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Abstract

Utilizing biomimetic materials to potentiate endogenous cell growth or signaling is superior to
relying on exogenous cells or signals for bone formation. Desferoxamine (DFO), which is a
hypoxia-mimetic agent that chelates iron (Fe3*), mimics hypoxia to encourage bone healing.
However, high cytotoxicity, off-target effects, and the short half-life of DFO have significantly
impeded its further applications. We mitigated these side effects by locally immobilizing DFO
onto a gelatin nanofibrous (GF) scaffold that retained DFO’s ability to chelate Fe3*. Moreover,
DFO-functionalized GF (GF-DFO) scaffolds, which have similar micro/macrostructures to GF
scaffolds, not only demonstrated decreased cytotoxicity on both human umbilical vein endothelial
cells and human mesenchymal stem cells but also significantly increased vascular endothelial
growth factor (VEGF) expression in vitro. Most importantly, in our in vivo experiments on a
critical-sized cranial bone defect mouse model, a significant amount of bone was formed in most
of the GF-DFO scaffolds after six weeks, while very little new bone was observed in the GF
scaffolds. These data suggest that use of a hypoxia-mimicking nanofibrous scaffold is a promising
strategy for promoting endogenous bone formation.
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1. INTRODUCTION

Repair of large bone defects caused by tumor resection, trauma, infection, and congenital
malformation remains a significant, unmet clinical challenge. Biomaterial-mediated
exogenous stem/progenitor cell (e.g., bone marrow mesenchymal stem cells, BMSCs)
transplantation and growth factor/hormone (e.g., bone morphogenetic proteins, BMPs)
delivery are two widely studied alternative approaches for large bone defect repair. Safety
and cost concerns have limited the therapeutic translation of these approaches.14

New biomaterials that mimic physiological osteogenic processes by potentiating endogenous
reparative cells/signals will mitigate the safety and cost concerns associated with exogenous
cells/growth factors. Osteogenesis is tightly coupled with angiogenesis through hypoxia-
inducible factor-1 alpha (HIF-1a).> Hence, fast vascularization is critical for successful
bone regeneration, especially for critical-sized bone defects.”:8 Because angiogenesis is a
complex, cocoordinated process that involves multiple-factors,®1% promoting vascularization
in engineered tissues by delivering just one or two growth factors (e.g., vascular endothelial
growth factor, VEGF, and fibroblast growth factor, FGF) remains a challenge. As the key
upstream transcription factor response to hypoxia stress, HIF-1a plays critical roles in tissue
regeneration, including regeneration of bone tissue>%11.12 through generation of VEGF,12:13
stromal cell-derived factor 1 (SDF-1), and other reparative signals for angiogenesis and
progenitor cells recruitment.14.15 Therefore, we speculated that a hypoxia-mimetic agent-
immobilized scaffold could strongly activate HIF-1a-mediated angiogenesis, thus promoting
bone healing.

Desferoxamine (DFO) is an FDA-approved iron chelator for iron overload diseases.16-18
DFO is a potent hypoxia-mimetic agent because its iron chelating ability vigorously inhibits
the activity of prolyl hydroxylase enzyme (PHD), which is the key enzyme responsible for
the degradation of HIF-1a.1® Thus, DFO can activate HIF-1a and subsequently
angiogenesis.1920 Whether locally or systemically injected, DFO has shown promise in
promoting bone regeneration.>12:19.21.22 However, its further application is significantly
impeded by a short plasma half-life (~5.5 min) and high drug toxicity.2324 High dosage of
DFO, normally required due to its low efficacy, can cause severe growth retardation,
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endocrine dysfunction, and peripheral neuropathies.?® It has been reported that covalent
attachment of DFO onto biocompatible polymers (e.g., dextran, starch, poly(ethylene glycol)
[PEG], and polyglycerol) is a valid method of reducing its toxicity and extending its half-life
while simultaneously retaining its chelating ability.24-26 These blood compatible and
degradable DFO-polymer macromolecules are thought to be promising for long circulating,
nontoxic iron chelators.26 However, these freely mobile DFO-polymer macromolecules still
have the potential to produce off-target effects after injection into the body even though the
direct cytotoxicity is low. Therefore, we expect that localized delivery of covalently bounded
DFO on a solid polymeric scaffold/substrate will address this challenge and be appealing for
tissue engineering application.

Gelatin, the partially denatured derivative of collagen, is chemically similar to collagen,
which is the most abundant protein in bone organic matrix (>90%). Combining the thermally
induced phase separation (TIPS) method with the particle leach technique (TIPS&P), gelatin
nanofibrous (GF) scaffolds can be fabricated. These scaffolds facilitate osteogenic
differentiation and bone formation because they mimic both the physical structure and the
chemical composition of the native bone matrix.2’-2% Furthermore, GF scaffold is an ideal
platform for DFO immaobilization due to the abundant carboxyl groups on gelatin that are
available for cross-linking to the amino groups of DFO and the high surface area of the
nanofibrous structure, which is suitable for a high amount of drug immobilization.

In the present work, our central hypothesis is that the covalent conjugation of DFO with a
polymeric scaffold can decrease its toxicity, elongate its half-life, and promote bone tissue
regeneration through locally activating endogenous hypoxia mediated-angiogenesis and
potentially other reparative cells and signals.

2. MATERIALS AND METHODS

2.1. Materials

Gelatin type B (from bovine skin, 225 Bloom), (2-(A-morpholino) ethanesulfonic acid)
hydrate (MES), N-hydroxy-succinimide (NHS), and cyclohexane were purchased from
Sigma (St. Louis MO, United States). Deferoxamine mesylate was purchased from Abcam
(Abcam, Cambridge, MA, United States). Ethanol, 1, 4-dioxane, and hexane were purchased
from Fisher Scientific (New Jersey, United States). 1-Ethyl-3-(3-(dimethylamino)propyl)
carbodiimide HCI (EDC) was purchased from Thermal Scientific (Rockford, United States).

2.2. Preparation of 2D and 3D NF Gelatin Scaffolds

Both 2D and 3D NF gelatin scaffolds were prepared as previously described.30 Paraffin
spheres with a diameter size between 150 and 300 xm were prepared and used for 3D NF
gelatin scaffold preparation. The gelatin-paraffin scaffolds were cut into ¢ 5 x 1 mm discs
and then immersed into hexane to remove paraffin spheres. After that, cyclohexane was used
to exchange the hexane. The samples were freeze-dried in a salt-ice bath for 48 h and stored
in a desiccator. The chemical cross-linking of 2D and 3D GF scaffolds was carried out in the
MES buffer (pH 5.3, 0.05 M) with EDC and NHS as cross-linker on ice for 24 h. For the
GF-DFO samples, DFO with different concentrations was added into EDC/NHS solution.
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After cross-linking, the GF and GF-DFO scaffolds were washed with distilled (DI) water 3
times and then frozen at =20 °C overnight and freeze-dried for 48 h.

2.3. Physical-Chemical Characterization of 2D and 3D GF Scaffolds

The morphology and microstructure of 2D and 3D GF scaffolds were studied using Quanta
standard Environmental SEM (FEI, United States).

The porosity (p) of the GF scaffold was calculated by measurement of their mass and
dimensions and applying the equation

Pscaffold:[l_pa/ps] x 100% (1)

where p, is the apparent density of the gelatin scaffolds computed by measuring their mass
(m) and volume (V) (i.e., py = m V). The density of gelatin B is 1.35 g/cm?.

Iron chelation measurement was detected using gelatin-DFO. Briefly, 10 mg of gelatin B
was dissolved in 5 mL of MES buffer (pH 5.3) contained in EDC/NHS at 40 °C for 1 h, and
the solution was cooled to room temperature. Ten milligrams of DFO was added to the
solution, and it was incubated for 24 h at room temperature. The mixture solution was then
transferred to a dialysis cassette (MWCO 2000, Thermal Scientifc) and dialyzed for 3 days
(fresh DI water was replaced every 12 h). After that, the solution was frozen at —20 °C
overnight and freeze-dried for 24 h. The prepared gelatin-DFO powder was dissolved in a 3
mM ferric chloride (FeCls, Sigma) solution and measured the absorption peak using a UV—-
vis spectroscopy (DU 730, Beckman coulter).

To study the in vitro release of DFO from GF scaffolds, 1 mL of 10 mM DFO was either
cross-linked to GF scaffolds by EDC/NHS as described above or the same amount of DFO
was physically absorbed to the GF scaffolds as the control group. Each prepared scaffold
was then immersed in 1 mL of a pure water solution at 37 °C on an orbital shaker at a speed
of 90 rpm for 10 days. Half of the solution in each vial was collected and refilled at each
time point. The amount of DFO release was measured by integrating with a certain amount
of FeCl3 and determined using a UV spectrophotometer at 485 nm, as previously
described.3! After 10 days of release, the retained DFO in the GF scaffold was visualized by
incubating in 6 mM FeCl3 solution for 10 min at room temperature. GF scaffolds without
DFO were included as the negative control group.

2.4. In Vitro Cell Studies

2.4.1. Cell Viability and Morphology Studies—Both hMSCs and HUVECs were
obtained from Lonza (Walkersville, MD, United States). The cytotoxicity of DFO and GF-
DFO scaffolds on HUVECs and hMSCs was studied using MTS assay (Promega
Corporation, United States) according to the manufacturer’s instructions. For the study of
cytotoxicity of DFO, HUVECs and hMSCs (5 x 103 cells per well) were cultured in a 96-
well plate at 37°C and 5% CO, for 1, 3, and 5 days. The cell viability was expressed as
100% for the cells cultured in growth medium. For the study of cytotoxicity of GF-DFO,
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HUVECs and hMSCs (5 x 104 cells per well) were seeded onto GF or GF-DFO scaffolds
and cultured for 1 and 5 days. GF scaffolds without DFO were involved as controls, and the
cell viability was expressed as 100%. The morphologies of HUVECs and hMSCs on the GF
and GF-DFO scaffolds were visualized by staining with Texas Red-X Phalloidin (Molecular
Probes, Grand Island, NY) and DAPI (SouthernBiotech, Birminghan, AL) according to the
manufacturer’s manual. The stained cells were observed under confocal microscopy
(FV1200, Olympus, Japan).

2.4.2. Enzyme Linked Immunosorbent Assay (ELISA)—HUVECs and hMSCs (5 x
10 cells per well) were seeded into a 24-well plate and incubated overnight at 37 °C and 5%
CO». The culture medium was supplemented with different concentrations of DFO and
cultured for another 24 or 48 h. After that, the amount of VEGF and bone morphogenetic
protein 2 (BMP2) in the supernatant were measured using human VEGF and human BMP2
ELISA development kit (Peprotech, Rocky Hill, NJ, United States), respectively, according
to the manufacturers’ protocols. A microplate reader (Infinite M200, Tecan) was used to
measure the medium’s absorbance at 405 nm with wavelength correction set at 650 nm. For
the study of VEGF expression on scaffolds, HUVECs (3 x 10° cells per scaffold) and
hMSCs (1 x 10° cells per scaffold) were seeded onto GF and GF-DFO scaffolds and
cultured for 24 h. GF scaffolds without DFO were used as controls.

2.5. Bone Regeneration in Vivo

2.5.1. Critical-Sized Cranial Bone Defect Model—Care and use of the laboratory
animals followed the protocol approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of South Dakota. Inbred C57BL/6NHsd male mice
(5-6 weeks, Envigo) were used to create critical-sized cranial bone defect model for in vivo
study, as we previously described.32 Sterile GF and GF-DFO scaffolds (® 5 x 1 mm) were
directly placed in the cranial defects, and the overlying tissue was closed with surgical
staples. Recombinant human BMP2 (1.5 g, rhBMP2, Peprotech, Rocky Hill, NJ, United
States) was resuspended in 10 gL of collagen | (Bedford, MA, United States) and then
incorporated into GF scaffolds. These collagen/BMP2 GF scaffolds served as a positive
control (BMP2 group), while cranial defects without scaffolds implanted were used as the
blank control (blank group). All mice were euthanized six weeks after surgery. Retrieved
samples were fixed in 10% formalin for couple of days and then moved into 70% ethanol for
further analysis.

2.5.2. Radiographic and Histological Analysis—Radiographic analysis was
performed on the fixed constructs using an In-Vivo Xtreme small animal imaging system
(Bruker, Billerica, MA, United States). The formalin fixed samples were decalcified with
15% EDTA (pH 7.2) solution for 3 days before they were embedded in paraffin for further
histological analysis. Cross sections (5 ¢m) were cut from the middle of scaffolds and
stained with hematoxylin and eosin (H&E) for microscopic observation. The percentage of
new bone area of each specimen (new bone area in scaffold/total scaffold area x 100%) was
measured using the ImageJ software.
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2.6. Statistical Analysis and Image Editing

To determine statistical significance of observed differences between the study groups, a
two-tailed homoscedastic #test was applied. A value of p < 0.05 was considered to be
statistically significant. Values are reported as the mean * standard deviation (SD).
Brightness and contrast were adjusted equally across all images for improved visibility.

3. RESULTS

3.1. Cytotoxicity of DFO on HUVECs and hMSCs

Native DFO showed significant cytotoxicity on both HUVECs and hMSCs from the MTS
assay (Figure 1). The considerable cytotoxicity of DFO on HUVECs was noticeable as early
as 1 day after culture (Figure 1A). Moreover, cell viability continually decreased as the
incubation time increased. On the fifth day, the lowest cell viability was around 25% in
contrast to the cell viability of the control group. Compared to HUVECs, hMSCs seemed
more resistant to DFO treatment (Figure 1B). There was no noticeable cytotoxicity after 1
day of cell culture of hMSCs at all the tested concentrations of DFO. However, after three
days, significant cytotoxicity was observed. Consistent with the observations in HUVECs,
cytotoxicity elevated as the culture time increased.

3.2. VEGF and BMP2 Expression Induced by DFO in HUVECs and hMSCs

The expressions of VEGF and BMP2 responses to DFO treatment were very different in
HUVECs and hMSCs (Figure 2). Only the 250 @M concentration of DFO significantly
increased VEGF expression in HUVECS after 24 h of culture. Even at elevated concentration
of DFO, the highest VEGF concentration level (less than 2 pg/ug total protein) in HUVECs
was still considered very low (Figure 2A). Compared to the mild responses of HUVECs, the
hMSCs indicated a much higher level of VEGF expression response to DFO treatment
(Figure 2B). Moreover, DFO significantly increased VEGF expression at a low
concentration (20 4#M) and further increased VEGF level in a dose dependent manner. When
the expression of BMP2 without DFO is examined, HUVECs had an expression level much
higher than that of hMSCs, and when DFO was added, it significantly increased BMP2
expression in HUVECs further than in hMSCs after 24 and 48 h of treatment.

3.3. Scaffold Characterization

On the basis of our measurements, the gelatin scaffolds had macro- and microstructures very
similar to those of the previous reports.30 Detailed structural parameters are listed in Table 1.
Slightly different microstructures between 3D and 2D GF scaffolds were observed. The
nanofiber diameter (130 £ 42 nm) of the 3D GF scaffolds was smaller compared with the
nanofiber diameter (180 + 54 nm) of the 2D GF scaffolds. Furthermore, the nanofiber length
(716 £ 175 nm) of the 3D GF scaffolds was shorter compared with the nanofiber length
(1070 + 232 nm) of the 2D GF scaffolds. Finally, the porosity (95.90 + 0.64%) of 3D GF
scaffolds was slightly higher than 2D GF scaffolds (89.17 + 0.13%), although both can be
considered highly porous. Interconnected macropore structures, which are essential for cells
and tissue ingrowth, were created using assembled paraffin spheres (150-300 gm). It was
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noted that covalently cross-linked DFO on gelatin did not change the nanofibrous structure
of 2D or 3D GF scaffolds (Figure 3 and Figure S1).

3.4. Iron Binding Ability of GF-DFO and in Vitro DFO Release

Both DFO-Fe3* (as a positive control) and gelatin-DFO-Fe3* (Figure 4A) had a broad
absorption peak at around 429 nm, which is the characteristic absorption peak of DFO-
Fe3+26 Without Fe3*, DFO and gelatin-DFO-only samples (as negative controls) showed no
absorption peak at 429 nm. The iron binding property of gelatin-DFO indicated that DFO
retained its chelating ability to Fe3* after covalent conjugation with gelatin. These data were
critical for the following studies because the iron chelating ability is the main mechanism for
DFQ’s hypoxia-mimetic function.1?

To study the in vitro release of DFO from GF scaffolds, the same amounts of DFO were
either physically absorbed or chemically cross-linked onto GF scaffolds. As the data show
(Figure 4B), both groups had a typical burst release in the first few days, which suggested
that an overdose of DFO was added for cross-linking, and most of the released DFO was
from physical absorption. However, it was noted that significantly more DFO was released
from the cross-linked group on days 7 and 10 compared to that released from the physically
absorbed group. Moreover, after 10 days of release, a significantly higher amount of
functional DFO was retained in the cross-linked scaffolds compared to that retained in the
absorbed scaffolds according to the color derived from the captured Fe3* (the inset of Figure
4 B).

3.5. Cell Viability and Morphology on GF-DFO Scaffolds

Initial DFO concentrations for cross-linking onto GF scaffolds were 100 ¢M (GF-DFO 100
4M) and 1 mM (GF-DFO 1 mM). GF-DFO scaffolds exhibited no detrimental effects on
HUVECs on both 1 and 5 days of cell culture (Figures 5A1 and A2). However, significant
cytotoxicity was noticed when the initial DFO concentration was increased to 10 mM (GF-
DFO 10 mM) after 1 and 5 days of culture. Ten millimolar was the highest DFO
concentration that can be dissolved in the cross-linking solution in our studies. The cell
viability of HUVECs on GF-DFO 10 mM scaffolds was around 70% compared with that of
the control group (GF scaffolds only) at both day 1 and 5. We observed very different
responses of HUVECs on GF-DFO compared to the free DFO. No dose or time dependent
cytotoxicity was observed on GF-DFO scaffolds (Figures 5A1 and A2), which was different
from what was found in the free DFO solutions (Figure 1). Moreover, no cytotoxicity was
observed on GF-DFO 10 mM scaffolds for hMSCs (Figure 5A2) as well. This result was
consistent with the data from the free DFO studies for hMSCs (Figure 1) and suggested that
hMSCs were more resistant to DFO stress. Additionally, cell morphology of HUVECs and
hMSCs on DFO-decorated GF scaffolds were investigated (Figure 5B). Confocal imaging
demonstrated HUVECs and hMSCs were able to attach and spread on both GF and GF-DFO
scaffolds after 16 h of culture. No obvious differences in cell morphology of HUVECs and
hMSCs were observed between the GF and GF-DFO scaffolds.
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3.6. VEGF Expression of HUVECs and hMSCs on GF-DFO Scaffolds

From the ELISA results, DFO modified GF scaffolds (GF-DFO) significantly increased
VEGF expression in both HUVECs and hMSCs after 24 h (Figure 6). VEGF expression in
HUVECs increased more than twofold on GF-DFO 10 mM scaffolds. When the VEGF
expression change in HUVECs response is compared to that in free DFO, the functional
DFO in the GF-DFO 10 mM scaffolds should be more than 250 1M because the free DFO at
250 1M increased VEGF expression less than twofold in HUVECSs (Figure 2). Furthermore,
the cytotoxicity of GF-DFO 10 mM scaffolds was much lower than that in free 250 ¢M DFO
at day 5 (70 vs 25% cell viability, see Figures 1 and 5A1). Similarly, GF-DFO scaffolds also
significantly elevated VEGF expression in hMSCs, although the change was not as high as
the response to free DFO (right panel, Figure 6). These data suggested that covalent
immobilization of DFO onto GF scaffolds can significantly reduce DFQO’s cytotoxicity while
retaining its activity.

3.7. GF-DFO Scaffolds Promote Endogenous Bone Regeneration

A radiographic examination suggested that no obvious new bony tissues were formed in the
GF group, although all the defects in GF-rhBMP2 group were completely repaired. The
radiopacity in GF-DFO scaffolds was significantly higher than that in the GF group but
lower than that in the GF-rhBMP2 group (lower panel, Figure 7). The macroviews of the
histologic slides were included to show the positions of the scaffolds, bone defects, and the
adjacent tissues (upper panel, Figure 7). Higher magnification histological observation
confirmed that very few new bone (pink color) was formed inside the transplanted scaffolds
(purple color) in GF groups. New bone can be easily differentiated from residual bone by the
location and structure of the new bone. The bone located inside of the transplanted scaffolds
was newly formed bone and is more interesting to our studies. Only one sample (1/5) had a
small amount of new bone observed in the scaffold out of the five total transplants. However,
all the samples from GF-rhBMP2 group (7/7) had potent new bone/marrow formed
throughout the scaffolds and completely bridged the critical defects (Figure 8). Consistent
with the observations from radiographic examination, H&E staining indicated that majority
of the samples from GF-DFO group (6/8) formed significant new bone inside the scaffolds
(Figure 8), although variations of new bone area in GF-DFO group were noticed. The
average new bone area was much lower in the GF-DFO produced endogenous bone
formation compared to that in the exogenous rhBMP2 (1.5 wg/scaffold) induced bone
formation (3.87 vs 22.08%, Table 2). Moreover, distinct structures of the newly formed bone
were noticed between exogenous rhBMP2 and GF-DFO groups. For example, mature
marrow tissues, including hematopoietic cells and fat cells, were present in the bone formed
by the exogenous rhBMP2 group, but very few marrow tissues were found in the bone
generated by the GF-DFO group. Therefore, these in vivo data indicated that DFO-
immobilized GF scaffolds were able to significantly promote endogenous bone formation in
the mouse critical cranial bone defect model.

4. DISCUSSION

Local release of DFO from a material is emerging as an alternative strategy to reduce the
potential off-target effects derived from conventional injections.8:20:33 However, the
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significant cytotoxicity even at concentration as low as 5 £M3* with the free native DFO
molecules cannot be mitigated by applying just physical interaction-based techniques (i.e.,
absorption). To address this challenge, we did this proof-of-concept study by covalently
immobilizing DFO onto a GF scaffold (GF-DFO) through amide linkages. GF-DFO
scaffolds showed no cytotoxicity on hMSCs; however, relatively low cytotoxicity on
HUVECs was shown at a high dosage of DFO. On the basis of the cell response change and
elevated VEGF level, we can conclude that the cytotoxicity of DFO was significantly
reduced after covalent conjugation, while functionality was maintained. The mechanism for
the decreased DFO cytotoxicity is still elusive although it was thought, at least partially, to
be due to the inability of DFO to permeate cell membrane after conjugation to polymers.2

HUVECs and hMSCs were used in our study because they are the most widely studied cell
models for angiogenesis and osteogenesis, where both are important for bone formation. The
mild VEGF producing ability of HUVECs was possibly due to the inappropriate oxygen
level according to a recent report on DFO.20 Interactions between HUVECs and hMSCs
greatly contribute to both angiogenesis and osteogenesis from both in vitro and in vivo
studies.35-38 Therefore, our data from two cell types will provide more related information
on cell response studies of DFO-decorated scaffold for bone regeneration compared to data
using just one cell type.

In addition to the in vitro activities, our in vivo data strongly suggested that DFO-decorated
biomimicking GF scaffolds were able to significantly promote endogenous bone formation
without any exogenous cells or growth factors transplanted. It is not surprising to see the
reported benefits of employing DFO for bone formation because we know DFO is a potent
hypoxia-mimetic agent that activates hypoxia mediated angiogenesis.>19:21.22.39 The
elevated VEGF expression in both hMSCs and HUVECSs from in vitro data also suggested
GF-DFO scaffolds promoted osteogenesis likely through angiogenesis, although we did not
find significantly improved new blood vessels in transplanted scaffolds from the one-week
histological samples (data not shown). More time points at the early stage after surgery may
be needed to show the angiogenesis change in our future work. One recent publication
proved that scaffold-based local release of DFO was a valid strategy to improve bone
formation through improving angiogenesis, although they used different release method (i.e.,
physical absorption), scaffold (poly(lactic-co-glycolic acid), PLGA), and animal model
(long bone defect).3! In addition to angiogenesis, immobilized DFO may promote
osteogenesis through other angiogenesis-independent ways because multiple targets were
reported once HIFs signaling pathway was activated.#941 Furthermore, many studies
reported that hypoxic conditions are able to directly modulate MSC proliferation and
differentiation to osteoblasts, though controversial results were noted, which have been
summarized in a recent review article.*! We did not find that DFO could directly increase
hMSCs osteogenic differentiation in vitro (data not shown). Further studies are needed to
understand the potential mechanisms by which DFO/HIF-1’s direct effects on MSCs
functions for osteogenic differentiation. Our data indicated that DFO significantly increased
BMP2 expression in HUVECs but not in hMSCs. Moreover, the base level of BMP2 in
HUVECs was much higher than that in hMSCs based on our ELISA data. These interesting
results indicated that DFO might indirectly increase mesenchymal cells osteogenic
differentiation by way of targeting endothelial cells. One recent in vivo study also suggested
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that vascular tissues were a primary source of BMP2 expression during bone formation in a
mouse model.42 Considering both VEGF and BMP2 expression pattern and function in
HUVECs and hMSCs, we reasoned that DFO could coordinately promote osteogenesis and
angiogenesis via a mutually supporting set of paracrine loops. Our previous work
demonstrated that a 3D porous, biodegradable nanofibrous scaffold was advantageous over
current approaches in tissue regeneration.*3-46 Additional osteogenic signals (e.g., BMPs/
osteoprogenitors), however, were still required, and must be supplemented with nanofibrous
scaffold for bone regeneration. DFO functionalized GF scaffolds (GF-DFO) are able to
promote significant bone formation potentially by improving endogenous reparative cells
and signals. The efficacy of DFO to promote bone formation still needs to be further
improved because the critical bone defects cannot be completely repaired by GF-DFO
scaffolds in six weeks. In spite of this, hypoxia-mimetic nanofibrous scaffolds are intriguing
for potential clinical applications without using any exogenous biological agents (e.g., cells
and growth factors).

5. CONCLUSIONS

In this study, the iron chelator and hypoxia-mimetic agent DFO was covalently conjugated
to biomimetic gelatin nanofibrous scaffolds. The iron binding ability of DFO was retained
after cross-linking with gelatin without affecting the micro/macrostructure of the scaffold. In
vitro results showed that the cytotoxicity of GF-DFO nanofibrous scaffolds on both HUVEC
and hMSC was significantly decreased compared to that of neat DFO, and GF-DFO
nanofibrous scaffolds still can significantly increase VEGF expression in these cells. It is
interesting to note that hMSC exhibited a higher VEGF expression, while HUVEC had a
higher BMP2 expression response to the same dosage of DFO. Our in vivo data indicated
that GF-DFO scaffolds significantly improved bone formation after six weeks in a critical-
sized cranial bone defect mouse model. These encouraging data suggested that it is a
promising strategy to promote endogenous bone formation using a hypoxia-mimicking
nanofibrous scaffold.
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Figurel.
Cytotoxicity of DFO on HUVECs and hMSCs. Cell viability of HUVECs (A) and hMSCs

(B) was studied after the cells were cultured in medium supplemented with different
concentration of DFO for 1, 3, and 5 days (n7 = 6). Data are expressed as mean = SD (*p <
0.05; **p<0.01; ***p< 0.001).
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Figure 2.
DFO-induced VEGF and BMP2 expression in HUVECs and hMSCs. VEGF expression in

HUVECs (A) and hMSCs (B) was measured after the cells were cultured in medium
supplemented with different concentrations of DFO for 24 h (7= 3). BMP2 expression in
HUVECs (C) and hMSCs (D) was measured after the cells were cultured in medium
supplemented with different concentrations of DFO for 24 and 48 h (= 3). Data are
expressed as mean + SD (*p < 0.05; **p< 0.01; ***p < 0.001).
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Figure 3.
SEM images of gelatin scaffolds. Both 2D and 3D GF scaffold morphology was observed by

SEM after DFO conjugation. 2D GF at low magnification (A, scale bar = 50 xm) and high

magnification (B, scale bar = 20 zm). 2D GF-DFO at high magnification (C, scale bar = 20
um). 3D GF at low magnification (D, scale bar = 200 gm) and high magnification (E, scale
bar = 20 um). 3D GF-DFO scaffolds at high magnification (F, scale bar = 20 gm).
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Cell viability and morphology on DFO conjugated-scaffolds. Cell viability of HUVECs (Al)
and hMSCs (A2) were studied after the cells were cultured on GF and GF-DFO scaffolds for
1 and 5 days (n7= 3). Confocal images were taken of HUVECs grown on GF (B1) and GF-
DFO (B2) scaffolds after 16 h and of hMSCs grown on GF (B3) and GF-DFO (B4) scaffolds
after 16 h. Actin cytoskeletons are shown in red, while cell nuclei are shown in blue. Scale

bar =100 gm. Data are expressed as mean + SD (*p < 0.05).
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VEGF expression in HUVECs and hMSCs cultured on DFO conjugated-scaffolds. VEGF

expression in HUVECs (A) and hMSCs (B) was measured after the cells were cultured on
GF and GF-DFO scaffolds for 24 h (n= 3). Data are expressed as mean + SD (*p < 0.05;
***p<0.001).
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Radiographic examination and macroview of the histological samples. GF, GF-DFO, and
GF-rhBMP2 groups after six weeks of implantation. Representative data are shown (n=5-
8).
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Figure8.
Histologic examination. H&E staining of repaired calvarias in the (A and B) GF group, (C

and D) GF-DFO group, and (E and F) GF-rhBMP2 group after six weeks of implantation in
vivo. Scar bar =400 4m in A, C, and E. Scar bar = 100 gm in B, D, and F. Representative
data are shown (7= 5-8).
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Table 1
Structural Parameters of 2D and 3D GF Scaffolds

GF scaffold type  gelatin concentration (%) fiber diameter (nm) fiber length (nm)  porosity (%)

2D 5 180+ 54 1070 + 232 89.17+0.13
3D 7.5 130+ 42 716 +175 95.90 + 0.64

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 November 30.

Page 22



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Yao et al.

Table 2
New Bone Formation in GF, GF-DFO, and GF-rhBMP2 Groups after Six Weeks of Implantation

GF GF-DFO  GF-rhBMP2

scaffolds with new bone formation/total scaffolds 1/5 6/8 717
new bone area fraction 0.20% 3.87% 22.08%
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