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Tissue engineering scaffolds are commonly formed using proteins extracted from animal tissues, such as bovine
hide. Risks associated with the use of these materials include hypersensitivity and pathogenic contamination.
Human-derived proteins lower the risk of hypersensitivity, but possess the risk of disease transmission. Methods
engineering recombinant human proteins using plant material provide an alternate source of these materials
without the risk of disease transmission or concerns regarding variability. To investigate the utility of plant-
derived human collagen (PDHC) in the development of engineered skin (ES), PDHC and bovine hide collagen
were formed into tissue engineering scaffolds using electrospinning or freeze-drying. Both raw materials were
easily formed into two common scaffold types, electrospun nonwoven scaffolds and lyophilized sponges, with
similar architectures. The processing time, however, was significantly lower with PDHC. PDHC scaffolds
supported primary human cell attachment and proliferation at an equivalent or higher level than the bovine
material. Interleukin-1 beta production was significantly lower when activated THP-1 macrophages where
exposed to PDHC electrospun scaffolds compared to bovine collagen. Both materials promoted proper matu-
ration and differentiation of ES. These data suggest that PDHC may provide a novel source of raw material for

tissue engineering with low risk of allergic response or disease transmission.

Introduction

COLLAGEN, AN IMPORTANT biological component of the
extracellular matrix (ECM), provides structural support
for many tissues. Collagen exhibits both flexibility and great
tensile strength and is a major constituent of load-bearing
tissues, such as ligaments, tendons, bone, and skin.'”? Of the
many varieties of collagen, type 1 is the most abundant,®
comprising over 90% of the fibrous protein found in the
human body.4 In skin, collagen type I comprises 80%—85% of
the dermal matrix and, as a result, is a common material
choice for treatments to address the dermal volume deple-
tion due to atrophy or migra’rionf’7 to prepare the wound
bed for split-thickness autografting,®'" or to serve as a der-
mal matrix analog for skin tissue engineering.'*”

For skin tissue engineering applications, the decellularized
human, porcine, or bovine dermis is often used as a scaf-
folding material as it maintains the natural architecture of the
dermis,'® promotes rete ridge formation,’® and contains
basement membrane proteins to prevent epidermal blister-

ing 182021 Despite these benefits, the long processing
22,23

time combined with the inability to tailor the structure of
the scaffolds and the inherent variability between sheets,
reduces their widespread use for engineered skin (ES) ap-
plications. More commonly, the collagen raw material, ob-
tained from bovine®* and equine® sources, is processed to
form collagen scaffold materials, including electrospun
mats,?*% lyophilized sponges,28 and hydrogels.29 Collagen
hydrogels have been successfully used to produce ES for the
treatment of chronic wounds.***! Bovine type I collagen
sponges and electrospun mats have been shown to promote
in vitro full-thickness skin development'>'” and ES formed
with bovine collagen sponges have been shown to reduce
donor skin required to close burn wounds,** inhibit wound
contraction compared to a widely meshed autograft, grow
with the patient, and facilitate vascularization.*®

Although the ES fabricated using collagen obtained from
bovine and human sources has proved useful for the treat-
ment of acute and chronic wounds and as an in vitro diag-
nostic tool,* there are risks associated with the use of these
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materials, including human allergic reactions and pathogenic
contamination.”>® With the growing use of bovine collagen
implants, questions have been raised regarding their
immunogenicity in humans. Approximately 3% of the pop-
ulation is allergic to bovine collagen with severe hypersen-
sitivity reported in some cases.”’*® Although these bovine
collagen preparations are of low immunogenicity, they are
still foreign proteins. Their antigenicity is not low enough to
escape an immunologic response in all patients. The major
disadvantage of bovine collagen is a treatment-associated
hypersensitivity reaction that consists of redness and swell-
ing at the treatment site. These reactions occurred in 1.3%—
3% of patients treated with Zyderm I or II (the Zyderm®
collagen implant is a sterile device composed of a highly
purified bovine dermal collagen that is dispersed in phos-
phate-buffered physiological saline containing 0.3% lido-
caine). These allergic reactions are believed to be an
immunological response to bovine collagen.*

Additionally, the Centers for Disease Control and Pre-
vention and the FDA both concluded that a significant sta-
tistical association exists between bovine collagen used in
dermal fillers and dermatomyositis.*” Autologous and ca-
daveric human collagens have a lower risk of hypersensi-
tivity, but possess the risk of disease transmission. Methods
engineering recombinant human proteins using bacteria*' or
plant material®*** provide an alternate source of these ma-
terials without the risk of disease transmission or concerns
regarding variability. In prior studies, the plant-derived hu-
man collagen (PDHC) type I supported cell growth at a level
equivalent to or superior than human tissue-derived colla-
gen*? suggesting that plant-derived collagen is a promising
raw material for the manufacturing of tissue engineering
scaffolds with high levels of reproducibility and without the
risk of disease transmission.

This study evaluates the use of PDHC type I as a platform
to support in vitro skin cell growth and attachment and as a
raw material for tissue engineering scaffold fabrication and
ES development. We hypothesize that human-derived col-
lagen will be comparable to bovine collagen in terms of
scaffold fabrication and microstructure. It is anticipated that
human collagen scaffolds will support cell adhesion and
growth at a more rapid rate than bovine collagen and elicit a
less robust immune response when human macrophages are
exposed to the acellular scaffolding material. The ability of
PDHC type I sponges to support keratinocyte, fibroblast, and
endothelial cell proliferation was first compared with com-
mercially available type I collagen matrices. Electrospun and
lyophilized collagen scaffolds were then fabricated using the
novel PDHC and a widely used bovine collagen source.
Scaffold’s physical and mechanical properties were evalu-
ated in the acellular scaffolds. The cell viability and organi-
zation on each scaffold type were evaluated and the ability of
the scaffolds to support skin maturation was assessed. Ad-
ditionally, interleukin (IL)-1 beta production by activated
human THP-1 macrophages was assessed after the macro-
phages were exposed to each scaffold type for 24 h.

Materials and Methods
PDHC formation

Human recombinant Type I collagen was prepared from
transgenic tobacco plants.*® In brief, transgenic tobacco

WILLARD ET AL.

plants were successfully transformed with all five human
genes optimized for expression in plants. These include two
human genes encoding recombinant heterotrimeric collagen
type I (thCOL1) with the human prolyl-4-hydroxylase and
lysyl hydroxylase 3 enzymes, responsible for key post-
translational modifications of collagen. Plants coexpressing
all five vacuole-targeted proteins generated intact procolla-
gen yields of 2% of the extracted total soluble proteins. The
procollagen was converted to allele-collagen by plant ficin
and further fibrillated by several salting out steps and ul-
trafiltration to yield 3 mg/mL of pure rhCollagen in 10 mM
HCL. Plant-extracted thCOL1 formed thermally stable triple
helical structures. Amino acid sequencing displayed 100%
identity to the human collagen protein sequence. In addition,
circular dichroism analysis of rhCOL1 yielded comparable
spectra to that of human skin type I collagen (CalBiochem),
confirming a similar structural conformation between
rhCOL1 and human skin collagen.

Lyophilized collagen scaffolds

Lyophilized collagen scaffolds were prepared from PDHC
(CollPlant) and comminuted bovine hide collagen (SEMED F;
Kensey Nash). This specific bovine collagen source was utilized
as it has been previously utilized for cultured skin substitutes
(i.e., ES) both in laboratory experiments and for the treatment
of full-thickness burns in human clinical trials.”®***** For PDHC
sponges, collagen powder was first mixed with 10mM HCl ata
concentration of 3mg/mL. The collagen solution was mixed
with a fibrillogenesis buffer (200mM Na,PO,, pH 11.2) at a
ratio of 9:1 and incubated for 16 h at 27°C. Fibrils were collected
by centrifugation (10min, 3000g), the supernatant removed,
and the pelleted fibrils lyophilized. A solution of the collagen
fibrils in 0.5M acetic acid (0.6 wt./vol.%) was created by
mixing at 300 rpm for 30 min. The solution was then cast into a
Teflon-lined 316L stainless steel casting frame and frozen at
three different cooling rates: slow (placement in —20°C for 2 h),
medium (placement in a —80°C freezer for 2h), or rapid
(placement in a —80°C ethanol bath for 2h). Frozen castings
were then lyophilized. For bovine collagen sponges, fibrous
bovine collagen powder (SEMED F; 0.60 wt./vol.%) was first
milled (IKA Works, Inc.) until all collagen particles passed
easily through a 1-mm sieve. A presolution of collagen in 0.5M
acetic acid (0.6 wt./vol.%) was created and mixed at 300 rpm
for 72h at 4°C. The presolution was then homogenized by a
high-speed overhead mixer (5200 rpm; IKA Works, Inc.) for 6h
at 4°C. The collagen solution was then degassed by centrifu-
gation (1800rpm, 10min, 4°C), and then immediately cast
under the same casting /freezing procedures as the PDHC. The
lyophilized collagen scaffolds were physically crosslinked by
vacuum dehydration at 140°C for 24h, and then chemically
crosslinked in a solution of 5mM 1-ethyl-3-3-dimethylamino-
propylcarbodiimide hydrochloride (EDC; Sigma) in 100%
ethanol for 24 h to increase biostability via production of amide
and ester crosslinks. This dual method crosslinking strategy
has been previously shown to decrease the degradation rates
and improve scaffold mechanics to a greater extent than each
method alone.*®

Electrospun collagen scaffolds

Electrospun collagen scaffolds were fabricated using 12,
16, and 20 wt./vol.% solution of acid-soluble bovine collagen
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(SEMED S) or nonfibrillated PDHC in hexafluoropropanol
(HFP; Sigma). Bovine collagen was solubilized in HFP for
48 h before spinning and PDHC was solubilized for 20 min
before spinning. Scaffolds were spun at rates between 4 and
8 mL/h a potential of 30kV onto an 8.5-cm* grounding plate
that was positioned perpendicular to the tip of the needle.
All electrospun collagen scaffolds were physically cross-
linked by vacuum dehydration at 140°C for 24h, and then
chemically crosslinked in a solution of 25 mM EDC in 100%
ethanol for 24 h.

Scanning electron microscopy

The morphology of the bovine and plant-derived human
scaffolds was examined by scanning electron microscopy
(Sirion; FEI). Punch biopsies from all scaffolds were col-
lected from six distinct regions within a scaffold and
mounted onto aluminum stubs with a carbon tape (Ted
Pella), sputter coated with gold-palladium, and imaged in a
secondary electron mode with a 5-kV accelerating voltage.
A group of 24 images for each sample was collected and
analyzed using Image] (NIH Freeware). For lyophilized
collagen scaffolds, the pore diameter was calculated for 100
pores total for each type of collagen and each freezing rate.
Fiber diameter measurements were collected from 100 fi-
bers from each collagen type and solution concentration.
The average pore size and fiber diameter+standard devi-
ation were reported.

Mechanical testing

Mechanical properties of the acellular scaffolds were
quantified using uniaxial tensile testing. Each acellular scaf-
fold (n=6 per group) was crosslinked, hydrated using
HEPES-buffered saline (HBS), and punched into dog-bone-
shaped tensile specimens with a width of 4mm and gauge
length of 20 mm. The samples were secured in the grips of a
tensile tester (TestResources 100R) and loaded until failure at
a rate of 2mm/s, to prevent scaffold dehydration. Ultimate
tensile strength (UTS) and linear stiffness were calculated for
all scaffolds and reported as average +standard deviation.

In vitro biocompatibility

To assess the in vitro biocompatibility of the plant-derived
human collagen and its ability to support cell attachment and
growth, commercial wound dressings made of different
sources of collagen and from rhCollagen were cut into
discs using a 6-mm punch biopsy tool under sterile condi-
tions. Collagen disks samples included a wound dressing
manufactured by CollPlant Ltd. (CP) containing 100% PDHC,
fibrillated, crosslinked, and lyophilized and three commercial
wound dressing controls made of bovine collagen (COMI,
COM2, and COM3). Commercial product 1 (COM1) is made
of 100% native, fibrillated, type I bovine collagen which has
been crosslinked, and lyophilized, COM2 is composed of
collagen (90%) and alginate (10%) and combines the structural
support of collagen and the gel-forming properties of alginate
is, COM3 consists of a is sterile, freeze-dried composite of 55%
collagen and 45% oxidized regenerated cellulose, formed into
a sheet ~3mm thick. The information presented on the
commercial products is what is made public. Each disc was
placed in a well of a 96-well plate (=6 per group).
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Primary human dermal fibroblasts (nHDF), primary hu-
man endothelial cells, and primary human epidermal kera-
tinocytes (nHEK) (Promocell) were harvested, counted, and
seeded at a density of 25x 10°-50 x 10% cells (25 uL), per well.
Plates were incubated in a humidified incubator at 37°C, 5%
CO,, for 24 h, to allow cell attachment to the discs, followed
by the addition of 200 pL fresh cell media, specific to each cell
type. Control samples included discs incubated with media
in the absence of cells. Plates were incubated for an addi-
tional 72 h. After 3 days, the discs were gently removed with
forceps, placed in clean wells, and supplemented with 100 uL
of fresh media. Ten microliter WST-1 reagent (Roche) was
added and cell proliferation measured as instructed. An
average absorbance at 450 nm+standard deviation was re-
ported. WST-1 is a cell proliferation assay based on a meta-
bolic activity. As the same number of cells was seeded on top
of the different scaffolds, quantification of viable cells after a
few days indicates the differences between the proliferation
of the cells on the different scaffolds.

Macrophage culture and IL-1 beta assay

To assess immunogenicity of these scaffolds, differentiated
human THP-1 cells were seeded (1.0x10° cells/well) on
bovine or human electrospun collagen matrices in six-well
plates (1=6 per group) and differentiated using phorbol, 12-
myristate, 13-acetate (20ng/mL) for 48h as described pre-
viously.** The cells were cultured in RPMI1640 supple-
mented with 10% heat inactivated fetal bovine serum and 1%
antibiotic-antimycotic under standard culture conditions
(37°C, 5% CO,). After differentiation for 48 h, the bovine and
plant-derived human scaffolds containing cells were moved
to fresh six-well plates containing 1 mL media and incubated
for another 24h. Media were collected with dead cells re-
moved via centrifugation. The supernatant was assayed for
cytokine levels. Levels of IL-1 beta in culture media were
measured using commercially available ELISA kits (R&D
Systems) as per the manufacturer’s recommendation.**

ES formation

ES was prepared from bovine and PDHC scaffolds (12%
electrospun and medium freezing rate lyophilized). Collagen
scaffolds were crosslinked as described above, disinfected in
sterile 70% ethanol for 24h, and then rinsed in HBS for
15minx5 exchanges of solution and finally soaked in a me-
dium for 1h. HDF and HEK, isolated from surgical discard
tissue with the Institutional Review Board Approval, were
serially inoculated onto all scaffolds. HDF were inoculated
onto electrospun or lyophilized scaffolds at a density of
5.0%10° cells/cm? and incubated at 37°C and 5% CO, in a
custom-formulated skin growth medium*” for 3 days. Scaffolds
were then inoculated with HEK at a density of 1.0x 10° cells/
cm?. One day following HEK inoculation (engineering skin day
1), the ES was placed onto a perforated stainless steel platform
covered by a cotton pad to establish an air-liquid interface and
incubated up to 21 days with media replaced daily.

Histology

Biopsies for histology from each sample were collected at
days 7, 14, and 21, embedded in OCT™ (VWR) in a cross
section and cryosectioned. Sections were stained with
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hematoxylin and eosin (H&E) and imaged with light mi-
croscopy. Bright field images were collected using Olympus
DPController software (Olympus) with a total of six samples
per condition per time point.

Cellular metabolism

On days 7, 14, and 21, 4-mm punch biopsies were col-
lected from the ES fabricated with plant-derived human or
bovine electrospun and lyophilized collagen scaffolds (two
punches/graft, six grafts per time point). Each biopsy punch
was placed into a separate well of a 24-well plate and a
standard MTT assay was performed on the punch biopsies
following a protocol previously described.*® The amount of
the MTT-formazan product released was measured at
590nm on a microplate reader (SpectraMax 190; Gemini)
with values reported as mean optical density +standard de-
viation.

Surface electrical capacitance measurement

Surface electrical capacitance (SEC) directly measures skin
surface hydration, which is related to barrier function.*” Low
SEC readings corresponding to reduced levels of surface
hydration and the formation of an epidermal barrier. SEC
measurements were collected from ES fabricated with hu-
man or bovine electrospun and lyophilized collagen scaf-
folds using the NOVA dermal phase meter (DPM 9003;
NOVA Technology). On culture days 7, 14, and 21, mea-
surements were collected from three sites on each piece of ES
(six grafts per scaffold type) and the SEC values are ex-
pressed in DPM units as mean +standard deviation.

Mechanical testing of ES

Mechanical properties of the ES were quantified following
the same procedures used for the acellular scaffolds. ES was
cultured for 14 days at the air-liquid interface before me-
chanical testing. Small dog bone punches (width 3mm,
gauge length 10mm) were used to create tensile ES speci-
mens, which were loaded in tension at a rate of 1 mm/s until
failure. UTS and linear stiffness were calculated and reported
as average *standard deviation.

Statistical analysis

For all quantitative assays, either repeated measures
analysis of variance or Student’s t-tests were performed. The
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data were presented as mean*standard error of the means
with a p<0.05 considered statistically significant.

Results
Scaffold processing

As optimal processing protocols for fabricating scaffolds
using the PDHC were being developed, it was observed that
the plant-derived collagen was visually more soluble in
acetic acid and HFP than collagen from bovine hide. For
electrospinning solutions, plant-derived collagen was rap-
idly solubilized by HFP and formed a low viscosity, a clear
solution suitable for spinning within 20min (Table 1). In
contrast, bovine collagen-HFP solutions were extremely
thick and white in color for the first 2-4 h after mixing, and a
decrease in viscosity throughout the mixing process until an
optimal viscosity was reached after 48 h of spinning (Table
1). At this time, the electrospinning solution remained cloudy
and white. The fibrillogenesis process for the plant-derived
collagen resulted in a semi-solid white pellet of fibrils that
were easily separated from the supernatant and lyophilized.
The dry pellets were directly weighed and put into a solution
with the acetic acid, no milling was required. After mixing
for 20min at 300 rpm, the solution was homogeneous and
easily casted. Bovine collagen, in its as-received form, con-
tained rough, thick fibers that require milling to ensure that
all of the collagen particles were of the same size. If the
collagen sponge-making process was performed without
milling, large irregular masses of collagen within the sponge
structure were present (data not shown). To ensure that the
collagen-acetic acid slurry was as homogeneous as possible,
several mixing steps were performed (Table 1). The freezing
process for both types of collagen was identical.

Effect of source material on physical and mechanical
properties of lyophilized collagen sponges

Collagen sponges fabricated using PDHC were charac-
terized by an interconnected pore structure where pores
were defined by thick struts of collagen (Fig. 1A-C). The
pore size increased with a decreasing cooling rate with the
rapid freezing rate producing pores ~4-fold smaller than the
slow freezing rate (Fig. 2). In bovine hide collagen sponges, a
similar structure was observed with slightly thinner reticu-
lations surrounding the pores. As the freezing rate increased,
the bovine collagen sponge pore size also decreased with an

TaBLE 1. FABRICATION STEPS AND DURATION FOR PLANT-DERIVED HUMAN AND BOVINE COLLAGEN SCAFFOLDS

Total
Scaffold type Fabrication step (time) time (h)
Plant-derived human  Fibrillogenesis  Fibril collection and ~ Collagen solution Casting (2h) Lyophilization  66.3
collagen sponge (16h) lyophilization (24h)  mixing (20 min) (24h)
Bovine collagen Collagen Presolution Homogenize and Casting (2h) Lyophilization 106
sponge milling (1h) mixing (72 h) degass (7h) (24h)
Plant-derived human  Solution mixing Electrospinning 40 min per 90 x90x 0.5 mm scaffold 1
collagen (20 min)
electrospun scaffold
Bovine collagen Solution Electrospinning 75 min per 90 x90x 0.5 mm scaffold 49.25

electrospun scaffold  mixing (48h)
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FIG.1. Collagen sponges fabricated via lyophilization of a 0.6 wt./vol.% solution of plant-derived human (A-C) or bovine
collagen (D-F) in 0.5M acetic acid. Casting frames were frozen in —20°C air [slow; (A, D)], —80°C air [medium; (B, E), or

—80°C ethanol [rapid; (C, F). Scale bar =200 um.

average pore size 180.1£45.8um in a slow freezing rate
sponge group (frozen at —20°C) and an average pore di-
ameter of 40.4+17.0pum in the rapid freezing rate sponge
group (frozen in a —80°C ethanol bath) (Fig. 2). Plant-de-
rived human and bovine collagen sponges were similar in
structure; however, in the medium and slow sponge groups,
the bovine collagen sponges possessed a larger average pore
size than the equivalently processed human collagen spon-
ges (Fig. 2).

Tensile testing revealed the UTS to be significantly lower
for the slow freezing rate PDHC sponges (189.1+25.5kPa)
than for the bovine collagen sponge (312.6+59.6 kPa) frozen
using the slowest freezing rate. However, no statistical sig-
nificance was observed between the rapid and medium
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FIG. 2. Pore size in collagen sponges as a function of the

freezing rate and collagen source. The average pore size in
sponges fabricated using plant-derived human collagen are
significantly smaller under the medium (-80°C air) and
large (—80°C ethanol bath) freezing conditions.

freezing rate sponges of the two different collagen types (Fig.
3A). The linear stiffness of the PDHC sponges was statisti-
cally smaller than the bovine collagen sponges in all cases,
with the most significant difference being between the hu-
man collagen slow frozen human collagen sponge
(0.02+3.9E-03 N/mm) and the slow frozen bovine collagen
sponge (0.08£0.01 N/mm) (Fig. 3B).

Effect of source material on physical and mechanical
properties of electrospun collagen scaffolds

The fiber diameter in electrospun collagen scaffolds was
controlled using the collagen-HFP solution concentration.
Electrospun fibers formed using PDHC (Fig. 4A-C) were
thinner, more uniform in diameter, and more round than
bovine-derived collagen scaffolds (Fig. 4D-F). At high solu-
tion concentrations, bovine collagen fibers displayed a
ribbon-like morphology, while the human collagen scaffold
contained a collection of both rounded and ribbon fibers (Fig.
4C, F). With both collagen sources, the average collagen fiber
diameter scaled positively with a collagen solution concen-
tration; however, with bovine collagen solutions, the fiber
diameter was significantly more affected by the solution
concentration. The fiber diameter increased only 3.7-fold
from a 12 to 20 wt./vol.% concentration in the plant-derived
collagen fibers; whereas a ninefold increase was observed in
the bovine collagen scaffolds (Fig. 5). For all solution con-
centrations, the fiber diameter of human collagen scaffolds
was smaller than the bovine collagen scaffolds, with the
scaffolds of a 20% collagen concentration having the largest
disparity (Fig. 5). As scaffold morphology was dramatically
different in solutions with concentrations higher than 12 wt./
vol.%, the mechanical properties of only these scaffolds were
evaluated.

The electrospun collagen scaffolds strength was signifi-
cantly reduced when formed with PDHC versus bovine
collagen, 118.9+41.4kPa and 238.2+58.2kPa, respectively,
(Fig. 6A). In contrast, no statistical difference in linear
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FIG. 3. Mechanical properties of acellular collagen sponges fabricated using plant-derived human or bovine collagen. (A)
Ultimate tensile strength (UTS) is significantly greater in large pore size bovine sponges with no statistical difference
measured between small or medium bovine or human collagen sponges. (B) Bovine collagen sponges were observed to be

stiffer in each freezing condition.

stiffness was found between human and bovine collagen
scaffolds (Fig. 6B).

Scaffold biocompatibility and immunogenicity

The ability of a scaffold to facilitate cell attachment and
proliferation is critical for its use as an in vitro culture plat-
form and as a surrogate ECM for tissue engineering. PDHC
(CP) was found to support the endothelial, fibroblast, and
keratinocyte cell attachment and proliferation (Fig. 7). Pri-
mary cell proliferation in all cell types tested was signifi-
cantly better in scaffolds made of the PDHC compared to
commercial scaffolds made of bovine collagen or bovine
collagen with either alginate or oxidized cellulose (Fig. 7A—
C). Activated THP-1 macrophages produced approximately

twice the amount of IL-1 beta per million cells when exposed
to electrospun bovine collagen scaffolds compared to PDHC
scaffolds (p<0.001) (Fig. 8).

Influence of source material on ES development
and viability

H&E-stained histological sections of ES fabricated using
plant-derived human and bovine-derived collagen showed
dense groups of fibroblasts as well as distinct, stratified
epidermal layers in both groups. By day 14, the stratum
corneum had formed as well as a continuous basal cell layer
(Fig. 9). In electrospun human collagen scaffolds, the fibro-
blast infiltration into the scaffolds was more restricted than
in the bovine collagen scaffolds with cells penetrating

FIG. 4. Fibrous collagen scaffolds fabricated via electrospinning of plant-derived human (A-C) or bovine collagen (D-F).
Electrospun scaffolds were spun using (A, D) 12, (B, E) 16, and (C, F) 20 wt./vol.% solutions of collagen in hexa-
fluoroisopropanol. Fibrous human collagen scaffolds were characterized by thinner, more uniform rounded fibers. In con-
trast, bovine collagen fibers exhibited ribbon-like morphologies at concentrations greater than 12 wt./vol.%. Scale bar =5 pm.
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FIG. 5. The collagen fiber diameter as a function of an
electrospinning solution concentration. An average fiber di-
ameter scales positively with a solution concentration. The
fiber diameter in bovine collagen scaffolds is significantly
greater than plant-derived human collagen in all scaffolds.

approximately half the distance into the scaffold (Fig. 9C, D).
No marked differences in skin morphology were observed
between ES fabricated with plant-derived human or bovine
collagen (Fig. 9A, B).

Epidermal differentiation, quantified using SEC, occurred
in all groups of ES. At day 7, all ES was characterized by
moist surfaces and high-capacitance readings. By day 14,
epidermal differentiation continued resulting in the forma-
tion of keratinized layers at the surface of the grafts (Fig. 9)
and reduced SEC readings (Fig. 10A). In both electrospun
formats, the ES reached normal human values of capacitance.
By day 21, all ES was at or below normal human values with
no statistical difference between groups (Fig. 10A).

Cellular metabolism was assessed using an MTT assay in
ES made from both collagen sponges and electrospun scaf-
folds. The assay revealed no statistical difference in cellular
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metabolism in ES fabricated using human or bovine sponges
throughout the culture period (Fig. 10B). Cell metabolism in
ES fabricated with electrospun collagen was sensitive to the
collagen source. For both days 14 and 21, cellular metabolism
was significantly enhanced on plant-derived human scaf-
folds compared to the bovine scaffolds (Fig. 10B).

After 14 days in culture, the mechanical properties of the
ES were evaluated. Despite significant differences in linear
stiffness in the acellular collagen sponges, the linear stiffness
of the ES fabricated with human and bovine sponges were
not statistically different (Fig. 11B). UTS of the ES was
equivalent between plant-derived human and bovine colla-
gen scaffolds of the same type with electrospun groups dis-
playing both a greater strength and stiffness compared to the
sponge groups (Fig. 11).

Discussion

PDHC represents a novel source of collagen for biomedi-
cal applications that combines the benefits of the biocom-
patibility of human proteins without the risk of disease
transmission. The structure of scaffolds formed with the
plant-derived human and bovine collagen was similar in all
cases with the general trend of thicker reticulations and lar-
ger fiber diameters for bovine materials (Figs. 1, 3, 4, and 7).
In general, the PDHC is less viscous than bovine collagen
due to the monomeric nature of recombinant human colla-
gen (no beta and gamma structures). Additionally, the
PDHC powder is ~80% solid compared to >97% solid in the
bovine collagen, thus equivalently fabricated human colla-
gen solutions would have less total collagen concentration.
The solution concentration and solution viscosity are both
inversely related to the fiber diameter in electrospun solu-
tions.***

For all sponge material, strength and stiffness scaled
positively with pore size (Fig. 3). As large pore-sized ma-
terials contained both thicker collagen reticulations and a
larger radius of curvature, it is expect that the mechanical
properties would scale positively with the pore size.
As the human collagen sponges were characterized by
smaller pore sizes and thinner collagen reticulations, their
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FIG. 6. Mechanical properties of 12 wt./vol.% electrospun collagen scaffolds fabricated using bovine-derived or plant-
derived human collagen. (A) UTS is significantly greater in bovine scaffolds; however, no statistical difference was found in

linear stiffness (B).
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FIG. 8. Interleukin (IL)-1 beta production (pg) per million
activated THP-1 macrophages. Activated macrophages were
incubated with bovine- or plant-derived human collagen
electrospun scaffolds for 24 h before collection of the media
and analysis via an enzyme-linked immunosorbent assay.

mechanical properties would be anticipated to be lower. This
connection between the pore size and mechanical proper-
ties is in agreement with prior studies of collagen and
collagen-glycosaminoglycan sponges.***® In addition to the
macrostructural control of the mechanical properties, less
extensive fibrillogenesis in the human collagen sponges
and higher hydrophilicity of the human collagen, which
promotes the inclusion of water molecules in the scaffold
is another possible contributor to reduced mechanics in
these scaffolds. For electrospun collagen, no evidence of
d-banding or other signs of an ultrastructure was found
within the bovine or human fibers via transmission electron
microscopy analysis (data not shown); thus, differences in the
macrostructure are likely responsible for the variations
observed in mechanical properties.

Primary human keratinocytes and fibroblasts were able to
adhere to and proliferate on all the human and bovine
scaffolds. All scaffolds promoted a stratified skin construct
with an epidermal barrier beginning to form by day 14 (Figs.
9 and 10). No difference in cell metabolism was measured in
skin fabricated with human or bovine collagen sponges;
however, human electrospun scaffolds appeared to support
enhanced cell viability compared to the bovine electrospun
scaffold (Fig. 10). This could be the result of enhanced
cell-cell communication in the human scaffold. A thick,
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FIG. 9. Hematoxylin and eosin-stained histological sections
derived human (A, C) and bovine (B, D) collagen. (A, B) Sponge and (C, D) electrospun scaffold format. Scale bar =100 pm.
Color images available online at www .liebertpub.com/tea
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metabolism was greater in engineered skin with an electrospun human scaffold compared to bovine electrospun scaffolds.
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predominantly cellular layer of fibroblasts is present on top
of the fibroblast-infiltrated human collagen scaffold. It is
possible that as fibroblasts were inoculated onto the human
scaffold, the more compliant human scaffolds collapse
slightly reducing the overall fibroblast infiltration and pro-
moting a cell-dense fibroblast layer. This theory is support by
the histological images of the electrospun PDHC skin, where
there is an increase in the scaffold density observed directly
under the fibroblast dense layer (Fig. 9C). Alternately, the
human collagen scaffold might be more susceptible to deg-
radation by MMPs and was remodeled more rapidly than
the bovine collagen.

The thick layer of fibroblasts at the upper layers of the
electrospun PDHC scaffold is also believed to be the cause of
the decrease in SEC values observed with this scaffold at the
7-day time point (Fig. 10). A dense fibroblast layer has been
previously shown to promote basal cell proliferation and
barrier function with poor epidermal differentiation ob-
served when the fibroblast layer is sparse.”® It is hypothe-
sized that the dense fibroblast layer in the PDHC electrospun
mat promoted more rapid initial epidermal differentiation.
As all other scaffolds maintained fibroblast viability and
epidermal differentiation, the SEC values were not statisti-
cally different at time points past 7 days (Fig. 10).

Mechanical properties of the ES in all cases were not sta-
tistically different (Fig. 11) despite the improved acellular
scaffold mechanics observed in the bovine scaffolds (Figs.
3A, B, and 6A). The epidermis of ES has previously been
shown to dominate the mechanical properties of the com-
posite ES construct'®; thus, the modest differences in scaffold
mechanics are overshadowed by the vast increase in skin
mechanics provided by a properly differentiated epidermal
layer. In prior studies, it has been shown that the mechanical
properties of ES are more significantly correlated with
proper cell growth and epidermal differentiation and to a far
lesser extent scaffold properties.'>*® As values for UTS of ES
range (0.01 and 0.7 MPa***") are significantly less than native
human skin (UTS=2.7-10 MPa51), alternate strategies are
needed to increase tissue biomechanics. Currently, composite
scaffolding and mechanical stimulation are being utilized to
improve dermal strength through the use of higher strength
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(A) UTS and (B) linear stiffness of engineered skin at culture day 14 as a function of the scaffold type and source

synthetic polymers and via stimulation of ECM deposition,
respectively.'””?

Conclusions

The current study showed that PDHC can easily be
formed into two common scaffold types, electrospun non-
woven scaffolds and lyophilized sponges, for tissue engi-
neering with similar architectures to standard bovine
collagen scaffolds. The processing of this raw material into
the scaffolds was significantly less labor intensive than bo-
vine collagen likely due to the purity, increased water con-
tent, and monomeric nature of the human recombinant
collagen. The in vitro data suggest that these new materials
may provide biocompatible scaffolds for skin tissue engi-
neering with less risk of an allergic response or disease
transmission. Future studies are planned to investigate the
function and immune response of engineered tissues grafted
to full-thickness wounds.
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