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Abstract: We present here the in vitro release profiles of either fluorescently labeled
biomolecules or computed tomography contrast nanoagents from engineered collagen hydrogels
under physiological conditions. The collagen constructs were designed as potential biocompatible
inserts into wounded human gingiva. The collagen hydrogels were fabricated under a variety
of conditions in order to optimize the release profile of biomolecules and nanoparticles for the
desired duration and amount. The collagen constructs containing biomolecules/nanoconstructs
were incubated under physiological conditions (ie, 37°C and 5% CO,) for 24 hours, and the
release profile was tuned from 20% to 70% of initially loaded materials by varying the gelation
conditions of the collagen constructs. The amounts of released biomolecules and nanoparticles
were quantified respectively by measuring the intensity of fluorescence and X-ray scattering.
The collagen hydrogel we fabricated may serve as an efficient platform for the controlled
release of biomolecules and imaging agents in human gingiva to facilitate the regeneration of
oral tissues.

Keywords: engineered collagen hydrogels, biomolecules, imaging agents, sustained release,
human gingival cells, growth

Introduction

A sufficient supply of biomolecules (eg, growth factors) is critical for gingival
fibroblasts to be able to proliferate in wounded gum.'* Without a supply of blood
and responsible biomolecules, only a small number of cells may survive. Placement
of wound-healing hydrogels at dental implant sites for rapid recruitment of vascular
capillaries and sufficient delivery of biomolecules is a promising way to achieve less
painful and more efficient healing of wounded gum.*#

Growth factors such as vascular endothelial growth factor and basic fibroblast
growth factor stimulate endothelial cells to migrate from the surrounding tissue and
proliferate.” However, simple injection of these biomolecules at the wound site fails
to stimulate this process efficiently because the biomolecules easily diffuse away from
the injection site. Controlled protein release from biopolymer scaffolds/hydrogels has
been investigated in order to enhance the effects of delivery of growth factors.®’

Collagen is one of the major extracellular matrix components in mammals. It is a
hydrogel composed of structural proteins that provides mechanical integrity to a variety
of tissues and organs and stores several biomolecules.® Collagen substrates have been
shown to promote the proliferation, migration, and differentiation of human gingival
fibroblasts.” Numerous studies have sought to improve and reproduce the growth
and differentiation of fibroblasts and epidermal cells by using collagenous materials
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as support.'”™ Three-dimensional culture methods using
collagen gels successfully adhered to the collagen fibers and
the cytoplasmic processes of the cultured cells to the fibers
of the carrier grids without contracting or detaching from the
supporting structures. Collagen hydrogels are, therefore, an
ideal substrate for use in damaged gingival tissue for faster
healing of the wound site.

The successful control of the release of biomolecules
has been demonstrated by controlling the quality of the
hydrogel." The release profile of drugs and/or biomolecules
from engineered collagen constructs depends primarily on
how hydrogels are prepared. The diffusion of biomolecules,
nanoparticles, and drugs can be regulated by fabrication tech-
nique, crosslinking density, nature of the cross-linker, and/or
quaternary structures.®!*!7 Any conformational changes of
hydrogels and binding affinities of the collagen networks
may influence transportation phenomena of fluid, which
may affect the diffusion kinetics and entrapment efficacy
of the drugs.'s"

To assess its potential in in vivo applications, molecular
imaging modalities, eg, fluorescence, computed tomography
(CT), and magnetic resonance imaging (MRI), are often
adapted to quantify the amount of biomolecules/nanoparticles
released from engineered scaffolds or hydrogels used as drug
carriers.”? MRI can quantify the amount of released drug mol-
ecules attached to iron oxide nanoparticles using the magnetic
properties of nanoparticles.?! CT has also been used to image
gold nanoparticles to measure the distribution and trafficking
of drug molecules conjugated with nanoparticles.?

In this study, we engineered a collagen hydrogel that is
implantable into human gingival tissue, and examined the in
vitro release profiles of fluorescently labeled or CT contrast
biomolecules and nanoparticles from the hydrogel. Cocul-
ture of deliberately damaged gingival cell clusters with the
engineered collagen hydrogels facilitated the recovery of the
cell clusters. Proliferation of gingival cells incubated with
transforming growth factor (TGF)-f1-releasing hydrogels
was examined in in vitro time-lapse studies.

Materials and methods

Materials

Rat tails were generously donated by Dr Nakwon Choi at the
Korea Institute of Science and Technology. Primary human
gingival fibroblasts were obtained from donated teeth col-
lected at the Soon Chun Hyang Hospital in Seoul, Republic of
Korea. Reagents were purchased from the following compa-
nies: antibiotic-antimycotic, 100x (Gibco, Grand Island, NY,
USA,; catalog number 15240-062), MycoGONE mycoplasma

antibiotic cocktail, 50x (Genlantis, San Diego, CA, USA;
catalog number A200100), fetal bovine serum, (Welgene,
Daegu, Republic of Korea; catalog number S001-07), Dul-
becco’s phosphate-buffered saline (PBS; Welgene, catalog
number LB 001-02), Dulbecco’s Modified Eagle’s Medium
(DMEM), high glucose, pyruvate (Gibco, catalog number
11995-073), AuroVist™ 15 nm gold nanoparticle X-ray
contrast agent (Nanoprobe, Yaphank, NY, USA; catalog
number 1115), fluorescein isothiocyanate (FITC)-dextran
500 kDa (Sigma-Aldrich, St Louis, MO, USA; catalog
number FD500S-100MG), recombinant human TGF-B1
(R&D Systems, Minneapolis, MN, USA; catalog number
240-B-002), Nanodot HE-100-680 nm (QD Solutions, Aus-
tin, TX, USA: catalog number HE-100-620 nm), anti-alpha
smooth muscle actin antibody (Abcam, Cambridge, MA, USA;
catalog number ab8211), 1-myristoyl-2-hydroxy-sn-glycero-
3-phosphocholine (Avanti Polar Lipids, Alabaster, AL,
USA; catalog number 855575C), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-(methoxy polyethylene glycol)-
2000 (Avanti Polar Lipids; catalog number 880120C), and
1,2-dioleoyl-sn-glycero-3-N-(5-amino-1-carboxypentyl)
iminodiacetic acid succinyl nickel salt (Avanti Polar Lipids;
catalog number 790404C). All reagents were of analytical
grade and used as received.

Preparation of collagen hydrogel

Type I collagen was extracted from rat tail tendons and
processed in acetic acid solution to obtain sterile soluble
collagen.? Lyophilized collagen (93 mg) was dissolved in
6.2 mL of acetic acid to make 1.5% (w/v) collagen stock
solution. An example preparation is as follows: 780 UL of
stock collagen was mixed with 300 uL. of DMEM. Subse-
quently, 58.5 uL of 100 uM FITC-dextran (molecular weight
500 kDa) was added to the collagen solution for fluorescence
imaging. An appropriate amount of 1 M NaOH solution
was then applied to neutralize the collagen mixture at a pH
of ~7. To make a cone-shaped collagen sample, we first filled
the prepared polydimethylsiloxane mold with the collagen
mixture. The mixture was then allowed to undergo gelation
at 37°C for 1 hour, leading to a porous collagen structure.
For our transient release experiment, we tested a total of six
collagen construct samples.

Synthesis of ferritin nanoparticles

To verify the effective pore sizes of the collagen constructs,
we carried out an additional release experiment using
ferritin nanoparticles. We engineered the human ferritin
gene structure to allow for expression of protein G and six
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histidines on the surface of ferritin. Ni-Nitrilotriacetate
metal chelator is well known for binding histidine protein.
Synthesized ferritin particles were incubated with anti-
alpha smooth muscle actin antibodies at a 1:1 molar ratio
to maximize the area of functionalized surface. Using
Ni-functionalized quantum dots, the ferritin nanostructure
was decorated with water-soluble quantum dots at a ratio
of 1:7.242

Synthesis of TaO nanoparticles

Tantalum oxide (TaO) nanoparticles were synthesized by
microemulsion methods.?® First, a microemulsion was pre-
pared by mixing 4.6 g of Igepal CO-520 (Sigma-Aldrich),
0.5 mL of ethanol 99.5% (Samchun Pure Chemical Co Ltd,
Pyeongtaek, Republic of Korea), 0.5 mL of NaOH aque-
ous solution (75 mM), and 40 mL of cyclohexane 99.5%
(Samchun Pure Chemical Co Ltd), in a 100 mL round-
bottomed flask. After adding 0.1 mL of tantalum (V)
ethoxide (0.3 mmol, 99.8%; Strem Chemicals Inc.,
Newburyport, MA, USA) to the microemulsion at room
temperature, TaO nanoparticles were synthesized within
5 minutes. We added 0.5 mL of 2-methoxy (polyethylene-
oxy) propyltrimethoxysilane (PEG-silane, 596-725 Da;
Gelest, Greenville, SC, USA) for pegylation of the TaO
nanoparticles. Rhodamine-B-isothiocyanate (RITC) was
further functionalized on the surface of TaO nanoparticles
by adding 10 UL of RITC—aminopropyltriethoxysilane
(APTES, Sigma-Aldrich) solution to the reaction mixtures.
RITC-APTES stock solution was prepared in advance
by reaction of 110 uL of APTES with 50 mg of RITC in
3.75 mL of ethanol for 24 hours. The mixture was then
stirred for 24 hours and the as-synthesized nanoparticles
were washed with a mixed solution of 1:1 (v/v) ether/n-
hexane and dispersed in ethanol. Finally, to conjugate PEG
onto residual amine groups on the surfaces of the function-
alized TaO nanoparticles, 20 mg of methoxypoly(ethylene
glycol) succinimidyl glutarate (molecular weight 2000,
Sunbio Inc, Gyeonggi-do, Republic of Korea) dissolved in
10 mL of ethanol was mixed and stirred overnight at 30°C.
After washing several times with deionized water, the final
product, PEG-RITC-TaO, was dispersed in PBS.

Characterization of nanoparticles
Transmission electron microscopy analysis was conducted
with a JEM-2100F transmission electron microscope (JEOL
Ltd, Tokyo, Japan) operating at 200 kV. Samples were
prepared by putting a drop of particle dispersions onto a
carbon-coated copper grid.

Loading of biomolecules/nanoparticles

into hydrogels

Lyophilized TGF-B1 (R&D Systems) was dissolved in
culture medium, aliquoted, and stored at —=70°C. To assess
the effects of growth factor, cells were cultured in 0.1%
fetal bovine serum medium containing 0-100 ng/mL of
TGF-B1. Collagen hydrogels were loaded with either TGF-B1
or other nanoparticles (eg, gold, TaO, dextran, or ferritin
nanoparticles), and the resulting swollen hydrogels were
kept at 4°C for 2 hours before being transferred into buffer
solution. Typical impregnations of biomolecules into colla-
gen hydrogels were carried out with PBS containing target
molecules. The controls, ie, empty collagen hydrogels, were
prepared under the same protocol. All hydrogels prepared
by this method were similar in appearance, regardless of
hydrogel type and labeling.

Release profiling of biomolecules/

nanoparticles

In vitro degradation of collagen hydrogels was evalu-
ated in terms of fluorescence emitted by either dye
molecules attached to the released dextran particles or
quantum dots conjugated to the ferritin nanoparticles. To
calculate the amounts of FITC-dextran released from the
collagen cones, all samples were submerged in 2.5 mL
of PBS solution. Samples containing the FITC-dextran,
diffused from the collagen cones, were taken at 1, 2,
3, 6, 12, and 24 hours immediately after submergence
in PBS. We quantified the amount of released FITC-
dextran by measuring the fluorescence intensity of the
PBS samples. We also measured the amount of TGF-f1
released in the PBS samples using a Quantikine human
TGF-B1 immunoassay kit (R&D systems). In addition
to these quantifications, CT measurements of TaO nano-
particles released from the hydrogels were translated
into the amounts of particles in solution. Micro-CT
imaging was performed on a Caliper IVIS Spectrum CT
system. Samples were positioned on a rotating platform
placed in front of a flat panel detector and an X-ray tube.
A high-resolution detector with a 150 um voxel size
and a resolution of 425 was used over an active area of
12x12x13 cm (length, width, height). We acquired 720
projections for reconstructing tomograms. The hardware
used allowed averaging of the values of a 4x4 array of
pixels, which in turn increased the signal to noise ratio.
The total experimental time took ~140 seconds per trial,
with an average dose of about 52.8 mGv.
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Human gingival tissues were obtained from donated extracted
wisdom teeth at Soon-Chun-Hyang Hospital, Seoul, Republic
of Korea. The study was approved by the institutional review
boards of Soon-Chun-Hyang Hospital and Korea Institute of
Science and Technology, Seoul, Republic of Korea. Written
informed consent was obtained from all participants. None
of the three male subjects studied had any sign of malignant
tumors or other diseases.

The obtained tissues were kept in cold DMEM with 10%
fetal bovine serum and a cocktail of antibiotics and antimy-
cotics. Next, the tissues were minced with a blade and spun
down at 4°C and 200x g for 5-10 minutes to separate and
wash the pellets. Resuspended tissue explants were laid onto
a 60 mm dish and kept in an incubator. Every 3 days during
culture, fibroblasts grown from tissue explants were washed
and continued under passage using 0.2% trypsin. Prolifera-
tion tests and cell damage recovery experiments were per-
formed when the fibroblasts reached passages 3—10.

Recovery of damaged gingival cell clusters
Human gingival cells grown to confluence were scratched
with a cell scraper (Nunc®, Sigma-Aldrich). The resulting
debris was removed by gentle washing with medium. The ini-
tial boundaries and areas of scratched surfaces were recorded
and the cells were placed in an incubator. Cells were main-
tained for up to 24 hours in standard culture medium. Images
of the healing wound were acquired by optical microscopy
and analyzed using image analysis software (Imagel).

Proliferation assay

The cell growth assay was performed using a method reported
elsewhere.?” Briefly, fibroblasts (25,000 cells) in 2 mL of
DMEM 10% were allowed to settle in a well of a 24-well
culture plate (Corning Corporation, Cambridge, MA, USA)
for 2 hours. After slight washing with PBS, the medium was
replaced by DMEM containing 1.0% fetal bovine serum
(DMEM 1%) for 12 hours. Cells treated with TGF-B1,
hydrogel carrying TGF-B1, and PBS (control) were harvested
using 0.2% trypsin in PBS, and stained with Calcein-AM for
live cell counting at an emission wavelength of 540 nm in a
fluorescence microscope. Fluorescence intensities relating to
the number of cells were recorded for analysis. All experi-
ments were performed in triplicate.

Statistical analysis
Chi-square tests with Yate’s correction and one-tailed
Mann—Whitney U-tests were performed using GraphPad

Prism (version 5.0b for Mac OS X, GraphPad Software,
San Diego, CA, USA).

Results and discussion

Figure 1 is an overview of our approach to the use of
collagen hydrogel for implantation in damaged gingiva.
Biomolecules such as TGF-B1 released from the hydro-
gel are absorbed into neighboring tissue and assist in
the recruitment and proliferation of gingival fibroblasts.*
Nanoparticles used for optical or CT contrast agents are
also released from the hydrogel and were used to assess the
release dynamics. To obtain a collagen hydrogel consisting
of biomolecules and nanoparticles, simple mixtures of colla-
gen extracts from rat tails and target molecules was prepared
(Figure 2A). Target molecules listed in the table (Figure
2B) were characterized by their mean diameters, shapes,
surface charges, and functions. The small (15 nm for gold
and 30 nm for TaO) nanoparticles were examined regarding
the rate of release using contrast in X-ray imaging. TaO
nanoparticles carried RITC on their surfaces, allowing for
the use of dual modality imaging (CT and fluorescence). The
largest (100 nm) fluorescent particles (ie, FITC-conjugated
dextran particles) were examined for their release kinetics
by measuring the fluorescent intensity of the supernatants
containing released particles. Other samples (ie, TGF-J1
molecules or ferritin nanoclusters) had an average mean
diameter of 50 nm and were tested for their release from
engineered collagen hydrogels.

The unique fluorescent signatures of dextran, TaO, and
ferritin particles led to visible coloration of the collagen
hydrogels (Figure 3A). The loading efficiencies of each
particle in the hydrogels were 2.4 mg/mL for dextran, 2 nM
for TaO nanoparticles, and 5 nM for ferritin nanoclusters.
The pH level during collagen hydrogel synthesis plays an
important role in pore size optimization to maximize the
loading of target particles. After swelling, the matrix struc-
ture of collagen opens up aqueous channels wide enough
to let nanoparticles pass through easily, thus expediting the
diffusion-dominated release of nanoparticles from collagen
hydrogels. The release kinetics of the included particles
depend on the extent of crosslinking, which may affect the
swelling rate of collagen hydrogels.?

The release profile of each fluorescent particle from
collagen hydrogels was measured in terms of fluorescence
(Figure 3B). The standard curve was constructed by measur-
ing the fluorescence intensities of standards (samples with
predetermined concentrations). Fluorescence intensities
measured for the experimental groups were back-calculated
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A Concept of drug release and the implantable collagen hydrogel

Collagen hydrogel
loaded with biomolecules

()

\\s 3

L. ¢ |

Wounded gingiva

In vitro cell responses

Collagen hydrogel

Collagen releasing biomolecules
promoting cell and tissue recovery

Gingival
fibroblasts

Facilitated cell recovery

Figure | Schematic representation of drug release and the implantable collagen hydrogel (A). The collagen hydrogel inserted into the wounded gingiva may release biomolecules
that facilitate the recovery of damaged tissues. In vitro testing of the engineered hydrogel for its potential in supporting the fast proliferation of gingival cells (B).

to obtain unknown concentrations using the standard curve.
As described in Figure 3B, dextran particles exhibited the
most rapid release due to their largest diameters (100 nm on
average). In contrast, ferritin nanoclusters were the slowest
sample to be released from the hydrogel, probably owing to
their smaller size (50 nm in diameter, and more interaction
with pores in the collagen matrix) and stronger electrostatic
interactions between ions in the protein and collagen matrix.
It is suspected that this electrostatic interaction is also

responsible for the slower release of ferritin nanoclusters
than TaO nanoparticles despite the larger size of ferritin
nanoclusters (average diameters were 50 nm for the ferritin
nanoclusters and 30 nm for the TaO nanoparticles).

Since collagen is a polyampholyte, a polyelectrolyte
consisting of charged, hydrophobic amino acid side chains,
the binding affinities of proteins or particles loaded into the
matrix may be critically dependent on the collagen’s poros-
ity and/or electrostatic charge interactions. The primary
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Figure 2 Collagen hydrogel preparation and constituents loaded in the hydrogel.
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Ferritin + QD particles

Notes: The cone-shaped hydrogel is fabricated in a PDMS frame by thermal curing (A). The characteristics of biomolecules and nanoparticles loaded in the hydrogel system

are shown (B).

Abbreviations: TGF-B 1, transforming growth factor-betal; PMDS, polydimethylsiloxane mold; FITC, fluorescein isothiocyanate; QD, quantum dots; CT, computed tomography;

TaO, tantalum oxide.
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Figure 3 Nanoparticles packed in hydrogel displayed delayed release under physiological conditions.
Notes: Hydrogels encompassing nanoparticles are kept in PBS for predetermined periods of time (A). Fluorescence measured in wells containing hydrogels results from
supernatants carrying released particles. The cumulative release of particles is calculated based on a standard curve constructed by measuring fluorescence intensities of

different concentrations of standard (B).

Abbreviations: PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate; TaO, tantalum oxide.

binding mechanisms for collagen are either electrostatic or
hydrophobic in nature, and the strength of these interactions
would be important to determine the kinetics of target release
with different sizes.'?>3° Indepth studies of the mechanisms
of interaction between protein particles and collagen pores
are necessary to clarify the release profile.

The application of nanoparticulate imaging probes to
X-ray CT imaging could have a significant impact on health
care, owing to the ubiquitous availability of CT in the clini-
cal setting as well as the increasing use and development of
micro-CT and other advanced CT imaging systems.?? The
iodinated molecules traditionally used as CT contrast agents
in the clinic have relatively short circulation times in vivo,
which significantly restricts the applications of this technique
in target-specific imaging and angiography.®' In addition, the
use of these agents can result in adverse effects for patients.
Therefore, the development of a new generation of CT contrast
agents using nanoparticles composed of other elements with
higher X-ray attenuation would mark another breakthrough
in CT imaging.?>?%3132 The design of new agents should also
be guided by other criteria, such as low toxicity. In our study,
we evaluated the release dynamics of our collagen hydrogel
system with two different nanoparticulate imaging probes

(ie, gold or TaO nanoparticles) using particle CT contrast
(Figure 4A). X-ray fluoroscopy (Figure 4B) shows that an
unknown concentration of nanoparticles can be calculated
using X-ray absorption measurements. Figure 4C shows
an experimental calibration curve of X-ray attenuation as
a function of nanoparticle concentration and determination
of unknown concentration using the calibration curve. The
cumulative release of TaO nanoparticles is initially more
rapid (less than 1 hour post incubation) than that of gold
nanoparticles from the hydrogel, while maintaining a similar
subsequent rate of release (Figure 4). Because the average
diameter of the TaO nanoparticles (30 nm) is larger than that
of'the gold particles (15 nm), TaO nanoparticles were secreted
more rapidly in the earlier stages until the excretion rates
stabilized after 1 hour. In addition to the size effect, previous
studies have shown the importance of porosity and/or surface
charge for the efficient permeation occurred through the
“bulk-like” water regions or by a “pore”-type mechanism.'
Also, increasing the charge density resulted in increased bind-
ing interactions, thereby retarding the release rates.
Collagen is not degraded by simple hydrolysis but by
proteolysis. Therefore, the release of substances mixed within
the collagen matrix is contingent on the speed of collagen
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Figure 4 Hydrogels carrying CT contrast nanoparticles were maintained in phosphate-buffered saline for predetermined periods of time (A). CT signals measured in
standards and samples collected from wells with hydrogels (B). The cumulative release of particles is calculated based on a standard curve constructed by measuring CT

intensities of different concentrations of standard for each nanoparticle (C).

Abbreviations: PBS, phosphate-buffered saline; CT, computed tomography; TaO, tantalum oxide.

proteolysis. Collagen hydrogels are degraded with time
under physiological conditions, while the degradation profile
depends on the cross-linking conditions of hydrogels.?* In
general, the greater the extent of cross-linking of hydrogels,
the slower their degradation. It is likely that the extent of
cross-linking of collagen hydrogels increases with prolonged
cross-linking time, resulting in slower in vitro degradation
and subsequent release of biomolecules.

TGF-B1 induces the proliferation of gingival fibroblasts
and their differentiation into myofibroblasts in the gingiva.'®
In this study, the function of TGF-B1 in facilitating the recov-
ery and proliferation of human gingival cells was assessed
when TGF-B1 was incorporated into and excreted from
physiologically degraded collagen hydrogel (Figure 5). Based
on the release profile in Figures 2 and 3, it was anticipated

that TGF-B1 would exhibit a similar release profile from the
hydrogel. TGF-B1 and other imaging nanoparticles (eg, gold,
ferritin, or TaO nanoparticles) were comixed in the hydrogel
and the release profiles were measured. The enzyme-linked
immunosorbent assay result (see Supplementary materials
Figures S1-3) also confirmed the release of TGF-B1 from
the hydrogel interacting with gingival cells during coculture.
Scratch wounds were inflicted on human gingival cells and
the surface areas of the wounds that were generated did
not differ between groups: 50020 mm?, 400+50 mm?, and
450+30 mm? for cells exposed to vehicle control, 10.1 uM of
free TGF-B1, and TGF-B1-incorporating collagen hydrogel,
respectively. Cells from all groups repopulated the denuded
areas within 24 hours. However, the kinetics of the process
between cells treated with or without TGF-B1 were different
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Figure 5 Evaluation of hydrogel efficiency for promoting the recovery of human gingiva.

Notes: Neat TGF-B| and TGF- Bl-carrying hydrogels incubated with human gingival cells display more rapid shrinkage of damaged areas than the control (A). Proliferation of
human gingival cells obtained in samples cultured with neat TGF-B1 and TGF- B1 carrying hydrogels. The number and metabolic activity of live cells are predominant in samples
cultured with neat TGF-B| and TGF-B|-carrying hydrogels (B). Statistical significance is calculated by comparing results for the control and for each sample. Mean fluorescent
intensity, ¥*P<<0.05, one-tailed Mann—Whitney U-test; number of responses, #P<<0.05, chi-square with Yate’s correction. Data are representative of three experiments.

Abbreviation: TGF-B1, transforming growth factor-betal.

(Figure 5). Moreover, the cells treated with collagen hydro-
gels showed a recovery rate similar to that of cells incubated
with free TGF-BI.

To assess whether TGF-B1 changed the contribution
of cell proliferation to wound repair, human gingival cell
monolayers were tested for incorporation of Calcein-AM
24 hours after scratch injury (Figure 5). The number and
metabolic activity of live cells was statistically significant

in samples cultured with free TGF-B1 and TGF B1-carrying
hydrogels compared with the control. This indicates that
TGF-B1 released from the collagen hydrogel has the equal
efficacy comparing with free TGF-B1.

Since our system was designed to let the collagen
hydrogels physically interact with cells, it is important
to consider the possibility of surface effects that may
modulate the biological behavior of gingival fibroblasts.
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In a recent study, human gingival fibroblasts grown on a
rough titanium disk surface displayed proliferation and cell
differentiation.’* This suggests that additional processing
of the surface of collagen hydrogels would help them be
favorable for cells to become attached and grow well. These
surface effects were also observed in other studies showing,
osteoblasts the etched surface of titanium promoted high
Co I production and increased level of 0:2-B1 receptor.**=’
In this regard, future work should be designed to introduce
optimization of surface roughness in hydrogels to create a
favorable microenvironment for gingival cells.

The successful delivery and suitable physiochemi-
cal interactions with cells are benefits of the hydrogels
for their in vivo application. However it should be noted
that our system cannot carry hydrophobic drug molecules
within collagen matrices. Therefore, hydrophilic surface
termination of delivering drugs must be taken care of. In
vivo efficacy and safety tests of our collagen hydrogel are
also required before any further consideration for potential
clinical applications.

Conclusion

The collagen hydrogels that we developed for the sustained
release of biomolecular particles may be suitable for use as
delivery systems for many kinds of bioactive proteins and
drugs. Further studies are currently being pursued to evalu-
ate the biocompatibility of our collagen hydrogel system*®
and modulation of hydrogels for delivery of biomolecules
and particles.
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Figure S| The release profile of TGF-B1 incorporated in collagen hydrogel.

Notes: The standard curve of absorption from the dilution series of TGF-B1 was constructed (A) and the actual release of TGF-BI is back-calculated based on the
standard (B). Over 24 hours of incubation, the average amount of TGF-B1 accumulated in the buffer was around 52%. Each experiment was performed in triplicate.
Abbreviation: TGF-B1, transforming growth factor-betal.

Figure S2 Scanning electron microscopy analysis of collagen hydrogels.
Notes: Porous, microscopic structures of hydrogels were observed (A-C). Comparing the morphologic surface variations between plain (D) and TGF-B|-modified
(E) (100 pg/mL) and (F) (1,000 pg/mL) collagen hydrogels.
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Optimizing collagen hydrogel
preparation

In order to optimize the hydrogel for sustained release
of biomolecules and nanoparticles, we have modulated

various parameters (eg, concentration, temperature, cur-
ing duration, pH) to produce the cone-shaped collagen
hydrogel. Here we list several parameters tested and the

resulting hydrogels.

Parameters Variations Results/effects
Temperature 37°C Well cured for 1.5% collagen
4°C Difficult to solidify
Room temperature Difficult to solidify
pH pH 5-6 Difficult to solidify, large pore size (~200 um)
pH 67 Weakly cured, medium pore size (~120 um)
pH7-8 Well cured, small pore size (~80 um)
Collagen stock concentration 1.0% (wiv) Gelation takes a long time (~48 hours), relatively large pore size (~200 pm)
1.5% (w/v) Relatively large pore size (~200 um)

2.0% (wiv)
2.5% (wiv)

Nonhomogenous gelation, relatively small pore size (~100 um)

Nonhomogeneous gelation, relatively small pore size (~100 pum)

Curing duration ~30 minutes Less cured for 1.5% collagen
~60 minutes Well cured for 1.5% collagen
~90 minutes Well cured for 1.5% collagen, susceptible to drying of hydrogel
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Figure S3 The frequency and activity of living cells are increased in samples incubated with either neat TGF-B1 or TGF-|-carrying hydrogels.
Notes: Statistical significance was calculated by comparing results for the control, neat collagen, and for each sample. Mean fluorescent intensity, *P<<0.05, one-tailed
Mann-Whitney U-test; number of responses: P<<0.05, chi-square with Yate’s correction. NS denotes not statistically significant in the statistical test. Data are representative

of three experiments.
Abbreviation: TGF-B1, transforming growth factor-betal.
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