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Abstract

Collagen-chondroitin sulfate biomaterial scaffolds have been used in a number of tissue
engineered products under development or in the clinics. In this paper, we describe a new
approach based on centrifugation for obtaining highly concentrated yet porous collagen scaffolds.
Water uptake, chondroitin sulfate retention, morphology, mechanical properties and tissue
engineering potential of the concentrated scaffolds were investigated. Our results show that the
new approach can lead to scaffolds containing four times as much collagen as that in conventional
unconcentrated scaffolds. Further, water uptake in the concentrated scaffolds was significantly
greater while chondroitin sulfate retention in the concentrated scaffolds was unaffected. The value
of mean pore diameter in the concentrated scaffolds was smaller than that in the unconcentrated
scaffolds and the walls of the pores in the former comprised of a continuous sheet of collagen. The
mechanical properties measured as moduli of elasticity in compression and tension were improved
by as much as 30 times in the concentrated scaffolds. In addition, our tissue culture results with
human mesenchymal stem cells and foreskin keratinocytes show that the new scaffolds can be
used for cartilage and skin tissue engineering applications.
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Introduction

Collagen-based biomaterials have tremendous potential as scaffold materials for tissue
engineering 1. Type | collagen is the most abundant protein in the human body and is the
primary constituent of the extracellular matrix (ECM) in most tissues. Collagen-based
biomaterials have been used in clinical trials in the treatment of defects in skin 2, cartilage 3,
urethra 4, meniscus 5, and bone 6. Collagen-based biomaterials used for tissue engineering
applications can generally be classified into two different categories: hydrogels and porous
scaffolds.

Collagen hydrogels are made as collagen molecules in aqueous solution, and under
appropriate conditions, spontaneously assemble/gel to form a semisolid structure. Such gels
are widely used to study cell-cell and cell-matrix interactions in a variety of biological
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processes as cells can be incorporated in the solution prior to gelling 7:8. In addition, with
support, these gels are also used in a variety of tissue engineering applications 1:8:9. A
downside to the use of gels for tissue engineering is their lack of mechanical stability;
collagen gels are difficult to handle in a clinical setting. While techniques such as cross-
linking and other chemical modifications, and cell-mediated contraction can be used to make
the gels stronger 10715, gels are still mechanically inferior to dry scaffolds.

The other category of biomaterials is dry porous scaffolds. Several types of synthetic and
natural biomaterial scaffolds are used to develop tissue engineered constructs. Among
collagen-based copolymers, porous collagen-glycosaminoglycan (CG) scaffolds hold great
potential for use in tissue engineered products 16. CG scaffolds are produced by lyophilizing
a CG-acetic acid solution, which results in a continuous dry porous CG scaffold suitable for
cell seeding. Such lyophilized scaffolds are mechanically superior to collagen gels. They
also have several advantageous properties compared to scaffolds made from other materials:
CG scaffolds are made from a natural material common to the extracellular matrix of most
tissues; they possess haemostatic properties, low antigenicity, and appropriate mechanical
characteristics for use in tissue engineering applications. They have also shown an excellent
ability to promote cell attachment and proliferation in a wide variety of tissue engineering
applications 17719.

The physical and chemical properties of the bulk scaffold material determine the theoretical
upper limit of the mechanical properties of the scaffold. The actual mechanical properties of
a useful scaffold product will be lower, and depend largely on the structure of the scaffold,
itself the result of a compromise designed to meet biological and mass-transport needs. For
collagen-based scaffolds, the modulus of pure collagen has been estimated at between ~3
and 9 GPa 20, which leaves ample room for compromise when designing for most tissues.

Despite the potential of porous CG scaffolds, their physical, chemical, and biological
properties must be optimized for the targeted tissue. The pore size and structure of CG
matrices greatly affects their cell-adhesion 21:22 and mass-transport characteristics. Pores
must be large enough to allow for cell migration into the scaffold, but increasing pore size
also decreases the surface area available for cell adhesion. This suggests that pore size and
structure can be tuned to maximize cell attachment and growth. In addition, the pore size
and volume fraction also affect the mass-transport of nutrients and waste to and from the cell
in the scaffold, as well as the transport of signaling molecules between cells. A more densely
packed scaffold increases the resistance to mass transfer of nutrients and waste, but a looser
scaffold increases the number of cells that can attach. This suggests the existence of an
optimal scaffold composition that balances the number of cells that can be attached to the
scaffold with the transport of nutrients and waste to and from these cells required for cell
viability and growth. Constructs with tunable properties of volume fraction, pore size
distribution and mechanical strength, therefore, are needed to satisfy the cell adhesion and
mass transport demands placed on them by different tissue engineered systems. Previously,
the average pore size in CG scaffolds could be varied by changing the process parameters of
lyophilization 22. The final freeze-drying temperature has been shown to control the pore
size of the eventual scaffolds to some extent; a lower freeze-drying temperature led to a
smaller mean pore size, and a range of pore sizes, from 150 to 95 micrometers, were
obtained 22.

Despite these advances, the base concentration of the solution used to obtain CG scaffolds
for tissue engineering applications was limited by the solubility of collagen; in all studies,
the maximum collagen concentration used was about 0.25 % wi/v. This limits the final
collagen density that can be obtained in the scaffolds, which subsequently impacts the
physicochemical properties of the scaffolds. We have developed a new, simpler method that
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allows for greater control over collagen concentration in the scaffolds using solution
centrifugation. We have found that centrifugation and subsequent removal of supernatant of
the CG solution before lyophilization resulted in scaffolds that have a range of collagen
concentration, mechanical properties and water uptake characteristics. We further show
evidence for the potential use of these scaffolds in cartilage and skin tissue-engineering
applications.

Materials and Methods

Materials

Type | bovine collagen and chondroitin 6-sulfate (from shark cartilage) were obtained from
Sigma (St. Louis, MO). Cell culture base media included Dulbecco's Modified Eagle's
Medium with either 4.5 g/l - DMEM-HG or 1.5 g/l glucose - DMEM-LG, and keratinocyte
serum-free medium (K-SFM). These, as well as trypsin, L-glutamine, antibiotic/antimycotic
(10° units/ml penicillin G sodium, 10 mg/ml streptomycin sulfate, and 25 pg/ml
amphotericin B in 0.85% saline), non-essential amino acids, and sodium pyruvate were
obtained from Invitrogen (Carlsbad, CA) or Mediatech (Herndon, VA). Transforming
growth factor beta -1 (TFG-B1) was obtained from PeproTech (Rocky Hill, NJ);
recombinant human fibroblast growth factor-2 (FGF-2) was generously provided by the
Biological Resources Branch of the National Cancer Institute. ITS™ Premix™ was obtained
from BD Biosciences (San Jose, CA), and ascorbate-2-phosphate was procured from Wako
(Richmond, VA). Fetal bovine serum (FBS) was obtained from Invitrogen, after screening
as described by Lennon et al.23. Bovine calf serum was from Hyclone (Logan, UT).
Collagenase was from Worthington Chemical Corporation (Lakewood, NJ). Percoll,
Hoechst 33258 dye, dexamethasone, papain and Tyrode's salt solution were from the Sigma
Chemical Co. (St. Louis, MO). DNA standards were from GE Healthcare (Piscataway, NJ),
while chondroitin sulfate C standards were from Seikagaku America (East Falmouth, MA).
All cell culture plasticware was from BD Biosciences (Franklin Lakes, NJ). Antibodies to
collagen type | were from Sigma, anti-collagen type 1l was from the Developmental Studies
Hybridoma bank (University of lowa), while anti-collagen type X was a gift from Dr. Gary
J. Gibson. Mouse pre-immune IgG was purchased from Vector Laboratories (Burlingame,
CA). Derived media for culturing composite skin substitutes were keratinocyte seeding
medium (KSM), keratinocyte priming medium (KPM) and air-liquid interface medium
(ALIM). The composition of KSM is: (3:1) DMEM/Ham's F12 medium, 1% FBS,
penicillin(100-1U/ml)-streptomycin(100 pg/ml), 50 pug/ml ascorbic acid (Sigma), 1010M
cholera toxin, 0.2 ug/ml hydrocortisone, 5 ng/ml insulin, antibiotic cocktail: 100 ug/ml
gentamycin (Sigma), 2.5 ug/ml amphotericin B (Invitrogen), and 100 1U/ml-100 pg/ml
penicillin-streptomycin (Invitrogen). The composition of KPM is: 24 uM bovine serum
albumin (Sigma), 1 mM L-serine (Sigma), 10 uM L-carnitine (Sigma), and fatty acid
cocktail: oleic acid (25 uM, Sigma), linoleic acid (15 pM, Sigma), arachidonic acid (7 uM,
Sigma) and palmitic acid (25 uM, Sigma) in KSM. The composition of ALIM is: 1 ng/ml of
epidermal growth factor (Collaborative Biomedical Products, Bedford, MA) in KPM.
Software packages used for data acquisition and analysis include ImageJ (NIH,
http://rsb.info.nih.gov/ij/), ImagePro (Media Cybernetics, Bethesda, MD), Excel (Microsoft,
Redmond, WA), and Origin (OriginLab, Northampton, MA).

CG solution

The base collagen-chondroitin sulfate (CG) solutions were made by using a method adopted
from Yannas, et al.16. In short, 0.55 g of Type | bovine collagen was added to 200 ml of 0.5
M acetic acid solution (2.75 mg/ml). The solution was then blended in an ice-bath cooled
vessel using an overhead homogenizer (IKA Works, Wilmington, NC) at a speed of 13,500
rpm. After 20 minutes of blending, 0.055 g of chondroitin 6-sulfate, dissolved in 10 ml of
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0.5 M acetic acid solution, was added drop-wise to the collagen solution. The solution was
homogenized for an additional 20 minutes at 13,500 rpm. The final concentrations of
collagen and chondroitin sulfate in the CG solutions were about 2.6 and 0.26 g/liter
respectively.

Concentrated CG solution and scaffolds

A batch of 840 ml of CG solution were prepared using normal techniques. 40 ml CG
solution was aliquoted for centrifugation. Each aliquot was centrifuged for a period ranging
from 0 to 60 min at 38720 x g (r.c.f.) with an automatic superspeed refrigerated centrifuge
(RC-5C, Sorvall Instruments, DuPont, Wilmington, DE). After centrifugation, a percentage
of the solution was removed from the top of each aliquot. The remaining solution and the
collagen pellet were mixed thoroughly, frozen and lyophilized following the procedure. All
CG scaffolds fabricated in this study underwent a dehydrothermal process after freeze-
drying to strengthen the collagen network. CG scaffolds were dehydrated for 48 hours at 120
w°C under vacuum (40 mTorr).

Water uptake

Chondroitin

Water-uptake experiments were performed by obtaining 10 mm diameter disks of scaffolds
using a biopsy punch, weighing the dried scaffolds, and then weighing the hydrated
scaffolds after they were hydrated thoroughly after four days (n=6).

Sulfate content

Scaffolds obtained from various concentrated solutions were used to quantify retained
chondroitin sulfate (CS). After the water-uptake experiment, the same 12 mm diameter disks
of hydrated scaffolds were placed in 2.0 ml Eppendorf tubes and dried using a Speed-vac
(Savant, Thermo-Fisher, Waltham, MA). The CS amount in the scaffolds was quantified by
a GAG assay performed as described previously, with some modifications 24°26. Briefly,
scaffolds were digested with 1.0 ml of papain buffer (25 pg/ml papain; 2 mM cysteine; 50
mM NaH»PO4; 2 MM EDTA,; pH 6.5)27 at 65 °C. After the digestion was complete, the
scaffold extracts were transferred to a 5 ml tube and an additional 1.0 ml of papain buffer
was added for dilution. A 0.45 um pore-size nitrocellulose membrane was pre-wetted with
dH,0 and placed into a dot-blot apparatus. A 250 ul aliquot of 0.02% Safranin O in 50 mM
sodium acetate (pH 4.8) was pipetted into each well, followed by 25 pl aliquots of the
papain-digested extracts or standards (shark-cartilage chondroitin sulfate C) 24. After
vacuuming, the wells were rinsed with dH,O, and the filter was removed from the apparatus.
Individual dots were cut out, transferred to microcentrifuge tubes and eluted in 10%
cetylpyridinium chloride at 37 °C. The absorbance of the eluates was read at 530 nmin a
microplate reader.

Imaging and Image Analysis

The microstructures of the lyophilized vacuum dried scaffolds in the cross-section were
observed under scanning electron microscopy (XL30, Philip, Eindhoven, Netherlands).
Some samples were fixed in 1% glutaraldehyde overnight at room temperature, embedded in
ethylene glycol-methacrylate (Electron Microscopy Sciences, Hatfield, PA), and sectioned.
The mean pore size of the scaffolds was determined by analyzing SEM images. Three SEM
images of each scaffold (n=6) were selected and at least fifteen apparent pores were
measured with image analysis software from each image. The mean pore size of each pore
was calculated by averaging the major and minor axes lengths. 28°30.
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Mechanical Strength Testing

Tensile tests—The tensile properties of dry CG scaffolds were assessed via tensile testing
(n=7 for each condition). CG scaffolds were cut into dogbone-shaped specimens with a
gauge length of 22 mm and width of 5 mm. They were then tested to failure using an Instron
model 5565 (Canton, MA) at a strain rate of 1.4 mm/min. The elasticity modulus (ab) was
determined by fitting the experimental data of stress (c) and strain (&) with the following
model 31 consisting of two parameters a and b:

T oo =a (" = 1) (1.1)

Compression tests—Disc-shaped CG scaffolds were obtained by using a 10-mm biopsy
punch (Acuderm, Inc., Ft. Lauderdale, FL). The thickness and mass of the samples were
measured. The compressive modulus of each disc was determined in a Rheometrics Solids
Analyzer Il compression device (Piscataway, NJ). Each disc was compressed for 3 seconds
at a strain rate of 5% s™1. Compression tests were performed on six samples per condition, so
that an average compressive modulus could be ascertained. A stress-strain curve was then
recorded by a computer data acquisition system, and transferred to Excel® to determine an
average compressive modulus of elasticity (¢) based on the equation: 6compression = ¢ 32.

CG scaffolds for cultured skin substitutes

Kerationocytes were isolated from discarded neonatal human foreskins by the method of
dispase digestion followed by trypsin treatment as described in Papini, et al. 33. The
procedure was approved by the University Hospitals of Cleveland Institutional Review
Board. The cells were subsequently cultured in KSFM. The medium was changed every
three days, and the cells were passaged when they reached 90% confluence. To prepare skin
constructs, we used passage 2-3 cells. Skin substitutes were prepared using CG scaffolds as
described by Medalie, et al. 34:35. Briefly, keratinocytes were seeded at a density of 2 x 10°
cells/cm? onto 2-cm? CG scaffolds using KSM, and the scaffolds cultured in submerged
mode in KSM for 2 days, then in KPM for 1 day. The epidermal portion of the constructs
was then exposed to air and they were cultured in ALIM for 7 days, with medium replaced
every 2 days.

For histology, cultured skin substitutes were rinsed with PBS, and fixed with 10% neutral
buffered formalin and paraffin-embedded. Adjacent seven um-thick sections were either
stained with hematoxylin and eosin (H&E) or were stained for human involucrin by indirect
immunofluorescence. H&E-stained sections were mounted in permount. For
immunofluorescence, antigen unmasking was done by digesting the sections with trypsin for
5 minutes after rehydration. The primary antibody (ab68, Abcam, Cambridge, MA) was
applied for 1 hour at room temperature at 1:200 dilution. Primary antibody was omitted on
some sections as a negative control. After rinsing, a fluorescein isothiocyanate (FITC)-
conjugated goat-anti mouse secondary (Zymed, Carlsbad, CA) was used at 1:50 for 45
minutes. Stained sections were mounted in 5% n-propy! gallate in glycerol, and documented
immediately. Sections were photographed with a SPOT-RT digital camera (Diagnostic
Instruments, Sterling Heights, MI) at 10x using a Leica fluorescence microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

CG scaffolds for MSC-based chondrogenesis

Human bone marrow-derived mesenchymal stem cells (MSCs) were obtained from 4
healthy adult volunteer donors, using a procedure approved by the University Hospitals of
Cleveland Institutional Review Board; informed consent was obtained from all donors. The
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cells were prepared using a Percoll centrifugation step as described by Haynesworth et al. 36
and us elsewhere 26. The cells were plated in serum-supplemented medium 37 at 1.8 x 10°
nucleated cells/cm?2. After four days, non-adherent cells were removed by replacing the
medium, which was now supplemented with 10 ng/ml FGF-2, as we have previously shown
that expansion in the presence of FGF-2 improves subsequent chondrogenesis 38. The
medium was replaced every third day for two weeks, after which the cells were subcultured
using trypsin 39 and replated at 5 x 102 cells/cm2. Chondrogenic medium was composed of
DMEM-HG supplemented with 1% ITS* Premix™, 100 uM ascorbate-2-phosphate, 10~ M
dexamethasone, and 10 ng/ml TGF-B1 40. Additional supplements such as L-glutamine,
antibiotic antimycotic, non-essential amino acids, and sodium pyruvate were also added at
1%.

The scaffolds were stored at 4 °C until just prior to use. They were then cut to size using a 7-
mm diameter punch and transferred to 100% EtOH in a 24-well plate. The ethanol was then
aspirated, and the sponges were dried in a vacuum chamber at room temperature. 10 cells
were suspended in a volume of chondrogenic medium such that the total volume equaled the
water uptake capacity of the scaffold (Figure 3), and the cells were vacuum-seeded onto the
scaffolds as described previously 41. After 60 minutes the constructs were flipped over and
incubated for an additional hour, and then they were placed into custom bioreactors perfused
with chondrogenic medium 42. The bioreactor chamber consisted of a rigid metal/plastic
composite frame with gas-permeable windows sealed with silicone rubber gaskets to provide
gas exchange. The chamber is suitable for constructs up to 20x20 mm. The wetted parts
were replaceable; the frames are fitted with media ports. Medium was pumped through the
chamber at 250 pl/h using a syringe pump; waste medium was not recycled. The system is
housed in an incubator at 37°C with 7.5% CO,.

Some constructs were retrieved from the bioreactors on day 1 to verify seeding; the
remaining constructs were cultured for 21 days to verify chondrogenesis. Half of each
construct was fixed with 10% neutral-buffered formalin, paraffin-embedded and sectioned.
Adjacent sections were either stained with Toluidine Blue-O to evaluate proteoglycan
content, 4', 6-diamidino-2-phenylindole (DAPI) to evaluate cell distribution, or by an
indirect immunofluorescence assay using a antibodies against collagen types Il and X 26.
FITC-conjugated goat anti-mouse 1gG was used as a secondary antibody, mouse pre-
immune 1gG and no-primary were used as negative controls. The slides were then wet-
mounted using 5% N-propyl gallate in glycerol. Sections were photographed as described
above with a SPOT-RT digital camera at 10x using a Leica fluorescence microscope, and a
montage of the entire construct was made from individual images 43.

Statistical Analysis

Results

For all quantitative results, a one-way analysis of variance (ANOVA) and Tukey-Kramer
multiple comparison procedures were performed to compare data groups. A p value less
than 0.05 was used to determine statistical significance.

General Scaffold Characterization

Figure 1 shows the effect of centrifugation on the collagen concentration. By removing
different amounts of supernatants, collagen solutions of different concentrations were
obtained. The average collagen-CS concentration of scaffolds (dry mass of scaffold/volume
of scaffold, %wi/v) was plotted as a function of the percentage of the total solution removed
as supernatant. We can obtain scaffolds that have dry collagen-CS content ranging from 2
(65% removal) to 5 (85% removal) times that of the scaffolds from unconcentrated solution.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 September 15.
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Unconcentrated scaffolds had a nominal collagen density of 0.26 % w/v. Clearly, increasing
the amount of supernatant removed increased the concentration of the collagen-CS in the
scaffolds (p<0.05). Removing supernatant amounts >85% of total solution was difficult as
this led to the removal of the collagen precipitate. Further, the centrifugation time had very
little effect on the concentrated scaffolds (data not shown); a centrifugation time of 20
minutes was sufficient to achieve the final concentration.

To understand the effect of concentration on the retention of CS, we performed GAG assays
on scaffolds obtained by these different procedures. CS was retained in the concentrated
scaffolds at levels similar or greater than the levels in the unconcentrated scaffolds (Figure
2). The dashed line in Figure 2 indicates the level of CS added to the solution before
homogenization.

Water uptake is an important indicator used to determine the suitability of a biomaterial for
tissue engineering. Further, for a CG scaffold, water uptake is dependent not only on the
amount of collagen in the scaffold but also the pore characteristics of the scaffold. Figure 3
shows water uptake of scaffolds obtained from concentrated collagen-CS solution when
hydrated for four days. On a per volume basis (3A), all concentrated scaffolds have
significantly increased water uptake when compared to unconcentrated scaffolds. On a per
dry scaffold weight (3B), however, although water uptake of scaffolds from concentrated
solutions seemed to decrease the results were not statistically significant when compared to
water uptake of scaffolds from unconcentrated solution.

Pore Structure

Figures 4A and 4B show SEM images of scaffolds that were obtained from unconcentrated
(0.3% w/v, 4A) and concentrated (1.2% wi/v, 4B) collagen-CS solutions. The unconcentrated
scaffold pores appear circular and slightly larger. Further, the walls of the pores were made
up of porous fibers of collagen (insert in 4A). On the other hand, the pores of concentrated
scaffolds while circular were slightly smaller. More importantly, the walls of the pores were
made of continuous sheet of collagen fibers (insert in 4B). To better illustrate the difference
in pore structures, we obtained plastic embedded scaffolds and sectioned them (3
micrometer intervals). Figures 4D and 4E show typical pore structures of such sections
obtained from unconcentrated (0.3% wi/v, 4D) and concentrated (1.2% w/v, 4E) collagen-CS
solutions. The pores appear larger in unconcentrated samples whereas they appear smaller
and more in humber in the concentrated samples. Image analysis of all the various scaffolds
(Figure 4C) show that the pore mean diameter decreased by as much as 20% as the collagen

concentration increased (p<0.05). Overall porosity (), estimated from the equation: g=1 — =
where m is the nominal density of collagen scaffold and p is the density of anhydrous '
collagen (1.3 g/ml) for both concentrated and unconcentrated scaffolds were, however, very
high and ranged from 0.98 (concentrated) to 0.995 (unconcentrated).

Mechanical Properties

To determine whether concentrating collagen-CS solution leads to scaffolds with improved
mechanical properties, we performed tensile and compressive loading tests on dry scaffolds
that were not chemically fixed. Tensile loading was carried out on samples until they fail.
Figure 5A shows modulus of elasticity values for various scaffolds obtained from
concentrated collagen-CS solutions. All concentrated scaffolds were significantly stronger
and had modulus of elasticity values as much as 33 times greater when compared with
unconcentrated scaffolds (nominal collagen density: 0.3 % w/v). The improvements were
disproportional to the collagen density values; tripling the collagen density increased the
modulus of elasticity by 30-fold. The modulus of elasticity in tension decreased by about
30% when the nominal collagen increased from 1.1 to 1.2 % w/v. Figure 5B shows ultimate
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stress values of the scaffolds at failure. Again, the concentrated scaffolds performed better,
and had ultimate stress values as much as 12 times greater than those of unconcentrated
scaffolds. The increases were disproportionately larger than the increases in collagen content
of the scaffolds. The ultimate stress also decreased by about 20% when the nominal collagen
increased from 1.1 to 1.2 % wi/v. Further, to understand whether these results also indicate
the scaffolds ability to resist compression, we subjected the samples to compression. Figure
6 shows compressive modulus of elasticity as a function of nominal collagen density. The
results are similar to those under tension; the concentrated scaffolds had elastic moduli that
are as much as 56 times greater than that of unconcentrated scaffolds. The increases in the
modulus of elasticity values were achieved with relatively smaller increase (3-4 fold) in
collagen density.

Tissue Engineering Potential

To evaluate the potential for tissue engineering applications, we used the concentrated
scaffolds (nominal collagen density: 0.8 % wi/v) to culture cartilage constructs and skin
tissue constructs in vitro. We chose to use the 0.8 % wi/v scaffold, as based on its properties
such as water uptake, and moduli of elasticity, it was average and represented the
concentrated scaffolds. Cross-sections of the cartilage constructs harvested immediately
after seeding show cells in the scaffold voids throughout the entire thickness of the scaffold,
suggesting good interconnectivity of the scaffold pores (Figure 7, Left). After 3 weeks of
culture, the void spaces had been filled with cell-derived ECM which was positive for
proteoglycans by Toluidine Blue O staining (Figure 7, Center), and immunoreactive for
collagen type 1l by immunohistochemistry (Figure 7, Right). No type | and only trace type X
immunoreactivity were detected (Not shown). At 3 weeks, scaffold fibers remained evident
in the neo-ECM.

H & E stained cross sections of the cultured skin substitutes show that, although somewhat
immature, clear basal and corneal layers were formed, along with a partially organized
granular layer (Figure 8, Top). Immunostaining results show that involucrin
immunoreactivity is appropriately localized 44, with the protein being down-regulated in the
basal keratinocyte layer (Figure 8, Bottom).

Discussion

In this work, we developed a technique to obtain porous collagen-glycosaminoglycan
scaffolds of varying collagen concentrations for tissue engineering application. We showed
that these scaffolds have concentration-dependent water-uptake rates, mechanical properties
and pore geometry. We further showed that these scaffolds are biocompatible for cartilage
and skin tissue engineering.

Researchers typically use the base CG solution (collagen 0.26 % w/v) for tissue engineering
applications. The base concentration is limited by the solubility of collagen; which further
limits the final collagen density that can be obtained in the scaffolds. This leads to a porous
scaffold that is mechanically difficult to handle, and often collapses when exposed to water
unless the scaffold is cross-linked either chemically or by other means such as
dehydrothermal process. By centrifuging at relatively high centrifugal force, we can obtain a
collagen concentration as high as 5 times greater than the commonly-used CG scaffolds 16.
Further, by diluting this highly concentrated collagen, we can obtain a range of
concentrations corresponding to scaffolds of varying properties. The process of
centrifugation is rapid (5-20 minutes) as the collagen solution sediments rapidly due to the
relatively large centrifugal force applied. To our knowledge, our technique of centrifugation
of collagen solution to obtain scaffolds of tunable properties, while simple, is also new.
Varying the freezing rate during the lyophilization process has been shown to result in
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collagen scaffolds of tunable properties such as the pore size.21 This technique, based on the
physics of the lyophilization process, however, is technically more difficult to implement,
and it is not clear whether the resulting benefits extend to better control over the mechanical
properties of the scaffolds.

Morphometric analysis of scaffolds imaged through electron microscopy (SEM) show that
scaffolds obtained from concentrated CG solutions have more but smaller pores compared to
scaffolds obtained from unconcentrated CG solution. Although increased amount of
collagen in the scaffolds obtained from concentrated solutions can lead to smaller overall
void volume, this does not directly indicate smaller pores. The smaller pores indicate that
the initial CG solution is highly homogeneous. Despite the change in pore size, the
estimated overall porosity, however, remains high >98% possibly because of complimentary
change in the number of pores. This suggests that we can use the scaffolds obtained from
concentrated CG solutions for tissue engineering applications requiring high cell-scaffold
interactions as well as cell-cell interactions. Further, since the porosity of these scaffolds is
similar to the scaffolds obtained from unconcentrated CG solution, the amount of cells
seeded in the former scaffolds will not be affected. The latter scaffolds, however, have
inferior mechanical properties, collapse during seeding, and are difficult to handle. Our
results also suggest a range of pore sizes that can be obtained from our method. Researchers
traditionally use freezing temperature and other lyophilization parameters to control the pore
size of such scaffolds 22. Our technique presents a much simpler alternative, which not only
can control the pore size but also can increase the mechanical properties of scaffolds.

An important property of CG scaffolds is that CS plays a critical role in stabilizing scaffold
structure by inducing efficient ‘stress transfer’ in collagen fibrils 45. In addition, CS affects
important biological properties such as cell adhesion and proliferation, and in general, cell
signaling 16. Therefore, CS retention in the concentrated scaffolds is an important
parameter. Our results demonstrate that the concentrated scaffolds retain the same ratio of
GAG to collagen (1:10 by mass) thus suggesting that the new process does not diminish the
beneficial effect of GAG on the general scaffold stability and function. Water retention by
scaffolds is an important property that has implications in cell seeding and mass transport.
Our results indicate that the scaffolds made from concentrated CG solution take up more
water per volume of the scaffold than those made from base CG solution. In general, water
absorbed by porous scaffolds is characterized as: substrate-bound water and free water. The
amount of bound water is on the order of 0.35 g/g of collagen 46. Since the amount of water
uptake in our scaffolds is substantially greater (30-150 g/g) than this value, most of the
water in the scaffolds is free. Our results show that the water uptake per overall scaffold
weight basis does not change with collagen density, and since most of the water in the
scaffolds is free, the results suggest that the greater water uptake in concentrated scaffolds is
not as a result of increased amount of collagen but due to the pore size and the maintenance
of three-dimensional structure, two important factors that determine the amount of free
water in porous scaffolds.

An important characteristic of TE scaffolds is to provide an adequate mechanical
environment until matrix production by the cells takes over. The optimal environment
depends on the tissue that is targeted. For example, typical compressive modulus of knee
articular cartilage is about 7 MPa 47 and tensile modulus of excised adult human skin is
about 50 MPa 48. Therefore, it is important to have scaffolds with tunable mechanical
properties. Depending on the type of tissue, performance under either tensile, compression
or both can affect the ultimate function of the product in vivo. Although there are scaffolds
made from synthetic materials that have tunable mechanical properties (PEGDA, alginate,
etc.), but tuning mechanical properties of collagen-based scaffolds is under-investigated.
Our results suggest that concentration of CG solution can lead to scaffolds that have wide-
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ranging mechanical properties. In the case of cartilage tissue engineering application, the
concentrated scaffolds have a compressive modulus of elasticity an order of magnitude less
than that of the native tissue, which is an improvement compared to other similar scaffolds
32 and a huge improvement over unconcentrated scaffolds. In the case of skin tissue
engineering, the concentrated scaffolds have a tensile modulus of elasticity that is an order
of magnitude less than that of the native tissue but still better than that of similar scaffolds
fabricated by other researchers 32. It should be mentioned that while the increases observed
in dry scaffolds will also be reflected in wet scaffolds, in general, wet scaffolds have inferior
mechanical strength when compared to dry scaffolds.

The increases observed in compressive and tensile moduli of elasticity in the concentrated
CG solution scaffolds are both due to increased collagen and changes in pore geometry and
distribution. Increasing the density of collagen in the scaffold is expected to increase the
mechanical strength of the scaffold, as the elastic modulus is proportional to the square of
the nominal collagen density 32. In our scaffolds, the observed increases in tensile and
compressive moduli, however, cannot be explained by the increase collagen density alone.
The increases are disproportionally higher: 30-fold and 56-fold increases in tensile and
compressive moduli, respectively, for a 4-fold increase in collagen density. It is possible that
the base pore structure of the scaffold itself is changed as the collagen density is increased.
Smaller pores and pore walls that are comprised of a continuous sheet of collagen in
scaffolds made from a concentrated CG solution improve the mechanical properties of the
scaffold. A contradiction in our results is that the tensile tests showed that modulus of
elasticity and ultimate stress decreased when the nominal collagen density increased from
1.1to 1.2 % w/v. This is probably due to the accuracy with which we can delineate the
collagen density in the highly concentrated scaffolds. Indeed, scaffolds obtained after
removing 85% solution as supernatant have a wider range of nominal collagen density as
shown in Figure 1, and could lead to the disparity in the results. In designing scaffolds with
tunable mechanical properties, a compromise must be struck between providing adequate
handling properties and ensuring that we do not stress-shield the cells to the point that
external beneficial mechanical stimulation is compromised. In addition, improving
mechanical properties by increasing collagen concentration should be balanced with the
degradation rate required for the tissue targeted as degradation rate decreases with increases
in collagen density of the scaffolds.

From a practical tissue engineering perspective, these scaffolds performed quite well. The
scaffolds could be stored, handled, cut to size, and sterilized without difficulty. The
excellent seeding characteristics of the scaffolds used in the chondrogenesis experiments
suggest that they are suitable for a variety of tissue engineering applications. After 3 weeks
of bioreactor culture, the cell and GAG contents and the collagen distributions were
indistinguishable from those obtained in small-scale scaffold-free aggregate culture 25,
suggesting that the scaffold had no deleterious effect on the chondrogenic differentiation
process. Further, the scaffolds can also be used as a dermal analog; a differentiated
epidermal structure can be obtained by culturing keratinocytes on top of the scaffolds. The
new method improves upon the method that was originally developed by and Yannas, et al.
16 and Burke, et al. 49 to use porous dry substrates of collagen-GAG as dermal equivalents.
The scaffolds from the new method can also be used in the development of composite
cultured skin equivalents 2.

Conclusions

In summary, we describe a simple and rapid centrifugation method to fabricate collagen-
GAG scaffolds with various collagen densities. We show that scaffolds with various
collagen concentrations have differing properties. In general, increasing the collagen density
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increases water uptake per volume of the scaffold, leads to smaller pore sizes, and to an
increase in compressive and tensile moduli. We further demonstrate the biocompatibility of
the concentrated collagen scaffolds by tissue engineering cartilage and cultured skin
equivalents in vitro. The tunable properties, as well as the adjustable collagen density which
can lead to different degradations rates in vivo, of these scaffolds make them useful for a
variety of biomedical applications in regenerative medicine.
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Figure 1.

Effect of centrifugation on nominal density of lyophilized scaffolds. Collagen-CS solution
(40 ml) is centrifuged for 20 minutes at 37,000xg (r.c.f) and various amounts of supernatants
(0, 65, 70, 80 and 85%) were removed and the pellet is reconstituted in the remaining
solution. The reconstituted solution is frozen and lyophilized to obtain a dry scaffold. The
bulk density of the scaffolds (n=7 ea.) is shown as a function of the percent solution
removed. Error bars represent standard error of the mean (SEM). * represents statistical
significance relative to base solution (0% removed).
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Figure 2.

GAG content (%, GAG weight/total scaffold weight) of the scaffolds (n=6 each) obtained
from concentrated collagen-CS solutions as a function of nominal scaffold density. Dashed
line represents the amount of GAG added to the solution. Error bars represent SEM. *
represents statistical significance relative to scaffold obtained from base solution.
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Figure 3.

Equilibrium water uptake by scaffolds (n=6 each) obtained from concentrated collagen-CS
solutions after four days of hydration. 3A shows mass of water uptake per total volume of

the scaffold. 3B shows mass of water uptake per overall weight of the scaffold. Error bars

represent SEM. * represents statistical significance relative to scaffold obtained from base

solution.
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Figure 4.
SEM Images (4A & 4B) of scaffolds (4A: scaffold from base collagen-CS solution with a

collagen nominal density of 0.3 % wi/v, 4B: scaffold from concentrated solution with a
nominal density of 1.2 % w/v). Figure 4C shows pore size vs. nominal collagen density of
scaffolds. Images of plastic embedded 3-micrometer sections of scaffolds formed from base
collagen-CS solution with a collagen nominal density of 0.3 % w/v (4D), and from
concentrated solution with a nominal density of 1.2 % w/v (4E). Scale Bar is 250 pm.
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Figure 5.

Tensile strength of the scaffolds. Lyophilized scaffolds (n=7 each) obtained from
concentrated collagen-CS solution were cut to dog-bone shapes and subject to tension in a
universal testing machine. 5A shows tensile modulus of elasticity of the scaffolds and 5B
shows the ultimate stress as a function of nominal collagen density. Error bars represent
SEM. * represents statistical significance relative to scaffold obtained from base solution.
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Figure 6.

Compressive strength of the scaffolds. Lyophilized scaffolds (n=6 each) obtained from
concentrated collagen-CS solution were cut to dog-bone shapes and subject to compression.
Figure shows compressive modulus of elasticity as a function of nominal collagen density.
Error bars represent SEM. * represents statistical significance relative to scaffold obtained
from base solution.
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Figure 7.

Left: DAPI stained section of MSC-seeded scaffold, harvested on day 1 show cell
distribution after vacuum seeding. Center: Toludine Blue-O staining, after 3 weeks in
bioreactor culture under chondrogenic conditions. Right: type Il collagen immunoreactivity
in a construct with DAPI overlay after 3 weeks of bioreactor culture. Scale bar is 2000 pm.
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Figure 8.

Top: H & E stained section of skin-construct tissue-engineered using human foreskin
keratinocytes seeded onto a scaffold of nominal density 0.8 % w/v, and cultured for 7 days.
Although somewhat immature, clear basal and corneal layers are present, and a partially
organized granular layer can be recognized. Scale Bar is 100 um. Bottom: Involucrin
immunoreactivity is appropriately localized, with the protein being down-regulated in the
basal keratinocyte layer. Dotted line — upper edge of collagen-CS scaffold. Dashed line —
upper edge of basal layer. Scale Bar is 100 pm.

J Biomed Mater Res A. Author manuscript; available in PMC 2011 September 15.



