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ABSTRACT

I nfluence of Microgroove Dimension on Cell Behavior of
Human Gingival Fibroblasts Cultured on Titanium
Substrata

Suk-Won Lee, D.D.S., M.S.D.

Department of Dental Science, Graduate School, Yonsel University
(Directed by Prof. Keun-Wbo Lee, D.D.S,, M.SD., Ph.D.)

To enhance interactions between titanium (Ti) amgblants and the
surrounding gingival soft tissues, the effects pfdrface microgrooves on
cell behaviorhave extensively been investigated. Narrow microges on
Ti substrata were verified to induce changes inphology, cell-substratum
adhesion, and gene expression of cultured conmetiBgue cells, such as
fibroblasts. However, their effect on enhancing pebliferationin vitro or
on the ability to effectively reduce epithelial dogrowthin vivo, is not yet
clear.

In this study, we hypothesized that surface miavoges of appropriate
depth and extensive width on Ti substrata that lentdie cells to readily
descend into themselves, would alter various celhabiors including
viability and proliferation of cultured human gingi fibroblasts. For the
evaluation, cell adhesion, morphology, viabilitydaproliferation, and gene
expression of human gingival fibroblasts cultured ® substrata with
various dimensions of surface microgrooves werdyaed. The purpose of
this study was to determine the dimension of serfandicrogrooves on Ti
substrata that shows the greatest positive inflel@mccharacterizing specific
cell behavior of cultured human gingival fibrobkast

Commercially pure Ti discs with surface microgro®wd monotonous



3.5 um in depth and respective 15, 30, and 60 pumdth were fabricated
using photolithography and used as the culture teatbs in the three
experimental groups in this study (TiD15, TiD30,damiD60 groups),
whereas the smooth Ti disc was used as the cosutzdtrata (smooth Ti
group). Human gingival fibroblasts were cultured e four groups of
titanium substrata on successive timelines. Cdihbm®rs, such as adhesion,
morphology, viability and proliferation, and geneeession were analyzed
and compared between all groups using crystal tvistain, scanning
electron microscopy (SEM), XTT assay, and reversanscriptase-
polymerase chain reaction (RT-PCR), respectivelge-@ay analysis of
variance was used in the statistical analyses eratihesion as well as the
viability and proliferation data. From the resutfsthe analyses on various
biological activities of human gingival fibroblastke following results were
obtained.

1. There was no difference between the numbers of hugmagival
fibroblasts adhered to smooth Ti substrata andettzaihered to Ti
substrata with surface microgrooves at 1 and 2 dubation.
Fibroblasts merely formed initial cell-substraturantact by the
times.

2. In SEM, contact guidance of human gingival fibraidaparallel to
the direction of microgrooves was observed. Celerewable to
readily descend into the microgrooves of 30 pmigitlwand 3.5 pm
in depth at the early phase of culture, whereatheatlater phase,
cells in all groups were found both in the grooaad on the ridges.
Cells on the ridge edges or in groove corners \gpirdle shaped
with abundant filopodia formation towards the aetdhed surface
inside the microgrooves, thus mimicked the shapeeffibroblasts
cultured in three-dimensional (3D) nanoenvironment.

3. On successive timelines, human gingival fibroblastgured on Ti

substrata with various dimensions of surface mioges showed

Vi



differences in the rate of reaching their conflleertduman gingival
fibroblasts cultured on Ti substrata with microgres of 15 um in
width and 3.5 pm in depth significantly increasksirt viability and

proliferation compared with those cultured on srhodi substrata
after 72 h of culture and decreased after 96 hredsethe cells on
the microgrooves of 30 um in width and 3.5 pum ipttecontinued
increasing their viability and proliferation upaéter 96 h of culture.

A joint up-regulation of matrix-assembly genes;tsas fibronectin
and o5 integrin genes, was noted in human gingival filasis
cultured on titanium substrata with microgrooved ®fand 30 pm in
width and an equal 3.5 um in depth.

Gene expression pattern specific to the cellsDaratrix culture,
such as down-regulation afsmooth muscle actin gene along with
up-regulation of fibronectin and p21 genes, was @uoced in
human gingival fibroblasts cultured on Ti substrataith

microgrooves of 30 um in width and 3.5 pum in depth.

In reference to the results above, two conclusimese made.: 1)

Surface microgrooves of 15 um in width and 3.5 pndépth on titanium

substrata increase the viability and proliferatias well as the expression of

genes involved in the matrix assembly of culturedman gingival

fibroblasts. 2) Surface microgrooves of 30 um idtviand 3.5 pum in depth

on titanium substrata provide human gingival fibests with a three-

dimensional context of culture, thus show corregipangene expression.

Key words: Titanium, Microgroove, Fibroblast, Pfetation,

Gene expression
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| nfluence of Microgroove Dimension on Cell
Behavior of Human Gingival Fibroblasts
Cultured on Titanium Substrata

Department of Dental Science,
Graduate School, Yonsel University
(Directed by Prof. Keun-Wbo Lee, D.D.S, M.SD., Ph.D.)

Suk-Won Lee

| . INTRODUCTION

Since the establishment of osseointegration asquerconcept in oral
implantology, researchers now seek for methods\tace the interactions
between titanium implants and the surrounding ss$ues, known as peri-
implant soft tissue reactions. The major classeffsdound in peri-implant
soft tissues includes gingival fibroblasts whosanges in cell behaviors
such as cell-matrix adhesions on microtopograpéatures have long been
the topic of studies done by Brunéttdanseh and their coworkers. They
suggested that microfabricated grooved surfaceddyaoduce orientation
and directed locomotion of epithelial cells vitro, thus inhibit epithelial
down-growth on titanium oral implani® vivo. Moreover, since surface
topography was considered important in establishbagmnective-tissue
organization adjacent to titanium oral implantsbrdblast shape and
orientation on such grooved surfaces had exterysbegn evaluated and the
effects of the surface topography of microgroovthium substrata on cell
behaviorin vitro and in vivo were suggested to depend on the groove
dimensions. Among the structures varying in shampe aimension,



microgrooves used in these studies were mainlyidated from the
micromachining technique. In most studies, V-shapattromachined
grooves and their morphologic derivatives wereitated so as to allow the
cell to confront its substratum with defined edg&se degree of cell
spreading on such geometry was maximized in twectlons. The one, an
elongation or a polarization in shape parallel tee tlong axis of
grooves/ridges was considered one of the results & phenomenon called
‘contact guidance’, whereas the other, from forniimigilges between ridges
leading to cell spreadiigOn sensing such geometry, focal contacts were
considered to stifféhand the cellular traction forces exerted througtaf
contacts increas@dleading to increased amount of focal adheSiohke
adhesion strength even surpassed the amount ofnabyeapplied local
mechanical force. Using focal adhesions as anchors, contractileitract
forces exerted by a cell, also called cytoskeletasion per se or cytoskeletal
prestress, together with extracellular matrix (ECMhd cytoskeletal
structure were considered to play decisive roleshan control of various
biological activities including the gene expressim growtf It has been
hypothesized that surface topography could induceecd cell
mechanotransduction, thus leads to changes in tbbability of gene
expressioff. In these biomechanical models, environments weseided so
as to induce changes in cell shape and cell sprgaii micropatterned or
nanostructured surfaces. Another example wouldheestrengthened cell
adhesions and the resultant increase in tractioczesoexerted by a cell on
sharp edges of microstructures in specific direstio

Several studies have reported the induction otttanges in cell shape
by microgrooves and these changes were found tighty coupled to DNA
synthesis and growth in adherent célldeed, human fibroblasts grown on
the microgrooved substrata, compared to those ersthooth ones, were
significantly elongated and orientated along theoges leading to an
increase in the amount of fibronectin mRNA/telbr displayed alterations

in the expression of numerous genes responsiblevdoious biological



activities®. However, the induction of the changes in cell pgheaby
microgrooves have mainly been restricted to theafiggooves with several
micrometers-wide spacing, which was considered omar than the
diameter of a single human fibroblast. So far, amlfew studies compared
the proliferating activity of fibroblasts on vari®udimensions of
microgrooves. Majority of thege vitro studies used substrata with narrow
grooves of 1-1Qum in width, and incontrast to the effective increase in the
rate of cell orientation, either the presence affame microgrooves or
groove dimensions were verified to increase thdifprating activity of
adhered fibroblasts'®*” In anin vivo attempt to inhibit or reduce the extent
of epithelial down-growth using microgrooved impncontradictory
results were reported from the Brunéttes. the Janséh groups. Two
differences in the experiment designs were notégdsn the studies, which
were the flexibility of the implanted material atiak structural dimension of
the parallel microgrooves provided.

Taken together, microgrooves narrower than the eianof an adhered
single fibroblast were considered to induce charnigell shape leading to
increased formation of focal adhesion assembly alteration in gene
expression, but theim vitro effect on enhancing cell proliferation or the
ability to effectively reduce epithelial down-grdwin vivo is not yet clear.
In this study, we hypothesized that surface miavoges of appropriate
depth and extensive width on titanium substratda #mable the cells to
readily descend into themselves, would alter varicell behaviors including
proliferation of cultured human gingival fibroblas®he timeline analysis on
the viability and proliferation of fibroblasts culed on microgrooved Ti
substrata has been reported in several studiesevowto our knowledge,
gene-expression analysis on the cells in such msiconment in relation to
successive timelines has not been reported so far.

The purpose of this study was to determine an @btimension of
microgrooves for enhancing cell behavior by analgzi adhesion,

morphology, proliferation, and gene expression aimhn gingival



fibroblasts cultured on titanium substrata withieas dimensions of surface

microgrooves.



Il . MATERIALSAND METHODS

A . Cdl culture

Healthy gingival tissues were obtained from pasewho underwent
oral surgery for removing impacted wisdom teetlSatVincent's Hospital
Department of Dentistry. In all cases, tissues wdrgined from subjects
following informed consent as prescribed in an appd St. Vincent's
Hospital Institutional Review Board (IRB) protocdlissues were incubated
for 16-22 h in Hank's balanced salt solution (HB&#co BRL, Grand
Island, NY, USA) at 4°C for the purpose of sepagttonnective tissue
from epithelium. Obtained connective tissues werterto small pieces and
placed in Petri dishes (direct explant method) inlbBcco’s modified
Eagle’s medium (DMEM, Gibco BRL, Grand Island, NYJSA)
supplemented with penicillin G sodium (50 IU/mlYreptomycin sulfate
(50(g/ml), and amphotericin B and were kept ovdrhigt 4°C. Cells or
explants were washed 3 times in phosphate-buffeatides (PBS, Gibco
BRL, Grand Island, NY, USA) and suspended in DMEN@Eemented with
10 % fetal bovine serum (FBS, Sigma-Aldrich Co., ISiuis, MO, USA)
and antibiotics. The composition and concentratbrthe solution were
maintained to be used as the culture medium inyeggperiment in this
study (DMEM supplemented with 10% FBS and antib&ti Suspended
fibroblasts were seeded into a T-75 flask (enzyenalissociation) and
incubated in a humidified incubator at 37°C with 8%, in 95% air. When
cells reached 80% confluence (about once per wek&y, were removed
and suspended using a trypsin-EDTA solution (0.2B9psin and 0.1%
glucose dissolved in 1 mM of EDTA-saline, Sigma-#dt Co., St. Louis,
MO, USA), washed, centrifuged and reseeded. Thareulmedium was
changed every second day after seeding. Humanvginfibroblasts with

3rd-4th passage were used in all experiments snstiidy.



B . Fabrication of titanium substrata

A 0.2 mm-thick sheet of commercially pure titanii) was cut in
circles of 10 and 25 mm in diameter to be sliglgtigater in area compared
to the floors of the 96- and 24-well tissue cultptates, respectively. The
prepared Ti discs were washed and dried in acetarehanically polished
to obtain a finish surface with Ra 0.15 um, and used as the culture
substrata in the control groups, smooth Ti, in ghigly. The finish surface
was created so as to mimic the surfaces of thes{gagival areas of
commercially available Ti dental implant abutmefitise Ti substrata used in
other experimental groups were fabricated with glitbibography
(MEMSware Inc.,Gyoenggi, Kwangju, Korea). In brief, the mecharical
polished smooth Ti discs were coated with a UV-gieespolymer (photo-
resist, DTFR, Dongjin, Seoul, Korea). The coatedasgs were exposed to
ultraviolet (UV) light through a patterned photoshkeao develop the initial
micropatterns. The photo-mask presented the gemmdeature of
continuously repeated micropatterns of various dsi@ns. The mask was
made of a quartz plate selectively coated withimIHyer of non-transparent
chromium to create light-accessible windows. Thsigte of the mask was
previously created with computer-aided design (CAddftware. Future
grooves were designed to have an equal depth qir8.&nd widths of 15,
30, and 6Qum, respectively. The widths of the automaticallgated ridges
were identical to those of the grooves. A monotendepth of 3.5um was
chosen because with photolithography, it was treatgsst depth available
coupled with 15um-wide grooves. The micropatterns were developed by
immersing the coated Ti discs in a solvent (2.38%atmethyl-ammonium-
hydroxide, TMAH, Dongjin, Seoul, Korea) that onlysdolves the exposed
areas. Grooves were created by the micropatterobedt into the
mechanically polished smooth Ti surfaces with 1%rbffuoric acid (HF)
andthe residual photo-resist coatings were removed solvent (acetone

and isopropyl-alcoholfFig. 1). The fabricated surfaces of the Ti sulatra



with microgrooves of 15 and 3@m in width and monotonous depth of 3.5
um are shown in Fig. 2. The nomenclature for thecstires is based on the
dimensions of groove width only, and the depth was$ included. For
example, if the groove width of the Ti disc/subttna was 30um and the
depth was 3.qum, it was termed TiD30. In all experiments, fabiéchTi
substrata were cleaned 3 times in an ultra-sonigceefor 30 minutes,
washed 3 times in distilled water, left in 20 % aztbl for 10 min, and

washed another 5 times before plating the cells.

photo-resist

Ti disc
I HF etching

l photo-resist removal

ridge width groove width
I groove depth

Fig. 1. Fabrication of Ti substrata using photaghaphy. Note that
definitions of the microstructural dimensions aradicated. The
microstructural dimensions were included in nomaturk used in this study.

Fig. 2. Fabricated surfaces of the Ti substrata wiicrogrooves of 1gm
(left) and 30um (right) in width and monotonous depth of grs.



C . Adhesion assay

The floors of 96-well plates were removed and thimaining plastic
cylinders were attached to the fabricated surfatdse 10 mm-diameter Ti
discs using a silicone bonding agent. As a resulttal of twenty four 96-
well Ti substrata were prepared and divided int ftsur groups of smooth
Ti, TiD15, TiD30, and TiD60. Cultured human gindifdoroblasts (3rd-4th
passage) were detached from subculture with try|eBIiMA, resuspended,
and plated simultaneously on the 96-well Ti sulbatat a cell population
density of 3x 18 cells/mlin DMEM supplemented with 10% FBS and
antibiotics. From three samples out of six in egobup, the media were
removed at respective 1 and 2 h incubation anduttadtached cells were
washed away twice with warmed PBS. Attached celisewstained with a
solution of 0.2 % crystal violet in 10 % ethanolr f6 min at room
temperature. Stained cells were washed with PBStlamdound dye was
solubilized with 100ul of solubilization buffer (50/50 mixture of 0.1 M
NaH,PQ,, Ph 4.5 and 50 % ethanol) to be transferred tavéib-plates.
Absorbance (optical density, OD) was measured u&ih{SA analyzer
(Spectra MAX 250, Molecular Devices Co., Sunnyv&d, USA) at 570

nm.

D . Scanning electron microscopy

Adhesion and morphology of fibroblasts on the ste$aof fabricated Ti
substrata of smooth Ti, TiD15, TiD30, and TiD60 wasalyzed under
scanning electron microscopic (SEM) observations1l@&and 48 h plating
and incubation, samples were fixed in 4% parafodetayde for 2 h and
rinsed twice in 0. PBS for 10 min. Samples were again fixed for amoth
2 hin 1% osmium tetroxide. Samples were then detgd by immersing
for 10 min in each of 20, 50, 60, 70, 80, 90, an@% ethanol dilutions
followed by drying with a critical point dryer (JuonBio-Rad Laboratories



Inc., Hercules, CA, USA). Samples were sputter esbatith a 10-nm gold
film (SEM coating system, E 5150, Bio-Rad Labor&®inc., Hercules, CA,
USA) and imaged with S-800 FE-SENHITACHI, Tokyo, Japan).

E.XTT assay

A total of forty eight 24-well Ti substrata wereepared and divided
into the four groups of smooth Ti, TiD15, TiD30,dadiD60. Cultured
human gingival fibroblasts were trypsinized and wdtameously plated on
the 24-well Ti substrata at a cell population dgnsi 1x 10" cells/mlin
DMEM supplemented with 10% FBS and antibiotics.|€elere incubated
in a humidified incubator at 37°C with 5% ¢ 95% air for 24, 48, 72,
and 96 h. In all groups, the viability and proldgon of fibroblasts was
determined by XTT assay (Cell Proliferation Kit Rpche Applied Science,
Mannheim, Germany) as described by Roehm.” (1991). In brief, XTT
labeling reagent (soium 3'-[1-[(phenylamino)-candp, 4-tetrazolium]-
bis(4-methoxy-6- nitro)benzene-sulfonic acid hydyatnd electron coupling
reagent (N-methyl dibenzopyrazine methyl sulfaté)SPin PBS) were
thawed. Each vial was thoroughly mixed and a cbedution was obtained.
XTT labeling mixture was prepared by mixing @0of XTT labeling reagent
and 1l of electron coupling reagent. 50 of XTT labeling mixture was
added per well and incubated for 4 h in a humidifiecubator at 37°C with
5% CQ in 95% air. In all groups, formazan products wieaasferred to 96-
well plates and the absorbance was measured ukiSg\Enalyzer (Spectra
MAX 250, Molecular Devices Co., Sunnyvale, CA, US#)470 nm with a

reference wavelength at 650 nm.

F.RT-PCR

Fibroblasts were trypsinized at 24, 48, 72, anch96cubation. Gene
expression of human gingival fibroblasts culturedtioe untreated floors of



24-well polystyrene microplates served as the pasidontrol. Total RNA in
each sample was extracted using Trizol (Trizol:.UP&ent No. 5, 346,994,
Gibco BRL, Grand Island, NY, USA) according to theanufacturer’s
instructions. The concentration of extracted t&®alA in each sample was
estimated by the absorption at 260nm. 1 mg of tBfdlA samples was
converted to cDNA with reverse transcriptase (Rrgan Co., Madison,
Wisconsin, USA). The polymerase chain reaction gasied out using Taq
polymerase (Roche Diagnostics, Mannheim, Germaty)x buffer, 25mM
MgCl, and 25mM dNTPs (dGTP, dCTP, dATP and dTTP). Exjasef
various genes involved in cell-matrix adhesion aetl-cycle progression
were analyzed in reverse transcriptase-polymerhain ceaction (RT-PCR)
(Table 1). The PCR primer ¢¥actin was used as the housekeeping gene.
The amplification was done in a PCR thermal cy(Bto-Rad Laboratories
Inc., Hercules, CA, USA) under the following condition&: 8/cles of 94C
for 30 sec, 58C for 45 sec, and 72  for 30 sec. The angildin products
were electrophoresed on 2% agarose gels, and izisdaWith ethidium
bromide. The density of each mRNA was compared gusjnantitative
analysis software (Bio-Rad Laboratories Inc., HEguCA, USA) between

the groups on successive timelines.

G . Satistical analysis

Experiments were repeated simultaneously and indkgpdly in
triplicate. The mean values and standard deviatainthe data from the
adhesion and XTT assayere calculated. One-way analysis of variance
(ANOVA) in SPSS 13.0 software program was useddmpgare the mean
values of the data between the groups of smoothTilil5, TiD30, and
TiD60 (p<0.05).

10



Table 1. Gene-Specific Primers used in RT-PCR

Target  Sense Antisense Bp
FN? 5-CGAAATCACAGCCAGTAG-3' 5'-ATCACATCCACACGGTAG-3' 639
05 integrirf?’5-ACCAAGGCCCCAGCTCCATTAG-3' 5-GCCTCACACTGCAGGCTAN G-3' 376
Bl integrift®5-GAGCAGCAAGGACTTTGGG-3' 5-GAGCAGCAAGGACTTTGGG-3' 537
cyclin D1?* 5-ATTAGTTTACCTGGACCCAG-3' 5-GATGGAGCCGTCGGTGTAGAICA-3' 399
cyclin B®°  5-CAGCCTTGGGACAATAATGC-3' 5-TGCAGAAGAGGGTGTTGCTG' 254
cyclin A2** 5-ATTAGTTTACCTGGACCCAG-3' 5-CACAAACTCTGCTACTTCTG 443
CDK4%*®  5-CCAAAGTCAGCCAGCTTGACTGTT-3' 5-CATGTAGACCAGGACTAAGGACA-3' 193
CDK6%*®  5-TGATGTGTGCACAGTGTCACGAAC-3' 5-CTGTATTCAGCTCCGAGGTGTTCT-3' 737
CDK2%®  5-ACGTACGGAGTTGTGTACAAAGCC-3' 5-GCTAGTCCAAAGTCTGCTAGCTTG-3' 405
p21% 5-AGTGGACAGCGAGCAGCTGA-3' 5-TAGAAATCTGTCATGCTGGITG-3' 380
p27° 5-AAACGTGCGAGTGTCTAACGGGA-3' 5-CGCTTCCTTATTCCTGECATTG-3' 454
SkpZ’ 5-CAACTACCTCCAACACCTATC-3' 5-TCCTGCCTATTTTCCCTGICT-3' 326
0-SMA?®  5-GTCCACCGCAAATGCTTCTAA-3' 5-AAAACACATTAACGAGTCAG-3' 141

TGFBR-I1?° 5-ATTGCTGGACCAGTGTGCTTCGTC-3' 5-TAAGTCTGCAATACAGEAGTTCCATTCTT-3' 668

TGFBR-11?°5-CGCTTTGCTGAGGTCTATAAGGCC-3'  5-GATATTGGAGCTCTTGBGTCCCT-3' 395
NF«B1*® 5-CCTGGATGACTCTTGGGAAA-3' 5-CTAGCCAGCTGTTTCATGTG' 174
B-actin 5-ATCGTGGGCCGCCCTAGGCA-3' 5-TGGCCTTAGGGTAGAGGGG-3' 345

FN: fibronectin, CDK: cyclin-dependent kinase, p2yclin-dependent kinase inhibitor 1A,
p27: cyclin-dependent kinase inhibitor 1B, Skp2pt#se kinase-associated protein-2,
a-SMA: o-smooth muscle actin, TGFR-I: type | transforming growth factor (TGPB-)
receptor, TGRBR-II: type Il transforming growth factor (TGH-)receptor, NReB1: nuclear
factor of kappa light polypeptide gene enhancaé-tells 1

11



111 . RESULTS

A . Adhesion analysis

In ANOVA, the mean OD values from the adhesion yasdal and 2 h
incubation showed no significant differences betwand within all groups
(p<0.05) (Table 2 and Fig. 3).

Table 2. Comparison of fibroblast adhesion to Thsitata at 1 and 2 h

incubation by structural dimensions of surface ogcooves.

Ti substrata with various dimensions of surfaceragmoves

Smooth Ti TiD15 TiD30 TiD60
p-value’
n=3 n=3 n=3 n=3
1h 0.082+0.007 0.102+0.011 0.096+0.020 0.107+0.016 ns 0.244
2h 0.134+0.029 0.127+0.023 0.135+0.030 0.147+0.039 ns 0.879

1) Statistical significances were tested by one-amglysis of variance among groups.
TiD: titanium Disc

12
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Fig. 3. Effect of structural dimensions of surfan&rogrooves on human
gingival fibroblast adhesion to Ti substrata.
The mean optical density (OD) values and standandations of crystal

violet absorbance are presented.
p<0.05, OD: optical density, TiD: titanium disc
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B . Morphological analysis

In SEM, orientation of fibroblasts along the micmmgves on TiD15,
TiD30, and TiD60 were observed at 16 h incubatidmereas the cells on the
smooth Ti were observed to be oriented in randaectdons (Fig. 4). At 48
h, more extensive orientations on TiD15, TiD30, dild60 were observed
(Fig. 5). On both timelines, the degree of fibrablalignment according to
the orientation angle in relation to the directafrthe microgrooves was not
significantly different between TiD15, TiD30, aniDB0. Fibroblasts on the
smooth Ti substrata were extensively spread andesth@ flat morphology.
In contrast, fibroblasts on microgrooved Ti sulistrsere elongated and less
flat compared to those on smooth Ti substrata.. @igseneral morphology
of the cells did not vary with the groove dimensio®n all microgrooved Ti
substrata, cells were present inside the microg®as well as outside on
the ridges with a difference in the tendency betwk@ and 48 h. Cells were
generally observed to be present on the ridgegr#tian inside the grooves
at 16 h, whereas at 48 h, cells were observed drotthe ridges and in the
grooves (Fig. 7). Notably, majority of the cellsredound inside the grooves
on TiD30 both at 16 and 48 h (Fig. 7). In all greuthe entire surfaces of the
substrata were filled up with fibroblasts at 48shggesting that fibroblasts
almost reached their confluence, except in TiD1%nshrelatively fewer
cells were found inside the grooves compared witise: in the ridges. Cells
descending into the grooves were generally foundhenedges or in the
corners of the microstructures. These cells showelll elongated spindle
shape and increased formation of filopodia (Fig. Mymerous filopodia
from the cells lying across the borders betweegesdand grooves projected
towards the acid-etched surfaces inside the groai#ts some extending in
a range of tens of micrometers (arrows in Figsfygesting that these cells
were actively exploring the surfaces (Fig. 9). Tdiameter of a spindle-
shaped single fibroblast appeared to be identicéhdt of the microgrooves
in TiD15.
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Smooth Ti

Fig. 4. Scanning electron microscopic (SEM) obs@mma on human
gingival fibroblast morphology and orientation & A of culture. Note that
the cells are aligned in random directions on simdatsubstrata. Contact

guidance is observed in cells cultured on microgedoli substrata.

Smooth Ti

Fig. 5. Scanning electron microscopic (SEM) obs@mma on human
gingival fibroblast morphology and orientation & K of culture. Note that
the cells are more oriented parallel to the miavoges than the cells at 16 h

of culture.
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Smooth Ti

Fig. 6. Scanning electron microscopic (SEM) obs@ma on human
gingival fibroblast morphology at 16 h of cultune higher magnification
(x500). The cells on smooth Ti substrata show extheniattened
morphology, whereas the cells on grooved subsstadav elongation parallel

to the groove direction

Fig. 7. Scanning electron microscopic (SEM) obs@mma on human
gingival fibroblast morphology at 16 and 48 h ofltate. Cells were
generally observed to be present on the ridges amdpo those inside the
grooves at 16 h (upper left), whereas at 48 hs eedire observed both on the
ridges and in the grooves (upper right). Howeveajonity of the cells were
found inside the grooves on Ti substrata with ngoooves of 30 um in

width at both 16 and 48 h of culture.
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Fig. 8. Scanning electron microscopic (SEM) obs@mms on human
gingival fibroblast lying on the edge at 16 h oftate. Note that cells show
well elongated spindle shape with abundant filopqatiojections toward the
acid-etched surface inside the microgrooves. Dxat-projections indicated

by the arrow imply that the cells are highly viable

Fig. 9. Scanning electron microscopic (SEM) obs@ma on human
gingival fibroblast with abundant filopodia projexts at 16 h of culture.
The filopodium indicated by the arrow is extendedai range of tens of

micrometers, suggesting that these cells are &cixploring the surface.
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C . Assessment of viability and proliferation

In ANOVA, the mean OD values of the formazan abande at 72 h
incubation were significantly different between amdthin all groups
(p<0.05). According to the data using the Ti disith various dimensions of
surface microgrooves as culture substrata, thdtseBom the XTT assay
were significantly related between those obtainéd72 h incubation.
Multiple comparison of the fibroblast viability amtoliferation data from
the XTT assay at 72 h incubation showed the mearv@ie of TiD15 was
significantly greater compared to that of the contgroup, smooth Ti
(p<0.05) (Table 3 and Fig. 10). All other companisdetween groups were
not statistically significant. As was noted in tireline analysis, the mean
OD value in TiD15 continuously increased up to 72wlith a burst of
increase between the time points of 48 and 72 hmawkedly decreased at
96 h. However, the mean OD values in the groupsmadoth Ti and TiD30
continuously increased up to 96 h, with the lagieowing slightly higher

rate of increase.
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Table 3. Comparison of fibroblast viability and ifieration on Ti substrata
after 24, 48, 72, and 96 h of culture by structufimhensions of surface
microgrooves.

Ti substrata with various dimensions of surfaceragmoves

Smooth Ti TiD15 TiD30 TiD60
p-valug’
n=3 n=3 n=3 n=3
24 h 0.310+0.010 0.294+0.047 0.343+0.030 0.327+0.043 ns 0.417
48 h 0.439+0.050 0.471+0.058 0.492+0.005 0.460+0.022 ns0.472
72 h 0.513+0.063 0.795+0.143 0.636+0.080 0.561+0.107 <0.05
T2 a b ab a,b
96 h 0.586+0.103 0.586+0.163 0.718+0.082 0.566+0.024 ns0.328

1) Statistical significances were tested by one-amglysis of variance among groups.

2) The same letters indicate non-significant défere between groups based on Tukey's
multiple comparison tests.
TiD: Titanium Disc
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Fig. 10. Effect of structural dimensions of surfan&rogrooves on human
gingival fibroblast viability and proliferation ofi substrata.

The mean optical density (OD) values and standexiations of formazan
absorbance are presented.

*: Significantly greater compared with the smootl{cbntrol) group

p<0.05, OD: optical density, TiD: titanium disc
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D . Gene expression analysis

Increased levels of expression of transcripts D16 and TiD30 were
noted with the genes encoding F%, integrin,1 integrin, cyclin E, CDK2,
and CDK4 at 24, 48, and 72 h incubation compareh thiose in the groups
of polystyrene and smooth Ti. On the other handyedese in cyclin D1,
cyclin A2, anda-SMA gene expression levels were noted in TiD15 and
TiD30 on all timelines compared with those in tleups of polystyrene and
smooth Ti. In comparison between groups on sucgesésnelines of culture,
CDK®6, p21, p27, Skp2, TGBR-I, TGFPR-II, and NFxB1 genes showed
controversial results in the expression levels.(Eig.
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Fig. 11. Analysis on expression of genes involvedtéll-matrix adhesion

NF-kBI

B-actin

and G1/S cell cycle progression in RT-PCR.

TiD: titanium disc, RT-PCR: reverse transcriptasbsmerase chain reaction
FN: fibronectin, CDK: cyclin-dependent kinase, p2dyclin-dependent
kinase inhibitor 1A, p27: cyclin-dependent kinasibitor 1B, Skp2: S-
phase kinase-associated protein-EMA: a-smooth muscle actin, TGR-

I: type | transforming growth factor (TGIB-)yeceptor, TGHBR-II: type I
transforming growth factor (TGH)receptor, NR¢B1: nuclear factor of
kappa light polypeptide gene enhancer in B-cells 1
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IV . DISCUSSION

From previous studies it is known that fibroblasted less than 4 h for
adapting their morphology to a new environniertherefore experiment
times for the adhesion assay were chosen of 1 dndvkich were less than
4 h. During this time, adhered fibroblasts to Thswata with different
surface topographies were expected to show diftexein number. Since the
unattached cells were washed away, only the ren@iailhered fibroblasts
were considered to be stained with crystal vioMeasuring the optical
density value of the dye would represent the nunabexdhered cells. The
result showed that surface microgrooves on Ti satzstwere not able to
enhance cell-substratum adhesion of human gingiwalblasts at 1 and 2 h
incubation after plating. This is partly in linetvithe result from a previous
study that fibroblast attachment tdcrogrooved substrates decreased at the
early time points but drastically increased atrlgthase¥. The authors
observed in SEM images that 30 min after platirgj|scalready formed
abundant membrane extensions. They expected thatetls were then in the
process of exploring and probing the surface. Hawrehe culture substrates
they used were microgrooved polystyrene tissuau@ilishes with a radio-
frequent glow discharge treatment to improve thédase wettability of the
substrates, which do not coincide with the substratsed in our study. Let
alone the use of such special treatment, it is kndkat commercially
available cell culture plates consist of the highdg polystyrene
subsequently treated to create a surface hydrojpfiivhich is necessary for
cell attachment and spreadifigduring the incubation periods, we observed
the cells simultaneously plated on the polystyrenefaces in light
microscopy and confirmed that fibroblasts were get spread at 1 h
incubation but were starting to at 2 h. In casenidrogrooved substrata,
cellular spreading is associated with a rapid ¢aigon parallel to the surface

|34

grooves. Oakleyet al.”™ (1997) observed that human gingival fibroblasts
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generally spread radially across the ridges andwg® and gradually
elongate in a direction parallel to the groove$ini6t h of seeding. However,
the difference in the degree of alignment betweBnahd 3-um to 5-um
grooves diminished at 24 h. Results from the sépatadies, including the
one from ours, suggest that elongated and alignibdobfasts on
microgrooved substrata would start to show incréasiesion, compared to
those on smooth substrata, at a specific time g 4 to 6 h. Our result
from the adhesion assay at 1 and 2 h incubationgly implies that primary
human gingival fibroblasts were not capable of fiagncell-substratum
adhesion, but merely formed the initial cell-suastm contact to the
surfaces of Ti substrata on the experimental timesli

In natural tissues, gingival fibroblasts are aremhgin a three-
dimensional (3D) organization that provides appedpr functional and
spatial conditions. To mimic this environmental r&tderistic of natural
tissuesin vitro, we prepared the Ti substrata with surface micoges of
reasonable width and depth. The dimensions of toeostructures used in
this study were designed to be ensured that humanvgl fibroblasts would,
at the same, lie inside the grooves and displayacbiyuidancg. To verify
this, we plated fibroblasts at a cell populationsity of 1x 10° cells/ml and
observed at 16 and 48 h incubation. The platedncatiber was selected so
as to inhibit intercellular collision. 16 h wasesked according to the studies
demonstrating that, on both materials of Ti and/patylamide, fibroblasts
deposit sufficient amount of fibronectin (FN) orttee substrates for cell-
matrix adhesion by the time polfit® Deposition of FN by the cells was
considered to enable them to form cell-matrix aiimss leading to
subsequent spreading or elongationSEM, majority of the typical spindle-
shaped fibroblasts were found on ridge edges graave corners. Filopodia
formation was abundant in these cells as has prslicbeen reportéd
Also abundant were the small dot-like protrusionscell dorsa which were
considered to be metabolite-secreting vesiclegdapddia budding (arrow in
Fig. 8). Fibroblasts featuring abovementioned attersstics in SEM images
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were considered to be highly viable and very simitaoverall shape to
those of fibroblasts cultured in 3-D nanoenvirontifel The observed
filopodia mainly projected towards the acid-etclsedfaces of the grooves,
implying that these cells were actively explorinige t surfaces before
migrating (arrows in Fig. 9). This result suppartker results from two very
recent studies demonstrating the importance gpditiba in cell behavior. A
study by Partridge and Marcantoffio(2006) verified that filopodia
containing both integrin and actin formed the alitiell-matrix contacts and
further generated mature focal adhesions. Anotbhent study by Galbraith
et al™ (2007) suggested that actin afdl integrin in cellular projections
including filopodia at the leading edge of a migrgtcell, probe ligand and
create sticky fingersSince fibroblasts are the most abundant cells faand
gingival connective tissues, active projection idépodia onto the acid-
etched surfaces inside the microgrooves observetisnstudy encourages
the use of such surface in enhancing peri-implaomnective tissue
attachmenit.

One of the most frequently used colorimetric ass&yd, used in this
study is a method well established in investigatirginfluence of a specific
substance/material and/or process on cell surviMag results of the XTT
assay for cell viability and proliferation are infinced not only by the
number but also by the metabolic activity of celldeavage of XTT by
dehydrogenase enzymes of metabolically active gilds a highly colored
formazan product which is water soluble. This feaenables the product to
be diluted in medium, eliminates the need for faramacrystal solubilization
prior to absorbance measurements as is requirddTih assay, protects
cellular membranes from being damaged, and leaglscéfis to survive
throughout the test procé$sOn planning for this experiment, we expected
the fibroblasts to show increased proliferation the microgrooved Ti
substrata compared with the smooth ones. The sefudin the timeline
proliferation analysis using XTT assay gave us @ason to confirm such

expectation except the result, at 72 h incubatibat fibroblasts in TiD15
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showed a burst of increase in proliferation, butdanly decreased on the
successive timeline at 96 h. This, in part, coresis with the results in the
study by Dalbyet al.'* (2003) that on the quartz substrata with surface
microgrooves of 12.5 pm in width, fibroblasts shdwep-regulation of
genes involved in cell signaling, DNA transcripti@G@NA-protein translation,
and extracellular matrix formation and remodelirftea24 h of culture,
while all the genes were down-regulated by day BeyTsuggested two
reasons for this unique result. First, cell typésnesenchymal origin are
highly proliferative initially (Days 0-3), and theras confluence is
approached, this proliferation slows and the csltst to differentiate and
produce matrix, ultimately making new tissue. Tisisalso true with the
time—line of cultured cells’ proliferation in miczavironment®. Fibroblasts
on both TiD15 were considered to have reached gendle at a certain time
point around 72 h of culture. We suggest that hummiagival fibroblasts
cultured on Ti substrata with surface microgroog€45 pm in width and
3.5 um in depth reach their confluence earlier cameg with those cultured
on the smooth Ti or Ti substrata with greater disi@ms of surface
microgrooves. The second reason suggested by PaB903) and his
coworkers was that as the cells align in respomwsehé grooves, cell
activities are initially increased and thus take €ar less random
morphologies than are produced on the flat surfatée nuclei shapes
would be restricted leading to the restriction bfanosomal arrangement
and result in the down-regulation at later pha3ésés suggestion does not
coincide with our results from the morphologic gs@& that, in SEM at 48 h,
the majority of fibroblasts were still observedo® incapable of moving into
the grooves of 15 um in width. It seems unlikelgitthny of the fibroblasts
cultured in our experiment would have experiencadths nucleic
deformation. In TiD30 however, a gradual increasproliferating activities
was noted on successive timelines up to 96 h.

Since proliferating data of the cells cultured abstrata with relatively

greater microgrooves in dimension are so scarcefonad a somewhat

26



corresponding result from a very recent study amay on microgroove-

related cell migration and alignméhtThey used 3T3 fibroblastic cells
plated on structured Ti-alloy surfaces with grodepth/ridge height of 5-22
pm, and spacing of 5-30 um. Cells migrating on agefstructures with
groove or ridge width up to 20-30 um exhibited kighest mean migration
velocity. Similar to our findings in SEM, the autedfound no significant

difference in the frequencies of a certain typecefl shape among the
surface structures with different dimensions. Atbey strongly implied that

the width of 30 um roughly represents the main éi@mof the cells. This

also corresponds with our SEM findings that at l®@dubation, compared
with the results at 48 h, only the fibroblasts oiD30D substrata were
generally found inside the grooves compared witleiogrooves, and that, a
single cell in one groove. The importance of thespnce of cell contact on
the bottom of the grooves in relation to contadtigace in mechanical point
of view has been suggested by Walbooneees.'” (1999). The authors also
concluded that at confluence, microgrooves withtretly wider grooves of

20 um in width compared to the narrower ones wble ® support greater
numbers of cells. In the groups of smooth Ti arid6D, fibroblasts showed
no more increase in viability and proliferation&t h compared to that at 72
h, implying that they were or, at least, were alioueach their confluence at
around 72 h. However, a continuous increase wasiageBD30 even at 96 h,
suggesting that the fibroblasts were still prohtéerg at the time. Indeed, in a
study using polymethylmethacrylate (PMMA) surfacegh precise 3D

microgrooved structures, wider and deeper groove30qum in width and

20 um in depth mostly stimulated fibroblast pratifisor™>. Taken together,

we suggest that microgrooves of 30 um in width @&ndduman gingival

fibroblasts to readily descend into the groovesarly phases of culture, thus
lead the cells to proliferate for longer periodtimhe, but this suggestion
leaves much to be investigated using appropriatthade to analyze the
differences in the rate of cell proliferation. Ortbe cells lie in a groove, the

probability of protrusion attachment outside theaye becomes small due
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to the convex character of the groove éfiggincemicrogrooves have been
verified to influence the deposition patterns ofNE@roteing’ and the ECM
guides the orientation of the cell division &Xisproliferation of the cells
lying in a groove would be influenced by the dimensof the structure.

In this study, the purpose of using both adhesiwh 4TT assay was
twofold: 1) to assay the cell-substratum adhesiod aroliferation of
fibroblasts plated on titanium substrata with digf& dimensions of
microgrooves and 2) to determine, after plating, dptimal time period of
incubation at which fibroblasts on the microgroovEdsubstrata would
show significantly greater extent of viability aptbliferation compared with
those on smooth Ti substrata. It was under thefica@tions of the
abovementioned conditions that expression of gerwated to cell-
substratum adhesion and adhesion-dependent cdl pragression of plated
fibroblasts were analyzed in RT-PCR. However, watistically failed to
verify the specific timeline as well as dimensidnmicrogrooves on which
human gingival fibroblasts would show enhanced bo#f-substratum
adhesion and viability/proliferation compared togt in other experimental
conditions. For most types of cells, the opporiasitfor anchorage and
attachment depend on the surrounding matrix, wisicksually made by the
cell itself. Thus, a cell can create an environntbat then acts back on the
cell to reinforce its differentiated state. Furthere, the ECM that a cell
secretes forms part of the environment for its Inleays as well as for the
cell itself, and thus tends to make neighborindsddifferentiate in the same
way, which in another term, contact guidaficeFibroblasts also need
adhesions to the ECM for their proliferation andwgth. Fibroblasts undergo
cell spreading on adhesion to the ECM such as Bildi In the event, the
generated forces by the cells align and stiffen E@h partially unfold
ECM proteins’. Up-regulation of FN gene in TiD15 and TiD30 at& 72
h incubation compared with the expression in thmigs of polystyrene and
smooth Ti supports the hypothesis that, after syetmetry is sensed and

considered to be favorable, cells create their emvironment by secreting
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the ECM proteins, and that, in a continuous feekltiashion* (Fig. 11). Our
result in FN gene analysis corresponds, in parth whe results of two
previous studies by Chaial.*°?(1995 and 1996) from the Brunette group.
In the first previous study, human gingival fibrasis cultured on Ti reduced
the FN mRNA level by 58% at 16 h, but increasetyit2.6-fold at 90 h
compared to those on culture plastics, althougtcéfienumbers on the two
surfaces were essentially the s&mé our study, down-regulation of FN
genes in the smooth Ti group compared to thoskdrcontrol group at 24 h
supports the above result. However, FN gene exprelsvels in the smooth
Ti group were noted to be essentially the same thiblse in the polystyrene
group at 48 and 72 h, or even reduced at 96 hrddhection at 96 h seems to
be due to the marked expression of FN gene in thlgstyrene group
compared with any other group on the same timelifgs result is in
accordance with the other results of our studyyaivad) genes such as
integrin, cyclin E, CDK2, and CDK4. One possibig@lanation is that the
fibroblasts in the polystyrene group were slowereiaching their confluence
than the ones in the experimental groups. Howeitestill does not
correspond with our viability and proliferation dahat the fibroblasts in all
groups, except those in TiD30, seems to have reéatisér confluence at 48
or 72 h. In the second previous study by Clkbal.'® (1995), the authors
compared the FN mRNA levels of fibroblasts cultuogdsmooth Ti and Ti
with microgrooves of 3 um in depth and 6-10 um idtlv In the study, the
grooved surface increased the amounts of FN mRNlApproximately 3.5-
fold at 16 hours, 1.9-fold at 40 hours and 2.2-fatd®0 hours. Despite the
differences in microgroove dimensions, our resudtt the analysis on FN
gene on successive timelines supports this previesiglt. It is confirmed
that surface microgrooves of 15 and 30 um in watill of equal 3.5 um in
depth on Ti substrata acted to up-regulate humagiwgl fibroblasts’ FN
gene on successive timelines from 24 to 72 h. Hewedue to the
possibility of confluence at around 72 h of cultufes results at 96 h cannot
be confirmed. After all, our data from the compasatnalysis on FN gene
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expression between the groups of various microgratimensions do not
correspond with the result from the study by Clebwl.’® (1995). Gene
expression analysis at 96 h as well as at latersgshaneeds further
investigation.

As was mentioned earlier, cells align and stiffedMEand partially
unfold ECM proteins and, acting back, the ECM pratereorganize the
cytoskeleton of the cells. Integrins act to coufile two structures and,
together with diverse intracellular signaling piogerecruited to the site,
integrate signals in both inside-out and outsidedirections. Integrins
recognize the outside-isignals such as positional cues encoded by the
extracellular matrix and convert them into biocheathisignals that control
the cell’s response to soluble growth factors aytdkines®. To analyze the
cell-substratum adhesion of human gingival fibretdao the substrata used
in this study,a5p1 integrin, a fibronectin receptdy has been analyzed in
this study. Marked down-regulation ab integrin gene was noted in the
groups of polystyrene and smooth Ti at 48 and @Rdulture. Also, the gene
was up-regulated in TiD15 and TiD30 at 24, 48, @adh (Fig. 11). The
expression profile ofi5 integrin gene in 20 samples on successive tieelin
coincided with that of FN gene, suggesting that &oirgingival fibroblasts
in TiD15 and TiD30 were more active in FN assemioigmely the FN
fibrillogenesis>*® than those in the groups of polystyrene and smdath
Integrins can be localized in different adhesioructures called focal
complexes, focal adhesions, fibrillar adhesiong] @B®-matrix adhesions.
These structures reflect different stages of ictéoa between cells and
ECM®. 3D-matrix adhesion was verified in a comprehemsstudy by
Cukiermanet al.>® (2001). The joint up-regulation of FN and integrin
genes in TiD15 and TiD30 compared to the groupgdistyrene and
smooth Ti suggests that human gingival fibroblasisured on Ti substrata
with reasonably deep and wider microgrooves thandihmeter of a single
fibroblast actively formed either fibrillar adhes®or 3D-matrix adhesions,

30



or both, according to the criteria proposed by €ukianet al.”® (Fig. 12).
Assuming that all the substrata induced formatibfibwillar adhesions due

to the expression o&5 integrin gene in every sample regardless of the
differences in degree, our result imply that fidesbs in TiD15 and TiD30
might have been involved in forming 3D-matrix adbas. However,1
integrin genes showed even levels of expressioralingroups on all
timelines, except in the groups of polystyrene ammboth Ti at 72 h. This
result requires evaluation of more molecules ingdlin adhesion structures,
such a$33 integrin, paxillin, and focal adhesion kinase K§AAfter all, f1

integrin is known to be involved in diversevivo biology™.

Molecule Focal Fibrillar | 3D-matrix
a(?%?ﬁ‘g; adhesion | adhesion
o5 integrin - P + +
34 integrin + + &
3 integrin + - —
paxillin + — +
tensin + 3 +
talin + + +
vineulin + — +
?vizzﬁnheo + = +
FAK -+ — +
Fk oo b - -

Fig. 12. Molecular composition of three types df adhesions.

Cyclin D1 associates with cyclin-dependent king§H3Ks) 4 and 6 to
phosphorylate the retinoblastoma protein (pRb)¢ckddts growth inhibitory
activity, and promotes the release of bound E2fstmaption factdt’. As a
result, cyclin E-CDK2 and cyclin A~-CDK2 complexee activated, leading
to the entry into and completion of S pHd$é To evaluate the effect of
substratum surface topography on G1/S cell cyagnession, we analyzed
the expression of cyclin D1, E, and A2 genes as a®ICDK4, 6, and 2
genes. The expression patterns of cyclin E, CDKdd &DK2 genes

coincided with those of FN antb integrin. However, cyclin D1 and cyclin
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A2 genes showed exactly inverse expression profilésthose of cyclin E,
CDK4, and CDK2 genes. The tendency was even trtke the comparison
between FN and5 integrin genes (Fig. 11). It has previously bpesposed
that cyclin D1 in actively proliferating cells, wb® elevated level is
maintained through G1 phase but reduced in S plradéhen elevated again
in G2 phase for proliferation to continue, servesaacell cycle regulatory
switch’®. In accordance to a view that cyclin D1 is intobjt to DNA
synthesi¥’, the decline of cyclin D1 expression in S phaseoisconsidered
to be dependent on the environment of the celldbattly regulated by cell
cycle progression. DNA duplication occurs duringl@se, which requires
10-12 hours and occupies about half of the cellecyime in most
mammalian cells. A flattened morphology has beenifigd to be a
prominent feature of S-phase cells and, in ture, spread cells that are
generally adhered to substratum are found duriagStphas@® Our result
from the analyses on various cyclin- and CDK-geiseseminiscent of the
fact that, in non-transformed cells, progressiamugh cell cycle is tightly
regulated on both translation and transcriptiorelewVe suggest prudently
that, referring to the viability and proliferatiastata in our study, human
gingival fibroblasts on microgrooved and smooth Jubstrata were
progressing through different stages of cell cwtlepecific experiment time
points, leading to the difference in the rate @fctgng the confluence. We
would like to point out that, so far, very little known about the control of
cell cycle progression after the cells have alrestdyted cycling. Since most
of the cell cycle studies use serum-starved cudtuamalysis on the steps
involved in cell cycle progression from serum-deed cultures is so rate
Therefore, the results from our gene expressiotysem on the molecules
involved in cell cycle regulation cannot be dirgctpplied to actively
cycling cells due to the fact that all our expenitisewere basically done in
serum-derived cultures. However, the fact that doenplex nature of
mammalian cell cycle regulation has not yet bedlg tincovered still leaves
a possibility that our results from gene analysisild yield a novel proposal,
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assuming that more molecules be analyzed. For deanthe gene
expression data of cyclin D1 and cyclin A2 gene®wshg inverse
expression profiles with those of FN gene, cycligdhe, and so on, are the
data that need research related to 3-D cell behawostudy of gene
expression profiling on vascular smooth muscle scellltured in 3-D
collagen matrices reported that a CDK inhibitor §31known to have
opposing regulatory functions to those of cyclin D1G1 phase cell cycle
control, showed much higher gene expression levaipared to the cells
cultured on 2-D surfac&’s

Regulation ofu-SMA gene expression is a complex process and shows
substantial tissue specificify Expression ofa-SMA is one of the most
reliable markers for myofibroblast differentiatiand the prominent features
of myofibroblasts are the development of a stroctinanetwork reinforced
by a-SMA and the presence of enhanced cell adhesiomanémé’. TGF-
Bl promotes the induction of the myofibroblastic pbiype through the
activation of the RhoA-ROCK and JNK signaling padly in human
gingival fibroblasts. These phenotypical changetuite the ability of cells
to adhere and spread over fibronectin, the reiefoent of focal adhesion
complexes, the organization of actin stress fibang| the further induction
of the myofibroblast marker-SMA™. In our study, up-regulation cESMA
gene in the polystyrene and smooth Ti group sugdkat not only the tissue
culture plastics but also the commercially puraniim are capable of
inducing myofibroblastic phenotype in human gingjifiaroblasts, which
was considered to be promoted by endogenous [{IGé- exogenous TGF-
B1 in FBS. Down-regulation ofi-SMA gene in TiD15 and TiD30 on all
timelines in our study is in contrast to the refdtn Thampatty and Warly
(2007). In their study, human tendon fibroblastsltutzed on the
microgrooved surfaces increase¢6MA protein expression after treatment
with TGF{f§1. The authors suggested that T@lF+reated fibroblasts in
microgrooves became differentiated into myofibretda There are two
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notable points to be discussed from their studytFihey did not compare
the extent oti-SMA protein expression between the cells platedmooth
and microgrooved substrates. All the cells weréepl@nly on microgrooved
membranes and the group lacking in the TR3Rreatment was used as a
control. Second, they used fibronectin-coated ailic membranes with
surface microgrooves of 10 um in groove and ridgdtlw and 3 um in
groove depth as culture substrata. The tendonbiasts showing extreme
elongation appeared to be trapped inside the micovgs, which might
have affected the result. Since the microgroovesd ia our study were
greater in dimension compared to those used isttidy by Thampatty and
Wang, it may be inappropriate to compare the resilthe two studies. The
only similarity in the experimental designs liestire fact that both studies
used culture substrata with surface microgroovesddition, fibroblasts in
both studies were treated with T@E; since the growth factor was
considered to be abundant in DMEM supplemented %% FBS used in
all experiments in our study, whereas Thampatty Afahg incubated the
cells in DMEM containing both 1% FBS and 5.0 ngbhlTGF1 for 24 h.

It has been postulated that growth response of hugimival fibroblasts to
TGF$1 or PDGF-BB stimulation in serum-free medium wasiealent to
growth obtained in medium containing 10% FBS withadded growth
factors?. As verified in SEM, human gingival fibroblasts éar study were
not observed to be trapped inside, but rather speausly crawled into the
microgrooves. Therefore, we examined both TRR-F and TGFBR-II
whose genes and proteins were verified in a previstudy to show
alterations in expression in relation to the chaingéroblasts’ sensitivity to
TGFB1-induceda-SMA expression in 3-D environment compared to ¢hos
in 2-D"%. Although the authors used several types fibrablasd a number of
experimental designs, only their result from norsiah fibroblasts routinely
cultured in supplemented DMEM containing 10% fetalf serum without
TGF1 treatment were compared with the result of oud\stin their study,

the result from Western blot analysis revealed that fibroblasts in 3-D
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culture expressed lower levelsSMA and TGFBR-II but higher levels of
TGFBR-I compared to those cultured in 2-D monolayetwel However,
they used a unique 3-D culture system called ‘spterulture’, which lead
the fibroblasts to differ in shape to that of tle#iscin TiD15 or TiD30 in our
study. Presuming that the polystyrene/smooth Tisgata and the
microgrooved Ti substrata used in our study coordpo the 2-D and the 3-
D environment used in the study by Kunz-Schugleasl.”®, respectively,
the results from the two studies related to th8MA expression of the
cultured cells correspond with each other. Likewibe overall expression
pattern of TGHR-II genes on all timelines in our study and theFIR-I11
expression in the study by Kunz-Schugreral.”, both in relation to the-
SMA expression, correspond with each other exdggitthe TGHR-II gene
in TiD30 showed an inverse expression profile witat of thea-SMA gene
(Fig. 13). This inverse gene expression profile wedally unexpected and
strongly requires further investigation. It has beeerified more than a
decade ago that, unlike TGH-with the ability to directly bind to TGBR-
ll, TGF2 binding to TGFBR-Il requires coexpression of TGIR-1",
leading to an efficient formation of TGMR-I/R-II heteromer followed by
activation of TGHB1 signaling pathway. In our study, joint up-regigdatof
TGFBR-I1 and TGFBR-II was noted in TiD30 after 24 and 96 h of cudtur
while thea-SMA gene was down-regulated. Taken together,ifhfdied that
titanium substrata with surface microgrooves ofud@ in width and 3.5 pm
in depth may act to trigger TG signaling pathway. An interesting result
from our study is an unexpected up-regulation-8&MA gene in TiD60 after
72 h of culture. A recent study evaluating SMC bébra on 3-D
microchannels in biodegradable polymeric films byeSet al.” (2006)
reported that the cells grown on flat film showe@re expression ai-SMA
after 3 days’ and 7 days’ culture, whereas dHeMA expression of SMCs
grown on 160 pum-wide and 25 pm-deep micropatteras significantly

enhanced after 7 days’ culture compared to thar &tdays’ culture. The
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authors stated that the SMC phenotype shift fromthstic to a more
contractile phenotype was observed when SMCs reachafluence on
micropatterns with wide microchannels (80, 120, a&&d pum wide), in
which the cells were found to proliferate with rand orientation initially
when the cell density was low, but switched to ghiied morphology,
unidirectional orientation, and a more contracfileenotype with increased
a-SMA expression nearing confluence. The fibroblas{EiD60 in our study
might have undergone such process after desceimtimghe microgrooves
around at 72 h incubation. Also, joint up-regulatif cyclin D1 and cyclin
A2 genes in TiD60 at 72 h incubation was noted @lenth an overall
similarity in the gene expression pattern on afielines to that ofi-SMA
gene (Fig. 13).

24h 481h 72h 9% h
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Fig. 13. Analysis on expression of genes encodiyairc D1/A2, a-SMA,
and TGFBR-/II.

Q

Down-regulation ofa-SMA gene was verified in another genomic
analysis study on cells in 3-D matrix by #ial.®’ In the study, the authors
grew subcultured human aortic smooth muscle cEllSSMCs) in adherent
collagen gels and compared the gene expressioimatrix vs. that on 2-
D matrix. For SMCs cultured in 3-D matrix; cellsm@ecast into the collagen
gel and for those cultured on 2-D matrix; cells eveeeded on the top of the
collagen gel. The authors reported the DNA mic@arresults that the
expression oft-SMA in 3-D matrix was slightly lower than that 2D
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matrix. They confirmed the result in RT-PCR as wadl in Western blot
analysis and concluded that bo#hSMA gene and protein are down-
regulated in 3-D collagen matrix compared to tHe @watrix. Comparison of
our RT-PCR results from the analyses on genes dttlaera-SMA with the

|67

results of the study by Lét al.”* offers us a number of correspondences as
well as several points to be discussed. The fiesiego be compared is the
p21 gene, also known as WAF1, p21CIP1, CDK-intémagprotein 1, DNA
synthesis inhibitor, and cyclin-dependent kinaskibibor 1A. This gene
encodes a potent cyclin-dependent kinase inhibitbe encoded protein
binds to and inhibits the activity of cyclin-CDK2 eéCDK4 complexes, and
thus functions as a regulator of cell cycle progi@sat G1. The expression
of this gene is tightly controlled by the tumor ptgssor protein p53,
through which this protein mediates the p53-dependell cycle G1 phase
arrest in response to a variety of stress stirfiiis protein can interact with
proliferating cell nuclear antigen (PCNA), a DNAlypmerase accessory
factor, and plays a regulatory role in S phase Diglication and DNA
damage repair. Lét al.®’ reported the significantly higher expression lefel
p21 gene in 3-D matrix by more than 2-fold increasmpared with that in
2-D matrix and suggested that p21 may be respeandi the lower
proliferation rate in 3-D matrix. In our study, agvely higher expression of
p21 gene in primary human gingival fibroblasts wasious in TiD30, and
in a degree, in TiD60, compared with that in theugps of polystyrene,
smooth Ti, and TiD15 after 24, 48, 72 h of cultukowever at 96 h
incubation, an inverse expression profile was noteth that on other
timelines resulting in up-regulation of the geneTiB15. This seems to be
strongly related to the sudden decrease in theiliyaland proliferating
activity of the fibroblasts in TiD15 at 96 h compdrwith those at 72 h, as
has been confirmed by the XTT assay in this stwdysuggested earlier that
the result provides a strong implication of reaghihe cells’ confluence at
around 72 h incubation. Also in mouse embryonimstells, p21 gene has

been reported to be significantly up-regulated D Jorous tantalum
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scaffold with the pore size up to 150 [fnWith our results from the analysis
on a-SMA and p21 gene expression and with the resditthe several
studies discussed, we suggest that the fibrob@st3iD30 in our study
express specific genes that are characterizeddOm@atrix culture. Further,
we confirmed this in SEM analysis on cellular masjoigy and conclude
that, titanium substrata with surface microgrooee30 pm in width and 3.5
pm in depth provided human gingival fibroblasts hwihree-dimensional
microenvironment. Indeed, Lét al.®” characterized cell morphology by
staining SMCs in 3-D or on 2-D collagen matrix anira and vinculin, and
found that the cells on 2-D matrix had prominentesdt fibers and
lamellipodia, whereas the cells in 3-D matrix hagsl actin stress fibers and
usually had multiple filopodia that might followetcollagen fibrils due to
contact guidance. We were able to verify this fematf cells in 3-D collagen
matrix in TiD30 under SEM observations in our stutiige second gene to
be compared is cellular fibronectin (FN). &i al.®” postulated that higher
expression levels of p21 and collagen | genes heemost prominent
features in 3-D matrix culture compared with 2-Dhieh was again
confirmed by Liuet al.”® However, Liet al.®” used collagen matrix for both
2-D and 3-D environment. Had it been the fibromeatiatrix that they used
for culture environment, their result would posgibave been a distinct one.
In fact, in searching for clues for overcoming tFalures for most
biomaterials, Vogel and Baneinsisted upon using fibronectin matrix, not
collagen. One of the reasons they proposed wastiafibronectin binds to
a5B1 integrins and plays a central role in solicitiogllular behavior and
integrin signaling that compares well to those fbdar cells in naturally
occurring matrices. Following the view from Vogehda BaneyX’, we
analyzed expression of FN5 integrin, and31 integrin genes and verified
that FN genes were up-regulated and the expressismmost pronounced in
TiD30 at 24 and 48 h. In order to analyze the dtiauy effects of a 3-D
microenvironment on cell-mediated fibronectin filmgenesis, Mao and

Schwarzbauéf (2005) cultured fibroblasts on a pre-assembled 3D
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fibronectin matrix and found significant stimulaticof fibronectin fibril
assembly compared to the cells in 2D culture. Agdite pronounced
expression of FN and5 integrin genes in TiD30 in our study suggests tha
titanium substrata with surface microgrooves ofuB® in width and 3.5 um
in depth provided human gingival fibroblasts witinee-dimensional context
of culture and implies that the cells might haverfed 3D-matrix adhesion.
The third and the last gene to be compared isybkncA2 gene. Liet al.®’
assessed the SMCs’ proliferation rate in 3-D or 2 matrices by
subjecting the cells to flow cytometry analysis IMA content after 24 h of
culture and reported that SMCs in 3-D matrix has leells in S phase than
SMCs on 2-D matrix, but had more cells in GO/G1g&hasuggesting that
SMCs in 3-D matrix had a lower proliferation rabedeed, they confirmed
in microarray analysis that cyclin A1 gene was daegulated in 3-D matrix,
although expression of the gene is known to beiipéa germ cells. Lower
expression of cyclin A2 gene in TiD15, TiD30, an®d0 at 24 h incubation
compared with that in the groups of polystyrene smdoth Ti was noted in
our study. Because ket al.*” did not continue to assess SMC proliferation at
phases later than 24 h of culture, our result ftbenproliferation data using
XTT assay on successive timelines were not compuigd their result.
Instead, we discuss here, further analysis oncykdi gene at later phases of
culture. The overall expression pattern of cyclid gene corresponded with
that of cyclin D1 gene on all timelines in our stuHowever, comparing the
expression profiles of the two genes with that 21 mene revealed that
cyclin D1/A2 gene vs. p21 gene are inversely ragdlaexcept in TiD15 at
48 h incubation and in all groups at 72 h incubafieig. 14). Assuming that
the cells in different groups displayed varyinglipeoation rate, as has been
confirmed in the timeline analysis with XTT assdly,s suggested that
primary human gingival fibroblasts in our study andent alterations in cell
cycle progression and proliferation rate in a tjpeeiod between 48 and 72 h

of culture.
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Fig. 14. Analysis on expression of genes encodjetirtD1/A2 and p23*.

To further confirm the complex regulation of thdl @ycle genes, we
analyzed gene expression of p27 and Skp2, thetresulhich merely
aggravated the complexity. However, we found sorheéhe interesting
comparisons to be discussed. Comparison of thealbvetpression pattern
of p27 gene with that of cyclin E gene revealed tha two genes showed a
nearly exact inverse expression profile after £28,and 96 of culture, except
in TiD15 at 48 h, suggesting that p27 played aifipgole in regulating the
expression of cyclin E in human gingival fibrobEstultured on titanium
substrata with various dimensions of surface miwoges (Fig. 15).
Moreover, some of the results of marked p27 gengressions even
coincided with the expression profiles of cyclin/B2 genes. Among them,
exclusion of the results of the marked p27 geneesgion in the groups of
polystyrene and smooth Ti leaves us the gene esipregrofiles under the
two critical experimental conditions in our stutlye TiD15 at 48 h and the
TiD60 at 72 h. Pronounced expression of severalegennder such
conditions in this study strongly suggests thathierr analysis on additional
genes be the key to unveiling the signal transdogpiathways exclusive to
sensing microgrooves. In addition to the reputelé ia preventing the
activation of cyclin E-CDK2 or cyclin D-CDK4 comples, and thus
controlling the cell cycle progression at G1, p2& tbeen reported to be
involved in numerous other biological activitiesméng them, a role has
been suggested for cytoplasmic 27in the regulation of cell migration
independent of cyclin—CDK inhibitidh Also, p27 has even been suggested
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to play a role in assembling and maintaining tlabisity of cyclin D1-CDK4
complexe¥’. It would be valuable to further establish theerof p27#**in
sensing the microenvironment, such as the micrag®aised in our study.
Predominantly in S phase, activated §2% specifically recognized by an
F-box protein, S-phase kinase-associated protei§kb2 or p45). This
protein interacts with S-phase kinase-associatetiprl (SKP1 or p19) and,
together with other F-box proteins constitutes ofig¢he four subunits of
ubiquitin protein ligase complexes called SCFs ($#Bllin-F-box).
SCP*? s responsible for phosphorylation-dependent tibiiation, that is
the degradation, of pS%. Recently, this Skp2 dependent-degradation of
p27®*! has been verified to be regulated by focal adinekinase (FAK),
thereby rendering the activity of Skp2 adhesionetelent, while levels of
p21°°* were regulated independent of SkKb2Ve analyzed Skp2 gene and,
again, the result merely aggravated the complekityrelation to the
comparison with the p27 gene expression. Howevecomparison between
Skp2, NFxB1, and TGHR-I genes, we found that the expression profiles
of these genes almost exactly coincide with eabkrofFig. 16). The genes
were up-regulated in the groups of microgroovedulistrata at 24 and 96 h
of culture, whereas nearly none of the three geree readily expressed at
48 and 72 h of culture. The Rho GTPase, Racl, bas Bhown to be an
important downstream of Ras in cyclin D1 transdoipal regulation, and 3-
D nanofibrillar surfaces have been suggested tadadustained activation
of Rac in NIH3T3 fibroblasts and normal rat kidneslls™. Also in mouse
embryonic stem cells, enhanced proliferation afdreaewal of the cells on
3-D nanofibrillar surfaces have been shown to beetated with the
activation of Rac and phosphoinositide 3-kinas8KP pathway. Since Racl
induction of cyclin D1 transcription has been preg to involve activation
of a transcription regulator, NEB®?, we analyzed the expression of NB1

in order to determine whether Rac-dependent sigmalias involved in the
induction of cyclin D1 transcription in fibroblastsilitured on microgrooved

substrata. Comparing the expression profile of dBE- gene with that of
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cyclin D1 gene, we were not able to verify any tietship. Rather, the
overall NFxkB1 gene expression was noted to show an inveragameship
with that of cyclin D1 gene and leaves much to ekaded. Very recently, it
was suggested that Rac-mediated induction of cyBinmRNA requires
activation of a parallel NikB pathway whereas ERK induces cyclin D1
transcription independent of N&, implying that an NR<B independent
Rac signaling to the cyclin D1 gene exidts
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Fig. 15. Analysis on expression of genes encodjercE and p23*.
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Fig. 16. Analysis on expression of genes encodkp SNF«B1, and TGF-
BR-I.

One of very few studies with molecular analysigtmcells cultured on
microgrooved substrata proposed an adhesion-mddsig@al transduction
involving FAK/Y397/Src-mediated ERK1/2 phosphoridaf’. We believe
that this proposal is a beginning of understanding changes in cell
behavior on microgrooved substrata in a molecwdaell We also believe
that further investigations on proliferation andl cgcle progression related
to adhesion-mediated signaling associated with ogicoved substrata are

on the way.
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V . CONCLUSION

In this study, we hypothesized that surface miavoges of appropriate
depth and extensive width on Ti substrata that lendi® cells to readily
descend into themselves, would alter various celhabiors including
viability and proliferation of cultured human gingi fibroblasts. The
purpose of this study was to determine the dimenstd surface
microgrooves on Ti substrata that shows the greatestive influence on
characterizing specific cell behavior of culturadran gingival fibroblasts.

For this study, we prepared commercially pure titandiscs divided
into four groups of smooth titanium substrata dreltitanium substrata with
surface microgrooves of monotonous 3.5 um in depth15, 30, and 60 um
in width using photolithography. Adhesion, morptglp viability and
proliferation, and gene expression of human gifgnbaoblasts cultured on
these substrata on successive timelines was adadymk compared between

groups. From the results, the following conclusiamse made.

1. There was no difference between the numbers of hugmagival
fibroblasts adhered to smooth Ti substrata andettzaihered to Ti
substrata with surface microgrooves at 1 and 2 dubation.
Fibroblasts merely formed initial cell-substraturantact by the
times.

2. In SEM, contact guidance of human gingival fibraidaparallel to
the direction of microgrooves was observed. Celerewable to
readily descend into the microgrooves of 30 pmigitlwand 3.5 pm
in depth at the early phase of culture, whereathatlater phase,
cells in all groups were found both in the groosed on the ridges.
Cells on the ridge edges or in groove corners wgpiedle shaped
with abundant filopodia formation towards the aetdhed surface
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inside the microgrooves, thus mimicked the shapiefibroblasts
cultured in three-dimensional (3D) nanoenvironment.

3. On successive timelines, human gingival fibroblasttured on Ti
substrata with various dimensions of surface mi@oges showed
differences in the rate of reaching their conflieertduman gingival
fibroblasts cultured on Ti substrata with microgres of 15 um in
width and 3.5 um in depth significantly increaskeéit viability and
proliferation compared with those cultured on srhodit substrata
after 72 h of culture and decreased after 96 hredsethe cells on
the microgrooves of 30 um in width and 3.5 um iptdecontinued
increasing their viability and proliferation updéter 96 h of culture.

4. Ajoint up-regulation of matrix-assembly genes;tsas fibronectin
and o5 integrin genes, was noted in human gingival fitasts
cultured on titanium substrata with microgrooved ®fand 30 pm in
width and an equal 3.5 um in depth.

5. Gene expression pattern specific to the cellsDatrix culture,
such as down-regulation efsmooth muscle actin gene along with
up-regulation of fibronectin and p21 genes, wasnpomced in
human gingival fibroblasts cultured on Ti substrateith

microgrooves of 30 um in width and 3.5 um in depth.

In reference to the results above, two conclusimese made.: 1)
Surface microgrooves of 15 pm in width and 3.5 pndepth on titanium
substrata increase the viability and proliferatias well as the expression of
genes involved in the matrix assembly of culturedman gingival
fibroblasts. 2) Surface microgrooves of 30 um idtviand 3.5 pm in depth
on titanium substrata provide human gingival fibests with a three-
dimensional context of culture, thus show corregipangene expression.
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