4 Within three-dimensional (3D) systems, how-
ever, the mechanical values required for osteogenesis are
markedly different. In hydrogel systems, stiffness of only 11
kPa have been reported to up-regulate osteoblastic markers.3,5

Even values as low as 1–2 kPa have been shown to affect the
gene expression of stem cells in collagen scaffolds.6 Thus,

Correspondence to: K. M. Pawelec; e-mail: pawelec.km@gmail.com
Contract grant sponsor: European Union Seventh Framework Programme FP7/2007-2013; contract grant number: 607051

*Present address: University of Michigan, 2350 Hayward, Ann Arbor, MI 48109

1856 VC 2017 WILEY PERIODICALS, INC.

http://orcid.org/0000-0003-2606-4136


while it is known that mechanics are important for directing
stem cell fate, different material systems have yielded a range
of thresholds which can support spontaneous osteogenic
differentiation.

Mechanical properties and stabilization of scaffold struc-
tures are critical to supporting cell adhesion and growth, and
are often achieved through crosslinking reactions. However,
crosslinking alters, not only the mechanical properties of scaf-
folds, but it has a strong effect on scaffold chemistry, as well.7

Crosslinkers which are incorporated into the scaffold struc-
ture, such as glutaraldehyde, can exhibit cytotoxic effects as
the chemical is released during degradation.8 In contrast,
crosslinking methods such as dehydrothermal treatment rely
on elevated temperatures to allow condensation reactions to
occur along the peptide. Without the addition of a chemical,
there are no potentially toxic side products introduced. How-
ever, beneficial mechanical stabilization must be balanced
with the degradation reactions which can occur simultane-
ously at high temperatures and longer crosslinking times.9

The result of chemical changes to the scaffold also affect cel-
lular response, independently of mechanical properties.7,10

Crosslinking often disrupts cell adhesion ligands, leading to
reduced adhesion and cell growth.10

To best utilize the beneficial aspects of recombinant pep-
tides, there is still a need for characterization of cellular
response on this emerging class of biomaterials. This study
examined the role of crosslinking on the osteogenic differen-
tiation and mineralization capability of human mesenchymal
stem cells (hMSCs) within RCP scaffolds. It was hypothe-
sized that changes in the mechanical and chemical proper-
ties of the scaffolds, with crosslinking, would affect the
cellular response. Three crosslinking methods were chosen:
dehydrothermal treatment (DHT), hexamethylene diisocya-
nate (HMDIC), and genipin. DHT crosslinking links carboxyl
and amine groups, while HMDIC and genipin are two chemi-
cal crosslinkers which link amine groups and are incorpo-
rated into the structure of the scaffold.11,12 The scaffold
properties were characterized based on their mechanics and
interaction with the aqueous environment. The biological
response of RCP scaffolds was verified by demonstrating
their ability to support hMSC proliferation and osteoblastic
differentiation, paving the way for further uses of recombi-
nant peptides in regenerative medicine.

MATERIALS AND METHODS

Scaffold production
Unless noted, all reagents came from Sigma Aldrich. Scaf-
folds were made from a recombinant peptide based on
human collagen type I (RCP, CellnestTM, Fujifilm). RCP is
enriched with RGD groups along the peptide chain, which
has a uniform mass of 51 kDa. On cooling, RCP chains form
a network resembling natural gelatin. Thus, unlike collagen
type I, it does not have the highly organized triple-helices
which make RGD groups inaccessible for cell binding.7,13 A
solution of 7.5 wt % RCP was prepared in distilled water at
508C, and degassed. Linear scaffolds were produced via a
directional ice-templating technique which relies on a con-
trolled bath temperature to form the ice.14,15 A solution

consisting of 7.5 wt % RCP and 1 wt % ethanol was added
to a polytetrafluoroethylene (PTFE) coated aluminum mold.
The solution was gelled for 20 min at 108C. The bath tem-
perature was adjusted to 2308C and held for 10 s to nucle-
ate ice at the mold base. The temperature was immediately
adjusted to 248C, and subsequently cooled with a slope of
20.18C/min over the remainder of the freezing protocol. Ice
growth was complete after 90 min and scaffolds were
immediately lyophyilized in a Zirbus freeze drier for 24 h at
2158C, below 8–12 Pa. Secondary drying was completed for
10 h at 258C. Scaffolds were stored at room temperature
prior to use.

Prior to crosslinking, linear scaffolds, from 7.5 wt %
RCP, were cut into disks with a size of 5 mm in diameter,
2 mm thick. Three crosslinking methods were compared:
dehydrothermal treatment (DHT), hexamethylene diisocya-
nate (HMDIC), and genipin. For DHT treatment, scaffolds
were first dried at 608C, under vacuum, overnight. Cross-
linking was done at 1608C (relating to an actual sample
temperature of 1508C), under a vacuum of less than 1 3

1022 mbar, for 24 h. This method was adapted from litera-
ture protocols, where temperatures range from 105 to
1808C, and the time varies between 24 and 96 h.16–18 Given
the demands of the biological testing, 4 weeks in a physiolog-
ical environment, a strong crosslinking protocol was deemed
necessary. With a pressure below 4 3 1022 mbar, treatment
at 1608C, for 24 h, could be completed without degradation,
as shown by mass spectrometry analyses of a trypsin digest,
which had no unidentified fragments; in addition the amino
acid content did not vary significantly before and after cross-
linking. HMDIC crosslinking was completed in 96.5 vol %
ethanol with 0.025 grams HMDIC per gram RCP scaffold, in a
sealed container. The volume of crosslinking solution was
kept constant at 20 times the mass of the RCP. The scaffolds
were rotated, at room temperature, at 250 rpm for 24 h.
Scaffolds were then washed three times in 100% ethanol, 10
min each. After excess ethanol was removed, the samples
were dried overnight, at 608C. Genipin crosslinking was done
with a solution of 0.125% (w/v) genipin in 90% ethanol at
room temperature. Enough crosslinking solution was added
to a beaker to completely cover the scaffold, sealed with Par-
afilm, and holes were punched in the top, to allow oxygen
diffusion. After 48 h, when the reaction was complete, the
scaffolds had changed color, becoming a dark blue. Scaffolds
were then washed three times in 100% ethanol and allowed
to dry at 608C, overnight.

Scaffold characterization
Scaffolds were imaged via both scanning electron microscopy
(SEM) and microcomputed tomography (lCT). For SEM, scaf-
folds were cut with a razor blade and sputter coated with
platinum. Prior to imaging, samples with cells were gently
washed in 1 3 PBS twice and fixed in 3.7% paraformalde-
hyde for 15 min. Scaffolds were then incubated in graded
ethanol dilutions, at room temperature, for 1 h each: 70%,
80%, 90%, and 100% ethanol. Finally, the scaffolds were
washed for 10 min in hexamethyldisilizane (HMDS) and
allowed to dry overnight in a fume hood. Imaging was done
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using a Jeol JSM-6335 F field emission scanning electron
microscope at an accelerating voltage of 5 keV.

The pore size of the scaffolds was evaluated using SEM
micrographs. Pore diameter was quantified perpendicular to
the aligned structure (Image J software). The final measure-
ment was a result of at least 10 regions within the scaffolds
and verified via three-dimensional reconstructions via lCT.
Three-dimensional views were taken using a Skyscan 1172
lCT (Bruker). Scaffolds of 5 mm in diameter were imaged
at 35 keV, 5 W, with a resolution of 1.5 lm. Reconstructions
were performed on Skyscan software and 3D images were
made using Image J software.

DHT and HMDIC crosslinked samples were evaluated by
measuring the available lysines before and after crosslink-
ing, using a TNBS-assay. Genipin samples were not tested
due to interference from the blue color, formed during
crosslinking. Native RCP and crosslinked scaffold (5 mg)
was incubated at 378C for 3 h with 0.5 mL of a 4% (w/v)
sodium bicarbonate solution and 1 mL of a 1% (w/v) 2,4,6-
trinitrobenzenesulfonic acid aqueous solution (TNBS). The
material was then hydrolyzed at 378C overnight, after add-
ing 5 mL of concentrated hydrochloric acid (37%) and
2.5 mL of water. The final solution weight was raised to
12.5 g with water for all samples. Absorbance was read at
345 nm in a UV/Vis spectrophotometer (CARY100), after a
10-fold dilution by weight, and was measured with respect
to a blank. The native RCP control was known to have a pri-
mary amine density (concentration) of 34 moles per mole
RCP (33 lysine and a terminal glycine19). These primary
amines react quickly with TNBS to form TNP-e-Lysine and
TNP-a-Glycine, with molar extinction coefficients of 1.41 3

104 and 1.25 3 104 M/cm, respectively in a 0.48 M hydro-
chloric acid solution. Thus, crosslinking degree was calculated
from the concentration of uncrosslinked native RCP, before
([RCP]b) and after ([RCP]a) crosslinking, using the following
relation:

cross2linking degree %ð Þ5 RCP½ �b 2 RCP½ �a= RCP½ �b
� �

� 100%

The mechanical properties of the crosslinked scaffolds were
tested in uniaxial compression, so that the direction of force
was parallel to the long axis of the pores (n5 5). Prior to
testing, scaffolds were hydrated overnight at room tempera-
ture in phosphate buffered saline (PBS) with 0.01% sodium
azide, and air was removed under vacuum. Just prior to
testing, scaffold dimensions were measured using calipers
for accurate stress calculations. The hydrated scaffolds were
then placed between the plates of the dynamic mechanical
analysis (DMA) machine (TA Instruments, Q800) and a con-
trolled force test was conducted: 0–15 N force with a rate
of 0.5 N/min. The stress–strain data recorded during the
tests was used to determine the yield stress and the Young’s
modulus. The Young’s modulus was measured using the
slope of the tangent to the elastic region of the curve (initial
linear portion). Where the tangent line, with a 0.2% strain
off-set, intersected the curve, the stress value was taken to
be the yield stress.

Hydration and water uptake
The ability of the scaffolds to interact with water was tested
via both water uptake and overall hydration. Scaffolds, of
the same size as those tested in vitro, 5 mm diameter and
2 mm height, were weighed in the dry state, after crosslinking.
To gain values representative of the in vitro culture situation,
the scaffolds were hydrated by autoclaving, Differentiation
Study section. Scaffolds were removed from the PBS and
weighed directly. This measure was called the overall hydra-
tion, which correlated to the total amount of water which
could be captured by the scaffold structure. The scaffold was
then placed on filter article (Whatmann) and the water was
pressed out, under firm pressure, before weighing the scaffold
again. This measure was defined as water uptake, as this was
the water which was incorporated in the RCP solid structure
by swelling. Both measures were the average of three samples,
and were calculated as the percent of mass change from the
dry scaffolds:

Hydration %ð Þ5 1003 masswet 2massdry
� �

=massdry

Human mesenchymal stem cells
Human mesenchymal stem cells (hMSCs) were isolated from
bone marrow, from the femur head of osteoarthritic patients
undergoing hip replacement, but otherwise healthy. The pro-
cedure was performed under the approval of the Local Ethics
Committee of the University of Wuerzburg and informed con-
sent from the patients (2 females; mean donor age: 6565,
range: 61–71 years).

hMSCs were isolated following the plastic adherence cri-
teria. Briefly, the trabecular bone was removed from the
femur heads and washed in DMEM/F12. The solution was
centrifuged for 5 min at 270 g and the cells were extracted
from the remaining bone through vigorous shaking. The
cells were reseeded at the final concentration of 1 million
cells/175cm2 T-Flask in fully supplemented medium (1:1
DMEM/Ham F12 with L-glutamine (Gibco, Life Technologies),
10% FCS (Lonza), 1% penicillin/streptomycin (Pen/Strep,
Gibco, Invitrogen), 50 mg/mL ascorbate-2-phosphate). Culture
medium was changed 3 times a week, starting from day 4,
after washing the plates twice with Dulbecco’s PBS (DPBS,
Gibco, Life Technologies). The hMSCs were expanded, at 378C
in a humidified atmosphere of 5% CO2, in growth medium:
MSCGM-CD medium (Lonza), 2% FCS (Lonza), and 1% Pen/
Strep. Culture medium was replaced 3 times a week and cells
were subcultured using 0.05% trypsin/EDTA (Gibco, Life
Technologies) at 5 3 105 cells/T150 Flask after reaching
80% confluence. hMSCs between passage 2 and 4 were used
for the experiments.

hMSC characterization was performed on cells from pas-
sage 2–3 via flow cytometry analysis of surface markers,
according to established protocols. The cells were resus-
pended in DPBS supplemented with 2% FCS and stained,
for 30 min, at 48C with the following antibodies: anti-human
CD90-PE (clone MOPC-21; BD Pharmingen), CD29-PE (clone
WM59, BD Pharmingen), CD44-FITC (clone G44-26; BD
Pharmingen), CD45-PE (clone J33; Beckman Coulter), CD73-
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PE (clone 55-7H1, BD Pharmingen), CD14-FITC (clone 61D3,
eBioscience), and CD105-PE (clone 266, BD Pharmingen).
Appropriate isotype controls were included, using either anti-
human IgG1-PE (clone 679.1Mc7, Beckman Coulter) or anti-
human IgG1-FITC (clone 679.1Mc7, Beckman Coulter).
Stained cells were washed with DPBS 2% FCS and analyzed
for flow cytometry. Analyses were performed on a FACSCali-
bur (BD Biosciences, Franklin Lakes, NJ) collecting at least
10,000 events.

Differentiation to adipogenic, osteogenic, and chondro-
genic lineages was also evaluated. For adipogenic and osteo-
genic differentiation, 50,000 cells/well were seeded in 4-
well Permanox chamberslides (NuncTM, Thermo Fisher Sci-
entific) in a differentiation medium. Adipogenic media con-
sisted of DMEM High glucose (Gibco, Life Technologies),
10% FCS, 500 mM IBMX (AppliChem), 1 mg/mL insulin, 100
mM indomethacin, and 1 mM dexamethasone supplemented
with 1% Pen/Strep; osteogenic media was DMEM High glu-
cose, 10% FCS, 1 3 1027 M dexamethasone, 10 mM b-
glycerophosphate and 50 lg/mL ascorbate-2-phosphate, and
1% Pen/Strep. The differentiation medium was changed
every 2–3 days for 14 days (adipogenic differentiation) or
28 days (osteogenic differentiation). At day 14, the adipo-
genic differentiation was evaluated by staining the intracel-
lular lipid droplets with Oil Red O. At day 28, osteogenic
differentiation was evaluated by staining the deposited min-
eral matrix with Alizarin Red S. hMSCs from all the patients
deposited significant amount of mineral components at the
selected passages when compared to negative controls. For
chondrogenic differentiation, 250,000 cells were seeded into
15 mL centrifuge tubes and allowed to form a cell pellet
after centrifugation (5 min, 270 g). The cell pellets were cul-
tured overnight at 378C in MSCGM-CD medium and were
transferred to 24-well plates the following day. The medium
was then changed to a chondrogenic medium consisting of
DMEM High glucose, 100 mg/mL Na21pyruvate, 40 mg/mL L-
proline, 0.01% v/v ITS-1 (BD Bioscences), 10 ng/mL TGF-
beta 3 (R&D Systems), 50 mg/mL ascorbate-2-phosphate,
and 100 nM dexamethasone, supplemented with 1% Pen/
Strep. The differentiation medium was changed every 3–4
days, for 21 days. At day 21 chondrogenic differentiation
was evaluated by embedding the cell pellets in paraffin,
using standard established procedures, and staining 5 mm
thick slices of the samples with Alician Blue staining of the
glycosaminoglycans deposited in the extracellular matrix.
hMSCs preserved the ability to differentiate into all three
lineages.

Differentiation study
Scaffolds (5 mm in diameter, 2 mm thick) were sterilized
and hydrated by autoclaving in DPBS at 1218C for 20 min,
and incubated in growth media overnight. hMSCs were
seeded onto scaffolds via dynamic seeding (n53). Scaffolds
were placed in 50 mL centrifuge tubes with a cell suspen-
sion of 1 3 105 cells/scaffold (5 3 105cells/mL) in growth
media. The cells and scaffolds were gently rotated for 4 h at
378C, at 250 rpm. After seeding, the scaffolds were removed
and placed in individual wells of a tissue culture plate.

Scaffolds were cultured in static conditions, either in growth
media or osteogenic media for a total of 4 weeks in 48 well,
low attachment polystyrene plates. Media was changed
every 3–4 days. The study was performed independently
with cells from two individuals.

Proliferation
Proliferation was measured via DNA quantification, using
Quant-iTTM PicoGreen ds DNA Reagent (Invitrogen). Scaf-
folds were washed in DPBS before freezing at 2808C, for at
least 6 h. As controls, scaffolds without cells were har-
vested. Prior to measurement, scaffolds were degraded
overnight in 300 lL papain buffer (5 U/mL) at 608C. A
standard curve was created at the initial cell seeding to esti-
mate final cell number. The assay was performed according
to the manufacturer’s instructions. Briefly, samples were
pipetted into a black 96-well plate, with standard curves
and cell free controls. After adding the pico-green dye
(1:200), the fluorescence was read at excitation 480 nm,
emission 520 nm. Measurements were taken on day 1 to
calculate initial cell adhesion, then further on days 7, 14, 21,
and 28, and are reported as the average of all samples (two
individuals) with standard error.

Polymerase chain reaction
For RNA isolation, Direct-zol RNA Mini Prep columns were
used (Direct-zol, cat no. R2050). Briefly, scaffolds were homog-
enized in trizol before proceeding with the on-column isola-
tion, according to the manufacturer’s instructions, including an
on-column DNase step. Quantification of RNA was performed
by placing 2 lL of RNA into a NanoQuant Plate, after blanking
with pure water, using a fluorescent reader (TECAN Infinite
M200). cDNA was obtained using the BioRad iScript cDNA
Synthesis kit. Quantitative real-time Polymerase Chain Reaction
(qPCR) was performed on a BioRad CFX96 Real Time System
(C1000 Thermal Cycler), using SSo Fast Eva Green (BioRad).
Genes for osteoblastic differentiation and mineralization were
examined: BMP2, RUNX2, alkaline phosphatase (ALP), osteo-
calcin, osteonectin and collagen type I, and one chondrocytic
differentiation marker, collagen type II, as a control. GAPDH
was used as the housekeeping gene. mRNA expression levels
are normalized to cells cultured with proliferation medium in
DHT scaffolds at day 7. All results are reported as an average
of all samples (two individuals) with standard error.

Mineral content
The kit OsteoImageTM Mineralization Assay (Lonza, #PA1503)
was used to quantify the formation of hydroxyapatite (HA)
within the samples, as the kit is specific for HA, rather than
generic calcium phosphates. The manufacturer’s instructions
were adapted for use with scaffolds as follows. Samples were
washed once in phosphate buffered saline (PBS) and trans-
ferred into wells of a black 96-well plate. The samples were
then fixed in 3.7% paraformaldehyde for 15 min and washed
once in Wash Buffer (provided by the kit). Staining reagent
was incubated for 30 min with the scaffolds, and, after three
washes, the fluorescence was read at excitation/emission of
492/520 nm (TECAN Infinite M200). The change in mineral
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content was calculated as the difference between day 14 and
day 28 measurements. Mineral content in osteogenic scaf-
folds is reported as the fold change from the mineral content
in growth media.

Immunohistochemical staining
Immunohistochemical staining was performed with a confo-
cal microscope (Leica TCS SP8 software: LAS X). Scaffolds
were washed gently in PBS, then fixed for 15 min in 3.7%
paraformaldehyde and stored at 48C in PBS prior to stain-
ing. Samples were hydrated in PBS10.5% tween-20 (PBST)
for 5 min and then permeabilized in 0.2% triton X-100, fol-
lowed by a PBST wash. Blocking was done in 5% goat
serum in PBS for 20 min at room temperature. Rabbit pri-
mary antibodies for actin (Abcam ab1801) and collagen
type I (Axcris Antibodies BP8028) were used at 1:200 dilu-
tion in PBS. Only one antibody was used per sample. Incu-
bation with primary antibodies was performed for 60 min
at room temperature, followed by 3 PBST washes. Anti-goat
secondary antibodies (AlexaFlour 647 and AlexaFluor 488)
were diluted in PBST (1:1000) and incubated with samples
for 60 min at room temperature, in the dark. Three washes
with PBST followed. Finally, the cell nuclei were stained
with DAPI (1:1000 in PBST) for 5 min.

Statistics
All statistics were done using GraphPad Prism software
using ANOVA and a post hoc Tukey test. A confidence inter-
val of 95% was reported in all cases. Significance is indi-
cated on the graphs.

RESULTS

Scaffold properties
The scaffolds were composed of linear channels with a
mean pore size of 350–430 lm, Figure 1. The crosslinking
reactions were successful, with DHT and HMDIC reaching
28.666.5 and 52.76 0.8% of the maximum crosslinking
density. This corresponded to 42.26 3.8 mmol lysine per
gram RCP remaining after DHT, approximately 9.76 2.2
crosslinks per RCP chain, compared to 28.060.5 mmol
lysine per gram RCP after HMDIC crosslinking, roughly
9.06 0.1 crosslinks per RCP chain. However, it is not known
what fraction of these linkages are intramolecular and what
is intermolecular. Genipin could not be tested directly due
to the interference of the blue color.

Given the difference in crosslinking chemistry, it was
hypothesized that crosslinking could alter the physical prop-
erties of the RCP scaffolds, Table I. In general the compres-
sive modulus increased from 1.96 0.3 for DHT to 2.76 0.6

FIGURE 1. Linear RCP scaffold created via ice-templating. Three-dimensional view via lCT (a) entire 5 mm diameter scaffold (b) cross-section

showing the linear pores. In the (c) transverse plane scaffolds had 400 lm pores and (d) linear channels. Scale bar (c) 200 lm (d) 1 mm.
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for genipin crosslinking. The highest yield stress, 17.3 kPa,
occurred with HMDIC scaffolds. HMDIC and genipin scaf-
folds had a significantly higher overall hydration than DHT
crosslinked. However, HMDIC had significantly lower water
uptake, or water bound to the scaffold structure, with only
131% compared to 188 or 175% for DHT or genipin,
respectively.

Attachment and proliferation
Linear scaffolds were chosen to allow the maximum cellular
penetration through the structure. Indeed, after 28 days in
vitro culture, hMSCs were visible throughout the scaffold
pores, Figure 2, regardless of the crosslinker or media type.
Initial cell attachment to the scaffolds was high, consistently
around 50% in growth media, regardless of the crosslinking,
Figure 2(g). In osteogenic media, the attachment tended to
decrease. On genipin scaffolds, in particular, attachment
dropped significantly to 22%.

Proliferation, in both the growth and osteogenic media,
leveled off between 14 and 21 days. Cells in growth media
had a significantly higher cell proliferation than those in
osteogenic media, Figure 2(h). There were no significant

differences between the proliferation of cells after 28 days,
despite differences in crosslinking.

Osteoblast differentiation and mineralization
Cell response on RCP scaffolds was also evaluated via
mRNA levels, which were normalized by the expression of
cells on DHT crosslinked scaffolds in growth media (day 7).
The expression of the early osteoblast markers BMP2 and
RUNX2 was largely determined by the type of media used,
Figure 3. BMP2 expression was significantly down-regulated
in osteogenic media, at day 7, Figure 3(a). hMSCs in growth
media exhibited no markers of differentiation toward a
chondrogenic lineage, measured via collagen type II (thresh-
old above the limits of detection in all samples), which is
also known to be related to BMP2. Thus, the significantly
higher BMP2 expression in growth media was taken to be a
basal level for the hMSCs. In contrast to BMP2, RUNX2 was
significantly up-regulated in osteogenic media, reaching a
peak at day 14, Figure 3(b). Within the first week, during
the early stages of differentiation, the hMSCs showed a well
spread morphology along the RCP scaffold pore walls, and
were able to bridge gaps between the pores. Little difference
was observed between the crosslinkers during early

TABLE I. Scaffold Properties After Crosslinking (6 Standard Deviation)

Crosslinker

Crosslinking

Degree (%)

Compressive

Modulus

(kPa)

Yield

Stress

(kPa)

Overall

Hydration

(%)

Water

Uptake

(%)

DHT 28.6 6 6.5 1.9 6 0.3 14.4 6 1.6 589 6 162 188 6 25
HMDIC 52.7 6 0.8 2.5 6 0.6 17.3 6 1.3 754 6 133 131 6 14
Genipin – 2.7 6 0.6 14.6 6 1.0 600 6 249 175 6 81

FIGURE 2. Human MSCs could attach and infiltrate the pores of RCP scaffolds in (a, c, e) growth media and (b, d, f) osteogenic media for all

crosslinker types: (a, b) DHT, (c, d) HMDIC and (e, f) genipin. (g) Initial attachment was higher in growth media, and significantly affected by gen-

ipin crosslinking in osteogenic media. (h) Cells proliferated over 28 days with significantly greater cell number in growth media by day 7.

Dashed line represents the initial number of cells seeded. *Significantly lower than all other groups (p< 0.05). Scale bar (a–f): 200 lm.
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differentiation. However, genipin scaffolds tended to have the
lowest levels of BMP2 and RUNX2 expression overall.

Extracellular matrix (ECM) production was examined as
well, as this is an important aspect of building a mineralized
network to support bone healing. Collagen type I, a marker
for ECM production, was significantly up-regulated in osteo-
genic media, Figure 4(a). Within the scaffold, the collagen
was deposited along the walls of the scaffold. The collagen
deposition followed the elongated orientation of the cells,
observed via actin staining, Figure 4.

Mineralization is an important aspect of creating a
healthy bone tissue, and is the final goal of any bone tissue

engineering effort. Markers for mineralization include ALP,
osteocalcin and osteonectin, all of which were affected by
the media type, Figure 5. A peak in ALP expression was
observed around day 14, and was significantly enhanced
with osteogenic media at all times through the study. Osteo-
calcin was also significantly up-regulated by osteogenic
media. The greatest increase was observed in DHT cross-
linked samples. Osteonectin, which is incorporated into the
ECM at a high rate during bone deposition, tended to be
up-regulated with osteogenic media.20 The expression of
osteonectin did not significantly vary between the cross-
linkers, nor did measurements of the HA content in the

FIGURE 3. Levels of (a) BMP2 and (b) RUNX2 expression differ depending on media used. mRNA expression is normalized to DHT samples in

growth media at day 7 and the dashed line represents no fold-change. hMSCs were spread out on the scaffolds regardless of crosslinker (c)

DHT, (d) HMDIC, and (e) genipin. *Significantly greater than all osteoblast samples at day 7 (p<0.05). # Significantly lower than day 7 (p< 0.05).

** Significantly greater than all other time points & greater than all growth samples (p< 0.05). Scale bar (c–e): 50 lm.
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scaffolds, Figure 5(a). However, genipin scaffolds demon-
strated the greatest variability, of the crosslinkers tested, in
promoting a mineralization response.

DISCUSSION

Regenerative medicine is dependent on directing environmental
cues to enhance tissue repair. In the case of bone tissue engi-
neering, the biochemical and mechanical environment of scaf-
folds is particularly important for regulating the final functional
outcome. Of the many materials which are available, recombi-
nant forms of natural polymers offer the inherent biocompati-
bility of native tissue without the risks of an immunogenic
response and with a reproducible chemistry2 Additionally,
recombinant polymers can be tuned to incorporate cell signal-
ing moieties, such as the RCP used in the current study, which
was enriched with RGD groups. Enhancing the density of cell
adhesion ligands is known to alter cellular spreading and dif-
ferentiation, and thus cell response may be affected by the
ligand density within the peptide.21,22 While the cellular envi-
ronment has been widely investigated in systems of ceramics
and polymers, little work has been done to characterize the
osteogenic potential of recombinant scaffolds.

Crosslinking plays an important role in the stabilization
of scaffold structures, but recently, it has been demonstrated
that crosslinking reactions can also remove, or block,
ligands important for cell adhesion and attachment.10 As
changes in ligand binding also mediate differentiation, the
method of scaffold stabilization requires careful considera-
tion.3 Therefore, selection of crosslinkers affects not just
mechanics, but scaffold chemistry as well, both of which can
act to direct cell fate.

Crosslinking and scaffold properties
The scaffold structure was kept constant throughout the
study, and was not altered by any of the crosslinking meth-
ods used. The architecture itself was tailored for bone tissue
engineering. The transverse pore size, around 400 lm, is
within the range shown to promote bone in-growth, with
linear channels to direct cellular infiltration and mineraliza-
tion throughout the scaffold.23,24 While the structure did
not change, the mechanical properties of scaffolds, and the
interaction with the aqueous environment, were investi-
gated, to understand how the interplay between mechanics
and chemistry affected osteoblast differentiation of hMSCs.

In this study, three crosslinkers with varied chemistry
were used: DHT, HMDIC, and genipin. These crosslinkers
were chosen due to their low cytotoxicity compared to tra-
ditional crosslinkers, such as glutaraldehyde.8,25 All cross-
linking reactions were effective at stabilizing the RCP
scaffolds over the course of the four weeks in vitro study.
Examining the crosslinking degree, revealed that HMDIC
yielded a higher percentage of possible covalent crosslinks,
compared to the percentage created during DHT crosslink-
ing. However, due to the fact that HMDIC crosslinking relies
on two amine groups, the overall number of available cross-
links is less than DHT, which is a condensation reaction of
carboxyl and amine groups. Thus, the crosslinking degree of
28.6% for DHT corresponded to an average of 9.7 out of a
possible 34 crosslinks per RCP molecule, while HMDIC aver-
aged 9.0 crosslinks out of a possible 17. The use of amines
in HMDIC crosslinking also meant that significantly fewer
lysine residues remained after stabilization when compared
to DHT, 28 and 42 mmol for HMDIC and DHT, respectively.

FIGURE 4. hMSCs produced an extracellular matrix on the RCP scaffolds. (a) Collagen type I expression was significantly enhanced in osteo-

genic conditions. (b, d, f) In osteogenic media, cells produced a collagenous matrix on the RCP scaffold. (c, e, g) From actin staining, the cells

were elongated in the direction of the linear pore walls: (b, c) DHT, (d, e) HMDIC, (f, g) genipin. White arrows indicate the direction of the pores.

Genipin crosslinked scaffolds had a large amount of background signal in (f) and (g). The dashed line represents a fold-change of one from

DHT-growth media at day 7. *Significantly greater than samples, with the same crosslinker, in growth media (p< 0.05) ** Significantly greater

than all other time points for that crosslinker (p< 0.05). Scale bar (b-g): 50 lm.
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Diminished numbers of lysine groups are also expected in
genipin crosslinked samples, as genipin also relies on a reac-
tion between two amines.26 In DHT samples, the loss of a
lysine corresponds to a loss of a carboxyl group, which, in
theory, can significantly reduce cell adhesion, as carboxyl
groups are found in the RGD cell adhesion ligand.10 However,
at moderate levels, DHT has been shown to retain integrin
ligands within scaffold structure.27 For this reason, stronger
crosslinking was not investigated using the DHT method.

The differences in hydration properties of the RCP struc-
tures also suggest that the scaffold chemistry was altered
by the various crosslinking reactions taking place. Of the
three methods, DHT does not incorporate an exogenous
molecule into the structure.9 Both chemical crosslinkers,
HMDIC and genipin, insert a chemical moiety into RCP net-
work. In the case of HMDIC, a linear chain is added and
genipin incorporates a ring shaped molecule.11,12 The addi-
tion of long chains into gelatin structures is known to
increase water absorption and elastic response.26 Thus, of
the three crosslinkers, HMDIC had the greatest overall
hydration, or total amount of water which could be con-
tained by the scaffold.26 While the overall hydration was
low with DHT crosslinking, a large amount of the water was
taken up by the scaffold within the pore walls, measured by
water uptake. This may be due to the severe dehydration of
the RCP structure under low vacuum conditions, during
crosslinking. Alternatively, chemical crosslinkers may have
reduced the hydrophilicity of the RCP scaffold with the addi-
tion of hydrophobic chains. The observation, that the lowest
overall hydration corresponded to the highest water uptake,
has been reported previously in collagen scaffolds.28

Despite the differences in scaffold hydration, there was
no significant difference in the compressive modulus of the
hydrated scaffolds. The comparable mechanical properties
may be due to the fact that the average number of cross-
links per RCP chain was similar in all scaffolds, even if the
chemistry, notably the amine content, was altered. In com-
pression, the RCP scaffolds had moduli ranging from 1.9 to
2.7 kPa, for DHT and genipin crosslinking respectively.
These values lie within the range of mechanical properties
reported in literature for bone tissue engineering scaffolds
from biological polymers.29

Osteoblastic differentiation
The open structure of the linear scaffolds was designed to
allow the maximum diffusion of cells and nutrients through-
out the scaffold. The initial attachment of the cells, around
50%, is comparable to attachment on native collagen scaf-
folds, demonstrating the biocompatibility of the recombinant
peptide.23 The addition of osteogenic media reduced cell
attachment on the scaffolds, probably due to an alteration
in the cell membrane receptors, which differ between MSCs
and osteoblasts30 As measurements of attachment were
taken after 24 h, it is not expected that different rates of
proliferation played a significant role in the attachment.
Over the course of 28 days, the cells were able to penetrate
the entire scaffold volume and fill the pores, illustrating the
effectiveness of the linear scaffold for promoting cell growth
inside the structure, regardless of crosslinking.

The up-regulation of osteogenic markers, at both the
early and late stages of differentiation, confirmed that the
RCP scaffolds could support osteogenesis. During the initial
stages of differentiation, hMSCs showed increased mRNA
expression of RUNX2, which regulates the expression of sev-
eral downstream proteins, such as collagen type I and
osteocalcin.31 However, hMSCs cultured in growth media,
exhibited a statistically higher BMP2 expression than those

FIGURE 5. Mineralization of hMSCs on RCP scaffolds. (a) The change

in hydroxyapatite content was not significantly different between

crosslinking types. Markers of mineralization were up-regulated in

osteogenic media regardless of crosslinker: (b) ALP, (c) osteocalcin,

and (d) osteonectin. The dashed line represents a fold-change of one

from DHT-growth media at day 7. *Significantly greater than samples

in growth media at the same time point (p< 0.05). # Significantly

lower than all other time points (p< 0.05). ** Significantly greater

than all other samples (p< 0.05).
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in osteogenic media, over one week of culture. BMP2 is a
potent growth factor in vivo, vital to bone healing, and
linked, not only to osteogenesis, but also to chondrogene-
sis.31,32 Administration of BMP2 can lead to an up-regulation
of bone formation, a process dependent on the cell type and
species of the source.33,34 However, human MSCs have been
shown to be unresponsive to BMP2.34,35 To be certain that
the BMP2 expression of cells in growth media represented a
basal level and was not a marker for chondrogenesis, the
expression of collagen type II was evaluated. With no collagen
type II expression, it was confirmed that osteogenesis did not
rely on BMP2 up-regulation, but on RUNX2.

Osteogenic differentiation and mineralization occurred
in all scaffolds with osteogenic media. The up-regulation of
collagen type I suggested that cells were laying down a col-
lagenous matrix which could then be mineralized.36 This
was confirmed by the significant increase in ALP and osteo-
calcin. Mineralization of the scaffolds was generally two-
fold–threefold higher on scaffolds with osteogenic media,
further confirming that hMSCs were in the process of mak-
ing bone tissue. The final measure of mineralization was
very dependent on the individual donors, much more so
than the mRNA expression. In genipin scaffolds, in particu-
lar, a high standard deviation was noted. This high deviation
might also be linked to interference with the assay from the
blue color due to the genipin crosslinking reaction.

RCP scaffolds were able to maintain hMSCs over four
weeks in growth media. Little or no change in gene expres-
sion of osteoblast markers was observed, suggesting that the
hMSCs did not undergo differentiation during culture. With
no intrinsic osteogenic properties, the scaffold chemistry and
mechanical properties were not enough to induce an osteo-
genic response due to crosslinker alone. Most literature
agrees that compressive moduli of at least 10 kPa are
required for spontaneous differentiation. Those studies which
have demonstrated differences in osteogenic markers at <2
kPa have linked the changes to the ability of cells to exert
tension in their environment, visualized via scaffold contrac-
tion.37 Throughout the current study, there was no scaffold
contraction of the RCP scaffolds. Although this precludes
osteogenic properties, the lack of contraction is expected to
improve the stability of the scaffolds when used in trauma
sites.

All crosslinkers tested were able to maintain osteoblast
differentiation and supported a similar mineralization
response. The changes in the hydration and water uptake
suggest that the RCP scaffolds were chemically modified
during crosslinking. Ligand density has an independent
influence from mechanics on stem cell differentiation.22

With the mechanical properties of the scaffolds remaining
relatively constant, any differences in osteoblast differentia-
tion would be expected to derive from changes in chemistry,
especially changes in the number of cell ligands. The opti-
mum density of cell adhesion ligands is different for adhe-
sion, proliferation and migration, and above a threshold
density, ligands lose their ability to bind cell receptors.21,38

Even with the defined chemistry of the RCP peptide, it is
difficult to calculate the density of RGD ligands presented to

cells, at the scaffold surface, especially as their conformation
can also affect cell recognition.39 It was observed that the
adhesion of cells in osteogenic media was significantly
affected by changes in crosslinking, most likely due to inter-
ference with the ligands, with the addition of an extra chem-
ical moiety. This did not cause a significant change in
osteogenesis, possibly due to the relatively high density of
RGD ligands compared to native gelatin. Thus, it appears
that the differences in chemistry are not the main driver of
hMSC differentiation in this system, suggesting that the
mechanics are more strongly regulating the osteogenic
properties of the scaffold.

Crosslinking is an important consideration when design-
ing biomedical scaffolds, and is central to mechanical and
chemical properties, which drive cellular response. It was
demonstrated, during this study, that scaffolds from
recombinant peptide could support osteogenic differentia-
tion with a variety of crosslinkers, regardless of changes to
the chemistry and hydration of the scaffolds. Given the
added toxicity concerns for most chemical crosslinkers, DHT
crosslinking, which does not use chemicals, is the most
attractive alternative.40 Overall, this study demonstrates the
efficacy of recombinant peptides for use in bone tissue engi-
neering, and highlights the interplay between chemical and
mechanical stimuli when designing scaffolds for regenera-
tive medicine.

CONCLUSION

The use of recombinant peptides in tissue engineering is
increasing, due to their inherent biocompatibility and
defined chemistry. For any tissue engineering construct,
crosslinking is an important aspect, controlling the chemis-
try and mechanical properties, and thus, the biological
response. Linear scaffolds from recombinant collagen type I
peptide (RCP) were produced and crosslinked via several
means: dehydrothermal treatment (DHT), hexamethylene
diisocyanate (HMDIC), and genipin. All three crosslinking
methods produced significantly different chemistry in the
RCP scaffolds, while maintaining comparable mechanical
properties. The interplay between chemistry and mechanics
was elucidated by studying the biological response of hMSCs.
It was demonstrated that cell adhesion was most affected by
the scaffold chemistry, most likely due to changes in the
density of available cell adhesion ligands, with crosslinking
method. Regardless of crosslinker, RCP scaffolds could support
the osteogenic differentiation and mineralization of hMSCs,
demonstrating their potential use as bone repair materials.
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