Biomaterials 34 (2013) 9365e9372

Contents lists available at ScienceDirect

Biomaterials
journal homepage: www.elsevier.com/locate/biomaterials

Modulation of keratocyte phenotype by collagen ﬁbril
nanoarchitecture in membranes for corneal repair
Qiongyu Guo a, Jude M. Phillip b, Shoumyo Majumdar a, Pei-Hsun Wu b, Jiansu Chen a, f,
Xiomara Calderón-Colón c, Oliver Schein a, d, Barbara J. Smith e, Morgana M. Trexler c,
Denis Wirtz b, Jennifer H. Elisseeff a, *
a
Translational Tissue Engineering Center, Wilmer Eye Institute and Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD 21231,
USA
b
Johns Hopkins Physical Sciences e Oncology Center and Department of Chemical and Biomolecular Engineering, Johns Hopkins University, Baltimore, MD
21218, USA
c
Research and Exploratory Development Department, Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723, USA
d
Department of Ophthalmology, Johns Hopkins University, Baltimore, MD 21231, USA
e
School of Medicine Microscope Facility, Johns Hopkins University, Baltimore, MD 21231, USA
f
Department of Ophthalmology, Jinan University, Guangzhou, Guangdong 510632, China

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 13 June 2013
Accepted 19 August 2013
Available online 13 September 2013

Type I collagen membranes with tailored ﬁbril nanoarchitectures were fabricated through a vitriﬁcation
processing, which mimicked, to a degree, the collagen maturation process of corneal stromal extracellular matrix in vivo. Vitriﬁcation was performed at a controlled temperature of either 5  C or 39  C at a
constant relative humidity of 40% for various time periods from 0.5 wk up to 8 wk. During vitriﬁcation,
the vitriﬁed collagen membranes (collagen vitrigels, CVs) exhibited a rapid growth in ﬁbrillar density
through the evaporation of water and an increase in ﬁbrillar stiffness due to the formation of new and/or
more-stable interactions. On the other hand, the collagen ﬁbrils in CVs maintained their D-periodicity
and showed no signiﬁcant difference in ﬁbrillar diameter, indicating preservation of the native states of
the collagen ﬁbrils during vitriﬁcation. Keratocyte phenotype was maintained on CVs to varying degrees
that were strongly inﬂuenced by the collagen ﬁbril nanoarchitectures. Speciﬁcally, the vitriﬁcation time
of CVs mainly governed the keratocyte morphology, showing signiﬁcant increases in the cell protrusion
number, protrusion length, and cell size along with CV vitriﬁcation time. The CV vitriﬁcation temperature
affected the regulation of keratocyte ﬁbroblasts’ gene expressions, including keratocan and aldehyde
dehydrogenase (ALDH), demonstrating a unique way to control the expression of speciﬁc genes in vitro.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The extracellular matrix (ECM) is a complex mixture of macromolecules that provides an environment for cellular development
and homeostasis unique to each tissue and organ in the body [1e3].
The cornea, in particular, has a unique ECM structure that is primarily composed of type I collagen. The collagen molecules in the
cornea are organized at many length scales from the aggregation of
triple helices followed by ﬁbril formation at the nanoscale. Collagen
ﬁbrils are then assembled into layered lamellar plates arranged in
an orthogonal orientation [4]. This ﬁbrillar lamellar organization in
the cornea contributes to the unique clarity of the tissue [5].
* Corresponding author. Translational Tissue Engineering Center, Johns Hopkins
University, Baltimore, MD 21231, USA.
E-mail address: jhe@jhu.edu (J.H. Elisseeff).
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One remarkable feature of the ECM is a continuous change of the
hierarchical structures with time as cellular development or differentiation evolves. In the embryonic corneal stroma, the matrix
begins as a water-rich state and then progressively transforms into
a densely packed ﬁbrillar ECM characteristic of adult corneas [6]. In
contrast, progressive degeneration of the ECM in the corneal
stroma leads to keratoconus. Associated with localized corneal
thinning and protrusion, keratoconus represents a leading reason
for corneal transplantation [7,8]. On the other hand, when the
corneal stroma is injured, keratocytes, the corneal stromal primary
cell type, respond readily but transition towards a ﬁbroblast and
myoﬁbroblast phenotype and generate scar tissue [9,10]. Therefore,
the ECM architecture is both a consequence and a cause for the
development, degeneration, and regeneration of the tissue.
Maintaining the keratocyte phenotype during wound
healing represents a signiﬁcant challenge in corneal repair and
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regeneration [11,12]. Type I collagen is a natural choice employed
frequently as an engineered ECM substitute for corneal repair [13].
However, conventional collagen gels are composed of loose networks of type I collagen ﬁbrils with little organization, which is
hardly comparable to the collagen structure in cornea. Compression
of conventional collagen gels has been employed to increase
collagen density and stiffness by applying a load onto the gel [14].
These plastically compressed collagen matrices improved cell
expansion and stratiﬁcation of corneal limbal epithelial cells, but
still showed limited success in maintaining the cellular phenotype
[15,16]. In contrast, amniotic membrane (AM), a naturally derived
ECM product used clinically to aid in corneal re-epithelialization,
was able to preserve the characteristic morphology and keratocan
expression of keratocytes [17]. However, amniotic membrane lacks
standardization in its sources and processing method [15].
Recently, we used vitriﬁed collagen biomaterials (collagen vitrigel, CV) developed by Takezawa et al. [18] to culture various cell
types found in the cornea with the ultimate goal of developing
corneal substitutes [19,20]. CVs are synthesized from type I
collagen, and could be standardized with straightforward
manufacturing and handling procedures. During vitriﬁcation,
collagen gels are exposed to a speciﬁc temperature and humidity
that cause controlled evaporation of the water and organization of
collagen ﬁbrils. This vitriﬁcation process mimics, to some degree,
the collagen maturation that occurs during the developmental
formation of the corneal stromal ECM [6,21]. More recently, we
completed a design-of-experiments to evaluate the effects of time,
temperature and humidity variables on collagen ﬁbril structure,
optical, mechanical, and thermal properties of CVs [22]. Ultimately,
a variety of ﬁbrillar structures were obtained that had a signiﬁcant
impact on strength and transparency. However, the effects of
collagen nanoarchitectures created through vitriﬁcation processing
on keratocyte responses remain unknown.
The purpose of this study was to evaluate the biological
response of keratocytes to CVs with varying ﬁbrillar content and
organization. We hypothesize that CVs with controlled ﬁbrillar
collagen may provide an optimal environment for maintaining the
keratocyte phenotype. CV properties were manipulated by using
different temperatures and processing times during vitriﬁcation.
Keratocyte response was characterized by cell morphology and
gene expression under either serum-free or serum-based cultures.
Typically, in previous studies, keratocyte phenotype was analyzed
qualitatively [11]. Here, we quantitatively examined keratocyte
morphology in terms of cell size, protrusion number, and protrusion length, using a custom-designed program written in MATLAB
(MathWorksÒ, Natick, MA) [23e25]. We also evaluated the effect of
the CVs’ collagen nanoarchitectures on various keratocyte gene
expressions, including the expressions of keratocan, aldehyde dehydrogenase (ALDH), and biglycan.
2. Materials and methods
2.1. Preparation of collagen membranes
Collagen membranes were prepared in a three-step procedure, as previously
described [19]. First, conventional collagen gel was formed by mixing equal volumes of 0.5% type-I collagen solution (native collagen from bovine dermis,
pH ¼ 3.0, AteloCellÒ, Cosmo Bio Co., Ltd., Tokyo, Japan) and culture medium containing Dulbecco’s Modiﬁed Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS),
20 mM hydroxyethyl piperazineethanesulfonic acid (HEPES), 100 units/mL penicillin, and 100 mg/mL streptomycin. The mixed solution of 2.0 mL was quickly
poured into one well of a 6-well plate, and then incubated at 37  C for 2 h to
complete the gelation of the collagen. Second, the collagen gel was aseptically
vitriﬁed by drying under a controlled temperature and relative humidity for a
prescribed time period from half week up to 8 weeks. The relative humidity of 40%
was used unless otherwise speciﬁed. The collagen gel was ﬁrst vitriﬁed over 3 days
and then rinsed thoroughly with PBS buffer three times for 10 min each to
completely remove the serum-based culture medium. The collagen gel was further

vitriﬁed until a predetermined time was achieved, leading to the formation of a
rigid glasslike collagen membrane. Third, the collagen membrane was thoroughly
rehydrated with PBS buffer before use. The thicknesses of CVs right before and after
rehydration were calculated from measuring the weight and assuming a constant
density of 1 g/mL.
2.2. Transmission electron microscopy (TEM)
The nanostructure of collagen membranes was examined by TEM. Samples were
ﬁxed in 3% paraformaldehyde, 1.5% glutaraldehyde, 5 mM MgCl2, 5 mM CaCl2, 2.5%
sucrose, and 0.1% tannic acid in 0.1 M sodium cacodylate buffer at pH 7.2 overnight at
4  C. After buffer rinse, samples were post-ﬁxed on ice in the dark in 1% osmium
tetroxide for 1 h. Following a DH2O rinse, plates were stained with 2% aqueous
uranyl acetate (0.22 mm ﬁltered, 1 h, dark) and dehydrated in a graded series of
ethanol before being embedded in Eponate 12Ô resin (Ted Pella, Inc., Redding, CA).
Plates were polymerized for two to three days at 37  C before transferring them to
60  C overnight. Thin sections, 60e90 nm, were cut with a diamond knife on the
Reichert-Jung Ultracut E ultramicrotome and then placed on naked copper grids.
Grids were stained with 2% uranyl acetate in 50% methanol. They were imaged with
a Hitachi 7600 TEM at 80 kV. Images were captured with an AMT CCD (1k  1k)
camera (Advanced Microscopy Techniques, Woburn, MA). TEM images of both
transverse and coronal planes in the CV central portions were obtained. ImageJ (NIH,
Bethesda, MD) were used to analyze the collagen ﬁbril organization in CVs, including
the ﬁbril diameter, ﬁbril density, and D-periodicity of collagen banding. Speciﬁcally,
both ﬁbril diameter and D-periodicity of collagen banding were evaluated from w50
collagen ﬁbrils in the transverse plane view of the TEM images. The ﬁbril density was
obtained based on the measurements of four different locations in the coronal plane
view of the TEM images.
2.3. Keratocytes isolation and culture
Full-thickness corneas were harvested from bovine eyes within 36 h after
slaughter. Keratocytes were isolated using a sequential collagenase (Type 2,
Worthington Biochemical Corp., Lakewood, NJ) digestion. Speciﬁcally, bovine
corneas were collected and cut into small pieces with a scalpel and then transferred to a 50-mL centrifuge tube containing 3 mg/mL collagenase in DMEM/F-12.
The corneal pieces were incubated on a rotary shaker at 240 rpm at 37  C for
60 min and then collected using a 70 mm cell strainer (BD Falcon, BD Biosciences,
San Jose, CA). The partially digested corneas were transferred to a fresh collagenase solution for a second digestion for 60 min. This process was repeated for a
third digestion for 120 min, and the digested cells from the third digestion were
collected and centrifuged at 1400 rpm for 10 min. The cell pellet was resuspended
and cultured on general tissue culture plates (TCP) or CV-covered plates at 37  C
and 5% CO2. Either serum-free or serum-based culture medium was used. The
serum-free medium consisted of DMEM/F-12, 1% of 10 U/mL penicillinestreptomycin, and 0.5% of 1.25 mg/mL amphotericin B (Life Technologies, Carlsbad, CA).
The serum-based medium contained DMEM/F-12, 10% FBS, 1% of 10 U/mL penicillinestreptomycin, and 0.5% of 1.25 mg/mL amphotericin B. The cells were
plated at a concentration of 5000 cells/cm2 using the serum-free medium, while
at a concentration of 1000 cells/cm2 using the serum-based medium. Before imaging and gene expression analyses, keratocytes were cultured over 3 wk in
serum-free medium or 6 d in serum-based medium. Keratocyte morphologies
were examined by staining with the LIVE/DEADÒ Viability/Cytotoxicity Kit (Life
Technologies).
2.4. AlamarBlueÒ assay
Proliferation of keratocytes was measured by AlamarBlueÒ Assay (Invitrogen,
Frederick, MD). This assay employs a ﬂuorometric/colorimetric growth indicator
that changes from an oxidized (non-ﬂuorescent, blue) form to a reduced (ﬂuorescent, red) form when reduced by mitochondrial respiration of the cells. In this
assay, the percent reduction of alamarBlue, which is determined by the ratio of the
concentration of the reduced form to the total concentration of alamarBlue, is
proportional to the amount of cells. Primary keratocytes were plated in 24-well
plates at a concentration of 5000 cells/cm2 using the serum-free medium, or
1000 cells/cm2 using the serum-based medium. At predetermined time points, the
medium was refreshed and cells were incubated with 10% alamarBlue at 37  C and
5% CO2 for 4 h. A sample of 200 mL of alamarBlue solution was then transferred into
a 96-well plate for ﬂuorescence reading. The absorbance was monitored at 570 nm
and 600 nm using a ﬂuorescence plate reader (Synergy 2, Biotek, Seattle, WA). The
proliferation of keratocytes was determined by the increase of alamarBlue reduction at Day 4 relative to Day 2. This assay was performed in four independent
experiments.
2.5. Quantiﬁcation of cellular morphology
Image processing for quantiﬁcation of the cellular morphological features from
ﬂuorescent images was carried out using a custom-designed program developed in
MATLAB [24,25]. In brief, we ﬁrst segmented individual cells in images and
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measured the cell spreading area. For the quantiﬁcation of protrusion morphology,
we ﬁrst determined the morphological skeleton of individual cell contours and
identiﬁed the main body region of cells [26]. The protrusions were identiﬁed as the
skeleton structures that were extended beyond the main body region. The protrusions were further classiﬁed into two subtypes: 1st order protrusions and 2nd
order protrusions. The 1st order protrusions were considered to be the protrusions
stemming directly from the cell body, and 2nd order protrusions were the ones
branching from other protrusions. The length of each protrusion was measured and
the total number of protrusions for individual cells was determined as the summation of 1st order and 2nd order protrusions. The morphology of keratocytes,
including cell size, total number of protrusions, mean length of protrusions, primary
protrusion number, secondary protrusion number, and the ratio of secondary to
primary protrusions, was evaluated based on the measurements of w60 cells.
2.6. Gene expression analysis
Total RNA was isolated from cultured keratocytes using TRIzol reagent (Life
Technologies) and reverse transcribed into cDNA using SuperScript II First Strand
Synthesis Kit (Life Technologies). cDNA was used for real-time PCR reactions using a
StepOnePlus Real-Time PCR System (Applied BiosystemsÒ, Life Technologies). The
PCR primer sequences are listed in Table 1. GAPDH was used as a reference gene. The
relative gene expression was determined using the 2eDDC(T) method [27].
2.7. Statistics
Data were represented as averages  standard deviations, unless otherwise
speciﬁed. Two-tailed unpaired t-tests were performed to determine signiﬁcance
using Graphpad Prism (Graphpad Software Version 5, Graphpad Software, Inc., La
Jolla, CA). p value of <0.05 was considered statistically signiﬁcant.

3. Results
3.1. Collagen vitrigel preparation and nanoarchitecture
CVs were prepared following a three-stage sequence: gelation,
vitriﬁcation, and rehydration (Fig. 1A) [19,22]. When the collagen
solution containing 2.5 mg/mL type I collagen was ﬁrst gelled at
37  C for 2 h, it produced a collagen gel with a thickness of 2.0 mm.
This collagen gel was translucent and soft. During vitriﬁcation, the
collagen gel was dried slowly at a controlled temperature of either
5  C or 39  C under a relative humidity of 40%. This resulted in CV
formation with a dramatically decreased thickness. After vitriﬁcation at 5  C for 2 wk, the vitriﬁed gel had a thickness of 9  1 mm,
which is a 220-fold decrease in the thickness of the membrane. To
compare, the CV vitriﬁed at 39  C for 2 wk exhibited a smaller
thickness of 6  1 mm, which is a 330-fold decrease in the thickness.
After rehydration, the CV still maintained its shape and swelled in
PBS buffer to form a hydrated membrane with a thickness of
approximately 50 mm.
CVs reconstructed from highly hydrated collagen gels showed
a distinctive nanoarchitecture. Fiber morphology depended on
the CV conditions as visualized through TEM images in the
middle portions. A three-dimensional view of a CV (5  C, 2 wk) is

Table 1
RT-PCR Primer Sequences.
Gene
ALDH
Forward
Reverse
Biglycan
Forward
Reverse
Keratocan
Forward
Reverse
GAPDH
Forward
Reverse

Sequence (50 -30 )

Annealing temp ( C)
60.4

GGAAGCCATCCAGTTCATCA
GTCTCCGCGATCATCTTCTT
62.4
ACCTCCCTGAGACCCTCAAT
TTGTTGTCCAAGTGCAGCTC
60.4
TGACCTGCAGCACAATAAGC
TGAGTCTCAGGAAGGCCACT
62.4
GGGTCATCATCTCTGCACCT
GGTCATAAGTCCCTCCACGA
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shown in Fig. 1B. Unlike conventional collagen gel showing homogeneous distribution of the collagen ﬁbrils, this CV demonstrated a random ﬁbrillar organization in the transverse plane,
but showed a layer-by-layer lamellar structure in the coronal and
sagittal planes. Similar results were also observed in all the other
CVs, even for the CV 5  C, 0.5 wk that was vitriﬁed for a short time
period (Fig. 2AeH).
The organization of the collagen ﬁbrils was strongly affected by
the vitriﬁcation processing conditions, including the temperature
and the vitriﬁcation time. First, no signiﬁcant difference in collagen
ﬁbrillar diameter was observed in despite of varying vitriﬁcation
temperature and vitriﬁcation time (Fig. 2I). Second, all of the
samples clearly showed the characteristic collagen banding with
spacing around 60 nm (Fig. 2J). No signiﬁcant difference in Dperiodicity was observed at different temperatures and vitriﬁcation
times. Third, at a constant temperature, the collagen ﬁbril density
dramatically increased along with the vitriﬁcation time (Fig. 2K).
The ﬁbril density of the CV at 5  C for 0.5 wk is as low as 5 ﬁbers/
mm2. After vitriﬁcation at 5  C for 2 wk, the ﬁbril density was
dramatically increased to 95 ﬁbers/mm2. For the CVs prepared at
39  C, the ﬁbril density was very high and close to the maximum
density of the ﬁber in the collagen matrix, which was estimated to
be 180 ﬁbers/mm2 based on an assumption of hexagonally arranged
collagen ﬁbrils without ﬁbrileﬁbril spacing for a CV with ﬁbril
diameter of 80 nm. Therefore, the collagen ﬁbril density increased
with vitriﬁcation temperature, which is consistent with the
decreased membrane thickness as we observed above. Furthermore, collagen ﬁbrils with large bending curvature decreased in the
CVs prepared at a higher temperature and/or longer vitriﬁcation
time when comparing the CVs vitriﬁed for 2 wk at 5  C vs. 39  C,
vitriﬁed at 5  C for 0.5 wk vs. 2 wk, and vitriﬁed at 39  C for 1 wk vs.
2 wk (Fig. 2AeD).
3.2. Morphology and proliferation of subcultured keratocytes
The CV nanoarchitecture modulated keratocyte morphological
response. Typical morphologies of keratocytes cultured on these
CVs are shown in Fig. 3AeH. Characteristic stellar phenotype of
cultured keratocytes was observed using serum-free medium
(Fig. 3AeD). Compared to the TCP control, the keratocytes cultured
on CVs had more and longer protrusions, as well as more intercellular connections. The number and length of keratocyte protrusions
increased on the CVs processed for longer vitriﬁcation times.
Moreover, more pinning points were observed in the extended
protrusions of the keratocytes cultured on the CV processed for a
longer time, especially on the CV 39  C, 8 wk (Fig. 3AeD).
Keratocyte morphology under serum-free culture was analyzed
quantitatively with a custom-designed program written in MATLAB
[24,25]. Fig. 4AeC illustrates an example of a keratocyte cultured on
CV 39  C, 8 wk. Individual cellular contours were ﬁrst obtained
identiﬁcation of the cell body and protrusions (Fig. 4B). The cell size
was determined as the area within the cellular contour, including
cell body and protrusions. Based on the cellular contour, the
morphological skeleton was determined and the protrusions were
classiﬁed into two subtypes depending on their starting position.
Primary protrusions, or 1st order protrusions, were deﬁned as the
longest protrusions stemming directly from the cell body, while
secondary protrusions, or 2nd order protrusions, were those
branching from the primary protrusions.
Keratocyte morphologies were carefully quantiﬁed, including
cell size, total number of protrusions, mean length of protrusions,
number of primary protrusions, number of secondary protrusions,
and the ratio of secondary to primary protrusions. The cell sizes of
keratocytes cultured on CVs were signiﬁcantly higher than those
cultured on TCP (Fig. 4D), which is related to the increased number
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Fig. 1. Collagen vitrigel preparation and alignment: (A) three-step procedures, and (B) TEM image of CV central portions showing 2D alignment of matured collagen ﬁbrils by
vitriﬁcation.

Fig. 2. TEM images of CVs and collagen ﬁbril analysis: (AeD) Transverse plane, (EeH) coronal plane, and (IeK) collagen ﬁbril analyses. Four CVs were used: (A, E) CV 5  C, 0.5 wk, (B,
F) CV 5  C, 2 wk, (C, G) CV 39  C, 1 wk, and (D, H) CV 39  C, 2 wk. Collagen ﬁbril analyses include (I) ﬁbril diameter, (J) d-periodicity (banding), (K) ﬁbril density. The TEM samples
were obtained from the center portions of the collagen membranes. Collagen ﬁbrils with large bending curvature were indicated by triangle. The error bars in (I, J) represent the
standard deviation of the mean. Scale bar in (AeH): 200 nm. ***p < 0.001.
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Fig. 3. Keratocyte morphologies cultured on CVs using two different culture media: (AeD) serum-free culture medium, and (EeH) culture medium with 10% FBS. Four cell culture
substrate conditions were used: (A, E) TCP control (B, F) CV 39  C, 1 wk, (C, G) CV 39  C, 2 wk, and (D, H) CV 39  C, 8 wk. Pinning points in cell extensions were highlighted by
triangle. Scale bar: 200 mm.

and length of protrusions (Fig. 4EeF). Fig. 4E shows that the
number of protrusions per each keratocyte increased with the
vitriﬁcation time of the CVs. Keratocytes cultured on CV 39  C, 8 wk
exhibited on average 27 protrusions per cell, a 70% increase over
the average number of protrusions of those cells cultured on TCP. A
similar, but smaller trend was also observed in the mean length of
keratocyte protrusions. Interestingly, no signiﬁcant difference was
observed in the primary, or 1st order, protrusion number of the
keratocytes cultured on TCP and CVs (Fig. 4G). In contrast, the
average number of secondary, or 2nd order, protrusions of the
keratocytes increased markedly from 7 protrusions in TCP, to 12
protrusions in CV (39  C, 1 wk), to 14 protrusions in CV (39  C,
2 wk), and to 18 protrusions in CV (39  C, 8 wk) (Fig. 4H). A similar
trend to the secondary protrusion number was also observed in the
ratio of secondary to primary protrusions, further demonstrating
that extent of branching/number of secondary protrusions per
primary protrusion increased as a function of vitriﬁcation time
(Fig. 4I).
The cellular proliferation rate, determined by alamarblue,
changed depending on the CV structure/morphology (Fig. 5). Under
serum-free culture and compared to the TCP control, a signiﬁcant
increase in the keratocyte population was indicated on the three
CVs with highly condensed collagen ﬁbrils, including CV (5  C,
2 wk), CV (39  C, 1 wk), and CV (39  C, 2 wk). Moreover, when
comparing CV (5  C, 1 wk) vs CV (5  C, 2 wk), and CV (39  C, 1 wk)
vs. CV (39  C, 2 wk), it is evident that the cells tended to proliferate
more on the CVs that had a longer vitriﬁcation time. Under serumbased culture, the keratocytes exhibit a ﬁbroblastic phenotype
(Fig. 3EeH). No signiﬁcant differences in the cellular morphology or
proliferation were observed in any of CVs. Nevertheless, these
keratocyte ﬁbroblasts maintained their phenotypic markers to
varying degrees based on the collagen nanoarchitectures of CVs.
3.3. Keratocyte gene expression dependence on collagen
nanoarchitecture
Keratocyte gene expression, including keratocan, ALDH, and
biglycan, was tested using CVs with different nanoarchitectures.
Under serum-based culture, keratocytes lost characteristics of their
native phenotype in TCP. Compared to TCP, the gene expression of
biglycan was reduced signiﬁcantly using all four types of CVs
(Fig. 6). For CVs prepared at 5  C, the expression of keratocan was
slightly lower using the CV processed for half week than in TCP, but
markedly increased when using the CV processed for a longer
period of two weeks. The expressions of ALDH in cells cultured on

both CVs vitriﬁed at 5  C were dramatically increased compared to
in those cultured on TCP. For CVs prepared at 39  C, the expression
of ALDH was slightly lower when employing CV vitriﬁed for one
week than that on TCP, but markedly increased when using CV
vitriﬁed for a longer period of two weeks. The expressions of keratocan in cells using both CVs prepared at 39  C were greatly raised
compared to those using TCP.
4. Discussion
Vitriﬁcation provides a convenient means to manipulate the
nanoarchitecture of collagen membranes. Lamellar structures were
formed in these vitriﬁed collagen membranes. During vitriﬁcation,
collagen ﬁbril density was dramatically increased, which led to a
decrease of ﬁbril-to-ﬁbril distance and contributed to the enhanced
transparency and mechanical properties reported previously [22].
In addition, fewer collagen ﬁbrils with large bending curvature
were observed in the CVs prepared under longer vitriﬁcation times,
indicating that the collagen ﬁbrils became stiffer during vitriﬁcation. This may be explained by new and/or more stable interactions
formed in the collagen ﬁbrils through the vitriﬁcation process,
which is consistent with our previous results showing increased
thermal stability of CVs with vitriﬁcation time [22,28]. No signiﬁcant difference was observed in the collagen ﬁbril dimension and
periodic banding distance. The maintenance of collagen banding
periodicity suggests that the CVs were not denatured during the
vitriﬁcation process, even under the high temperature of 39  C that
is above the normal human body temperature range. This is
because the denaturing temperatures of these CVs we observed
previously were between 54 and 59  C, much higher than the CV
processing temperature [22]. The processing of collagen membranes by vitriﬁcation likely resembled, to some extent, the
collagen maturation in embryonic corneal stromal development
because condensed collagen lamellae composed of collagen ﬁbrils
were formed with new and stable interactions [6].
The ﬂexibility in collagen ultrastructure of CVs provided a
vehicle to investigate the effect of nanoﬁbrillar matrix on cellular
responses. In this study, the organized collagen membranes supported the growth of keratocytes in serum-free medium when cells
generally do not proliferate. On the other hand, cells proliferating
under serum-based culture on the CVs were able to maintain a
keratocyte phenotype instead of dedifferentiating into ﬁbroblasts.
CVs prepared using longer vitriﬁcation times were preferable, as
they offered an extracellular environment that more closely
mimicked the natural corneal stroma. Human corneal stroma has
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Fig. 4. Morphological analysis of keratocytes cultured on CV vitriﬁed at 39  C using serum-free medium. (AeC) A keratocyte example cultured on CV (39  C, 8 wk) (A) with cellular
contour identiﬁed in (B) and morphological skeleton acquired in (C). Based on cellular contour and skeleton, the dependence of keratocyte morphologies on CV vitriﬁcation
processing time was examined (DeI), including cell size (D), total number of protrusions (E), mean length of protrusions (F), primary protrusion number (G), secondary protrusion
number (H), and the ratio of secondary to primary protrusions (I). The error bars in (DeI) represent the standard deviation of the mean. Keratocytes cultured on the TCP were tested
as a control. All statistical differences against the TCP control are indicated. *p < 0.05, **p < 0.01, ***p < 0.001.

been reported to consist of collagen ﬁbrils with a diameter of 36 nm
at a high density of about 700 ﬁbers/mm2 [29]. In our study, the
highest collagen ﬁbril density in the four CVs studied almost
reached a maximum of 180 ﬁbers/mm2, assuming no ﬁbrileﬁbril
spacing. Our ﬁbril diameter, at about 80 nm or above (Fig. 2), was
more than twice that in naturally occurring corneal stroma. Thus,
creating a further increase in collagen ﬁbril density will require
signiﬁcantly reducing the collagen ﬁbril diameter. Collagen ﬁbril
condensation could also be achieved by plastic compression of
conventional collagen gels, but to an even lesser degree as
compared to vitriﬁcation [14].
Quantitative analysis of the effect of collagen nanoarchitecture
on keratocyte phenotype is a potentially powerful method to
correlate cell morphology and gene expression/phenotype. No
systematic studies have been reported in which the effect of
different extracellular environments on the keratocyte phenotype
was quantiﬁed. This is important when designing and testing new

biomaterials for corneal reconstruction. We found that the secondary protrusions of keratocytes played a critical role in deﬁning
the phenotype. In contrast, their primary protrusion numbers
remained constant at different CV processing conditions. Both total
protrusion number and length increased signiﬁcantly with
increased vitriﬁcation time. This suggests that the collagen membranes consisting of highly condensed collagen ﬁbrils provided a
proper environment for the formation of characteristic dendritic
morphology of keratocytes.
Keratocytes also maintained their phenotype characteristics in
CVs under serum-based culture. Typically, primary keratocytes
express a low level of biglycan, but high levels of keratocan and
ALDH. In particular, keratocan is one of the four proteoglycans
found in the adult corneal stromal ECM that plays an important role
in maintaining ﬁbrillar ECM nanostructures and stromal transparency [6]. ALDH is the main water-soluble protein in mammalian
corneas and provides protection against ultraviolet radiation and
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Nevertheless, none of these techniques mimic the process of
collagen maturation as observed in vitriﬁcation of collagen membranes showing continuous formation of new interactions between
collagen molecules inside collagen ﬁbrils.
The utility of vitriﬁcation processing to tailor the nanoarchitecture of ECM or biomimetic biomaterials may be useful for
various clinical applications. For instance, keratoconus is a disease
where the corneal stromal matrix becomes disrupted and loses this
ﬁne structural organization. The application of local vitriﬁcation in
the diseased cornea might offer a route to reorganizing the stromal
matrix and eliminating corneal protrusion. In addition, the CV with
a biomimetic collagen nanoarchitecture holds great potential as a
corneal substitute that supports the growth of keratocytes and
preserves the cellular phenotype. Similar biomaterials can also be
designed to use as potential substitutes for other connective tissues
such as cartilage, skin, and muscle.
5. Conclusion

Fig. 5. Effects of CV processing conditions on the proliferation of primary keratocytes
cultured in serum-free medium. The CVs were processed from 0.5 wk up to 2 wk at
two different temperatures (5  C and 39  C). The proliferation of keratocytes at Day 4
relative to Day 2 was assessed using an alamarBlue assay and normalized by the TCP
control. *p < 0.05, **p < 0.01.

reactive oxygen-induced damages in ocular tissues [30]. In contrast,
biglycan is a sensitive marker that is associated with the ﬁbroblastic
transition of the keratocytes during pathological remodeling of the
corneal stroma [9]. Both down-regulation of biglycan and upregulation of keratocan and ALDH were observed using CVs,
especially in those with longer vitriﬁcation times. The CVs prepared
at 5  C promoted gene expression of ALDH higher than of keratocan, whereas the CVs prepared at 39  C favored the up-regulation of
keratocan more than of ALDH. This may result from different types
of interactions that were formed between the collagen molecules
during the vitriﬁcation process at different temperatures, which is a
unique phenomenon observed in collagen processing. Many techniques have been reported to manipulate collagen organizations.
For instance, collagen matrix stiffness has been modiﬁed by
changing collagen concentration [31], tuning crosslinking density
[32,33], or employing a compressive load [16]. Collagen ﬁbril
alignment has been controlled by applying a shear force [12,34].

This study fabricated CVs with unique engineered biomaterial
scaffolds that provided an ex vivo template mimicking the native
environment of corneal stroma. The well-organized collagen
matrices developed in CVs were obtained through a highly
controlled vitriﬁcation processing method. This collagen vitriﬁcation process resembled, to some extent, the normal collagen
maturation in corneal stroma. This processing technique also
provided collagen scaffolds with variable nanoarchitectures that
may offer a method to study collagen degeneration and thereby be
helpful in elucidating the etiology of the diseases related to a
changing ECM. As illustrated in this study, the highly condensed
collagen matrices in CVs allowed the proliferation of keratocytes,
even without serum; and with serum, they helped to maintain the
characteristic phenotypes of the cells. We suggest that with
further development, CVs may be used to create a corneal substitute and guide corneal repair by placing an acellular scaffold
into a defect, and allowing migration of the patient’s cells into this
nanostructure.
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