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Abstract— Cell seeded hydrogels provide a useful model for
examining cell behavior and matrix remodeling in-vitro. Fi-
broblasts are capable of manipulating the mechanical behavior
of tissues by attaching to their surroundings matrix and apply-
ing strain. Any resulting change in the mechanical properties
of the matrix can in turn affect the cells behavior. In this
study, a non-destructive spherical indentation technique was
used to examine the change in mechanical properties of colla-
gen hydrogels seeded with either human corneal fibroblasts or
human keratocytes over prolonged culture periods. Cell seeded
hydrogels were clamped between two transparent circular
rings and a sphere was placed on top of them, causing them to
deform. The deformation displacement was measured using a
CCD camera system and applied to a theoretical model to
calculate the mechanical properties of each hydrogel. The non-
destructive on-line nature of this technique enables repeated
measurements the same hydrogels at several different time-
points thus enabling the change in mechanical behavior of the
hydrogels resulting from corneal fibroblasts remodeling to be
examined. In this particular study, the effect of different cul-
ture medium on the cell behavior was investigated. The spheri-
cal indentation technique has also been used to examine the
effect that different drugs and chemicals have on the cells
ability to remodel of the hydrogels including MMP and actin
inhibitors.
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I. INTRODUCTION

Cell seeded collagen hydrogels have become popular for
in vitro modeling of three-dimensional tissues. One of the
most interesting applications for these hydrogels is to model
wound healing behavior. In the cornea, keratocytes are
known undergo phenotypic changes in response to injury.
Keratocytes become fibroblastic leading to an increase in
extracellular matrix production and matrix contraction.
Identifying and understanding these changes has many
applications including in examining the corneas response to
surgical procedures, injury and disease. It is also important
in development treatments to reduce scar formation which
can impede vision.

We have developed a spherical indentation system for
examining the mechanical characteristics of cell seeded hy-
drogels over prolonged culture periods [1]. This system al-
lows non-destructive online measurement of the mechanical

properties of hydrogels without risk of contamination to the
sample or damage to the instrument. To date this system has
been used to monitor the change in mechanical properties of
collagen hydrogels seeded with human corneal fibroblasts
which have undergone UVA-riboflavin treatment [2], been
subjected to MMP inhibitors [3] and been manufactured
using different collagen and cell concentrations [4]. Here the
effect of different culture condition will be investigated to try
and determine role cell phenotype plays in matrix remodeling
and to investigate if there is a difference in the mechanical
characteristics of collagen hydrogels seeded with corneal
fibroblasts and those seeded with corneal keratocytes.

II.  MATERIALS AND METHODS

A. Materials Preparation

All chemicals used were from Sigma-Aldrich unless oth-
erwise stated. Human corneal tissue was obtained and used
to extract corneal fibroblasts. The epithelial and endothelial
layers of the cornea were physically removed using tweez-
ers. The remaining corneal stromal tissue was placed into
culture flasks from which cells were allowed to migrate
onto the flask. Once a confluent layer of the cells was
formed, these cells could be used. Collagen hydrogels were
produced from rat-tail collagen type-1 (BD Bioscience,
Erembodegem, Belgium) using as previously described [2,
3]. Human corneal fibroblasts were suspended inside the
collagen hydrogel solution prior to gelation at a concentra-
tion of 5x10° cells per hydrogel. Hydrogels without cells
were used as a control. The hydrogels were cultured in six-
well plates in one of two types of culture media. The first
type of culture media promoted a fibroblastic phenotype and
consisted of low glucose Dulbecco’s Modified Eagles
Medium (DMEM) supplemented by 10% fetal calf serum,
1% L-glutamine and 1% antibiotic-antimycotic solution.
Alternatively culture media which promoted a keratocyte
phenotype [5] which consisted of DMEM/Ham F-12 sup-
plemented with 1mM ascorbic acid, 0.1% insulin and 1%
antibiotic-antimycotic solution was also used. The media
was changed every 3 to 4 days. This research has received
approval from Black Country Research Ethics Committee
(06/Q2702/44).
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B. Instrumentation

A sample holder was constructed to suspend the hy-
drogels during measurement (Fig. 1A). Each hydrogels
were clamped between two transparent plastic circular rings
of inner diameter 20 mm. The rings were held in place using
the stainless steel samples holder shown. Three hydrogels
could be held in each sample holder at any one time. Each
sample holders was assembled in phosphate buffered saline
(PBS) within a large rectangular Petri dish in a Class 11
laminar flow hood. A PTFE sphere (Insley, Berks, UK) of
diameter 4 mm was placed onto the centre of each hydrogel.
The weight of the sphere caused the hydrogel to deform.
The Petri dish was then placed into an incubator at 37°C. A
multi-LED lamp was placed in the incubator to illuminate
the sample.

The resulting deformation on the hydrogel was captured
using a home built image acquisition system which con-
sisted of a long-working-distance objective microscope
(Edmund Industrial Optics, York, UK) connected to a com-
puter-linked CCD camera (XC-STS50CE, Sony, Japan)
which we have previously described in more details [1]. The
camera was linked to an image acquisition card (National
Instruments, USA) which was used to acquire and process
the images. LABView (National Instruments, USA) was
used to write a program to acquire images from the camera.
An example of a hydrogel deformation image acquired by
this system is shown (Fig. 1B). This system allowed images
to be recorded of the deformation profile of the hydrogel
from outside the incubator through a glass window. The
magnification of the system was calibrated with the com-
puter-acquired images of a stage micrometer. Images of the
spherically deformed hydrogels were recorded 10 minutes
after the sphere was initially placed onto the hydrogel. This
was to allow time-dependent deformation to reach equilib-
rium. The elastic modulus was measured one day after hy-
drogel formation and every 3 to 4 days subsequently for up
to 24 days.

A home-built optical coherence tomography (OCT) sys-
tem was used to examine the cross-sectional thickness of
each specimen at the same examining frequency as the
modulus measurement. OCT is a low coherence interfer-
ometric technique which measures backscattered light after
the light source has passed through a material [6]. This
technique allowed non-destructive imaging of the hydrogels
cross-sectional thickness to be measured under sterile con-
ditions [7]. A superluminescent diode with a central wave-
length of 1310 nm and bandwidth of 52 nm was used as the
source of the OCT. The system has an axial resolution of 14
pum in free space and penetration depth up to 2 mm.
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Fig. 1 (A) sample holder and hydrogels; (B) hydrogel deformed by PTFE
sphere

C. Theoretical Modeling

The elastic modulus of the hydrogels was calculated from
the images using a large deformation model [8]. From the
acquired images, the central deformation (8) of the hydrogel
was calculated and substituted into equation 1 to find the
elastic modulus (E);

6wr = Eh (0.0758% + 0.78r3) (1)

where h is the hydrogel thickness, r is the radius of the
sphere and w is the weight of the sphere. This equation is
applicable when the ratio of a/r =5 and &/r < 1.7, where a is
the radius of the clamped portion of the hydrogel. This
model also assumes that the ratio of thickness to the radius
is low and the deformation is large, hence stretching of the
membrane dominates over bending.

D. Immunofluorescent Staining

Cell viability was assessed using a live-dead cell double
staining kit. The kit contained Calcein-AM and Propidium
Iodide which fluorescently stain live cells green and dead
cells red respectively. The presence of alpha smooth muscle
actin in the cells was assessed using aSMA antibodies con-
jugated to FITC. The cells were examined using a FV300
confocal microscope (Olympus, Japan)
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III. REesuLTts

The elastic modulus was measured over a 24 day cul-
ture period (Fig. 2). Hydrogels seeded with cells cultured in
fibroblast media increased in modulus over the culture pe-
riod. We have previously found this phenomena which is
the result of contraction, remodeling and intrinsic strain
applied by cells. Hydrogels seeded with cells cultured in
keratocyte media showed little change in modulus over the
culture period. Keratocytes have a quiescent phenotype in
vivo which our results appear to mimic.
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Fig. 2 Change in elastic modulus of cell seeded collagen hydrogels over a
24 day culture period

The change in thickness of the hydrogels was recorded
using optical coherence tomography (Fig. 3). Cells in fibro-
blast media contracted the hydrogel making it thinner while
those in the keratocyte media showed little or no change in
thickness.
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Fig. 3 Change in thickness of cell seeded collagen hydrogels over a 24 day
culture period
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To test the phenotype of the cells, they were stained for
the presence of aSMA which has previously been shown to
appear in corneal fibroblasts but not in keratocytes [9]. It
can be seen that there was substantially more cells staining
positive for aSMA in the hydrogels with fibroblast media
compared to those with keratocyte (Fig. 4). This would
appear to suggest that the culture media was able to dictate
the cell phenotype.

Fig. 4 Images of cells hydrogels cultured in fibroblast (left) and keratocyte
(right) media and fluorescently stained for the presence of aSMA

IV. DiscussioNn

It has been shown that altering the culture media in
which corneal fibroblasts grow can affect the cell behavior.
Cells in the fibroblast media displayed characteristics nor-
mally found in the cornea during wound healing such as
matrix contraction and remodeling. These characteristics
were removed when the cells were grown in keratocyte
media. These cells are normally quiescent, which appears to
correspond with our findings. The reduction in smooth
muscle actin also appears to verify the phenotype change
back into a keratocyte phenotype. However keratocytes in-
vivo have a dendritic morphology which was not present in
our cells. This might suggest that the cells do not fully re-
turn to a keratocyte phenotype but maintain some keratocyte
and fibroblast characteristics. The matrix environment could
also play a role in determining the cell morphology.

Previous studies have shown that altering the media con-
ditions for corneal fibroblasts can results in different cell
behaviors. Beales et al., (1999) showed that corneal cells
retain their keratocyte characteristics in serum free media
[10]. Berryhill et al., (2002) found that bovine corneal cells
could partially return to a keratocyte phenotype after being
transformed in fibroblasts in vitro [11]. Lakshman et al.,
2010 found that by using different culture media, they could
induce keratocyte or fibroblast phenotypes from rabbit cor-
neal cells which resulted in different morphologies and
contractile behaviors [12]. These results show that cell phe-
notype can be dictated by culture media conditions.




V. CONCLUSIONS

We have demonstrated that corneal phenotype can dic-
tate the mechanical remodeling behavior of corneal stromal
cells in three-dimensional matrices. This in-vitro approach
to examining cell activity could be useful in determining
new methods of reducing or preventing the induction of
keratocytes into fibroblast.

ACKNOWLEDGMENT

This research was funded by BBSRC (BB/F002866/1).
Sample holders were manufactured by KMF Precision
Sheet Metal Ltd (UK).

REFERENCES

1. Ahearne M, Yang Y, El Haj AJ et al. (2005) Characterizing the
viscoelastic properties of thin hydrogel-based constructs for tissue en-
gineering applications. J R Soc Interface 2:455-463

2. Ahearne M, Yang Y, Then KY et al. (2008) Non-destructive me-
chanical characterization of UVA/riboflavin crosslinked collagen hy-
drogels. Br J Ophthalmol 92:268-271

3. Ahearne M, Liu KK, El Haj AJ et al. (2010) Online monitoring of the
mechanical behaviour of collagen hydrogels: Influence of corneal fi-
broblasts on elastic modulus. Tissue Eng C 16:319-327

11.

12.

IFMBE Proceedings Vol. 30

M. Ahearne et al.

Ahearne M, Wilson S, Liu KK et al. (2009) Influence of cell number
and collagen concentration on the mechanical behaviour of collagen
hydrogel constructs. Euro Cells Mater J 18:21

Musselmann K (2006) Developing culture conditions to study kerato-
cyte phenotypes in vitro. PhD Thesis.

Bagnaninchi PO, Yang Y, Zghoul N, et al. (2007) Chitosan micro-
channel scaffolds for tendon tissue engineering characterized using
optical coherence tomography. Tissue Eng 13:323-331

Ahearne M, Bagnaninchi PO, Yang Y et al. (2008) Online monitoring
of collagen fibre alignment in tissue-engineered tendon by PSOCT. J
Tissue Eng Regen Med 2:521-524

Ju BF, Liu KK, (20020 Characterizing viscoelastic properties of thin
elastomeric membrane. Mech Mater 34:485-491

Jester JV, Petroll WM, Barry PA, et al. (1995) Expression of o-
smooth muscle (a-SM) actin during corneal stromal wound healing.
Invest Ophthalmol Vis Sci 36:809-819

Beales MP, Funderburgh JL, Jester JV et al. (1999) Proteoglycan
synthesis by bovine keratocytes and corneal fibroblasts: Maintenance
of the keratocyte phenotype in culture. Invest Ophthalmol Vis Sci 40:
1658-1663

Berryhill BL, Kader R, Kane B et al. (2002) Partial restoration of the
keratocyte phenotype to bovine keratocytes meda fibroblastic by se-
rum. Invest Ophthalmol Vis Sci 43:3416-3421

Lakshman N, Kim A, Petroll MW (2010) Characterization of corneal
keratocyte morphology and mechanical activity within 3-D collagen
matrices. Exp Eye Res 90:350-359

Mark Ahearne

Keele University
Thornburrow Drive
Stoke-on-Trent

United Kingdom
m.j.ahearne@istm.keele.ac.uk




	Online Monitoring the Mechanical Remodeling of Hydrogels by Corneal Fibroblasts
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




