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Effect o f p ara lle l surface m icrogrooves and surface en ergy  
on cell grow th
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To e v a lu a te  th e  e ffe c t  o f  s u r fa c e  tr e a tm e n t  a n d  su r fa c e  m i 

cro tex tu re  o n  ce llu la r  b e h a v io r ,  s m o o t h  a n d  m ic r o te x tu r e d  

s ilic o n e  su b stra ta  w e r e  p r o d u c e d .  T h e  m ic r o te x tu r e d  s u b 

strata p o s s e s s e d  p a r a lle l s u r fa c e  g r o o v e s  w it h  a w id th  a n d  

sp a c in g  o f  2 .0  (S ilD 02) , 5 .0  (S ilD O S), a n d  10 [xm (SilD IO ), 

T h e g r o o v e  d e p t h  w a s  a p p r o x im a t e ly  0 .5  [xm . S u b s e 

q u e n t ly , th e s e  su b str a ta  w e r e  e ith e r  le f t  u n tr e a te d  (N T ) or 

trea ted  b y  u ltra v io le t  ir r a d ia t io n  (U V ), r a d io fr e q u e n c y  g lo w  

d is c h a r g e  tr e a tm e n t (R F G D ), o r  b o t h  (U V R F G D ). A fte r  

c h a r a c te r iz a t io n  o f  th e  s u b s tr a ta ,  ra t d e r m a l f ib r o b la s ts  

(R D F) w e r e  c u ltu r e d  o n  th e  U V , R F G D , a n d  U V R F G D  

trea ted  su r fa c e s  for 1 , 3 , 5 , a n d  7  d a y s .  C o m p a r is o n  b e 

tw e e n  th e  N T  a n d  U V  su b s tr a ta  r e v e a le d  th a t U V  tr e a tm e n t  

d id  n o t  in f lu e n c e  th e  c o n ta c t  a n g le s  a n d  su r fa c e  e n e r g ie s  o f  

su r fa c e s  w ith  a s im ila r  s u r fa c e  to p o g r a p h y . H o w e v e r ,  th e

c o n ta c t  a n g le s  o f  th e  R F G D  a n d  U V R F G D  su b s tr a ta  w e r e  

s ig n if ic a n t ly  sm a lle r  th a n  t h o s e  o f  th e  U V  a n d  N T  s u b 

strata . T h e  d im e n s io n  o f  th e  su r fa c e  m ic r o e v e n ts  d id  n o t  

in f lu e n c e  th e  w e tta b il ity  c h a r a c te r is t ic s . C e ll c u ltu r e  e x p e r 

im e n ts  r e v e a le d  th a t R D F  c e ll  g r o w th  o n  U V -tr e a te d  su r 

fa ces  w a s  lo w e r  th a n  o n  th e  R F G D  a n d  U V R F G D  s u b s tr a ta .  

SE M  e x a m in a t io n  d e m o n s tr a te d  th a t  th e  p a r a lle l s u r fa c e  

g r o o v e s  o n  th e  S ilD 0 2  a n d  SilDOS su b s tr a ta  w e r e  a b le  to  

in d u c e  s tr o n g e r  ce ll o r ie n ta t io n  a n d  a l ig n m e n t  th a n  th e  

e v e n t s  o n  S ilD IO  su r fa c e s . B y  c o m b in in g  a ll o f  o u r  f in d 

in g s ,  th e  m o s t  im p o r ta n t  c o n c lu s io n  w a s  th a t  p h y s i c o 

c h e m ic a l p a r a m e te r s  s u c h  a s w e t ta b il ity  a n d  s u r fa c e  fr e e  

e n e r g y  in f lu e n c e  ce ll g r o w th  b u t  p la y  n o  m e a s u r a b le  ro le  in  

th e  s h a p e  a n d  o r ie n ta t io n  o f  ce lls  o n  m ic r o te x tu r e d  su r 

fa c e s . © 1995 John W iley & S on s, Inc.

IN T R O D U C T IO N

All cell ty p es  th a t a d h e re  to  s u b s tra ta  re s id e  in  an 

e n v iro n m e n t w ith  so m e  fo rm  of to p o g ra p h y . T h is to 

p o g ra p h y  m ay  co n sis t of o th e r  cells, ex trace llu la r m a 

trix, o th e r  o rg an ism s, o r a rtific ia l m a te r ia ls . T he first 

o b serv a tio n  of su ch  a  to p o g ra p h ic  re a c tio n  of cells 

da tes fro m  th e  b e g in n in g  of th is  c e n tu r y .1 U n til th e  

early  1970s, a lm ost n o  fu r th e r  a t te n t io n  w a s  p a id  to 

th is  p h e n o m e n o n . T h e n , R o v e n s k y  e t  a h 2'3 a n d  

M a ro u d a s4,5 re d isc o v e re d  th a t  cells are  ab le  to reac t 

on  th e  to p o g rap h y  of s u b s tra tu m  su rface s . F rom  th a t 

m o m e n t, resea rch  o f th is  p ro c e ss  f lo u r ish e d , re su lt 

in g  in  a h o s t of p u b l ic a t io n s .6"'17 T h e  u n d e r ly in g  

m ech an ism  of th is a lte re d  ce llu la r  b e h a v io r  re m a in s  

u n k n o w n . Several ap p lic ab le  th e o r ie s  are  availab le , 

som e o f w h ich  a s su m e  th a t  th e  g eo m e tric  su rface  

p ro p e rtie s  im pose  m e c h a n ic a l re s tr ic tio n s  o n  th e  cy- * 

to sk e le ta l c o m p o n e n ts , w h ic h  a re  in v o lv e d  in  cell 

sp re a d in g  a n d  lo c o m o tio n .6/17

*To w h o m  c o r r e s p o n d e n c e  s h o u ld  b e  a d d r e s s e d .

B esides g eo m etric  p ro p e rtie s , it is a lso  re c o g n iz e d  

th a t p h y sico ch em ica l p ro p e rtie s  a re  ab le  to in f lu e n c e  

ce llu lar b eh av io r. For exam ple , it h a s  b e e n  d e sc r ib e d  

th a t ce llu la r a d h e s io n  te n d s  to co rre la te  w ith  th e  s u r 

face free  en e rg y  of th e  s u b s tra tu m  m a te r ia l.18' 24 S u r 

faces w ith  a low  surface  free  e n e rg y  are  re p o r te d  to b e  

less a d h e s iv e  th a n  th o se  w ith  a h ig h  su rface  free  e n 

ergy .

S im ilar to th e  in flu en ce  of su rface  to p o g ra p h y , se v 

e ra l m e c h a n ism s  h av e  b e e n  p ro p o s e d  to ex p la in  th e  

in flu en ce  of th e  w e tta b ility  or su rface  free  e n e rg y  o n  

ce llu la r b eh a v io r. T h e  m o s t w id e ly  accep ted  th e o ry  is 

th a t th e se  p ro p e r tie s  h a v e  a se lec tiv e  effect o n  th e  

c o n fig u ra tio n  or c o n fo rm a tio n  o f th e  p ro te in s , w h ic h  

are d e p o s ite d  o n  th e  s u b s tra tu m  s u rfa c e .19,25 T h e se  

p ro te in s  p la y  an  im p o r ta n t ro le  in  th e  ce llu la r a d h e 

s ion  p ro ce ss . In  th is  co n tex t, it h a s  a lso  b e e n  n o te d  

th a t th e  w e ttab ility  of a s u b s tra tu m  su rface  is p r im a r 

ily d e te rm in e d  b y  th e  n a tu re  a n d  p a c k in g  of th e  o u t 

e rm o s t o r e x p o se d  su rface  a to m s  in  a so lid . T h e re 

fo re , it is in d e p e n d e n t  o f the  ch em ica l n a tu re  o r a r 

r a n g e m e n t o f th e  u n d e r ly in g  a to m s  a n d  m o le c u le s .26

J ou rn a l o f  B io m e d ica l M a te r ia ls  R e s e a r c h , V o l. 29 , 5 1 1 -5 1 8  (1995) 
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Recognizing the  po ten tia l effect of su rface  p ro p e r 

ties on cellular behav ior, there  are tw o o th e r  fac to rs 

tha t need to be considered . F irst, i t  h a s  b e e n  fo u n d  

tha t surface ro u g h n ess  or surface to p o g ra p h y  can  

have a d isturb ing  effect on the w ettab ility  ch a ra c te r 

istics of a solid.27 This m ay especially  occur w h e n  a 

m aterial has a un ifo rm  ro u g h n ess  o r surface te x tu re , 

b u t has been d isp u ted  by Schm idt a n d  v o n  R ecu m .38 

Second, in various experim ents in v es tig a tin g  th e  in 

fluence of the su b s tra tu m  surface to p o g ra p h y  o n  cel

lu lar behavior, several m eth o d s of surface tre a tm e n ts  

w ere used, such  as u ltrav io let irrad ia tio n 28 a n d  ra 

d iofrequency glow  d isch arg e .39 H o w e v e r, th e re  is 

sufficient evidence th a t the  ap p lied  su rface  tre a tm e n t 

can m odify the  w ettab ility  p ro p e rtie s  a n d  b io log ic  

perform ance of a m ateria l.29

Taking these factors in to  co n sid era tio n , it is p o ss i 

ble to suggest th a t the  effect of su rface  to p o g ra p h y  o n

F ig u r e  1 . C r o s s -s e c t io n  th r o u g h  a m ic r o te x tu r e d  su b s tr a 

tu m  (n o t  to  sca le ); D p , g r o o v e  d e p th ; G w , g r o o v e  w id th ;  

R w , r id g e  w id th ;  P , p itch .

cellular behavior is caused  no t on ly  by  th e  su rface  S u rface  tre a tm e n t of the  s u b s tra ta

pattern , bu t also b y  th e  altered  w e ttab ility  ch a rac te r 

istics as a resu lt of ap p lied  surface tre a tm e n ts . T h e re 

fore, the aim of th is s tu d y  w as to ev a lu a te  th e  ce llu lar 

grow th rate and  o rien ta tion  of w e ll-d e fin ed  su rfaces, 

w hich received a d ifferen t surface tre a tm en t.

M ATERIAL A N D  M E T H O D S

P roduction  of the su b s tra ta

The experim ental substra ta  w ere  p ro d u c e d  as d e 

scribed by Schm idt and  von  R ecum .30'31 Briefly, p h o 

to lithography w as u sed  to m an u fac tu re  sm o o th  a n d  

tex tured  silicon w afers. These p ro d u c e d  te x tu re d  sil 

icon w afers, w hich h a d  parallel su rface  g ro o v es w ith  

a 2, 5, or 10-jutm d iam eter. All of th e se  g ro o v es h a d  a 

d ep th  of 0.5 fxm a n d  w ere  un ifo rm ly  d is tr ib u te d  w ith  

spacing similar to th e  groove w id th . The co n fig u ra 

tion an d  dim ensions of these su rfaces are  s u m m a 

rized  in  Table I and  Figure 1. To o b ta in  th e  final ex 

p e rim en ta l substra ta , th ese  w afers  o r m o ld s  w e re  

covered  w ith  p o ly d im e th y ls ilo x an e  (silico n e  e la s 

tom er A-2186, Factor II). A fter p o ly m eriza tio n , w e  

rem oved  the silicone ru b b er sheets b y  p ee lin g  th e m  

off the  wafers.

P rio r to  u se , th e  m ic ro tex tu red  silicone sh ee ts  w e re  

cu t in to  15 -m m -d iam eter ro u n d  d iscs. T h ese  ex p eri 

m e n ta l su b s tra ta  w e re  m an u a lly  w a sh e d  in  10% Liq- 

u in o x  so lu tio n  (A lconox Inc .), r in sed , u ltra so n ica lly  

c le an ed  for 6 h  in a 1% L iqu inox  so lu tio n , a n d  g iv en  

tw o  15-m in u ltra so n ic  rin se s  in  d istilled , d e io n ized  

w a te r. S u b seq u en tly , they  w ere  g iven  a S oxhlet rin se  

fo r 24 h  in  d is tilled , d e io n ized  w a te r  to rem o v e  res i 

d u e . F inally , th e  su b s tra ta  w ere  a ir-d ried  a n d  ra n 

d o m ly  d iv id e d  in to  four g ro u p s . T hese  g ro u p s  of su b 

s tra ta  w e re  e ith e r  le ft u n tre a te d  (NT) or tre a te d  by: 1) 

u ltra v io le t irra d ia tio n  (UV; 254 n m , 8 h); 2) rad io fre 

q u e n c y  g low  d isch arg e  (RFGD) tre a tm e n t (PDC-3XG, 

H arrick ; A rg o n , 0.15 m m  H g , 5 m in); o r 3) 8 h  UV 

irra d ia tio n , fo llo w ed  by  RFGD tre a tm e n t (UVRFGD),

S u rface  c h a ra c te riz a tio n  of th e  su b s tra ta

A fte r a p p ly in g  th e se  t r e a tm e n ts ,  th e  fo llo w in g  

m e th o d s  w e re  u s e d  to  charac te rize  th e  sm o o th  a n d  

m ic ro te x tu re d  surfaces:

1. S can n in g  e lec tro n  m icroscopy  (SEM 500; P h il 

ip s )  a n d  s c a n n in g  p ro b e  m ic ro sc o p y  (SPM , 

SP300; P o laro n ) for qualita tive  a n d  q u an tita tiv e  

in sp e c tio n  of th e  v ario u s su rface  tex tu res.

TABLE I

D esigner Values o f S ilicon  M olds and A ctu a l V a lu e s  o f th e  M icro ev en ts  o n  S ilico n e  R ubber Substratum  Surface

D esign er V a lu es A ctual V alu es

Surface Dp (|xm) G w  (firn) R w  ((xm) P (jxm) Dp (^m) G w  (jxm) R w  (fim )

±0.02

0 .4 5

0 .4 5

0 .4 6

1.71

4 .65

9 .58

1.68

4 .9 8

9 .7 7

P (fim )

3 .8 7

9 .49

18.98
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2. W e tta b ility  m e a s u r e m e n ts  b y  u s in g  th e  W il- 

h e lm y  p la te  te c h n iq u e . T h e  su b s tra ta  for th is 

p a r t ic u la r  a n a ly s is  c o n s is te d  o f tw o  s q u a re  

p ieces of s ilico n e  ru b b e r  (15 x  15 m m ) a tta c h e d  

back  to b ack , th u s  c re a tin g  a s u b s tra tu m  w ith  

tw o  id en tica l s m o o th  o r m ic ro te x tu re d  su rfaces. 

A  D CA  322/D  A C S (C a h n  In s tru m e n ts  Inc.) w as 

u se d  to  p e r fo rm  th e  w e tta b ility  an a ly s is  in  w a te r  

a n d  e th y le n e  g lycol, a c c o rd in g  to  th e  tw o -liq u id  

m e th o d .27 T h e  d ip  a n d  re tra c tio n  s p e e d  d u r in g  

c o n ta c t  a n g le  m e a s u r e m e n t s  w a s  2 .5  \xm/ 

second . To ex c lu d e  a n  effect of th e  g ro o v e  ori 

e n ta tio n  o n  th e  a d v a n c in g  a n d  re c e d in g  co n tac t 

ang les, th e  m e a s u re m e n ts  w e re  p e rfo rm e d  w ith  

th ree  d iffe re n t s u b s tra tu m  o r ie n ta tio n s  (Fig. 2). 

N in e  te s t p ieces  of e a c h  s u b s tra tu m  w e re  u se d . 

In  ad d itio n  to  th e  m e a s u re d  c o n ta c t an g les , the  

surface te n s io n  of th e  v a r io u s  su b s tra ta  w a s  cal

cu la ted  (D C A  A p p lic a tio n s  S o ftw are  v e rs io n  1,0; 

C ah n  In s tru m e n ts  In c .) , a c c o rd in g  to th e  g eo 

m etric  m e a n  m e th o d .27,32“34

C ell cu ltu re

Fibroblasts (RDF) w e re  iso la te d  fro m  v e n tra l sk in  

grafts tak en  fro m  m a le  W is ta r  ra ts , 40 -43  d ay s o f age 

(100-120 g). A fte r  d isso c ia tio n / th e s e  cells w e re  in c u 

b a te d  a t 37°C in  s te rile  a tm o s p h e re  o f 5% C 0 2-95%  

air in  a-M EM  w ith  E a rl's  sa lts  a n d  w ith  L -g lu tam ine 

(G ibco), s u p p le m e n te d  w i th  15%  (v o l/v o l)  h e a t-  

tre a ted  fetal calf s e ru m  (G ibco), 2 .5  [xg/ml a m p h o te r i 

cin B (Gibco), a n d  50 jxg/ml g e n ta m ic in  (G ibco). A fter 

ap p ro x im a te ly  3 d a y s  of c u ltu r in g , th e  RDF w ere  

r in sed  w ith  p h o s p h a te -b u f fe re d  sa lin e  w ith o u t  m a g 

n e s iu m  a n d  ca lc ium  (PBS D u lbecco ; p H  7.2), s u p p le 

m e n te d  w ith  5 (xg/ml a m p h o te r ic in  B a n d  100 fxg/ml 

g e n ta m ic in  to  r e m o v e  n o n a t t a c h e d  ce lls . S u b s e 

q u en tly , the g ro w th  m e d iu m  w a s  re p la c e d  ev e ry  2 

days b y  fresh  g ro w th  m e d iu m . U p o n  c o n flu e n c e , the  

RDF w ere  d e ta c h e d  b y  try p s in iz a tio n  [0.25% (w t/vol)

crude tryp sin  and  1 m M  EDTA (p H  7.2)] a n d  re s u s 

p en d ed  at a  low er cell co n cen tra tio n  in  n ew  cu ltu re  

flasks (Nunc) in fresh g ro w th  m ed iu m . The cells w e re  

identified as fibroblasts b y  p h a se  co n tra s t m o rp h o l 

ogy analysis as described  by  F re sh n e y .35 F ifth -g en er 

ation cells w ere  used  in  all experim en ts .

Cell g row th  assay

Sm ooth  a n d  m icro tex tu red  su rface  tre a te d  s u b 

strata w ere placed random ly  in  th e  w ells of 24-w ell 

plates (Greiner). The o rien ta tio n  of th e  g ro o v es w as  

random , since the m icrogrooves are n o t m acroscop i- 

cally visible du ring  this p ro ced u re . S u b seq u en tly , a p 

proxim ately 1.0 X 104 v iable RDF m l " 1 su sp e n d e d  in  

sterile g row th  m edium  w ere a d d e d  to  each su b s tra 

tum . In addition , cell su sp e n s io n  w as  a d d e d  to  w ells  

w ithou t substrata  to serve as a co n tro l g ro u p  (CTRL), 

The cultures w ere incuba ted  fo r 1, 3, 5, a n d  7 d ay s  

(37°C, 5% C 0 2-95% air) u n d e r  sta tic  co n d itio n s . T he  

grow th m ed ium  w as ch an g ed  ev e ry  2 days. A t th e  

end  of the various incubation  p e rio d s , the  cu ltu re s  

w ere rin sed  w ith  PBS D ulbecco to rem ove n o n a t 

tached cells. The rem ain in g  R D F o n  the  su b s tra ta  

w ere detached  by try p sin iza tio n  a n d  c o u n te d  u s in g  

a C ou lte r C o u n te r, A fte r  try p s in iz a tio n  th e  s u b 

strata w ere observed ro u tin e ly  w ith  a p h ase  c o n tra s t 

m icroscope to check w h e th e r  all cells w ere  rem o v ed . 

The re su lts  p re se n te d  are  b a s e d  o n  th e  a v e ra g e  

of four experim ental ru n s , w h ich  w ere  co u n te d  in

To dem onstra te  the effect of th e  surface m ic ro g e 

om etry on th e  shape a n d  o rien ta tio n  of the  RDF, a d 

ditional cultures of sm o o th  a n d  m ic ro tex tu red  su b 

strata  w ere evaluated b y  SEM. A fte r in cu b a tio n  th e  

attached RDF w ere fixed and  d e h y d ra te d  by  r in s in g  

w ith  100% m ethano l for 5 m in. F inally , the  sam p les  

w ere air-d ried , m o u n te d  on s tu b s , sp u tte r -c o a te d  

w ith  gold, an d  investigated  by SEM. This ex p e rim en t 

w as perfo rm ed  in triplicate.

RESULTS

F ig u r e  2 . I l lu s t r a t io n  o f  th e  o r ie n t a t io n  o f  th e  m ic r o 

g r o o v e s  d u r in g  w e t ta b i l i t y  a n a ly s is .

Surface characterization

Scanning electron m icroscopic a n d  SPM ex am in a 

tion show ed  that none of the d u p lic a te d  silicone s u r 

faces had  defects or irregu larities in  th e ir  surface p a t 

te rn  (Figs. 3 and  4). H o w ev er, SPM  m e a su re m e n ts  

also show ed  a deviation  b e tw e en  th e  v a lu es of th e  

m icroevents on  the silicone-cast su b s tra ta  a n d  th e  d e 

signer values of the silicon m olds (Table I a n d  Fig. 4).

The advancing  and  reced in g  con tact ang le  (0Ad v  

and  0REC) of the various su b s tra ta  w ere  m e a su re d ,
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ure 3 . S c a n n in g  e le c tr o n  m ic r o g r a p h  o f  th e  g r o o v e d  

su r fa ce  o f  an  S11D05 s u b s tr a tu m  (1 d iv is io n  -  100 \xm).

f o l lo w e d  b y  c a lc u la t io n  o f t h e  s u r f a c e  f re e  e n e r g y .  

T h e  r e s u l t s  a r e  l i s t e d  in  T a b le  II. T h e  v a lu e s  w e r e  

a v e r a g e d  o v e r  t h e  t h r e e  o r i e n t a t i o n s  a s  u s e d  fo r  w e t 

t a b i l i t y  a n a l y s i s  b u t  w e r e  s e p a r a t e l y  s t a t i s t i c a l l y  

t e s t e d .  S ta t i s t ic a l  t e s t i n g  o f  t h e s e  f in d in g s ,  u s i n g  a 

K r u s k a l - W a l l i s  t e s t ,  s h o w e d  t h a t  t h e  o r i e n t a t i o n  o f  

th e  s u r f a c e  g r o o v e s  h a d  n o  m e a s u r a b l e  e f fe c t  o n  t h e  

c o n ta c t  a n g l e s  a n d  s u r f a c e  f r e e  e n e r g ie s  o f  e q u a  

t r e a t e d  s u b s t r a t a  w i t h  a n  i d e n t i c a l  s u r f a c e  t e x tu r e .  

T h e  v a r i o u s  t o p o g r a p h i c  d i m e n s i o n s  a ls o  d id  n o t  i n 

f lu e n c e  t h e  a d v a n c i n g  a n d  r e c e d i n g  c o n ta c t  a n g le s  

a n d  s u r f a c e  e n e r g i e s .  F u r t h e r m o r e ,  s ta t i s t ic a l  t e s t i n g  

r e v e a l e d  t h a t  UV t r e a t m e n t  h a d  n o  in f lu e n c e  (P  >  .05) 

o n  th e  c o n ta c t  a n g l e s  a n d  s u r f a c e  e n e r g i e s  o f  s u b -

T A B L E  II

A v e r a g e  W a te r  C o n ta c t A n g le s  (0 At>v a n d  0 REc) a n d

S u r fa c e  T e n s io n  <7 S) o f  S m o o th  a n d  

M ic r o te x tu r e d  S u b stra ta

S am p le 0ADV (d eg rees) Gr e c  (d egrees) 7 S (d yn e/cm )

SilDOO

N T 111 (10.7) 68 (3.9) 24 .9  (2.6)

U V 104 (2.4) 74 (0.3) 23.6 (2.9)

RFGD 1 7 (1 .0 ) 17 (1.2) 125.8 (12.5)

U V R FG D 15 (1.5) 16 (1.7) 110.5 (14.5)

SiLD02

N T 96 (1.5) 66 (3.1) 14.9 (0.9)

U V 98 (0.8) 74 (0.3) 23 .6  (2.9)

RFGD 17 (0.6) 15 (0 .6) 133.1 (11.7)

U V R FG D 17 (0.7) 15 (0.8) 131.8 (10.3)

SilD 05

N T 100  (2 .2) 66 (3.2) 17.7 (3.7)

U V 100  (1.5) 70 (2.0) '14.4 (1.4)

RFGD 29 (1.2) 18 (0 .6 ) 111.4 (28.3)

U V R FG D 18 (1 .2) 17 (1.2) 123.4 (4.1)

SilD'10

N T 90 (2.8) 67 (2.6) 16.6 (2.4)

U V 98 (2.0) 69 (3.1) 14.0 (0.3)

RFGD 23 (0.9) 23 (0.6) 127.5 (18.8)

U V R F G D 18 (0.7) 19 (0.4) 137.3 (12.4)

crn „ f is  g iv e n  b e tw e e n  bracke ts (n 9).

s t r a t a  w i t h  a n  id e n t ic a l  s u r fa c e  t o p o g r a p h y .  H o w 

e v e r ,  a s ig n i f i c a n t  d i f f e r e n c e  w a s  d e t e c t e d  b e t w e e n  

i d e n t i c a l  t e x t u r e d  s u b s t r a t a  o f  t h e  N T  a n d  R F G D  

g r o u p s  (P  -  .0001), t h e  N T  a n d  U V R F G D  g r o u p s  (P

-  .0001), t h e  U V  a n d  R F G D  g r o u p s  (P  =  .0001), a n d  

t h e  U V  a n d  U V R F G D  g r o u p s  (P -  .0001).

u r e  4 . R e su lts  o f  S P M  m e a s u r e m e n t s  o n  an  S11D02 s u b 

s tra tu m . T h e  tw o  f ig u r e s  r e p r e s e n t  a tw o -d im e n s io n a l  a n d  

a th r e e -d im e n s io n a l  h e ig h t  d is tr ib u t io n  p lo t . T h e  g r a p h  

s h o w s  th e  d a ta  p o in ts  o f th e  S P M  m e a s u r e m e n ts .  X - a n d  

y -a x is  h a v e  d if fe r e n t  m a g n if ic a t io n s .

C ell g ro w th  a ssay

F ig u r e s  5 - 7  s h o w  t h e  g r o w t h  c u r v e s  o f t h e  R D F  

ce lls  o n  th e  v a r io u s  s u b s t r a t a .  A s  i n d ic a t e d  b y  th e s e  

f ig u r e s ,  t h e  R D F  cell g r o w t h  o n  R F G D  a n d  U V R F G D - 

t r e a t e d  s u b s t r a t a  w a s  h i g h e r  t h a n  o n  U V - t r e a te d  s u b 

s t r a t a .  S t a t i s t i c a l  e v a l u a t i o n  o f  t h e  d a t a  u s i n g  a 

K r u s k a l - W a l l i s  t e s t  c o n f i r m e d  th i s  o b s e r v a t i o n  (P =  

.0001). S ta t i s t ic a l  t e s t i n g  a lso  r e v e a l e d  t h a t  t h e  cell 

g r o w t h  o f  t h e  R D F  o f  t h e  C T R L  g r o u p  w a s  s ig n i f i 

c a n t ly  h i g h e r  t h a n  t h a t  o n  t h e  U V - t r e a te d  s u b s t r a t a  

( .0 0 0 1  ^  P  s? .0 0 5 ) .  N o  s i g n i f i c a n t  d i f f e r e n c e  in  

g r o w t h  r a t e  w a s  f o u n d  b e t w e e n  R D F c u l t u r e d  o n  th e  

o t h e r  t r e a t e d  s u b s t r a t a  a n d  C T R L  s u r fa c e s .

S ta t i s t ic a l  c o m p a r i s o n  of th e  g r o w t h  d a ta  fo r  e a c h  

i n d i v i d u a l  t r e a t m e n t  g r o u p  p r o d u c e d  n o  e v id e n c e  fo r  

a c o n s t a n t  s ig n i f i c a n t  in f lu e n c e  o f t h e  s u r fa c e  t o p o g 

r a p h y  o n  t h e  R D F  g r o w t h  ra te .  F or e x a m p le ,  in  th e  

R F G D  g r o u p  cell g r o w t h  o n  Si ID  10 s u b s t r a t a  w a s  s ig 

n i f i c a n t ly  h i g h e r  t h a n  o n  S ilD 02 s u b s t r a t a  o n  d a y  1 (P

-  .0376), w h  ile o n  d  a y  3 th  e r e  v e r  s e w  a s fo u  n  cl (P  ~  

.0002). F u r t h e r m o r e ,  m a n y  n o n s ig n i f i c a n t  d i f f e r e n c e s
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DAYS

F ig u re  5. G r o w th  o f  R D F  o n  su b s tr a ta  o f  th e  U V  group  

(CVaverage =  2 4 .4 % ). T h e  g r o w th  d a ta  o f  th e  c o n tr o l group  

(CTRL) are a lso  p lo t t e d  (C K avera„e =  4 .3 % ). S ta tis t ic a lly  s ig 

n ifica n t d if fe r e n c e s  w e r e  f o u n d  b e t w e e n  C T R L  a n d  U V - 

trea ted  su r fa c e s  (0 .0 0 0 1  ^  P ^  .0 0 0 5 ).

D A Y S

SilD O O

~ 0 ~  SÌID02

A -  SHD05

-  V SÌID10

CTRL

F igu re 7 . G r o w th  o f  R D F  o n  s u b s tr a ta  o f  th e  U V R F G D  

grou p  (CVaverage =  1 3 .8 4 % ). T h e  g r o w t h  d a ta  o f  t h e  c o n tr o l  

g ro u p  (CTRL) are a ls o  p l o t t e d  (C V average =  5 .4 % ). N o  s t a 

tistica lly  s ig n if ic a n t  d i f f e r e n c e s  w e r e  f o u n d  b e t w e e n  C T R L  

an d  U V R F G D -trea ted  s u r f a c e s .

in cell g ro w th  w e re  fo u n d . T h ese  f in d in g s  w e re  con- grooves a n d  rid g es . R D F , g ro w in g  o n  SilD IO  s u b -

sis ten t for all t r e a tm e n t  g ro u p s .

In  co n tra s t w ith  th e se  g ro w th  ra te  f in d in g s , SEM 

evaluation  re v e a le d  a c lea r in f lu e n c e  of th e  surface 

to p o g rap h y  of th e  s u b s tra ta  o n  th e  sh a p e  a n d  orien 

ta tion  of th e  cells. T h is  in f lu e n c e  w a s  in d e p e n d e n t  of

strata/ d iffered  in  tw o  w a y s  fro m  ce lls  c u l tu r e d  o n  th e  

o ther surfaces. F i r s t  th e s e  cells w e re  e lo n g a te d /  b u t  

their body w as  n o t  a l ig n e d  p a ra lle l to  th e  s u r fa c e  p a t 

tern . Second/ th e s e  R D F  w e re  n o t  to ta lly  r a n d o m ly  

oriented  like th e  cells o b s e rv e d  o n  th e  s m o o th  SilDOO

175

150

SilDOO

the surface tr e a tm e n t  u s e d . S c a n n in g  e lec tro n  m icro- substrata. T hese  f in d in g s  p ro v e d  to  b e  c o m p a ra b le  

g rap h s of cells c u ltu re d  o n  th e  v a r io u s  p a t te rn e d  sur- for all in cu b a tio n  p e r io d s ,  

faces are sh o w n  in  F ig u re s  8 - 1 1 .  T h ese  m ic ro g rap h s 

show  th a t cells g ro w n  o n  th e  SilDOO su b s tra ta  w ere

ran dom ly sp read  an d  or ien ted . Alth o u gh  n o quanti- D ISCU SSION  A N D  CO N CL U S I O N S

tative p ro c e d u re s  w e re  p e r fo rm e d , it is c lear th a t  cells

on th e  SilD02 a n d  SilD05 s u b s tra ta  w e re  a lig n ed  par Scanning p ro b e  m ic ro sc o p y  m e a s u r e m e n ts  s h o w e d  
allel to  th e  su rfa c e  g ro o v e s  F u r th e rm o re  d esp ite  a deviation  b e tw e e n  th e  des^ n e r  v a lu e s  o f t h e  s ilic o n

their o rien ted  s h a p e , so m e  o f th e s e  cells a lso  pos- moW and  th e  ac tu aI y a lu e s  of th e  m ic r o e v e n ts  o n  th e

se sse d  p r o t r u s io n s  w h ic h  e x te n d e d  o v e r  sev e ra l siUcone s u b s t r a tu m  s u r f a c e , T h e s e  d i m e n s i o n a l

changes were p r ob a b ly ca u sed  b y p o lym e r iza t io n  

shrinkage, d u e to the m in im a l a m o u n t  o f filler  th a t  is 

added to the p olym er .26 H o w ever , it  h a s  to b e  n o t ed  

that only the d im en sion s of th e m o ld s  w e r e  d e t e r 

mined. Therefore, it ca n n o t  be com p le t e ly exclu d ed  

that the d im en sion s of t h e  textu r ed  w a fe r s  d e via t e d  

from the or igin al d es ign er  va lu es.

During the cell cu ltu r e exp er im en ts  th e N T  gr o u p  

was excluded, becau se t h e  gr ow th  r a te cou ld  b e  ve r y  

seriously affected  b y p oss ib le  m icr ob io logic con ta m i

nation . The effect  of s u ch  co n t a m in a t io n  on  th e  

growth  rate wou ld  in t r od u ce an  a d d it ion a l va r ia b le , 

which  wou ld  obscure t h e  r ela t ion  b e t w e e n  su r fa ce  

treatment an d  cell gr o w t h . Ap p lica t io n  o f co n ve n 

tional ster ilization  m eth o d s  su ch  as s ter iliza t ion  b y  

heat, gas, or 7-ir rad ia t ion  can  h ave n ega t ive  effect s  or  

cause dam age to silicon e rubber  su b st r a ta  a n d  th e 

growth  b eh a vior  of ce lls  cu lt u r ed  o n  t h e s e  s u b 

strata.19’36 Th erefore, U V ir r ad ia t ion  w a s  ch osen  as 

an addition al su r face t r ea tm en t . Th is  ch o ice  w a s
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F ig u re  6 . G r o w th  o f  R D F  o n  s u b s tr a ta  o f  th e  R F G D  grou p  

(C V ^ ra g c  =  1 1 .7 % ). T h e  g r o w t h  d a ta  o f  th e  c o n tr o l grou p  

(CTRL) are a lso  p lo t t e d  (CVavcra&e =  6 .3 % ). N o  sta tis tica lly  

s ig n if ic a n t  d i f f e r e n c e s  w e r e  f o u n d  b e t w e e n  C T R L  an d  

R F G D -treated  s u r fa c e s .
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F ig u re  8 . S c a n n in g  e le c tr o n  m ic r o g r a p h  o f  R D F  o n  an  

SilDOO su r fa c e  a fter  a n  in c u b a t io n  p e r io d  o f 3 d a y s  (1 d iv i 

s io n  =  100 fxm ). N o t e  th e  r a n d o m  o r ie n ta tio n .

10 . S c a n n in g  e le c tr o n  m icro g ra p h  o f  R D F o n  an  

S ilD 0 5  su r fa c e  a fter  an  in c u b a tio n  p e r io d  o f  3 d a y s  (1 d iv i 

s io n  =  100 jxiri). T he RDF are a lig n e d  p a ra lle l to  th e  su rfa ce  

g r o o v e s .

g u i d e d  b y  t h e  fac t t h a t  U V  t r e a t m e n t  is c o m m o n l y  

u s e d  fo r  th e  s t e r i l i z a t io n  o f  cell c u l tu r e  s p e c i m e n s .  

F u r t h e r m o r e ,  a s  d e m o n s t r a t e d  b y  o u r  c o n ta c t  a n g le  

m e a s u r e m e n t s ,  t h e  w e t t a b i l i t y  p r o p e r t i e s  o f  t h e  N T  

a n d  U V  s u b s t r a t a  a r e  s im i la r .

T h e  e x p e r i m e n t a l  d a t a  i n  T a b le  II s h o w  t h a t  s u b 

s t r a ta  o f  th e  s a m e  t r e a t m e n t  g r o u p  h a d  th e  s a m e  c o n 

ta c t  a n g l e s  a n d  s u r f a c e  e n e r g y  d e s p i t e  th e i r  d i f f e r e n t  

s u r f a c e  g r o o v e s .  T h e  c o n t a c t  a n g le s  a n d  s u r f a c e  f re e  

e n e r g i e s  w e r e  o n ly  i n c r e a s e d  a f t e r  R F G D  t r e a t m e n t .  

T h e s e  r e s u l t s  a l s o  d e m o n s t r a t e d  t h a t  R F G D  t r e a t m e n t  

i n c r e a s e d  t h e  w e t t a b i l i t y  o f  U V - t r e a t e d  s u b s t r a t a  to 

t h e  s a m e  le v e l  a s  d id  R F G D  a lo n e .  T h e r e f o r e ,  a c o r 

r e l a t io n  b e t w e e n  w e t t a b i l i t y  a n d  s u r f a c e  t o p o g r a p h y  

o r  r o u g h n e s s  w a s  n o t  d e m o n s t r a t e d .  A l t h o u g h  t h i s  

o b s e r v a t i o n  is  n o t  in  a g r e e m e n t  w i t h  s o m e  e a r l i e r  

s t u d i e s , 37 it c o r r o b o r a t e s  t h e  f i n d in g s  o f  S c h m id t  a n d  

v o n  R e c u m ,38 w h o  r e p o r t e d  t h a t  s q u a r e  2, 5, 8, a n d  

1 0 - j im  e v e n t s  o n  s i l ic o n e  s u r f a c e s  d i d  n o t  in c r e a s e  th e

c ri tica l  s u r f a c e  t e n s io n  a n d  e n e r g y  o f t h e s e  s u r fa c e s  

c o m p a r e d  w i th  s m o o t h  s i l ic o n e  s u b s t r a t a .

O u r  s t u d y  s h o w e d  th a t  t h e  g r o w t h  ra te  o f th e  R D F 

o n  U V - t r e a t e d  s u b s t r a t a  w a s  lo w e r  t h a n  th e  g r o w th  

r a t e  o f  t h e s e  ce lls  o n  th e  s u b s t r a t a  o f t h e  R F G D , 

U V R F G D , a n d  C T R L  g r o u p s .  D i f f e r e n c e s  a m o n g  

t h e s e  g r o u p s  w e r e  n o t  d e t e c t e d .  W e  f o u n d  n o  c lea r  

e v id e n c e  t h a t  w i t h i n  a s in g le  t r e a t m e n t  g r o u p  th e  d i 

m e n s i o n  o f  t h e  m ic r o f e a tu r e s  o n  t h e  s u b s t r a t u m  s u r 

face  f a c i l i ta te d  a h i g h e r  g r o w t h  r a te .

F u r t h e r m o r e ,  th e  SEM  m i c r o g r a p h s  d e m o n s t r a t e d  

a  m a r k e d  in f lu e n c e  of th e  v a r io u s  s u r f a c e  s t r u c tu r e s  

o n  th e  o r i e n t a t i o n  o f  R D F. T h e s e  r e s u l t s  c o n f i r m  th e  

f i n d i n g s  o f  o t h e r  i n v e s t i g a t o r s ,3/4,6-17 w h o  a lso  o b 

s e r v e d  c o n ta c t  g u id a n c e  o f  ce lls  c u l t u r e d  o n  m ic ro -  

t e x t u r e d  s u r f a c e s .  H o w e v e r ,  c o n t r a r y  to  th e  s u b s t r a t a  

u s e d  in  o u r  s t u d y ,  th e i r  s u b s t r a t a  d id  n o t  p o s s e s s

0 .4 5 - f im -c le e p  g r o o v e s ,  b u t  g r o o v e s  o f  a t  le a s t  1 fxm

F ig u r e  9 . S c a n n in g  e le c tr o n  

S ilD 0 2  su r fa c e  a fter  a n  in c u b a t io n  

s io n  =  100 jxm). T h e  R D F are  a iig

p h  o f  R D F  o n  a n  

p e r io d  o f  3  d a y s  (1 d iv i-  

1 p a ra lle l to th e  su r fa c e

g r o o v e s .

re 11 . S c a n n in g  e le c tro n  m ic r o g r a p h  o f  R D F o n  an  

S ilD lQ  su r fa c e  a fter  an in c u b a tio n  p e r io d  o f  3 d a y s  (1 d iv i 

s io n  =  100  |jLin). O r ie n ta tio n  o f  th e  R D F  b e c o m e s  m o r e  

r a n d o m  c o m p a r e d  to  R D F  c u ltu r e d  o n  S ilD 0 2  a n d  S11D05 

trata .
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d ep th . It w as n o t  s u rp r is in g  to  f in d  th a t  som e RD F 

cells w ere  able to  s p a n  sev e ra l g ro o v es  a n d  rid g es  o n  

all o u r m ic ro tex tu red  su rface s , since th is  h a d  a lread y  

b e e n  o b se rv ed  b y  o th e r  in v e s tig a to rs .39 In  a d d itio n , 

o u r re su lts  sh o w e d  th a t  SilD02 a n d  SilDOS su b s tra ta  

w e re  able to in d u c e  a s tro n g e r  co n tac t g u id an ce  th a n  

SilDIO su b stra ta . T h e  ra n d o m  o rie n ta tio n  of th e  RDF 

o n  SilDOO su b s tra ta  p ro v e d  th a t  n o  co n tac t g u id an c e  

w as  ev id en t on  th e s e  s u b s tra ta . T h ese  la s t tw o  o b se r 

v a tio n s  s u p p o r t  th e  s tu d ie s  of M ey le  e t  a l .16 a n d  

S chm id t a n d  v o n  R e c u m ,31 w h o  co n c lu d ed  th a t s u r 

face fea tu res  e sp ec ia lly  in  th e  ra n g e  of 1-5 |xm p r o 

m o te  cellu lar c o n fo rm a tio n .

F inally , a co m m en t h a s  to  b e  m a d e  a b o u t th e  SEM  

fixation a n d  d e h y d ra tio n  m e th o d  u s e d . T h e  a u th o rs  

realize th a t th e  u s e  of m e th a n o l is n o t  a w id e ly  ac 

c e p te d  m e a n s  o f f ix a t in g  a n d  d e h y d r a t in g  ce lls , 

w h ich  can  cause a g re a t lo ss  of d e lica te  cell s tru c 

tu re s .40 N ev e rth e le ss , th is  m e th o d  w a s  ch o sen  since  

o th e r  accep ted  m e th o d s  (su ch  as critical p o in t-d ry in g , 

freeze-d ry ing , a n d  d e h y d ra t io n  w ith  te tra m e th y ls i-  

lane) cause severe  d a m a g e  to  cells c u ltu re d  o n  sili 

cone ru b b e r a n d  m a k e  it  im p o ss ib le  to g a th e r  in fo r 

m a tio n  ab o u t cell o r ie n ta tio n . T h is  d a m a g e  p ro b ab ly  

occurs because  th e  s u b s tra ta  c o n s is t of p o ly d im e th y l-  

siloxane. D uring  critical p o in t-d ry in g , h ig h  p re s s u re  

co m p re sse s  th e  s ilic o n e  ru b b e r ,  th u s  c a u s in g  cell 

dam ag e  o r d e ta c h m e n t of th e  RD F. F re e z e -d ry in g  r e 

su lts  in  a ra p id  d ro p  in  te m p e ra tu re ,  w h ic h  acts as a 

fixative. H o w ev er, d u r in g  th is  p ro c e ss  silicone ru b b e r  

acts as an  in su la to r , re ta in in g  h e a t  a n d  p e rm ittin g  

crystals to  form  w h ic h  d e s tro y  th e  cell. D e h y d ra tio n  

w ith  te tram e th y ls ilan e , o n  th e  o th e r  h a n d , causes th e  

silicone ru b b er s u b s tra ta  to sw ell. C o n se q u e n tly , th e  

cells th a t a ttach ed  to  th e  silicone  ru b b e r  are  e x p o se d  

to forces w h ich  d e fo rm , a n d  u ltim a te ly  d e ta c h  o r 

dam ag e  th e  cells.

By com bin ing  all o u r  f in d in g s , th e  m o s t im p o r ta n t  

conclusion  th a t can  b e  d ra w n  is th a t  p h y s ico ch em ica l 

p a ram e te rs  such  as w e tta b ility  a n d  su rface  free  e n 

e rgy  p lay  n o  m e a su ra b le  ro le  in  th e  sh a p e  a n d  o r ie n 

ta tio n  of cells on  m ic ro te x tu re d  su rfaces. A p p a re n tly , 

th e  cells are  fo rced  in to  p lace  b y  th e  su rface  te x tu re . 

For exam ple, as a lre a d y  m e n tio n e d  ea rlie r b y  M eyle 

e t a l .,15 it can be  h y p o th e s iz e d  th a t  th e  s tro n g  in 

d u c tio n  of con tac t g u id a n c e  b y  2- a n d  5 -^ m  g ro o v es  

in d ica te s  th e  n e e d  o f ce lls  fo r m e c h a n ic a l s ta b ili 

z a tio n  a g a in s t in te r fa c ia l  m o v e m e n t.  H o w e v e r , it 

can n o t be  ex c lu d ed  th a t  th is  o r ie n ta tio n  p h e n o m e n o n  

is cau sed  b y  th e  e ffo rts  o f th e  cell to  reach  a b io m e 

chanical eq u ilib riu m  w ith  th e  n e t  s u m  of fo rces m in 

im ized .39^

Finally, in  lig h t of e a rlie r  r e p o r ts ,28'31 n o  effect o f 

su rface  fea tu res  o n  th e  f ib ro b la s t g ro w th  ra te  co u ld  b e  

u n d e n ia b ly  p ro v e n  in  th is  s tu d y . T h is  g ro w th  ra te  is , 

h o w ev er, s ign ifican tly  c h a n g e d  b y  th e  a p p lie d  s u r 

face tre a tm en t m e th o d .

This s tu d y  w a s  s u p p o r t e d  b y  t h e  N e t h e r l a n d s  T e c h n o l 

o g y  F ou n d ation  (S .T .W .) -
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