
CHAPTER II 
LITERATURE REVIEW

2.1 Rhamnolipids: Preparation, Characterization, and Potential Applications

C e r ta in  s p e c ie s  o f  P seudom onas  a re  a b le  to  p ro d u c e  a n d  e x c re te  a 
h e te ro g e n e o u s  m ix tu re  o f  b io s u r f a c ta n ts  w i th  a  g ly c o lip id  s tru c tu re . T h e s e  a re  k n o w n  as 
rh a m n o lip id s .  In  th e  b io s y n th e tic  p ro c e s s , rh a m n o lip id  p ro d u c t io n  is g o v e rn e d  b y  b o th  
th e  g e n e tic  r e g u la to ry  s y s te m  an d  c e n tra l  m e ta b o lic  p a th w a y s  in v o lv in g  fa tty  a c id  
s y n th e s is , a c t iv a te d  s u g a rs ,  a n d  e n z y m e s . T h e s e  s u r fa c e -a c t iv e  c o m p o u n d s  c a n  b e  
p ro d u c e d  f ro m  v a r io u s  ty p e s  o f  lo w -c o s t s u b s tra te s , s u c h  a s  c a r b o h y d ra te s ,  v e g e ta b le  
o i ls ,  a n d  e v e n  in d u s tr ia l  w a s te s , le a d in g  to  a  g o o d  p o te n tia l  fo r  c o m m e rc ia l  e x p lo i ta t io n . 
B y  c o n tro l l in g  e n v iro n m e n ta l  f a c to rs  a n d  g ro w th  c o n d i t io n s ,  h ig h  rh a m n o lip id  
p ro d u c t io n  y ie ld s  can  b e  a c h ie v e d . R h a m n o lip id s  p ro v id e  g o o d  p h y s ic o c h e m ic a l  
p ro p e r t ie s  in te rm s  o f  s u r fa c e  a c t iv i t ie s , s ta b il i t ie s , a n d  e m u ls i f ic a t io n  a c t iv i t ie s . 
M o re o v e r , th e s e  s u r fa c e -a c t iv e  c o m p o u n d s  e x h ib i t  a n t i-m ic ro b ia l  a c t iv i t ie s  a g a in s t  b o th  
p h y to p a th o g e n ic  fu n g i a n d  b a c te r ia . D u e  to  an  in c re a s e  in  c o n c e rn s  a b o u t  e n v iro n m e n ta l  
p ro te c t io n , a n d  th e  d is t in g u is h in g  p ro p e r t ie s  o f  th e  r h a m n o lip id s ,  it s e e m s  th a t  
r h a m n o lip id s  m e e t  th e  c r i te r ia  fo r  s e v e ra l in d u s tr ia l a n d  e n v iro n m e n ta l  a p p lic a t io n s ,  
s u c h  a s  e n v iro n m e n ta l  r e m e d ia t io n  an d  b io lo g ic a l c o n tro l. R h a m n o l ip id s  h a v e  a lr e a d y  
b e e n  c o m m e rc ia l ly  p ro d u c e d , m a k in g  th e m  m o re  e c o n o m ic a l ly  c o m p e ti t iv e  w ith  
s y n th e t ic  s u r fa c ta n ts . In th e  n e a r  fu tu re , r h a m n o lip id s  m a y  b e  c o m m e r c ia l ly  s u c c e s s fu l  
b io s u r f a c ta n ts .

2 .1 .1  C h e m ic a l  S tru c tu re s  an d  P ro p e r t ie s  o f  R h a m n o lip id s
P seu dom on as  s tra in s , G ra m -n e g a t iv e  b a c te r ia , h a v e  b e e n  re p o r te d  to  

e x c r e te  r h a m n o lip id s  b e g in n in g  in 1949  ( J a rv is  a n d  J o h n s o n , 1 9 4 9 ). A l th o u g h  th e re  a re  
m a n y  ty p e s  o f  rh a m n o lip id  s p e c ie s , a ll o f  th e m  p o s s e s s  s im ila r  c h e m ic a l  s tru c tu re s  
(T o rre n s  et a l., 1 9 98 ). N o rm a l ly ,  r h a m n o lip id s  c o n ta in  a  h y d ro p h il ic  h e a d  fo rm e d  b y  o n e
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o r  tw o  rh a m n o s e  m o le c u le s  a n d  a  h y d ro p h o b ic  ta il th a t c o n ta in s  o n e  o r  tw o  fa tty  a c id  
c h a in s  (S a n c h e z  e t al., 2 0 0 7 ). F ig u re  2.1 s h o w s  th e  fo u r  g e n e ra l c h e m ic a l s tru c tu re s  o f  
r h a m n o lip id s  p ro d u c e d  b y  c e r ta in  s p e c ie s  o f  P seudom onas. T h e  tw o  m a jo r  ty p e s  o f  
r h a m n o lip id s  a re  fo u n d  to  b e  L - r h a m n o s y l -3 -h y d ro x y d e c a n o y I -3 -h y d ro x y d e c a n o a te ,  o r  
m o n o rh a m n o lip id  ( R h a - C io -C io ) ,  a n d  L -rh a m n o s y I -L - rh a m n o s y l-3 -h y d ro x y d e c a n o y l-3 -  
h y d ro x y d e c a n o a te ,  o r  d irh a m n o lip id  ( R h a - R h a - C io - C io ) ,  b u t m o s t o f  th e  b io s u r fa c ta n ts  
p ro d u c e d  b y  p . aeru g in osa  s tr a in s  a re  d irh a m n o lip id  (M a ta -S a n d o v a l  et a l., 2 0 0 1 ; 
R a h m a n  e t a i, 2 0 0 2 ) . O n ly  a fe w  r e p o r ts  s h o w  th a t  m o n o rh a m n o lip id  is th e  p re d o m in a n t  
c o m p o n e n t  (A r in o  e t a i ,  19 96 ; S im  e t al., 19 97 ). T h e  d if f e re n c e  in  ty p e s  a n d  p ro p o r tio n  
o f  r h a m n o lip id s  in th e  m ix tu re  m ig h t  re su lt  f ro m  th e  a g e  o f  th e  c u l tu re , b a c te r ia l  s tra in s  
(D é z ie l  et al., 1 9 9 9 ), s p e c if ic  c u l tu re  c o n d i t io n s ,  a n d  s u b s tra te  c o m p o s it io n  (C o s ta  et a l ,  
2 0 0 6 ) .

Figure 2.1 T h e  f o u r  g e n e ra l c h e m ic a l  s tru c tu re s  o f  rh a m n o lip id  b io s u r f a c ta n ts  p ro d u c e d  
b y  c e r ta in  s p e c ie s  o f  P seudom onas.

T o  f ra c t io n a te  a n d  c h a ra c te r iz e  th e  ty p e s  o f  rh a m n o lip id s  in th e  m ix tu re ,  a 
n u m b e r  o f  a n a ly t ic a l  m e th o d s  c a n  b e  u se d . In  th e  p a s t , h ig h  p e r fo rm a n c e  liq u id  
c h ro m a to g ra p h y  (HPLC) e q u ip p e d  w ith  a p h o to d io d e  a r ra y  d e te c to r  o r  u v  d e te c to r  
(R e n d e ll  et a l., 1 9 9 0 ; S c h e n k  e t a l., 1 9 95 ; M a ta -S a n d o v a l  e t a l., 1 9 9 9 ) a n d  g as
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c h ro m a to g ra p h y /m a s s  s p e c t ro m e try  ( G C /M S )  ( M a ta -S a n d o v a l  et a l . , 1 9 9 9 ; T h a n o m s u b  
et al., 2 0 0 6 )  w e re  th e  m o s t  w id e ly -u s e d  te c h n iq u e s ;  h o w e v e r , th e y  a re  t im e - c o n s u m in g  
a n d  d o  n o t p ro v id e  r e l ia b le  q u a n t if ic a t io n  a n a ly s is . R e c e n tly , H P L C  e q u ip p e d  w ith  an  
e v a p o ra t iv e  lig h t s c a t te r in g  d e te c to r  (E L S D )  ( N o o rd m a n  et a l ,  2 0 0 0 ;  T ru m m le r  et al., 
2 0 0 3 )  a n d  liq u id  c h ro m a to g r a p h y /m a s s  s p e c t ro m e try  (L C /M S )  (D é z ie l  et a l., 1999; 
D é z ie l et al., 2 0 0 0 ; C h a y a b u tr a  an d  Ju , 2 0 0 1 ; B e n in c a s a  et a l., 2 0 0 4 )  w e re  d e v e lo p e d  as 
e f f ic ie n t  te c h n iq u e s  fo r  th e  a n a ly s is  o f  th e  rh a m n o lip id  sp e c ie s . T o  id e n t ify  th e  c h e m ic a l 
s tru c tu re s  o f  r h a m n o lip id s ,  F o u r ie r  t r a n s fo rm  in f ra re d  (F T -1 R ) s p e c t ro s c o p y  a n d  n u c le a r  
m a g n e tic  r e so n a n c e  ( N M R )  a n a ly s is  (W e i et al., 2 0 0 5 ; M o n te iro  et a l., 2 0 0 7 )  w e r e  a lso  
p e r fo rm e d . T o d a y , n e a r ly  3 0  rh a m n o lip id  s p e c ie s , w h ic h  d i f f e r  in  fa tty  a c id  c h a in  
c o m p o s it io n  a n d  rh a m n o s e  m o ie tie s , h a v e  b e e n  re p o r te d .

R h a m n o lip id s  e x h ib i t  f re e  c a rb o x y l ic  g ro u p s  a n d  a c t a s  a n io n s  w h e n  th e  
p H  is a b o v e  4 .0  (N its c h k e  et a l., 2 0 0 5 ) . T h e s e  s u r fa c e -a c t iv e  c o m p o u n d s  a re  s o lu b le  in 
m e th a n o l , c h lo ro fo rm , e th y l e th e r , a n d  a n  a lk a lin e  a q u e o u s  s o lu t io n  ( F a n g  a n d  W a g n e r , 
19 87 ). R h a m n o lip id s  r e d u c e  th e  s u r fa c e  te n s io n  o f  p u re  w a te r  f ro m  72  to  b e lo w  30  
m N /m , w ith  a  C M C  in th e  ra n g e  o f  5 -2 0 0  m g/1, d e p e n d in g  o n  th e  c o m p o n e n ts  in th e  
m ix tu re  (F in n e r ty , 19 94 ). T h e  p re s e n c e  o f  lo n g e r  fa tty  a c id  c h a in s  p ro b a b ly  in c re a s e s  
h y d ro p h o b ic i ty  o f  th e  m o le c u le s , le a d in g  to  th e  fo rm a tio n  o f  th e  m ic e l la r  s tru c tu re  at 
lo w e r  c o n c e n tra t io n  (M a ta -S a n d o v a l  e t  a i ,  19 99 ).

A n o th e r  to p ic  o f  in te re s t  r e la te d  to  th e  p h y s ic o c h e m ic a l  p ro p e r t ie s  o f  
r h a m n o lip id s  is th e ir  e m u ls i f ic a t io n  a c tiv ity . F ro m  th e  re p o r te d  w o rk s , r h a m n o lip id s  
p ro d u c e d  f ro m  d if f e re n t  P seu dom on as  s tr a in s  c a n  e f fe c t iv e ly  e m u ls i fy  a n d  s ta b il iz e  
e m u ls io n s  w ith  v a r io u s  ty p e s  o f  h y d ro c a rb o n s  a n d  o ils . W ei et a l. ( 2 0 0 5 )  fo u n d  th a t  th e  
b io s u r f a c ta n t  p ro d u c e d  b y  p . aeru g in osa  J4  a c h ie v e d  a  m a x im u m  e m u ls io n  in d e x  o f  70  
a n d  7 8 %  fo r  d ie se l an d  k e ro s e n e , r e s p e c tiv e ly . B e n in c a s a  e t al. ( 2 0 0 4 )  a ls o  r e p o r te d  th a t 
th e  b io s u r f a c ta n t  p ro d u c e d  b y  p . aeru g in osa  F B I  c o u ld  fo rm  s ta b le  e m u ls io n s  w ith  
p ro p y l p a lm ita te , c a s to r  o i l ,  a lm o n d  o il, c ru d e  o il, k e ro s e n e , a n d  b e n z e n e  fo r  21 d a y s , 
s u g g e s t in g  p o te n tia l  a p p lic a t io n s  o f  th e  e x c re te d  rh a m n o lip id s  in th e  p h a rm a c e u t ic a l  an d  
c o s m e tic  in d u s tr ie s , a n d  e n v iro n m e ta l  p o llu tio n  tr e a tm e n t .  S ta b le  e m u ls io n s  o f  H -a lk an es
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a n d  a ro m a tic  c o m p o u n d s  h a v e  a lso  b e e n  re p o r te d ; h o w e v e r , th e  e m u ls i f ic a t io n  a c t iv i ty  
o f  r h a m n o lip id s  w a s  fo u n d  to  d e p e n d  o n  th e  c a rb o n  s o u rc e s  u se d  in  th e  b io s u r f a c ta n t  
p ro d u c t io n  (P a te l a n d  D e sa i , 19 97 ).

B e s id e s  th e ir  g o o d  p h y s ic o c h e m ic a l  p ro p e r t ie s ,  rh a m n o lip id s  a lso  p ro v id e  
in te r e s t in g  b io lo g ic a l  a c t iv i t ie s , su c h  a s  a n t i-m ic ro b ia l  a c t iv i ty  a g a in s t  p h y to p a th o g e n ic  
fu n g i s p e c ie s  a n d  b a c te r ia . A b a lo s  et al. (2 0 0 1 )  re p o r te d  th a t  r h a m n o lip id s  p ro d u c e d  b y  
p . aeru g in osa  s tr a in  A T 1 0  sh o w e d  a n t i- fu n g a l p ro p e r t ie s  a g a in s t  G liocad iu m  Virens, 
P énicillium  chrysogeum , A sperg illu s n iger, Chaetonium  g lobosu m , A u reobasid iu m  
pu llu lon s, R h izo tecn ia  solani, an d  B otry tis  c inerea. T h e  b io s u r f a c ta n t  p ro d u c e d  b y  p .  
aeru g in osa  LB1 w a s  fo u n d  to  b e  a c tiv e  a g a in s t  v a r io u s  p h y to p a th o g e n ic  fu n g i s p e c ie s , 
s u c h  a s  P én icilliu m  fu n icu losu m  a n d  A ltern a ria  a ltern ate  (B e n in c a s a  e t a l., 2 0 0 4 ) . 
S tip c e v ic  et al. ( 2 0 0 5 , 2 0 0 6 )  fo u n d  th a t  d i rh a m n o lip id  s h o w e d  d if f e re n tia l  e f fe c ts  o n  
h u m a n  k é r a t in o c y te  a n d  f ib ro b la s t  c u l tu re s , le a d in g  to  th e  e n h a n c e m e n t  o f  th e  b u m -  
w o u n d  h e a lin g  p ro c e s s .  T h a n o m s u b  et al. (2 0 0 6 )  re p o r te d  th a t  r h a m n o lip id s  p ro d u c e d  b y  
P. aeru g in osa  B 1 8 9  d is p la y e d  s ig n if ic a n t  a n t i-p ro l i fe r a t iv e  a c t iv i ty  a g a in s t  th e  h u m a n  
b re a s t  c a n c e r  c e ll  lin e  M C F -7  an d  th e  in se c t ce ll lin e  C 6 /3 6 , in d ic a t in g  p o te n tia l  
a p p lic a t io n  a s  a n t i - c a n c e r  d ru g s  o r  a g ro c h e m ic a ls .

2 .1 .2  B io s y n th e s is  o f  R h a m n o lip id s
W h e n  c u l t iv a te d  in a  liq u id  m e d iu m , P seu dom on as  s t r a in s  e x c re te  m a in ly  

tw o  ty p e s  o f  rh a m n o lip id s :  m o n o - rh a m n o lip id  an d  d i- rh a m n o lip id . In  th e  b io s y n th e t ic  
p a th w a y  o f  th e s e  tw o  s u r fa c e -a c t iv e  c o m p o u n d s , th e  rh a m n o s y l  m o ie ty  a n d  th e  fa t ty  a c id  
m o ie ty  a re  p ro d u c e d  b y  de novo  s y n th e s is  (N its c h k e  e t a l., 2 0 0 5 ) , a s  s h o w n  in  F ig u re  
2 .2 . T h e  d o n o r  o f  th e  rh a m n o s y l  m o ie ty  is a c t iv a te d  su g a r , k n o w n  a s  d e o x y - th y m id in e -  
d ip h o s p h o - L - r h a m n o s e  ( d T D P -L - rh a m n n o s e )  (B u rg e r  et a l., 1 9 6 3 , 1 9 6 6 ). T o  p ro d u c e  a  
rh a m n o sy l d o n o r , D -g lu c o s e -1 -p h o s p h a te  is f irs t ly  s y n th e s iz e d  b y  th e  s p e c i f ic  r e a c t io n  
c a ta ly z e d  b y  th e  A lg C  e n z y m e . T h e  p ro d u c t io n  o f  d T D P -L - rh a m n n o s e , w h ic h  in v o lv e s  
fo u r  s e q u e n tia l  r e a c t io n s  c a ta ly z e d  b y  th e  e n z y m e s  e n c o d e d  b y  th e  rm l g e n e s , 
s u b s e q u e n tly  o c c u r s  ( M a ie r  a n d  S o b e rô n -C h a v é z , 2 0 0 0 ) . T h e  s y n th e s is  o f  th e  fa tty  a c id
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m o ie ty  o f  r h a m n o lip id s  is g o v e rn e d  b y  th e  R JilG  e n z y m e , w h ic h  is r e s p o n s ib le  fo r 
d r a in in g  th e  fa tty  a c id  p re c u r s o r s  o f  r h a m n o lip id s  f ro m  th e  g e n e ra l f a tty  a c id  s y n th e tic  
p a th w a y  a t  th e  le v e l o f  th e  k e to a c y l  re d u c t io n  ( C a m p o s -G a rc ia  et a l ,  19 98 ).

fa tty  a c id  b io s y n th e s is

(3 -k e to d e c a n o y le s te r  

R h lG

(3 -h y d ro x y d e c a n o y l-A C P  

พ
P -h y d ro x y d e c a n o y l-S -C o A  

P h a C

p -h y d ro x y d e c a n o y l- (3 -h y d ro x y d e c a n o y l-S -C o A

R h lA B

m o n o rh a m n o lip id
R h lC

d irh a m n o lip id

Figure 2.2 B io s y n th e tic  p a th w a y  o f  rh a m n o lip id  b io s u r f a c ta n ts  a n d  th e  in v o lv e d  
e n z y m e s .

D - g lu c o s e -6 -p h o s p h a te

พ A lg C
D - g lu c o s e - 1- p h o s p h a te  

^  R m lA

d T D P -D -g lu c o s e
R m lB

d T D P -4 -k e to - 6 - d e o x y - D - g lu c o s e
R m lC

d T D P -4 - k e to - 6 - d e o x y - L - r h a m n o s e
R m lD

d T D P -L -rh a m n o s e

T h e  b io s y n th e s is  o f  r h a m n o lip id s  p ro c e e d s  b y  tw o  s e q u e n t ia l  re a c tio n s  
c a ta ly z e d  b y  th e  tw o  s p e c if ic  rh a m n o s y lt ra n fe ra s e s — R t 1 a n d  R t 2 . T h e  R t 1 e n z y m e  
c o n ta in s  tw o  p o ly p e p t id e s  e n c o d e d  b y  th e  rhlA  a n d  rhlB  g e n e s  ( M a ie r  a n d  S o b e rô n -  
C h a v é z , 2 0 0 0 ) , w h ile  th e  R t 2  e n z y m e  is e n c o d e d  b y  th e  r h ic  g e n e  (R a h im  e t a l ,  2 0 0 1 ).



9

In  b o th  re a c t io n s , d T D P -L - rh a m n n o s e  a c ts  as th e  rh a m n o sy l d o n o r .  T h e  r e s p e c tiv e  
re c ip ie n t in  th e  f irs t r e a c t io n  is th e  fa tty  a c id  m o ie ty  o f  rh a m n o lip id s ,  w h ile  th a t  in  th e  
se c o n d  re a c t io n  is m o n o rh a m n o lip id , y ie ld in g  d irh a m n o lip id  a s  a  p ro d u c t  (B u rg e r  et al., 
1 9 6 3 , 1 9 6 6 ; M a ie r  a n d  S o b e rô n -C h a v é z , 2 0 0 0 ). D u e  to  th e  fa c t  th a t  th e  r h a m n o lip id  
b io s y n th e s is  a lso  in v o lv e s  a  c o m p le x  g e n e tic  r e g u la to ry  s y s te m , th e  c o n s tr u c t io n  o f  
s tra in s  w ith  e n h a n c e d  rh a m n o lip id  p ro d u c t io n  is m u c h  m o re  d i f f ic u l t  ( M a ie r  a n d  
S o b e rô n -C h a v é z , 2 0 0 0 ).

2 .1 .3  P ro d u c tio n  o f  R h a m n o lip id
F o r th e  p ro d u c t io n  o f  m ic ro b ia l  m e ta b o li te s  o n  a  la rg e  s c a le ,  it is 

im p o rta n t to  k n o w  th e  r e g u la tio n  m e c h a n is m s  o f  th e  c h o s e n  m ic ro o rg a n is m . In g e n e ra l , 
b io s u r f a c ta n t  p ro d u c t io n  is in d u c e d  b y  h y d ro c a rb o n s  o r  w a te r - in s o lu b le  s u b s tr a te s .  T h e  
p ro d u c t io n  o f  m ic ro b ia l  m e ta b o li te s  is g o v e rn e d  b y  s e v e ra l f a c to r s :  th e  n a tu re  o f  th e  
c a rb o n  s o u rc e ; th e  c o n c e n tra t io n s  o f  n i tro g e n  an d  io n s  in  th e  m e d ia ;  c u l tu re  c o n d i t io n s  
lik e  te m p e ra tu re ,  p H , a g i ta t io n  ra te , a n d  o x y g e n  a v a i la b il i ty ;  th e  n a tu r e  o f  th e  s e le c te d  
m ic ro o rg a n is m ; a n d , th e  fe rm e n ta tio n  s tr a te g ie s  (N its c h k e  et a l., 2 0 0 5 ) . H e n c e , a ll o f  
th e s e  fa c to rs  sh o u ld  b e  c o n s id e re d  in th e  e s ta b lis h m e n t o f  a rh a m n o lip id  p ro d u c t io n  
p ro c e s s  to  a c h ie v e  h ig h  rh a m n o lip id  p ro d u c t io n  y ie ld s .

T h e  P seu dom on as  s p e c ie s  a re  a b le  to  u t i l iz e  b o th  w a te r - s o lu b le  c a rb o n  
so u rc e s  ( su c h  a s  g ly c e ro l , g lu c o se , m a n n ito l ,  an d  e th a n o l)  (R o b e r t  e t a l., 1 9 8 9 ; W e i et 
a l., 2 0 0 5 ; S im  e t  al., 1 9 9 7 ) a n d  w a te r - im m is c ib le  s u b s tr a te s  ( l ik e  /7 -a lk an e  a n d  v e g e ta b le  
o i ls )  (S y ld a tk  et a l ,  1 9 8 5 ; R o b e r t  e t al., 1 9 8 9 ; W ei et al., 2 0 0 5 )  fo r  th e  r h a m n o lip id  
p ro d u c t io n . N o rm a l ly , it s e e m s  th a t th e  w a te r - im m is c ib le  s u b s tr a te s  c a n  p ro v id e  a  h ig h e r  
lev e l o f  rh a m n o lip id  p ro d u c t io n  (R o b e r t  et al., 1989 ; W ei et a l., 2 0 0 5 ) . It w a s  r e p o r te d  
th a t  rh a m n o lip id  p ro d u c t io n  b y  p . aeru g in osa  U G 2  w a s  1 0 0 -1 6 5  m g  o f  r h a m n o lip id  p e r  
g ra m  o f  s u b s tra te  w h e n  h y d ro p h o b ic  s u b s tr a te s  s u c h  a s  lo n g  c h a in  a lc o h o ls  a n d  c o rn  o il 
w e re  u se d  a s  c a rb o n  s o u rc e s . C o m p a re d  to  h y d ro p h il ic  s u b s tr a te s ,  in c lu d in g  g lu c o s e  an d  
su c c in ic  a c id , o n ly  a  rh a m n o lip id  p ro d u c t io n  o f  1 2 -3 6  m g /g  w a s  o b ta in e d  ( M a ta -  
S a n d o v a l e t al., 2 0 0 1 ) . H o w e v e r , พ น  e t al. (2 0 0 8 )  r e c e n t ly  r e p o r te d  a  d i f f e re n t  tr e n d ,
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s h o w in g  th a t  g lu c o s e  a n d  g ly c e ro l u se d  as c a rb o n  so u rc e s  in th e  b io s u r f a c ta n t  p ro d u c t io n  
b y  โ’. aeru g in osa  s tra in  E M I  w e re  s u p e r io r  to  o l iv e  o il a n d  s o y b e a n  o il in te rm s  o f  b o th  
r h a m n o lip id  y ie ld  a n d  p ro d u c t iv i ty .  T h is  s u g g e s ts  th a t th e  c a rb o n  s o u rc e  p r e fe re n c e  fo r 
th e  r h a m n o lip id  p r o d u c t io n  d e p e n d s  o n  th e  b a c te r ia l  s tr a in . T a b le  2.1 lis ts  rh a m n o lip id  
p ro d u c t io n  b y  s o m e  P seu dom on as  s tr a in s  u s in g  d if f e re n t  s u b s tra te s .

Table 2.1 R h a m n o lip id  p ro d u c t io n  b y  P seu dom on as  s t r a in s  u s in g  d i f f e re n t  s u b s tr a te s

Strain Carbon Source Rhamnolipid Production
(g/1)

References

Y P J -8 0 G lu c o s e 4 .4 (L e e  e t a l., 19 99 )
PA 1 n -h e x a d e c a n e 1.3 (S a n ta  A n n a  e t a l., 2 0 0 2 )

B a b a s s u  o il 2 .0
G ly c e ro l 6 .9

J4 K e ro s e n e 0 .7 (W e i et a l., 2 0 0 5 )
D ie s e l 1.3
G ly c e ro l 1 .4 -1 .5
G ra p e  se e d  o il 2 .0 -2 .1
O liv e  o il 3 .6

L B I B u ri t i  o il 2 .9 ( C o s ta  e t a l., 2 0 0 6 )
C u p u a ç u  o il 6 .6
B a b a s s u  o il 6 .8
A n d iro b a  o il 8.1
P a s s io n  F ru it  o il 9 .2
B ra z il ia n  N u t  o il 9 .9

E M I S o y b e a n  o il 2 .6 ( พ น  é t a l ,  2 0 0 8 )
O liv e  o il 3 .7
G lu c o s e 4 .9
G ly c e ro l 7 .5



T h e  ty p e  o f  n itro g e n  s o u rc e  is c ru c ia l  to  ce ll g ro w th  a n d  rh a m n o lip id  
p ro d u c t io n . It w a s  fo u n d  th a t  so d iu m  n i tra te  (NaNC>3) w a s  th e  m o s t  e f f ic ie n t  n itro g e n  
s o u rc e  fo r  th e  rh a m n o lip id  p ro d u c t io n  b y  p . aeru g in osa  E M I in te rm s  o f  rh a m n o lip id  
y ie ld s ;  h o w e v e r , u s in g  u r e a  an d  y e a s t  e x tra c t , o rg a n ic  c o m p o u n d s , a s  n i tro g e n  so u rc e s  
p ro v id e d  b e t te r  ce ll g ro w th  (พ น  e t a l., 2 0 0 8 ) . In  fa c t, it h a s  b e e n  re p o r te d  th a t  th e  
o rg a n ic  n itro g e n  s o u rc e  c a n  p ro m o te  c e ll g ro w th , b u t it is u n fa v o r a b le  fo r  th e  p ro d u c t io n  
o f  g ly c o lip id  b io s u r f a c ta n t  (K im  e t a l., 2 0 0 6 ) . C h e n  e t al. (2 0 0 7 )  a ls o  fo u n d  th a t  n i tra te -  
b a se d  c o m p o u n d s , in o rg a n ic  n i tro g e n  so u rc e s , s e e m e d  to  b e  g o o d  n i tro g e n  s o u rc e s  fo r 
th e  rh a m n o lip id  p ro d u c t io n  b y  p . aeru g in osa  s tr a in  S 2 , g iv in g  a m a x im u m  rh a m n o lip id  
c o n c e n t ra t io n  o f  n e a r ly  2 3 0 0  m g/1.

C u ltu re  c o n d i t io n s  a ls o  p la y  a  k e y  ro le  in th e  r h a m n o lip id  p ro d u c t io n . 
W ei e t al. (2 0 0 5 )  re p o r te d  th a t  th e  rh a m n o lip id  p ro d u c t io n  b y  p  a eru g in osa  J4  in c re a s e d  
a b o u t 8 0 %  w h e n  th e  a g i ta t io n  ra te  w a s  in c re a se d  f ro m  5 0  to  2 0 0  rp m . F u r th e r  in c re a s in g  
th e  a g i ta t io n  ra te  d e c re a s e d  th e  tr a n s fe r  e f f ic ie n c y  o f  o x y g e n  g a s  in to  th e  liq u id  m e d iu m , 
le a d in g  to  u n s u i ta b le  c o n d i t io n s  fo r  th e  b io s u r f a c ta n t  p ro d u c t io n . C h a y a b u tr a  a n d  Ju  
(2 0 0 1 )  fo u n d  th a t  th e  r a te  o f  rh a m n o lip id  p ro d u c t io n  b y  p . a eru g in osa  A T C C  10145  
s ig n if ic a n tly  in c re a s e d  w h e n  p H  w a s  in th e  ra n g e  o f  6 .5  to  6 .7 . R o b e r t  et a l. (1 9 8 9 )  
fo u n d  th a t  th e  b e s t  te m p e ra tu re  fo r  th e  b io s u r f a c ta n t  p ro d u c t io n  b y  p .  aeru g in osa  44 T 1  
w a s  37°c, w h ile  th e  rh a m n o lip id  p ro d u c t io n  b y  p . ch lororaph is  N R R L  B -3 0 7 6 1  w a s  
b e s t  a c h ie v e d  a t 23°c ( G u n th e r  e t a l., 2 0 0 5 ).

B a se d  o n  th e  k in e t ic s  o f  b io s u r f a c ta n t  p ro d u c t io n , f e rm e n ta t io n  s tra te g ie s  
can  b e  d iv id e d  in to  fo u r  ty p e s : g ro w th -a s s o c ia te d  p ro d u c t io n , p r o d u c t io n  u n d e r  g ro w th -  
l im it in g  c o n d i t io n s , p ro d u c t io n  w ith  p re c u r s o r  s u p p le m e n ta t io n , a n d  p ro d u c t io n  b y  
r e s t in g  o r  im m o b il iz e d  c e l ls . F o r  g ro w th -a s s o c ia te d  p ro d u c t io n , p a ra l le l  r e la t io n s h ip s  
e x is t  b e tw e e n  g ro w th , s u b s tr a te  u t i l iz a t io n , a n d  b io s u r f a c ta n t  p ro d u c t io n . P ro d u c tio n  
u n d e r  g ro w th - l im it in g  c o n d i t io n s  is c h a ra c te r iz e d  b y  a  s h a rp  in c re a s e  in th e  b io s u r f a c ta n t  
lev e l a s  a  re su lt o f  a  l im ita tio n  o f  o n e  o r  m o re  m e d iu m  c o m p o n e n ts .  In th e  th ird  
fe rm e n ta t io n  s tra te g y , th e  b io s u r f a c ta n t  p re c u r s o r s  a re  a d d e d  to  th e  c u l tu re  m e d iu m , 
r e s u lt in g  in b o th  q u a l i ta t iv e  a n d  q u a n t i ta t iv e  c h a n g e s  in th e  b io s u r f a c ta n t  p ro d u c t  (D e sa i
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a n d  B a n a t, 1 9 9 7 ). U s in g  re s t in g  o r  im m o b iliz e d  c e lls , th e  m ic ro o rg a n is m  is s e p a ra te d  
fro m  th e  c u l tu re  m e d iu m  a f te r  c u l t iv a t io n  u n d e r  o p tim a l g ro w th  c o n d i t io n s  a n d  th e  w e t 
b io m a s s  is th e n  u se d  fo r  th e  b io s u r f a c ta n t  p ro d u c t io n . F o r  r h a m n o lip id  p ro d u c t io n , th e  
w id e ly -u s e d  fe rm e n ta t io n  s tra te g ie s  a re  p ro d u c t io n  u n d e r  g r o w th - l im it in g  c o n d i t io n s  a n d  
p ro d u c t io n  b y  re s t in g  o r  im m o b iliz e d  c e l ls  (N its c h k e  e t a l ,  2 0 0 5 ) .

M a n y  w o rk s  h a v e  d e m o n s tr a te d  th a t  th e  l im ita t io n  o f  m u l t iv a le n t  io n s  a n d  
n i tro g e n  c a u s e s  th e  o v e rp ro d u c tio n  o f  r h a m n o lip id s .  It w a s  r e p o r te d  th a t  th e  r h a m n o lip id  
p ro d u c t io n  b y  p .  aeru gin osa  D S M 2 6 5 9  w a s  p ro m o te d  a s  th e  iron  c o n c e n t r a t io n  in th e  
c u l tu re  m e d ia  w a s  re d u c e d  (G u e r ra -S a n to s  e t a l ,  19 84 ). M u ll ig a n  et a l. (1 9 8 9 )  fo u n d  
th a t  an  in o rg a n ic  p h o s p h a te - l im ite d  m e d iu m  p ro v id e d  th e  b e s t  y ie ld  o f  r h a m n o lip id  
p ro d u c t io n  b y  p .  aeru gin osa  A T C C  9 0 2 7 . M a ts u fu ji  et al. (1 9 9 7 )  r e p o r te d  th a t  a  h ig h  
p ro d u c t io n  o f  r h a m n o lip id s  w a s  a c h ie v e d  w h e n  p . aeru g in osa  1FO 3 9 2 4  w a s  c u l t iv a te d  
u n d e r  n i tro g e n - l im it in g  c o n d i t io n s  a t a c a rb o n  to  n i tro g e n  (C /N )  ra t io  o f  18 /1 , w h ile  
S a n ta  A n n a  et al. (2 0 0 2 )  fo u n d  th a t  a  C /N  ra tio  o f  60/1 c a u s e d  th e  o v e rp ro d u c t io n  o f  
r h a m n o lip id s  b y  p . aeru gin osa  P A  1. T h e s e  re su lts  s u g g e s t th a t  th e  e f fe c t  o f  C /N  ra t io  o n  
th e  rh a m n o lip id  p ro d u c t io n  d e p e n d s  o n  th e  b a c te r ia l s tr a in s . Y a te e m  e t al. (2 0 0 2 )  a lso  
re p o r te d  th a t an  in c re a s e  in th e  n i tro g e n  c o n c e n tra t io n  c a u s e d  a r e d u c t io n  o f  th e  
rh a m n o lip id  p ro d u c t io n  b y  p . aeru g in osa  K IS R  C l ;  h o w e v e r ,  th e  b a c te r ia l  g ro w th  w a s  
e n h a n c e d , le a d in g  to  an  in c re a s e  in th e  b a c te r ia l  n u m b e r . T h e  f e rm e n ta t io n  s tr a te g y  
in v o lv in g  p ro d u c t io n  b y  r e s t in g  o r  im m o b iliz e d  c e lls  c a n  b e  u se d  fo r  th e  c o n t in u o u s  
p ro d u c t io n  o f  rh a m n o lip id s .  J e o n g  e t a l. im m o b iliz e d  p .  aeru g in osa  B Y K -2  (K C T C  
1 8 0 1 2 P )  in p o ly (v in y l  a lc o h o l)  b e a d s , a n d  fo u n d  th a t  th e  re la t iv e  a c t iv i ty  o f  rh a m n o lip id  
p ro d u c t io n  w a s  m a in ta in e d  d u r in g  15 c y c le s  in a  r e p e a te d  b a tc h  c u l tu re  ( J e o n g  e t a l ,  
2 0 0 4 ) .

T o  fa c il i ta te  th e  in d u s tr ia l d e v e lo p m e n t o f  r h a m n o lip id  p ro d u c t io n , o n e  
p o s s ib le  m e th o d  to  d e c re a s e  th e  p ro d u c t io n  c o s t  is th e  u t i l iz a t io n  o f  a l te rn a t iv e  lo w -c o s t  
s u b s tra te s . F o r  rh a m n o lip id  p ro d u c t io n  b y  P seu dom on as, u rb a n  a n d  a g ro in d u s tr ia l  
w a s te s  w ith  a  h ig h  c o n te n t  o f  c a rb o h y d ra te s  o r  lip id s  m a y  m e e t  th e  r e q u i re m e n ts  fo r  u se  
a s  a l te rn a t iv e  s u b s tr a te s  (N its c h k e  et a l ,  2 0 0 5 ) . M e rc a d é  e t al. (1 9 9 3 )  sh o w e d  th a t  p .
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aeru g in osa  JA M M  N C 1 B  4 0 0 4 4  w a s  a b le  to  g ro w  o n  o liv e  o il m ill e f f lu e n t  a s  th e  so le  
c a rb o n  s o u rc e . A b a lo s  et al. (2 0 0 1 )  u se d  so y b e a n  o il r e f in e ry  w a s te s  fo r  th e  rh a m n o lip id  
p ro d u c t io n  b y  p . aeru g in o sa  A T  10. W a s te s  o b ta in e d  f ro m  s u n f lo w e r  ( B e n in c a s a  et a l ., 
2 0 0 2 , B e n in c a s a  a n d  A c c o rs in i ,  2 0 0 8 ) , s o y b e a n , c o t to n s e e d , b a b a s s u , p a lm , a n d  c o rn  o il 
r e f in e r ie s  (A b a lo s  et a l., 2 0 0 4 )  w e re  te s te d  fo r  rh a m n o lip id  p ro d u c t io n  b y  p . aeru g in osa  
LB1. T h e  u se  o f  th e s e  lo w -c o s t s u b s tr a te s  to  g e n e ra te  a v a lu a b le  p ro d u c t  c o m b in e s  w a s te  
m in im iz a t io n  in v e g e ta b le  o il p ro c e s s in g  w ith  e c o n o m ic a l  b io s u r f a c ta n t  p ro d u c t io n , 
h o p e fu l ly  le a d in g  to  a  re d u c t io n  o f  p o llu t io n  p ro b le m s  ( B e n in c a s a  a n d  A c c o r s in i ,  2 0 0 8 ).

2 .1 .4  P o te n tia l  A p p l ic a t io n s  o f  R h a m n o lip id s
R h a m n o l ip id s  h a v e  b e e n  sh o w n  to  h a v e  p o te n tia l  u s e  in s e v e ra l 

a p p l ic a t io n s ,  b u t m o s t  o f  th e  re se a rc h  h a s  fo c u s e d  o n  e n v ir o n m e n ta l  r e m e d ia t io n . 
C u r re n t ly ,  b io re m e d ia t io n  is th o u g h t  to  be  a s  a  c o s t-  a n d  p e r f o rm a n c e -e f fe c t iv e  
te c h n o lo g y  to  s o lv e  e n v iro n m e n ta l  p o llu tio n  p ro b le m s . T h e  p o l lu ta n ts  c a n  ra n g e  f ro m  
p o ly c y c lic  a ro m a tic  h y d ro c a rb o n s , re f in e d  p e tro le u m  p ro d u c ts ,  a c id  m in e  d ra in a g e , 
p e s t ic id e s ,  in d u s tr ia l w a s te , a n d  h e a v y  m e ta ls  to  c ru d e  o il (F in n e r ty , 1 9 9 4 ). W ith  th e  u se  
o f  rh a m n o lip id s ,  th e  b io d e g ra d a tio n  o f  th e s e  p o llu ta n ts  can  b e  s ig n if ic a n t ly  e n h a n c e d . It 
h a s  b e e n  fo u n d  th a t  th e  b io d e g ra d a tio n  o f  C a s a b la n c a  c ru d e  o il w a s  a c c e le ra te d  in th e  
p re s e n c e  o f  rh a m n o lip id s  p ro d u c e d  b y  p . aeru g in osa  A T  10 (A b a lo s  et a l ,  2 0 0 4 ) . Z h a n g  
et al. (1 9 9 7 )  re p o r te d  th a t r h a m n o lip id s  in c re a s e d  th e  s o lu b il i ty  o f  p h e n a n th re n e  
(p o ly c y c l ic  a ro m a tic  h y d r o c a r b o n s )  in a  te s t  s o lu t io n , r e s u lt in g  in th e  e n h a n c e m e n t  o f  
th e  p h e n a n th re n e  b io d e g r a t io n  ra te . In  a d d it io n , r h a m n o lip id s  p ro d u c e d  b y  p .  aeru g in osa  
U G 2  w a s  fo u n d  to  in c re a s e  th e  s o lu b il iz a t io n  o f  p e s t ic id e s , r e s u l t in g  in  th e  s t im u la t io n  
o f  b io d e g ra d a tio n  ra te  a n d  e x te n t  ( M a ta -S a n d o v a l  e t al., 2 0 0 0 ) . T h e  e n h a n c e m e n t  o f  
h e x a d e c a n e  b io d e g ra d a tio n  b y  r h a m n o lip id s  h a s  a ls o  b e e n  re p o r te d  (N o o rd m a n  e t al.,
2002).

B esid es their use as a pure culture, rham nolipids can also stim ulate the
biodegradation o f  contam inated soil and water. The potential use o f  rham nolipids
produced by p. aeruginosa J4 for the biodegradation o f  diesel-contam inated water and
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so il w a s  r e p o r te d  (W h a n g  e t a i ,  2 0 0 8 ) . C l if fo rd  et a l. (2 0 0 7 )  fo u n d  th a t  r h a m n o lip id s  
p ro d u c e d  b y  p . aeru g in osa  A T C C  9 0 2 7  s ig n if ic a n tly  im p ro v e d  th e  s o lu b il iz a t io n  o f  
te t ra c h lo r o e th y le n e  (P C E ) , a  c o m m o n  g ro u n d  w a te r  p o llu ta n t ,  in d ic a t in g  th e  p o te n tia l  
u s e  o f  th e  te s te d  b io s u r f a c ta n t  in s u r fa c ta n t-e n h a n c e d  a q u if e r  r e m e d ia t io n  (S E A R )  
a p p lic a t io n s .  C a s s id y  e t al. (2 0 0 2 )  a lso  s u g g e s te d  th a t  rh a m n o lip id s  m ig h t  b e  a p p lie d  in 
in tr in s ic  b io re m e d ia t io n  u s in g  in situ  r h a m n o lip id  p ro d u c t io n  a t  a n  a b a n d o n e d  p e tro le u m  
re f in e ry .

In s o m e  c a s e s ,  b io d e g ra d a tio n  p ro c e s s e s  a re  to o  s lo w  o r  in fe a s ib le , so  it is 
n e c e s s a ry  to  re m o v e  th e  c o n ta m in a n ts  f ro m  th e  e n v iro n m e n t ( M a ie r  an d  S o b e rô n -  
C h a v é z , 2 0 0 0 ) . U ru m  e t al. (2 0 0 5 )  in v e s t ig a te d  th e  re m o v a l o f  c ru d e  o il f ro m  so il in  a ir  
s p a rg in g  a s s is te d  s ti r re d  ta n k  re a c to rs  u s in g  tw o  s u r fa c ta n ts , s o d iu m  d o d e c y l  s u lfa te  
(S D S )  an d  r h a m n o lip id s .  T h e  r e s u lts  in d ic a te d  th a t  r h a m n o lip id s  r e m o v e d  o il. f ro m  th e  
c o n ta m in a te d  so il s a m p le  c o m p a ra b le  to  th e  te s te d  s y n th e t ic  s u r fa c ta n t .  B a i e t âl. (1 9 9 7 )  
re p o r te d  th a t  m o n o rh a m n o lip id  p ro d u c e d  b y  p . aeru g in osa  A T C C  9 0 2 7  d is p la y e d  
e f f ic ie n c y  in th e  re m o v a l o f  re s id u a l h e x a d e c a n e  f ro m  so il h ig h e r  th a n  th re e  s y n th e t ic  
su r fa c ta n ts :  S D S , p o ly o x y e th y le n e , an d  s o rb i ta n  m o n o o le a te . N o o r d m a n  et al. (1 9 9 8 )  
s h o w e d  th a t  r h a m n o lip id s  f ro m  p . aeru g in osa  U G 2  e f fe c t iv e ly  r e m o v e d  p h e n a n th re n e  
f ro m  so il. M u llig a n  a n d  W a n g  (2 0 0 6 )  fo u n d  th a t  rh a m n o lip id  fo a m  e f fe c t iv e ly  r e m o v e d  
in o rg a n ic  h e a v y  m e ta l, in c lu d in g  c a d m iu m  a n d  n ic k e l , f ro m  a  c o n ta m in a te d  so il s a m p le . 
T h e  re m o v a l o f  z in c , le a d  (H e rm a n  e t a i ,  1 9 9 5 ), a n d  c o p p e r  (M u l l ig a n  et a i ,  2 0 0 1 )  b y  
r h a m n o lip id s  h a s  a lso  b e e n  re p o r te d .

In so il r e m e d ia t io n  a p p lic a t io n s ,  o n e  o f  th e  im p o r ta n t  c o n s id e ra t io n s  is th e  
s iz e  o f  th e  s u r fa c ta n t  m ic ro s tru c tu re s .  B e c a u s e  c o n ta m in a n ts  a re  o f te n  fo u n d  in  v e ry  
s m a ll so il p o re s , th e  m o v e m e n t  o f  s u r fa c ta n t  m o le c u le s  th ro u g h  th e  so il c a n  b e  e a s i ly  
lim ite d  b y  th e  p o re  s iz e . T h e re fo re , th e  s iz e  o f  th e  rh a m n o lip id  m ic r o s tr u c tu r e s  s h o u ld  b e  
s tu d ie d  c lo s e ly  fo r  th e ir  e f fe c t iv e  u se . It w a s  p r e v io u s ly  re p o r te d  th a t  rh a m n o lip id s  c o u ld  
fo rm  v a r io u s  ty p e s  o f  m ic ro s tru c tu re s  in an  a q u e o u s  m e d ia  ( in c lu d in g  la m e lla r  s h e e ts , 
v e s ic le s , a n d  m ic e lle s ) , d e p e n d in g  o n  c o n c e n tra t io n  a n d  p H  ( C h a m p io n  e t a i ,  19 95 ; 
S a n c h e z  et a l., 2 0 0 7 ). T h e  s iz e s  o f  th e s e  rh a m n o lip id  m ic r o s tr u c tu r e s  ra n g e d  f ro m  le s s



15

th a n  5 0  ททา to  la rg e r  th a n  1 p m , w h ile  th e  s m a lle r -s iz e d  so il p o re s  w a s  in th e  ra n g e  o f  2 
p m -0 .2 m m . T h u s , th e  a p p ro p r ia te  s iz e  o f  rh a m n o lip id  m ic ro s tru c tu re  c o u ld  b e  a c h ie v e d  
b y  c o n tro l l in g  th e  c o n c e n tra t io n  an d  pH .

A lth o u g h  e c o n o m ic  c o n s id e ra t io n s  lim it th e  e x p a n s io n  o f  th e  
b io s u r f a c ta n t  m a rk e t, rh a m n o lip id s  h a v e  re c e n tly  b e e n  p ro d u c e d  o n  a la rg e  s c a le  b y  
J e n e i l  B io s u r fa c ta n ts  C o rp o ra tio n . T h e  d e v e lo p m e n t o f  c o s t - e f f e c t iv e  b io p ro c e s s e s  fo r  
rh a m n o lip id  p r o d u c t io n  c o u ld  p e rh a p s  lead  to  th e  w id e s p re a d  u se  o f  th e s e  s u r fa c e -a c t iv e  
c o m p o u n d s . B e c a u s e  o f  th e  d is t in g u is h in g  c h a ra c te r is t ic s  o f  rh a m n o lip id s ,  s e v e ra l 
in d u s tr ia l  a p p lic a t io n s ,  e s p e c ia lly  e n v iro n m e n ta l  re m e d ia t io n , m a y  b e  r e a l iz e d  in th e  
n e a r  fu tu re . It is  a lso  in te re s tin g  to  s tu d y  th e  c o n tr ib u tio n  o f  e a c h  rh a m n o lip id  
c o m p o n e n t  to  th e  p ro p e r t ie s  o f  th e  b io s u r f a c ta n t  p ro d u c e d  b y  th e  P seu dom on as  in o rd e r  
to  o b ta in  a b io s u r f a c ta n t  w ith  th e  d e s ire d  p ro p e r t ie s  fo r  s p e c if ic  p u rp o s e s . M o re o v e r , 
fu tu re  re se a rc h  f o c u s in g  o n  th e  s tru c tu ra l  m o d if ic a t io n  o f  r h a m n o lip id s  w o u ld  p ro b a b ly  
e n la rg e  th e  p o te n tia l  u s e  o f  th e s e  s u r fa c e -a c t iv e  c o m p o u n d s . K n o w le d g e  o f  th e  
b io lo g ic a l  a c t iv i t ie s  o f  r h a m n o lip id s  is a n o th e r  k e y  f a c to r  in in tro d u c in g  th e s e  s u r fa c e -  
a c t iv e  c o m p o u n d s  in h ig h  v a lu e -a d d e d  e x p lo i ta t io n , s u c h  a s  in c o s m e tic s ,  a n d  in th e  
p h a rm a c e u tic a l  in d u s try  a s  a n t i- c a n c e r  d ru g s . In  a d d it io n , th e  fo rm a tio n  o f  rh a m n o lip id  
v e s ic le s  m a y  p e rh a p s  m e e t th e  c r i te r ia  fo r  d ru g  d e l iv e ry  a p p lic a t io n s .

2.2 Surface Modification via Surfactant Adsorption at Solid-Liquid Interface

M u c h  e f fo r t  is u se d  to  try  to  d e s ig n , s y n th e s iz e ,  an d  f a b r ic a te  m a te r ia ls  w ith  
g o o d  m e c h a n ic a l p ro p e r t ie s , d u ra b ili ty , a n d  fu n c t io n a li ty . A l th o u g h  a ll o f  th e s e  
p ro p e r t ie s  a re  g o v e rn e d  b y  th e  b u lk  s tru c tu re  o f  th e  m a te r ia ls ,  th e  in te r a c t io n  a t th e  
o u te r m o s t  s u r fa c e  o f  m a te r ia ls , o r  th e  in te r fa c e , can  d ire c t ly  a f fe c t  th e  u t i l i ty  o f  th e  
m a te r ia ls  in  s o m e  a p p lic a t io n s . F o r  e x a m p le , in b io m e d ic a l a p p lic a t io n s ,  th e  b io lo g ic a l 
m e d ia ,  c e lls , a n d  t i s s u e s  in v ivo  a re  in c o n ta c t  w ith  im p la n t  su r fa c e s ;  th e re f o r e ,  th e  
b io in te ra c t io n , o r  th e  b io re s p o n s e , is m a in ly  c o n tro l le d  b y  th e  s u r fa c e  c h a r a c te r is t ic s  o f  
th e  m a te r ia ls , s u c h  a s  s u r fa c e  to p o g ra p h y , s u r fa c e  w e t ta b il i ty ,  s u r fa c e  c h e m is t ry ,  s u r fa c e
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c h a rg e , a n d  s u r fa c e  r ig id i ty .  T o  im p ro v e  th e  p ro p e r t ie s  o f  th e  m a te r ia ls  w i th o u t  lo s in g  
th e  k e y  p h y s ic a l  c h a r a c te r is t ic s ,  th e y  a re  s u r fa c e -m o d if ie d  u s in g  b io lo g ic a l ,  m e c h a n ic a l ,  
o r  p h y s ic o c h e m ic a l  m e th o d s . N o rm a l ly ,  th e  s u r fa c e  m o d if ic a t io n  te c h n iq u e s  fa ll  in to  
tw o  c a te g o r ie s :  c h e m ic a lly  o r  p h y s ic a l ly  a l te r in g  th e  a to m s , c o m p o u n d s , o r  m o le c u le s  in 
th e  e x is t in g  s u r fa c e ; a n d , o v e rc o a tin g  th e  e x is t in g  s u r fa c e  w ith  a  m a te r ia l  h a v in g  a  
d if f e re n t  c o m p o s it io n  ( R a tn e r  et al., 2 0 0 4 ) . T h e  s e le c te d  m e th o d s  sh o u ld  p ro v id e  th e  
m in im u m  th ic k n e s s  o f  th e  m o d if ie d  s u r fa c e  la y e r  to  g e t u n if o r m i ty , d u ra b il i ty ,  a n d  
f u n c t io n a li ty  o f  m a te r ia ls . T h ic k  s u r fa c e  m o d if ic a t io n  c a n  c a u s e  d e la m in a t io n , c ra c k in g , 
a n d  th e  c h a n g e s  in  th e  m e c h a n ic a l  a n d  fu n c t io n a l  p ro p e r t ie s  o f  m a te r ia ls  w h ile  th in  
tr e a tm e n t  is d i f f ic u l t  to  e n s u re  th a t  th e  e x is t in g  s u r fa c e  is  u n ifo rm ly  c o v e re d . H o w e v e r , 
th e  m o d if ie d  s u r fa c e s  c a n  h a v e  a s p e c i f ic  th ic k n e s s  w h e n  th e  a m p h ip h i l ic  m o le c u le s  a re  
in v o lv e d  in  th e  m o d if ic a t io n  p ro c e s s .

B y  u s in g  a  fu n d a m e n ta l  c h a ra c te r is t ic  o f  s u r fa c ta n ts ,  w h ic h  is th e ir  te n d e n c y  to  
a d s o rb  a t  th e  in te r fa c e  in an  o r ie n te d  fa sh io n , an  a d s o rb e d  s u r fa c ta n t  la y e r  c a n  b e  fo rm e d  
r e s u lt in g  in s u r f a c e -e n g in e e re d  m a te r ia ls  (R o s e n , 2 0 0 4 ) . T h is  a d s o rp tio n  p ro c e s s  is 
s tro n g ly  a f fe c te d  b y  a n u m b e r  o f  f a c to r s , lik e  th e  n a tu re  o f  th e  s tru c tu ra l  g ro u p s  o n  th e  
so lid  s u r fa c e , th e  m o le c u la r  s tru c tu re  o f  th e  s u r fa c ta n t  b e in g  a d s o rb e d  o r  th e  a d s o rb a te , 
a n d  th e  e n v iro n m e n t o f  th e  liq u id  p h a s e . T h e s e  fa c to rs  c a n  d e te rm in e  th e  a d s o rp tio n  
m e c h a n is m , th e  e f f ic ie n c y  a n d  e f fe c t iv e n e s s  o f  a d s o rp tio n .

S u r fa c ta n ts , b o th  s y n th e t ic  s u r fa c ta n ts  a n d  b io s u r f a c ta n ts ,  a r e  a d s o rb e d  in  th e  
fo rm  o f  s in g le  io n s  r a th e r  th a n  m ic e l le s ,  an d  th e re  a re  m a n y  m e c h a n is m s  in v o lv in g  th e  
a d s o rp tio n  o f  s u r fa c e - a c t iv e  s o lu te s  o n to  so lid  s u b s tr a te s ,  su c h  a s  io n  e x c h a n g e , io n  
p a ir in g , a c id -b a s e  in te r a c t io n , p o la r iz a t io n  o f  71 e le c tro n s , d is p e r s io n  fo rc e s , a n d  
h y d ro p h o b ic  b o n d in g .

Io n  e x c h a n g e  in v o lv e s  r e p la c e m e n t o f  c o u n te r io n s  a d s o rb e d  o n to  th e  s u b s tr a te s  
fro m  th e  s o lu t io n  b y  s im ila r ly  c h a rg e d  s u r fa c ta n t  io n s , w h ile  io n  p a ir in g  c a u s e s  
a d s o rp tio n  o f  s u r fa c ta n t  io n s  o n  o p p o s i te ly  c h a rg e d  s ite s  u n o c c u p ie d  b y  c o u n te r io n s . F o r  
a c id -b a s e  in te ra c tio n , e i th e r  h y d ro g e n  b o n d  fo rm a t io n  b e tw e e n  s u b s tr a te  a n d  a d s o rb a te  
o r  L e w is  a c id -L e w is  b a s e  re a c t io n  c o n tr o ls  th e  a d s o rp t io n  p ro c e s s  o f  s u r fa c ta n ts .
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Figure 2.3 A d s o rp tio n  o f  s u r fa c ta n ts  b y  io n  e x c h a n g e  (R o s e n , 2 0 0 4 ) .

Figure 2.4 A d s o rp tio n  o f  s u r fa c ta n ts  b y  io n  p a ir in g  (R o s e n , 2 0 0 4 ) .

C + O - H - O
N- H

N- H

Figure 2.5 A d s o rp tio n  v ia  h y d ro g e n  b o n d  fo rm a tio n  (R o s e n , 2 0 0 4 ).

W h e n  th e  a d s o rb a te  c o n ta in s  e le c tro n - r ic h  a ro m a tic  n u c le i  a n d  th e  so lid  
a d s o rb e n t  h a s  s tro n g ly  p o s i t iv e s  s ite s , th e  a t t ra c t io n  fo rc e  w ill  c a u s e  th e  a d s o rp tio n  v ia  
p o la r iz a t io n  o f  K e le c tro n s . In  c o n tra s t ,  L o n d o n -v a n  d e r  W a a ls  fo rc e s  a c t in g  b e tw e e n  
a d s o rb e n t  a n d  a d s o rb a te  m o le c u le s  r e s u lt s  in th e  a d s o rp tio n  v ia  d is p e r s io n  fo rc e s . In 
g e n e ra l , th e  a d s o rp tio n  b y  th is  m e c h a n is m  in c re a s e s  w ith  an  in c re a s e  in  th e  m o le c u la r  
w e ig h t  o f  th e  a d s o rb a te .
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Figure 2.6 A d s o rp tio n  v ia  L e w is  a c id -L e w is  b a s e  in te ra c tio n  (R o s e n , 2 0 0 4 ) .

Figure 2.7 A d s o rp tio n  v ia  d is p e r s io n  fo rc e s  o n  n o n -p o la r  s u r fa c e  (R o s e n , 2 0 0 4 ) .

Figure 2.8 A d s o rp tio n  f ro m  a q u e o u s  s o lu tio n  v ia  h y d ro p h o b ic  b o n d in g  o n  an  
u n c h a rg e d  s u r fa c e  ( R o s e n , 2 0 0 4 ) .

T h e  a d s o rp tio n  v ia  h y d ro p h o b ic  b o n d in g  o c c u rs  w h e n  th e  c o m b in a t io n  o f  
m u tu a l a t t ra c t io n  b e tw e e n  h y d ro p h o b ic  m o ie tie s  o f  th e  s u r fa c ta n t  m o le c u le s  a n d  th e ir  
te n d e n c y  to  e sc a p e  f ro m  an  a q u e o u s  e n v iro n m e n t is la rg e  e n o u g h  to  a l lo w  th e m  to  
a d s o rb  o n  th e  s u b s tr a te s  b y  a g g re g a tin g  th e ir  c h a in s ,  r e s u l t in g  in th e  fo rm a tio n  o f  
c o m p le x  s tru c tu re , l ik e  c y l in d r ic a l  a d m ic e lla r  s tru c tu re s  o n  so l id  su r fa c e s .
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A f te r  th e  a d s o rp tio n  o f  s u r fa c ta n ts  o n to  s u b s tr a tu m  s u r fa c e s ,  th e  s u r fa c e  
c h a ra c te r is t ic s  o f  th e  a d s o rb e n t  c a n  b e  m o d if ie d  b y  an  o r ie n ta t io n  o f  th e  a d s o rb e d  
su r fa c ta n t m o le c u le s . O r ie n ta t io n  w ith  th e ir  h y d ro p h o b ic  g ro u p s  p r e d o m in a n t ly  a w a y  
fro m  th e  s o l id  s u b s tr a te  w ill  m a k e  th e  s u r fa c e  b e c o m e  m o re  h y d r o p h o b ic  w h ile  th e  
o r ie n ta t io n  in o p p o s i te  fa sh io n  le a d s  to  an  in c re a s e  in s u r fa c e  h y d r o p h i l ic i ty  (R o s e n , 
2 0 0 4 ).

D u r in g  th e  p a s t  fe w  d e c a d e s , b o th  s y n th e tic  s u r fa c ta n ts  a n d  b io s u r f a c ta n ts  h a v e  
b e e n  u se d  to  m o d ify  th e  s u r fa c e  c h a ra c te r is t ic s  o f  m a te r ia ls  v ia  th e  a d s o rp tio n  p ro c e s s . 
F o r  e x a m p le , A m iji a n d  P a rk  (1 9 9 2 )  t r e a te d  th e  s u r fa c e s  o f  d im e th y ld ic h lo r o s i la n e -  
t r e a te d  g la s s  a n d  L D P E  w ith  tr ib lo k  c o p o ly m e rs  o f  p o !y (e th y le n e  o x id e ) - p o ly ( p r o p y le n e  
o x id e ) -p o ly (e th y le n e  o x id e )  ( P E O -P P O -P E O )  o r  P lu ro n ic s® . T h e  s tu d y  s h o w e d  th a t  
P lu ro n ics®  c a u s e d  th e  a b i l i ty  to  p re v e n t p la te le t  a d h e s io n  w h ic h  m a in ly  d e p e n d e d  o n  th e  
n u m b e r  o f  p ro p y le n e  o x id e  th a n  e th y le n e  o x id e . V e lra e d s  et al. (1 9 9 7 )  in v e s tig a te d  th e  
p o te n c y  o f  th e  b io s u r f a c ta n t  p ro d u c e d  b y  L actobacillu s acidoph ilu s  R C 1 4  to  re d u c e  th e  
in itia l a d h e s io n  o f  E nterococcus fa e c a lis  1131 o n  a h y d ro p h il ic  an d  a  h y d ro p h o b ic  
s u b s tra tu m . T h e  re s u lts  in d ic a te d  th a t  a d s o rb e d  b io s u r f a c ta n t  la y e rs  c a u s e d  an  im p o r ta n t , 
d o s e - re la te d  in h ib it io n  o f  th e  in itia l d e p o s i t io n  ra te  a n d  th e  n u m b e r  o f  a d h e re n t  b a c te r ia  
o n  b o th  h y d ro p h il ic  a n d  h y d ro p h o b ic  s u r fa c e s . R o d r ig u e s  e t al. (2 0 0 5 )  tr e a te d  s i l ic o n e  
ru b b e r  w ith  b io s u r f a c ta n t  f ro m  S trep tococcu s th erm ophilu s  A  in  o r d e r  to  in h ib it  
m ic ro b ia l  a d h e s io n . T h e  o b ta in e d  re su lts  in d ic a te d  th a t  th e  s i l ic o n e  ru b b e r  s u r fa c e  w ith  
a d s o rb e d  b io s u r f a c ta n t  la y e r  w a s  m o re  h y d ro p h il ic  th a n  b a re  s i l ic o n  ru b b e r , a n d  p re ­
t r e a tm e n t w ith  s u r fa c e -a c t iv e  c o m p o u n d  w a s  e f fe c t iv e  to  re d u c e  th e  m ic ro b ia l  a d h e s io n  
o n to  s i l ic o n e  ru b b e r .

2.3 Biological Responses to Surface Characteristics of Materials

A n n u a lly , m il l io n s  o f  p a t ie n ts  s u f fe r  f ro m  th e  lo s s  o r  f a i lu re  o f  a n  o rg a n  o r  
t i s s u e  a s  a  re s u lt  o f  a c c id e n ts  o r  d is e a s e s . A  g e n e ra l th e ra p y  to  t r e a t  th e s e  p a t ie n ts  is a  
t r a n s p la n ta t io n  o f  a n  o rg a n  fro m  o n e  in d iv id u a l to  a n o th e r  o r  a  t r a n s f e r  o f  t i s s u e  f ro m
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o n e  lo c a tio n  in th e  h u m a n  b o d y  to  th e  d is e a s e d  s ite . H o w e v e r , th e s e  t r e a tm e n ts  a re  s till 
im p e rfe c t  d u e  to  a d o n o r  s h o r ta g e  an d  th e  lim ita tio n  o f  d o n o r  s ite s . In o r d e r  to  so lv e  
th e s e  p ro b le m s , t i s s u e  e n g in e e r in g  is d e v e lo p e d . T h is  a p p ro a c h  r e p r e s e n ts  a  n e w  
in te rd is c ip l in a ry  f ie ld  a p p ly in g  a  se t o f  to o ls  a t  th e  in te r fa c e  o f  th e  b io m e d ic a l  a n d  
e n g in e e r in g  s c ie n c e s  th a t  u se  a  c o m b in a t io n  o f  p a t ie n t ’s o w n  c e lls  w ith  m a te r ia ls  to  a id  
t i s s u e  fo rm a t io n  o r  re g e n e ra tio n .

Patient

Figure 2.9 S c h e m a tic  i l lu s t ra t io n s  o f  ty p ic a l t i s s u e  e n g in e e r in g  a p p ro a c h e s  (L e e  an d  
M o o n e y , 2 0 0 1 ) .

F o r  t r e a tm e n t  o f  th e  fu ll th ic k n e s s  sk in  lo s s , su c h  a s  b u rn s , s k in  u lc e rs ,  a n d  d e e p  
w o u n d s , th e  is o la te d  t is s u e -s p e c if ic  c e lls  f ro m  a  s m a ll sk in  b io p s y  o f  th e  p a t ie n t  a re  
h a rv e s te d  in v itro  b e fo re  in c o rp o ra te d  in to  e n g in e e re d  m a te r ia ls  th a t  m im ic  th e  n a tu ra l  
e x t r a c e l lu la r  m a tr ic e s  (E C M ) o f  th e  b o d y , a s  s h o w n  in F ig u re  2 .9 . T h e s e  m a te r ia ls  n o t 
o n ly  p ro v id e  a  te m p o ra ry  s u b s tr a te  fo r  a d h e re n c e  o f  t r a n s p la n te d  c e lls  b u t a ls o  c o n tro l 
c e ll su rv iv a l a s  w e ll a s  b e h a v io r  o f  c e lls — p ro l if e ra t io n , m ig ra t io n , a n d  d if f e re n tia t io n . 
W h e n  m a te r ia ls  a re  in c o n ta c t  w i th  c e lls  o r  t i s s u e s , th e ir  s u r fa c e s  a re  r a p id ly  c o v e re d
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w ith  p ro te in s  th a t  a re  a d s o rb e d  f ro m  th e  s u r ro u n d in g  b o d y  f lu id s . N o rm a l ly ,  th e  n a tu re  
o f  th e  a d h e re n t  p ro te in  la y e r  is c o n tro l le d  by  th e  s u r fa c e  c h a r a c te r is t ic s  o f  th e  u n d e r ly in g  
s u b s tr a te s ,  re s u lt in g  in th e  in te ra c tio n  w ith  r e c e p to rs  in th e  c e ll  m e m b ra n e . T h is  
in te ra c tio n  p la y s  an  im p o r ta n t  ro le  in  th e  m e d ia t io n  o f  ce ll a d h e s io n  to  m a te r ia ls . A f te r  
ce ll a d h e s io n , m u l t ip le  fu n c tio n a l b io c h e m ic a l  s ig n a lin g  p a th w a y s  w ith in  th e  c e ll a re  
tr ig g e re d . In  g e n e ra l , th e  in te ra c tio n  b e tw e e n  c e l ls  an d  m a te r ia ls  is la rg e ly  c o n tro l le d  b y  
s u r fa c e  c h a ra c te r is t ic s  o f  m a te r ia ls  su c h  a s  s u r fa c e  to p o g ra p h y , s u r fa c e  w e t ta b il i ty ,  
s u r fa c e  c h e m is try ,  s u r fa c e  c h a rg e , a n d  s u r fa c e  r ig id ity .

2 .3 .1  B io lo g ic a l  R e s p o n s e s  to  S u rfa c e  T o p o g ra p h y
L a m p in  et al. (1 9 9 7 )  a n a ly z e d  c e ll a d h e s io n  a n d  s p re a d in g  o f  c h ic k  

e m b ry o  v a s c u la r  a n d  c o rn e a l  e x p ia n ts  c u l tu re d  o n  ro u g h  a n d  s m o o th  p o ly (m e th y l 
m e th a c ry la te )  (P M M A ). T h e  te s t  r e v e a le d  th a t s l ig h t ro u g h n e s s  ra is e d  th e  m ig ra tio n  a re a  
to  a n  u p p e r  e x te n t  n o  m a t te r  w h ic h  c e ll ty p e , a n d  ce ll a d h e s io n  p o te n tia l  w a s  e n h a n c e d  
r e la t in g  to  th e  d e g re e  o f  ro u g h n e s s .

C h o u  e t al. (1 9 9 8 )  s tu d ie d  th e  to p o g ra p h ic  e f fe c t  o f  c o m m e rc ia l ly  p u re  
t i ta n iu m  o n  ce ll m o rp h o lo g y  in e a r ly  p a s s a g e  h u m a n  g in g iv a l f ib ro b la s ts . F ro m  s c a n n in g  
e le c tro n  m ic ro g ra p h , it w a s  fo u n d  th a t  f ib ro b la s ts  o n  sm o o th  t i ta n iu m  re m a in e d  w ell 
sp re a d  a n d  ra n d o m ly  o r ie n te d  th ro u g h o u t  th e  c u l tu re  p e r io d . In  c o n tra s t ,  c e l ls  o n  
g ro o v e d  t i ta n iu m  w e re  o r ie n te d  a lo n g  th e  g ro o v e s  an d  p ro l if e ra te  in  th is  o rg a n iz a t io n  
th ro u g h o u t  th e  c u l tu re  p e r io d .

C h u n g  e t a l. (2 0 0 3 )  re p o r te d  th a t  th e  in c re a s e d  s u r fa c e  r o u g h n e s s  o f  
b io m a te r ia l  s u r fa c e s  e v e n  a t n a n o - s c a le  c o u ld  e n h a n c e  th e  a d h e s io n  a n d  g ro w th  o f  
h u m a n  u m b ilic a l  v e in  e n d o th e lia l  c e lls  (H U V E C s )  o n  r o u g h n e s s ,  d is p la y in g  th e  
p o te n tia l  u se  in  a p p l ic a t io n s  o f  t i s s u e  e n g in e e r in g .

B e rry  et a l. (2 0 0 4 )  c re a te d  r e g u la r  a r ra y s  o f  p i ts  o n  a  tw o -d im e n s io n a l  
q u a r tz  s u r fa c e  u s in g  m ic ro - fa b r ic a t io n  te c h n o lo g y  in o rd e r  to  e x a m in e  th e  in f lu e n c e  o f  
m ic ro -g e o m e try  o n  h u m a n  f ib ro b la s t  a t ta c h m e n t a n d  m o til i ty . T h e  re su lts  c le a r ly  
d e m o n s tr a te d  th a t  f ib ro b la s t  in te ra c tio n  w ith  th e  p i t  e d g e s  d e p e n d e d  o n  b o th  d ia m e te r  as
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w e ll a s  a n g le  o f  c ir c u m fe re n c e , an d  in te r  p i t  s p a c in g . In te r e s t in g ly , th e  h ig h e s t  ce ll 
p ro l ife ra tio n  ra te s  w e re  o b s e rv e d  on  th e  s m a lle r  p its .

V e rn o n  et al. (2 0 0 5 )  f a b r ic a te d  th in  p la n a r  c o l la g e n  m e m b ra n e s  (C M s )  
fro m  a ir -d r ie d  h y d ro g e ls  o f  f ib r il la r  ty p e  I c o l la g e n . T h e  e f fe c t  o f  m ic ro -g ro o v e d  
m e m b ra n e s  o n  b e h a v io r  o f  h u m a n  d e rm a l f ib ro b la s ts  ( H D F s )  a n d  h u m a n  u m b ilic a l  
a r te ry  sm o o th  m u s c le  c e lls  ( H U A S M C s )  w a s  o b s e rv e d . It w a s  r e v e a le d  th a t  C M s  
s u p p o r te d  ce ll a t ta c h m e n t ,  s p re a d in g , a n d  p ro l ife ra tio n  o f  b o th  c e ll  ty p e s ,  a n d  c e ll 
a l ig n m e n ts  w e re  in f lu e n c e d  b y  m ic ro -g ro o v e d  p a tte rn .

W a n  et al. (2 0 0 5 )  o b s e rv e d  a d h e s io n  a n d  p ro l i f e ra t io n  o f  O C T -1  
o s te o b la s t- l ik e  c e l ls  o n  m ic ro -  an d  n a n o - s c a le  to p o g r a p h y  s tru c tu re d  p o ly (L - la c t id e )  
(P L L A ). W h e n  c o m p a re d  to  sm o o th  s u r fa c e s  o f  P L L A , it w a s  fo u n d  th a t  o n ly  ce ll 
a d h e s io n  w a s  e n h a n c e d  b y  th e  c re a te d  m ic ro -  an d  n a n o - s c a le  ro u g h n e s s .

S c h u le r  e t a l. (2 0 0 6 )  s tu d ie d  ce ll a d h e s io n  a n d  s p r e a d in g  p a t te rn s  o f  
e p i th e lia l  c e lls , f ib ro b la s ts , a n d  o s te o b la s ts  o n  b io m im e tic a l ly  m o d if ie d , s m o o th  a n d  
ro u g h  t i ta n iu m  s u r fa c e s . T h e  f in d in g s  s h o w e d  th a t  m o re  f ib ro b la s ts  w e re  p re s e n t  o n  
sm o o th  th a n  o n  ro u g h  to p o g ra p h ie s  w h ile  o s te o b la s ts  s h o w e d  th e  o p p o s i te  te n d e n c y . 
E p ith e l ia l  ce ll a t ta c h m e n t d id  n o t f o l lo w  a n y  re g u la r  p a t te rn . T h e  fu r th e r  s tu d ie s  
in d ic a te d  th a t f o o tp r in t  a re a s  fo r  a ll c e ll  ty p e s  w e re  s ig n if ic a n t ly  re d u c e d  o n  ro u g h  
c o m p a re d  to  s m o o th  s u r fa c e s .

2 .3 .2  B io lo g ic a l R e s p o n s e s  to  S u r fa c e  W e tta b ili ty
v a n  d e r  V a lk  e t al. (1 9 8 3 )  s tu d ie d  c e ll  s p re a d in g  a n d  c e ll  d iv is io n  r a te  o f  a  

t r a n s fo rm e d  lin e  o f  m o u s e  lu n g  f ib ro b la s ts  o n  v a r io u s  p o ly m e r  s u r f a c e s  in th e  p re s e n c e  
o f  s e ru m  p ro te in s . T h e  o b ta in e d  r e s u lts  in d ic a te d  th a t  c e ll s p r e a d in g  a p p e a re d  
in d e p e n d e n t o f  th e  s u r fa c e  f re e  e n e rg y  w h ile  c e ll d iv is io n  ra te  w a s  th e  s a m e  o n  a ll 
s u r fa c e s  te s te d .

S c h a k e n ra a d  e t al. (1 9 8 6 )  d e te rm in e d  th e  e f fe c t  o f  s u r fa c e  f re e  e n e rg y  o f  
p o ly m e r ic  m a te r ia ls  o n  th e  s p re a d in g  a n d  g ro w th  o f  h u m a n  sk in  f ib r o b la s ts  in  b o th  th e  
p re s e n c e  a n d  a b s e n c e  o f  se ru m  p ro te in s . T h e  r e s u lt s  d e m o n s tr a te d  th e  c o m p le x
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re la t io n s h ip  b e tw e e n  c e ll  s p re a d in g  an d  s u r fa c e  f re e  e n e rg y  a s  w e ll  a s  th e  ro le  o f  se ru m  
p ro te in s  in  m o d ify in g  th e  s u r fa c e  c h a ra c te r is t ic s  o f  p o ly m e rs  in  re la t io n  to  c e ll s p re a d in g  
a n d  g ro w th .

L a m  et al. (1 9 9 5 )  o b s e rv e d  th e  in f lu e n c e  o f  s u r fa c e  w e t ta b i l i ty  o n  th e  
in f la m m a to ry  r e s p o n s e  a f te r  s u b c u ta n e o u s  im p la n ta t io n  in ra t  b y  c o m p a r in g  b e tw e e n  
p o ly (L - la c t ic  a c id )  (P L L A )  a n d  p o ly ( te t ra f lu o ro e th y le n e )  (P T F E )  f i lm s . T h e  c o n ta c t 
a n g le  m e a s u re m e n t in d ic a te d  th a t  P L L A  w a s  m o re  h y d ro p h il ic  th a n  P T F E . F ro m  th e  
o b ta in e d  re su lts , it w a s  c o n c lu d e d  th a t P L L A  p ro v o k e d  a  m o re  in te n se  in f la m m a to ry  
r e s p o n s e  th a n  P T F E  f ilm s .

R u a rd y  e t al. (1 9 9 5 )  in v e s tig a te d  a d h e s io n  a n d  s p re a d in g  o f  h u m a n  sk in  
f ib r o b la s ts  o n  g ra d ie n t  s u r fa c e s  o f  d ic h lo ro d im e th y ls i la n e  (D D S )  c o u p le d  to  g la s s . In  th e  
p re s e n c e  o f  s e ru m  p ro te in s ,  it w a s  fo u n d  th a t  h u m a n  sk in  f ib ro b la s ts  s e e d e d  o n  th e s e  
g ra d ie n t  s u r fa c e s  s h o w e d  a p re fe re n tia l  a d h e s io n  o n to  th e  s te e p e s t  p a r t o f  th e  g ra d ie n t  
a n d  th e  sp re a d  a re a  o f  c e l l s  in c re a s e d  o v e r  th e  le n g th  o f  th e  g ra d ie n t  s u r fa c e  w h e n  g o in g  
f ro m  th e  h y d ro p h o b ic  to  th e  h y d ro p h il ic  en d .

A l ta n k o v  e t al. (1 9 9 6 )  e x a m in e d  th e  a b i li ty  o f  h u m a n  f ib ro b la s ts  to  
re m o v e  a n d  r e c o g n iz e  f ib ro n e c tin  b o u n d  o n  m a te r ia l  su r fa c e s  a s  o n e  f e a tu re  o f  m a te r ia l  
s u r fa c e  b io c o m p a tib i l i ty .  T h e  e f fe c t  o f  w e tta b il i ty  a n d  o th e r  tr a d i t io n a l  p a ra m e te r s  o f  
b io c o m p a tib i l i ty  w e r e  to g e th e r  in v e s tig a te d . T h e  s tu d y  s u g g e s te d  th a t  th e  
re m o v a l / re c o g n i t io n  p ro c e s s  m ig h t  b e  m o re  s e n s i t iv e  to  th e  c h a n g e s  in s u r fa c e  
w e t ta b il i ty  th a n  o th e r  p a ra m e te r s .

W e b b  e t al. (1 9 9 8 )  p ro v id e d  a  r a n g e  o f  s u r fa c e  w e t ta b il i ty  b y  p re p a r in g  
m o d e l s u r fa c e s  w ith  d if f e re n t  fu n c t io n a l g ro u p s . T h e  b e h a v io r  o f  N IH  3 T 3  f ib ro b la s ts  
c u l tu re d  o n  m o d e l s u r fa c e s  w a s  s tu d ie d . T h e  o b ta in e d  re su lts  fo u n d  th a t  c e ll  a t ta c h m e n t , 
s p re a d in g , an d  c y to s k e le ta l  o rg a n iz a t io n  w e re  s ig n if ic a n tly  g re a te r  o n  h y d ro p h il ic  
s u r fa c e s  re la tiv e  to  h y d r o p h o b ic  s u r fa c e s . In te re s t in g ly , m o d e ra te ly  h y d r o p h i l ic  s u r fa c e s  
p ro m o te d  th e  h ig h e s t  le v e l o f  c e ll a tta c h m e n t.

K h a n g  e t al. (1 9 9 9 )  c re a te d  th e  w e t ta b il i ty  c h e m o g r a d ie n t  o n  th e  s u r fa c e s  
o f  p o ly (L - la c t id e - c o - g ly c o l id e )  (P L G A )  f i lm s  in o rd e r  to  in v e s t ig a te  th e  in te r a c t io n  o f
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f ib ro b la s ts  in te rm s  o f  th e  s u r fa c e  h y d ro p h i l ic i ty /h y d ro p h o b ic i ty  o f  P L G A  su rfa c e . A s  a 
re su lt , it w a s  o b s e rv e d  th a t  ce ll a d h e s io n , s p re a d in g , a n d  g ro w th  w e re  e n h a n c e d  a t th e  
p o s it io n  w ith  m o d e ra te  h y d ro p h il ic i ty  o f  th e  w e t ta b il i ty  c h e m o g ra d ie n t .

T a n g  e t al. (2 0 0 4 )  p re p a re d  p o ly  ( e - c a p ro la c to n e )  (P C L )  f i lm s  f ro m  fo u r  
s o lv e n t  s y s te m s  w h ic h  a re  c h lo ro fo rm , te t ra h y d ro fu ra n , a c e to n e , a n d  e th y l a c e ta te . T h e  
s u r fa c e  p ro p e r t ie s  a n d  th e  in f lu e n c e  o f  r e s u lt in g  f i lm s  o n  b e h a v io r  o f  m u r in e  (L 9 2 9 )  
f ib ro b la s ts  w e re  d e te rm in e d . It w a s  re v e a le d  th a t  c e l ls  fa v o re d  e th y l a c e ta te  c a s t  P C L  
f ilm s  w h ic h  h a d  r e la t iv e ly  lo w  c o n ta c t a n g le .

K e n n e d y  et al. (2 0 0 6 )  in v e s tig a te d  th e  e f fe c t o f  s u r fa c e  e n e rg y  o n  
f ib ro n e c tin -m e d ia te d  o s te o b la s ts  a d h e s io n , s p re a d in g , an d  p ro l i f e ra t io n  b y  c re a t in g  
g ra d ie n ts  in  s u r fa c e  e n e rg y  o f  a  g la s s  s l id e  c o a te d  w ith  a  s e l f - a s s e m b ly  m o n o la y e r  
(S A M ) o f  rc -o c ty ld im e th y lc h lo ro s ila n e  b e n e a th  a  uv la m p . F ro m  th e  e x p e r im e n ts ,  it w a s  
fo u n d  th a t  s u r fa c e  e n e rg y  d id  n o t a f fe c t  ce ll a d h e s io n  a s  w e l l  a s  c e ll s p re a d in g . 
H o w e v e r , th e  ra te  o f  p ro l if e ra t io n  w a s  lin e a r ly  d e p e n d e n t  o n  s u r fa c e  e n e rg y  an d  
in c re a s e d  w ith  in c re a s in g  h y d ro p h o b ic i ty .

2 .3 .3  B io lo g ic a l  R e s p o n s e s  to  S u r fa c e  C h e m is try
J o n e s  et a l. (1 9 8 6 )  in v e s t ig a te d  th e  ro le  o f  th e  c a r b o h y d ra te  re s id u e s  o f  

f ib ro n e c tin  c o n c e rn in g  th e  s p e c if ic it ie s  o f  th a t  g ly c o p ro te in  to  in te r a c t  w i th  f ib ro b la s t ic  
c e ll s u r fa c e s , g e la tin , a n d  h e p a r in . F ro m  c e ll  a d h e s io n  a n d  s p re a d in g  te s ts ,  th e  re su lts  
in d ic a te d  th a t  c a r b o h y d ra te  re s id u e s  o f  f ib ro n e c tin  a c te d  a s  m o d u la to r s  o f  b io lo g ic a l  
fu n c t io n s  o f  th e  g ly c o p ro te in .

S m e ta n a  e t al. (1 9 9 0 )  o b s e rv e d  th e  in f lu e n c e  o f  h y d ro g e l fu n c tio n a l 
g ro u p s  o n  th e  b e h a v io r  o f  m a c ro p h a g e s . It w a s  sh o w e d  th a t  h y d ro g e l  c o n ta in in g  a lk a l in e  
g ro u p s  in d u c e d  a  s p re a d in g  o f  m a c ro p h a g e s  w h ile  th e  m a te r ia ls  c o n ta in in g  a c id ic  g ro u p s  
in h ib ite d  s p re a d in g  o f  th e  m a c ro p h a g e s . In  a d d it io n , th e  fu s io n  o f  m a c ro p h a g e s  in to  
m u l t i-n u c le a te  c e l ls  w a s  in h ib ite d  o n  th e  s u r fa c e  o f  m a te r ia ls  c o n ta in in g  a c id ic  g ro u p s  
a n d  in c re a s e d  o n  th e  h y d ro g e l c o n ta in in g  a lk a l in e  g ro u p s .
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B a n e r je e  e t al. (2 0 0 0 )  p re p a re d  p o ly m e r  la te x  w ith  a d h e s io n  p e p tid e s  
lin k e d  to  th e  s u r fa c e  o f  th e  a c ry l ic  b e a d s  in o r d e r  to  in d u c e  a t ta c h m e n t a n d  s p re a d in g  o f  
c e l ls . A s  a r e s u lt ,  c o a le s c e d  f i lm s  o b ta in e d  f ro m  th e  m o d if ie d  la te x  p a r t ic le s  p ro m o te d  
a t ta c h m e n t o f  W T  N R 6  f ib ro b la s ts  w h ile  th e  f ilm s  f ro m  u n m o d if ie d  la te x  p a r t ic le s  
r e s is te d  th e s e  c e lls .

T e g o u lia  a n d  C o o p e r  (2 0 0 0 )  s tu d ie d  th e  e f fe c t  o f  s u r fa c e  c h e m is t ry  o n  th e  
a d h e s io n  o f  p o ly m o rp h o n u c le a r  le u k o c y te s  (P M N s )  u n d e r  f lo w  b y  u s in g  S A M s  o f  
a lk a n e th io la te  o n  g o ld  s u r fa c e s . C e ll a d h e s io n  w a s  o b s e rv e d  in th e  p re s e n c e  a n d  a b s e n c e  
o f  p re -a d s o rb e d  f ib r in o g e n . T h e  o b ta in e d  re su lts  d e m o n s tr a te d  th a t  P M N  a d h e s io n  
d e p e n d e d  o n  th e  te rm in a l fu n c t io n a li ty  a n d  p re - in c u b a t io n  o f  th e  s u r fa c e s  w ith  
f ib r in o g e n  d e c re a s e d  a d h e s io n  o n  a ll S A M s  e x a m in e d .

W e b b  e t al. (2 0 0 0 )  s tu d ie d  c e ll  b e h a v io r  o f  M C 3 T 3 -E 1  o s te o b la s ts  o n  
g la s s  s u r fa c e s  m o d if ie d  w ith  d if f e re n t  te rm in a l  s ila n e s . T h e  re su lts  fo u n d  th a t  M C 3 T 3 -  
E1 o s te o b la s t  b e h a v io r  v a r ie d  w ith  in d iv id u a l fu n c tio n a l g ro u p s  in d ic a t in g  th a t  it w a s  
s u r fa c e  c h e m is t ry  d e p e n d e n t .

S h u  et al. (2 0 0 4 )  m o d if ie d  a  th io l-m o d if ie d  h y a ru lo n a n  (H A )  w ith  
p e p tid e s  c o n ta in in g  th e  a r g in in e -g ly c in e -a s p a r t ic  a c id  (R G D ) s e q u e n c e  a n d  th e n  
c ro s s l in k e d  w ith  p o ly e th y le n e  g ly c o l d ia c ry la te )  (P E G D A ). T h e  m o d if ie d  h y d ro g e ls  
w e re  in v e s tig a te d  in v itro  an d  in vivo . T h e  o b ta in e d  re su lts  in d ic a te d  th a t th e  a t ta c h m e n t ,  
s p re a d in g , a n d  p ro l if e ra t io n  o f  c e lls  w e re  d r a m a tic a l ly  e n h a n c e d  o n  R G D -m o d if ie d  
s u r fa c e s  b u t o n ly  m o d e s tly  a c c e re la te d  in v ivo  t i s s u e  fo rm a tio n .

P a te l et al. (2 0 0 6 )  m o d if ie d  P M M A  b y  g ra f t in g  p o ly (e th y !e n e  g ly c o l)  
(P E G )  o n to  its  s u r fa c e s . T h e  s tu d y  fo u n d  th a t  P E G  re s is te d  c e ll a d h e s io n  a n d  p ro te in  
a d s o rp tio n , h o w e v e r ;  th e  fu n c t io n a liz a t io n  o f  g ra f te d  P E G  m o le c u le s  w ith  R G D  p e p tid e s  
r e s to re d  ce ll a d h e s io n  to  th e  s u r fa c e s  a s  w e ll a s  e n h a n c e d  c e ll a t ta c h m e n t a n d  s p re a d in g .

S a n tia g o  et al. (2 0 0 6 )  m o d if ie d  p o ly (c a rp ro la c to n e )  (P C L )  b y  c o v a le n tly  
a t ta c h in g  p e p t id e  s e q u e n c e s  d e r iv e d  f ro m  th e  e x t ra c e l lu la r  m a tr ix  ( E C M )  p ro te in  
la m in in  to  p o ly m e r  s u r fa c e s . T h e  p ro m o tin g  e f fe c t  o f  th e  m o d if ie d  P C L  o n  a t ta c h m e n t 
a n d  p ro l ife ra t io n  o f  a d ip o s e -d e r iv e d  s te m  c e lls  (A S C s )  w a s  in v e s t ig a te d . T h e  o b ta in e d
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re s u lts  in d ic a te d  th a t  P C L  su r fa c e s  tr e a te d  w ith  a  s u i ta b le  p e p t id e  s e q u e n c e  h a d  a 
s ig n if ic a n tly  g re a te r  n u m b e r  o f  A S C s  b o u n d  a f te r  c e ll s e e d in g .

2 .3 .4  B io lo g ic a l  R e s p o n s e s  to  S u r fa c e  C h a rg e
K a p u r  e t a l. (1 9 9 6 )  in v e s t ig a te d  th e  e le c tr ic a l  e f fe c t  o n  h u m a n  m o n o c y te -  

s u r fa c e  in te r a c t io n s  b y  u s in g  th e  n a n o fa b r ic a t io n  te c h n o lo g y  to  c o n tro l  s u r fa c e  c h a rg e  
d e n s i ty  a n d  m a in ta in  s u r fa c e  c h e m is t ry  a s  w e ll  a s  s u r fa c e  to p o g ra p h y . T h e  re su lts  
d e m o n s tr a te d  th a t  h u m a n  m o n o c y te s  r e s p o n d e d  in v itro  to  lo c a l s u r fa c e -c h a rg e  
h e te ro g e n e i ty  in  th e  a b s e n c e  o f  s u b s tr a te  to p o g r a p h y  an d  c o m p o s i t io n a l  v a r ia t io n .

L e e  e t al. (1 9 9 7 )  o b s e rv e d  in te ra c t io n  o f  C h in e s e  h a m s te r  o v a ry  c e lls  o n  
c h a r g e a b le  fu n c t io n a l g ro u p  g ra d ie n t  s u r fa c e s  p re p a re d  o n  lo w  d e n s i ty  p o ly e th y le n e  
(L D P E )  s h e e ts  b y  c o r o n a  d is c h a rg e  tr e a tm e n t  w i th  g ra d u a lly  in c re a s in g  p o w e r  a n d  g ra f t 
c o p o ly m e r iz a t io n  o f  d i f f e r e n t  m o n o m e rs . F ro m  s c a n n in g  e le c tro n  m ic ro g ra p h , it w a s  
o b s e rv e d  th a t  a la rg e  a m o u n t  o f  c e ll a t ta c h m e n t w a s  p re s e n te d  o n  p o s i t iv e ly  c h a rg e d  
s u r fa c e s  w h e n  c o m p a re d  to  th a t o n  n e g a tiv e ly  c h a rg e d  su r fa c e s .

Q iu  e t a l. (1 9 9 8 )  u s e d  a n  e le c tr ic a l  s t im u la t io n  s y s te m  to  in v e s t ig a te  th e  
in te r a c t io n s  b e tw e e n  ra t  b o n e  m a r ro w  s tro m a l c e l ls  a n d  c h a rg e d  s u b s tr a te s .  T h e  re su lts  
in d ic a te d  th a t  th e  p o s i t iv e ly  c h a rg e d  su r fa c e s  e n h a n c e d  c e ll  a t t a c h m e n t  b u t s u p p re s s e d  
c e ll s p re a d in g  a n d  d i f f e re n tia t io n  o f  r a t  b o n e  m a r ro w  s tro m a l c e lls .

2 .3 .5  B io lo g ic a l  R e s p o n s e s  to  S u rfa c e  R ig id i ty
C h o q u e t  e t a l. (1 9 9 7 )  s tu d ie d  c e l lu la r  r e sp o n s e  to  th e  r ig id i ty  o f  a n c h o r in g  

m a tr ix  b y  r e s t ra in in g  m o v e m e n t  o f  b e a d s  c o a te d  w ith  f ib ro n e c tin  o r  a n  a n t i- in te rg r in  
a n t ib o d y  w ith  an  o p tic a l  t r a p  o n  f ib ro b la s ts . T h e  re su lts  fo u n d  th a t  th e  s tre n g th  o f  th e  
in te rg r in -c y to s k e le to n  l in k a g e s  w a s  d e p e n d e n t  o n  m a tr ix  r ig id i ty  w h ic h  s e rv e d  a s  a  
g u id a n c e  c u e  in a  p r o c e s s  o f  m e c h a n o ta x is .

P e lh a m  a n d  W a n g  (1 9 9 7 )  in v e s t ig a te d  r e s p o n s e s  o f  c e l ls  to  m e c h a n ic a l 
p ro p e r t ie s  o f  th e  a d h e s io n  s u b s tra te  b y  c u l tu r in g  n o rm a l ra t k id n e y  e p i th e lia l  a n d  3T 3  
f ib ro b la s t ic  c e lls  o n  a  c o l la g e n - c o a te d  p o ly a c ry la m id e  s u b s tr a te  in  o rd e r  to  v a r y  th e
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f le x ib il i ty . T h e  o b ta in e d  r e s u lt s  r e v e a le d  th a t  c e lls  o n  f le x ib le  s u b s tr a te s  sh o w e d  re d u c e d  
s p re a d in g  a n d  in c re a s e d  ra te  o f  m o ti l i ty  o r  la m e ll ip o d ia l  a c t iv i ty  w h e n  c o m p a re d  w ith  
th o s e  o n  r ig id  su r fa c e s .

L o  e t al. (2 0 0 0 )  c u l tu re d  3 T 3  f ib ro b la s ts  o n  f le x ib le  p o ly a c ry la m id e  
s h e e ts  c o a te d  w ith  c o lla g e n  w h ic h  w a s  in tro d u c e d  a  t r a n s i t io n  in r ig id i ty  in  th e  c e n tra l  
r e g io n . T h e  s tu d y  d e m o n s tr a te d  th a t  c h a n g e s  in t is s u e  r ig id i ty  c o n tro l le d  a  n u m b e r  o f  
n o rm a l a n d  p a th o lo g ic a l  p ro c e s s e s  in v o lv in g  ce ll lo c o m o tio n .
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