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Abstract. The current engineered skin substitutes for diabetic foot ul-
cer treatment lack effective host integration. The goal of this research
is to create a wound care material that promotes integration with host
tissue. We have been investigating a printable biodegradable scaffold
composed of gelatin and oxidized alginate, both materials with very
high biocompatibility and low toxicity. We investigated the printability
of oxidized alginate and its use as an ‘ink’ for drop-on-demand
crosslinking of gelatin. The oxidized alginate was characterized by
Fourier transform infrared spectrophotometry. Crosslinking rates were
investigated as a function of crosslinker concentration. Crosslinking
densities were measured by trinitrobenzene sulfonic acid assay. The
mechanical properties of the crosslinked gels were measured in dried
samples. The biocompatibility and ability of the printed scaffolds to
support fibroblast attachment and proliferation were tested. Our re-
sults show that using 15% oxidized alginate and 10% gelatin allows us
to obtain skin wound dressings with better properties. © 2012 Society
for Imaging Science and Technology.

[DOI: 10.2352/J.ImagingSci.Technol.2012.56.4.040506]

INTRODUCTION

Tissue-engineered skin grafts represent a treatment for
chronic wounds such as diabetic foot ulcers or venous leg
ulcers when other treatment options have failed. These types
of ulcer are the most common complication of diabetes
mellitus, with a prevalence of 8.3% in the US.! Treatments
for chronic wounds and their complications represent costs
of more than 20 billion dollars in the US because these
types of wound need repetitive treatments.> Close to 10% of
patients admitted to hospitals receive skin graft treatments,
bringing the market for skin grafting to 1 billion dollars per
year.’

Current tissue-engineered skin grafts have several short-
comings. Acellular grafts need 10 to 14 days for vascu-
larization, they may obscure the infection due to fluid
accumulation under the graft, they can cause immunological
rejection, or sometimes they can require a second proce-
dure.*> Cellular grafts suffer from immunological rejection
due to allogeneic cells, they may be a source of disease
transmission, they have a short life, are expensive, and are
difficult to handle.®”>>
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The main goal of this research is to create a tissue-
engineered skin graft with better host tissue integration.
We hypothesize that, by layering keratinocytes onto a
vascularized matrix of fibroblast cells, the graft resembles the
skin structure more closely. We will use inkjet printing to
assemble the graft because it allows us to customize the graft,
to create a complex structure, and to have homogeneous cell
dispersions in the graft.

MATERIALS AND METHODS

Alginate is a polysaccharide extracted from algae which
has been used extensively as a material for cell-based
therapy, wound dressings, and dental impression.8 Gelatin
is derived from collagen, and it has been used in biomedical
applications because it shows high biocompatibility and
low toxicity.” Alginic acid sodium salt (sodium alginate)
with medium viscosity and sodium periodate ACS reagent
grade were purchased from MP Biomedical, gelatin from
porcine skin (type A 300 bloom), antibiotic antimycotic
solution (100x), and fetal bovine serum (FBS) were pur-
chased from Sigma-Aldrich, sodium tetraborate decahy-
drate (borax) from Fisher Scientific, phosphate buffered
saline (PBS), 2,4,6-trinitrobenzenesulfonic acid (TNBS), and
trypsin—EDTA from Thermo Scientific, ethyl alcohol from
Pharmco AAPER, and Spectra/Por 6 membrane tubing
MWCO 2000 from Spectrum Laboratories. Neonatal human
dermal fibroblast (NHDF) cells were donated by Dr. Karina
Arcaute at The University of Texas at El Paso. Dulbecco’s
modified eagle medium (DMEM) with high glucose was
from Invitrogen. Live/Dead Viability/Citotoxicity Kit were
from Marker Gene Technologies.

The spectrophotometric measurements were obtained
by using a Perkin-Elmer Spectrum 100 series Fourier trans-
form infrared (FTIR) spectrometer. Osmolarity analyses
were done using a Fiske micro-osmometer Model 210.
The absorbance was determined in a Biomate 3 Thermo
Scientific spectrophotometer. During the mechanical testing,
a dynamic mechanical analyzer (DOA 800, TA Instrument,
New Castle, DE) was used. For imaging, a Nikon Eclipse
Ti microscope and Nikon D-Eclipse C1 Confocal unit and
Software were used.
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Figure 1. Photograph of the modified HP Deskjet 340 printer.

Alginate oxidation and characterization

Sodium alginate was oxidized in the presence of sodium
periodate as described elsewhere.!? Briefly, 10 g of sodium
alginate was dispersed in 25 ml of ethanol in the presence of
0.4 M sodium periodate, and stirred at room temperature in
the dark for 6 h. Deionized water was added to the solution
to obtain 1 L, which was kept in the dark for 72 h. The
precipitate solution was dialyzed until periodate was absent.
The oxidized alginate (OA) was lyophilized.

The aldehyde group in OA was analyzed in the FTIR
spectrometer. The spectra of the samples were measured
using polytetrafluoroethylene sample holder cards in the
spectral range 4000400 cm~!, and analyzing the range
2500-500 cm ™.

Viscosity measurement was carried out in a Brookfield
DV-E digital viscometer with a small sample adapter and
reticulating ethanol-deionized-water solution through the
system to vary the temperature in the testing solution. OA
solutions were analyzed when dissolved in PBS and 0.1 M
borax solutions varying the spindle velocity, temperature and
concentration.

The osmolarity of PBS and 0.1 M borax solutions were
measured to reduce swelling and gel deformation.'!

Scaffold characterization

To measure the gelling time, 0.5 ml of 10% OA in 0.1 M borax
solution was mixed with 0.5 ml of 10% gelatin in 0.1 M borax
solution using a magnetic stir bar on a hot plate at 37°C and
250 rpm. The gelling time was determined by recording the
time elapsed when the stir bar stopped moving.

The degree of crosslinking was determined by TNBS
assay.'? In brief, 5 mg OA was reacted with 1 ml of 0.5%
TNBS and 1 ml of 4% CHNaO3 at 60°C for 4 h. 1 ml of this
solution was reacted with 3 ml of 6N HCl at 40°C for 1.5 h.
TNBS solution reacts with the unreacted gelatin and forms
a soluble solution. The absorbance (ABS) was measured at
334 nm in a spectrophotometer.'?

Tensile testing of the OA—gelatin scaffold was measured
using a dynamic mechanical analyzer (Instron 5866). Sam-
ples (10% OA 10% gelatin) were dried at room temperature.
Using cardboard strips and cyanoacrylate glue, the rectan-
gular dried samples were placed in the grips of the analyzer.
Samples were stretched at room temperature with a constant
deformation rate of 0.5 mm min~! until fracture.
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Printer modification

An HP Deskjet 340 printer and HP 33 pen were modified.
The HP Deskjet 340 printer was modified to control the
deposition plate, and the HP 33 pen was modified to print
small sample volume. An aluminum plate was adapted to
the printer using the paper feeding sensor and two switches
along the y-axis. Temperature control of the deposition
plate is achieved by using a heat exchange hydraulic system
connected in a closed loop to a chiller/heater device with
a resolution of 0.1°C (Thermomix/Frigomix 1460/1495,
Braun). The geometry of the internal serpentine of the depo-
sition plate allows the temperature to remain homogeneous
with only a 0.4°C maximum difference across the plate in a
working range from 4°C up to 90°C. The deposition plate
can be adjusted along the y-axis, using the paper feeding
sensor and two switches. This movement is controlled using
a Phidget relay (interfacekit 0/0/8), connected to the four
phases of a PC357XLG half stepper motor. The z-axis is
regulated manually with an adjustable jack allowing one to
vary the distance between the pen and the plate (see Figure 1).

Cell maintaining

NHDF cells were maintained with DMEM supplemented
with 10% FBS and 1% antibiotic/antimycotic solution. Cells
were incubated at 37°C in a 5% CO; environment. Cells
at passage 10 were used in the experiment after 80-90%
confluence was reached.

Cell printing

200 pL of 10% OA in 0.1 M borax solution mixed with
NHDE cells (1 x 10° cells/ml) and placed into the modified
HP 33 pen. 800 uL of 10% gelatin in 0.1 M borax solution
was used as bio-paper on a microscope slide. The biological
ink was printed onto the gelatin. Once the cell-scaffold was
fabricated, it was removed from the glass slide and placed in a
sterile Petri dish with DMEM. The scaffold was incubated at
37°C in a 5% CO; environment. The medium was changed
24 h later and then every other day. Figure 2 shows the
scaffold obtained by inkjet printing.

Imaging

Cell viability of the encapsulated cell was tested with
Live/Dead assay (Live/Dead Viability/Cytotoxicity Kit) at
72 h. Briefly, old medium was aspirated and the samples were
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Figure 2. Photograph of a printed scaffold using a modified HP Deskiet
340 printer.
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Figure 3. FTIR spectrum of sodium alginate (dashed line) and OA (solid
line]. The characteristic peaks are labeled.

washed with PBS to remove remaining DMEM. 20 uL of
Ethidium homodimer-1 (EthD-1) and 1 uL of calcein were
diluted in 10 ml of PBS. Samples were place in a 6 multi-well
plate and EthD-1—calcein—PBS solution was added until the
solution was 1 mm level above the scaffold. The samples were
incubated at 37°C in a 5% CO; environment for 30 min. The
stained gels were observed using a confocal microscope with
fluorescence capabilities.

RESULTS AND DISCUSSION

Sodium alginate is a heteropolysaccharide composed of
4-linked B-mannuronic acid and its C-5 epimer, o-guluronic
acid.’> The hydroxyl groups of the guluronic acid in the
alginate are oxidized with sodium periodate, by the rupture
of the carbon—carbon bond, forming aldehyde groups in each
oxidized monomeric unit.

The oxidation of sodium alginate has been previously
studied by several groups,'?~1°> and nearly identical reaction
conditions were used in this work.

FTIR spectra of sodium alginate and OA are shown in
Figure 3. The stretching C-O peak appeared at 1034 cm™!

J. Imaging Sci. Technol.

040506-3

Table I. Viscosity [cP] of 10% OA in PBS at different temperatures varying the
spindle velocity.

Temperature [°(]

Spindle velocity [rpm] 25 30 35 40
10 20.1 17.7 15.3 13.2
12 20 17.3 147 13.2
20 229 19.9 17.2 149
30 24 207 18.2 15.8
50 24.5 21.12 18.54 16.14
60 247 .15 18.65 16.2
100 25.02 21.42 18.93 16.5

Table II. Viscosity [cP] varying the concentration of OA in 0.1 M borax solufion and
the spindle velocity (the temperature remained constant at ~25°().

0A concentration [%]

Spindle velocity [rpm] 5 10 15
30 1.2 3.6 5.6
50 1.62 4.14 6.36
60 1.75 4.25 6.35
100 213 453 6.63

in both sodium alginate and OA. The FTIR spectra for
OA shows characteristic peak at 1739 cm™! for aldehyde
group C=0, which is absent in unmodified sodium alginate
spectra.!* The aldehyde group of OA makes it possible to
crosslink with the amino acid group of gelatin, creating a
non-thermoreversible gel.

We also determined the viscosity of 10% OA in PBS at
different temperatures (the results are shown in Table I). The
viscosity of 10% OA in PBS is in the range 25.02-13.2 cP,
where the highest is at 25°C and the lowest at 40°C. Previous
studies have shown that the viscosity range needs to be
between 2 and 30 cP to obtain a printable ink.!® Thus, one is
unlikely to obtain good ink formulations with OA dissolved
in PBS because solutions close to the highest range are
more difficult to print. Lower concentrations of OA in PBS
could be used; however, the resulting gels will be too weak.
Table II shows the viscosity for different concentrations of
OA in 0.1 M borax. The viscosity for OA solution is in the
range 1.2-6.63 cP. For this reason, 0.1 M borax solution was
employed to dissolve OA and obtain the biological ink.

The osmolarities of the ink and the substrates were
measured to minimize scaffold deformation.!! Osmolarity is
very important in cell culture because, when the osmolarity
is too high or too low, the cell growth rate decreases and the
cell death rate increases.!” The typical osmolarity range for
cells is 260-320 mOsm/kg.'® The osmolarity for 0.1 M borax
solution is 366 mOsm/kg, for PBS solution is 291 mOsm/kg,
and for DMEM is 324 mOsm/kg. To prevent scaffold
deformation and cell death, it will be necessary decrease
the borax concentration. The osmolarity was measured for
different borax concentrations; the optimal concentration
was 0.09 M (330 mOsm/kg).

Jul.-Aug. 2012



Yanez et al.: Printable cellular scaffold using self-crosslinking agents

90 1
80 - B celatin-10% OA

70 7 0O OA-10% gelatin

Gelling time |s]

5 10 15
Concentration [%]

Figure 4. The black bar indicates the gelling time for OA (10% in 0.1 M
borax) when the concentration of gelatin is varied (5%, 10%, and 15%).
The white bar indicates the gelling time for gelatin (10% in 0.1 M borax)
when the concentration of OA is varied (5%, 10%, and 15%).

The gelling time was determined for gelatin and OA
solutions at different concentrations. It is observed in
Figure 4 that, as the concentration of OA increases (white
bar), the gelling time decreases; however, the difference in
gelling time between 10% and 15% OA in 0.1 M borax is
not significant. The gelling time for OA (constant at 10%)
dropped from 80 s to 60 s when the gelatin concentrations
increased from 5% to 10%, but remained constant for higher
concentrations (black bar).

Figure 5 shows the degree of crosslinking determined
by TNBS assay when the OA remained constant (10% in
0.1 m borax solution) and the concentration of gelatin
was varied (5%, 10%, and 15%). Crosslinking between the
amino groups of gelatin and the aldehyde groups of OA is
due to Schiff's base formation.'? As expected, the degree
of crosslinking decreases when the gelatin concentration
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Figure 5. Degree of crosslinking for 10% OA in 0.1 M borax ot different

gelatin concentrations.

increases because there are many amino groups and not
enough aldehyde groups to react.

The tensile stress average for dried gels (10% OA with
10% gelatin in 0.1 M borax) is 7.12 MPa while the ultimate
tensile stress average is 5.09 MPa. Previous studies have
reported that the OA improves the mechanical properties of
gelatin in rehydrate samples (10% gelatin in distilled water
and 1-3% OA).!” The reported tensile stress for 10% gelatin
is 2 MPa, and for 10% gelatin with 1% and 3% OA itis 2.6 and
2.9MPa, respectively.19 The difference between those stresses
and the ones reported here is attributed to the fact that
dried samples were used and in previous studies rehydrated
samples were used.

NHDF cells were encapsulated inside the OA—gelatin
scaffold by mixing cells with the bio-ink (10% OA in 0.1 M
borax) and printing the mixture onto gelatin 36°C + 1°C.
Approximately 2 min after printing, the scaffolds were
soaked in DMEM medium and placed in the incubator.
Cells in the scaffold were stained with the LIVE/DEAD
assay at 72 h, and observed using a confocal microscope.
Figure 6(a) shows the NHDF encapsulated in the scaffold

Figure 6. [a) 10x bright field image of NHDF on OA and gelatin scaffold at 72 h, and (b) 10x confocal image of NHDF.
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Figure 7. 10x bright field image of the encapsulated cell in 10% OA
and 10% gelatin scaffold after 7 days of culture.

at 72 h, revealing that the cell morphology remains round
(adhesion stage). The cell morphology might be due to the
presence of the aldehyde group of OA or to the low cell
density. Other investigators have found that fibroblasts are
alive with regular fibroblast morphology when are seeded
onto OA—gelatin gels.!> However, this study did not report
fibroblast morphology when they were encapsulated inside
the gel. Fig. 6(b) shows confocal images depicting live cells
in strongly green fluorescent calcein.?’ The amount of live
cells found in the gels indicates the non-toxic nature of
OA-gelatin gels.'? Figure 7 shows a 10x bright field image
of the NHDF cells in the 10% OA in borax and 10% gelatin
scaffold after 7 days post printing. The characteristic NHDF
phenotype is seen clearly demonstrating cell attachment
between 2 and 7 days of culture. These data indicate that the
gels are non-toxic and allow attachment and proliferation of
fibroblast cells.

CONCLUSIONS

In summary, oxidized alginate was characterized with respect
to printability and its ability to crosslink gelatin. When
0.1 M borax solution is used to dissolve gelatin and OA,
biodegradable hydrogels can be created by inkjet printing.
Adding NHDF cells to the biological ink (OA in borax
solution) allows one to construct gels with embedded cells.
Cytotoxicity analysis shows the survival of the cells after
printing, and the characteristic fibroblast morphology after
7 days of cell encapsulation. Control over the concentration
of OA as well as the spatial distribution of the cells and
crosslinkers throughout the scaffold should allow us to create
customizable constructs with improved properties.

J. Imaging Sci. Technol.

040506-5

ACKNOWLEDGMENT

The Metallurgical Engineering Department at UTEP, fund-
ing by a grant Loya to UTEP, and Texas Higher Education
Coordinating Board are acknowledged. Thanks to Zephy
Zephyr Hernandez and Eduardo Andrade for their help with
the mechanical testing. Navina Giinther was supported by
Research Internship in Science and Engineering, and Polette
Cortez was supported by The University of Texas System
Louis Strokes Alliance for Minority Participation.

REFERENCES

1C. Dieckmann, R. Renner, L. Milkova, and J. Simon, “Regenerative
medicine in dermatology: biomaterials, tissue engineering, stem cells,
gene transfer and beyond,” Exp. Dermatol. 19, 697-706 (2010).

2 M. Chen, M. Przyborowski, and F. Berthiaume, “Stem cells for skin tissue
engineering and wound healing,” Biomed. Eng. 399421 (2009).

3. Li, N. L’Heureux, and J. Elisseeff, World Scientific, 2011, pp. 78-80.

4Y. Bello, A. Falabella, and W. Eaglsteiin, “Tissue-engineered skin,” Am. J.
Clin. Dermatol. 305-313 (2001).

5R. Shevchenko, S. James, and E. James, “A review of tissue-engineered
skin bioconstructs available for skin reconstruction,” Interface 229-258
(2010).

6(2010) Dermagraft Active Living Cells. [Online]
http://www.dermagraft.com/about/overview/.

7. Morgan and M. Yarmush, “Bioengineered skin substitutes,” Sci. Med.
6-15 (1997).

8 K. Y. Lee and D. Mooney, “Hydrogels for tissue engineering,” Chem. Rev.
101, 1869-1879 (2001).

Js. Young, M. Wong, Y. Tabata, and A. G. Mikos, “Gelatin as a delivery
vehicle for the controlled release of bioactive molecules,” J. Control. Rel.
109, 256-274 (2005).

10M. Yanez, C. De Maria, J. Rincon, and T. Boland, “Printable biodegrad-
able hydrogel with self-crosslinking agents for wound dressings,” Proc.
NIP27 and Digital Fabrication 2011 (IS&T, Springfield, VA, 2011),
Pp. 632-635.

11X. Cui and T. Boland, “Human microvasculature fabrication using ther-
mal inkjet printing technology,” Biomaterials 30, 6221-6227 (2009).

12, Balakrishnan and A. Jayakrishnan, “Self-cross-linking biopolymers
as injectable in situ forming biodegradable scaffolds,” Biomaterials 26,
3941-3951 (2005).

137, E. Scoot and R. J. Harbinson, “Periodate oxidation of acid polysaccha-
ride,” Histochemi 19, 155-161 (1969).

147 Ly, P. Zhang, Y. Cao, Q. Lin, S. Pang, and H. Wang, “Study on partially
oxidized sodium alginate with potassium permanganate as the oxidant,”
J. Appl. Polym. Sci. 113, 3585-3589 (2009).

151, Huijuan, H. Zang, and W. Chen, “Differential physical, rheological,
and biological properties of rapid in situ gelable hydrogels composed of
oxidizedalginate and gelatin derived from marine or porcine sources,” J.
Mater Sci: Mater. Med. 20, 1263-1271 (2009).

16 A, Kosmala, R. Wright, Q. Zhang, and P. Kirby, “Synthesis of silver nano
particles and fabrication of aqueous Ag inks for inkjet printing,” Mater.
Chem. Phys. 129, 1075-1080 (2011).

175, Ozturk and B. Palsson, “Effect of Medium Osmolarity on Hybridoma
Growth, Metabolism, and Antibody Production,” pp. 989-993, 1990.

181, Freshney, Culture of Animal Cells a Manual of Basic Techniques, 2005.

19E. Boanini, K. Rubini, S. Panzavolta, and A. Bigi, “Chemico-physical
characterization of gelatin films modified with oxidized alginate,” Acta
Biomater. 6, 383-388 (2010).

20K, Arcaute, L. Ochoa, B. Mann, and R. Wicker, “Hidrogels in Stereolitog-
raphy,” pp. 434-445, 2005.

Jul.-Aug. 2012


http://dx.doi.org/10.1111/j.1600-0625.2010.01087.x
http://dx.doi.org/10.1111/j.1600-0625.2010.01087.x
http://dx.doi.org/10.2165/00128071-200102050-00005
http://dx.doi.org/10.2165/00128071-200102050-00005
http://dx.doi.org/10.2165/00128071-200102050-00005
http://www.dermagraft.com/about/overview/
http://dx.doi.org/10.2165/00128071-200102050-00005
http://dx.doi.org/10.1021/cr000108x
http://dx.doi.org/10.1016/j.jconrel.2005.09.023
http://dx.doi.org/10.1016/j.biomaterials.2009.07.056
http://dx.doi.org/10.1016/j.biomaterials.2004.10.005
http://dx.doi.org/10.1007/BF00281095
http://dx.doi.org/10.1002/app.30328
http://dx.doi.org/10.1007/s10856-009-3694-4
http://dx.doi.org/10.1007/s10856-009-3694-4
http://dx.doi.org/10.1016/j.matchemphys.2011.05.064
http://dx.doi.org/10.1016/j.matchemphys.2011.05.064
http://dx.doi.org/10.1016/j.actbio.2009.06.015
http://dx.doi.org/10.1016/j.actbio.2009.06.015

	F1
	F2
	F3
	T1
	T2
	F4
	F5
	F6
	F7
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20

