
CHAPTER V
CONTROLLED HYDROPHOBIC/HYDROPHILIC CHITOSAN: 

COLLOIDAL PHENOMENA AND NANOSPHERE FORMATION

Abstract
T h e  N -p h th a lo y lc h ito sa n  g ra fted  p o ly e th y le n e  g ly co l)m e th y l e th e r (m P E G ) 

g iv es m ilk y  so lu tio n  w h e n  d isp e rs in g  in  w a te r  and  a  se rie s  o f  so lv en ts . T he 
a p p ea ran ce  o f  tu rb id ity  is d ep en d in g  o n  th e  ty p es o f  so lv en ts , i.e ., p ro tic  an d  ap ro tic  
so lv en ts . T h e  N -p h th a lo y lc h ito sa n  g ra fted  m P E G  sh o w s an  ag g reg a tio n  o f  sp h e re ­
lik e  p a r tic le s  as o b se rv e d  fro m  scan n in g  e lec tro n  m ic ro sc o p e  (S E M ). T h e  
in fo rm a tio n  fro m  tra n sm iss io n  e lec tro n  m ic ro sco p e  (T E M ) d ec la re s  th a t th e  sp h eres  
are  at n a n o  lev e l. W h e n  th e  ch a in  len g th  o f  m P E G  is as h ig h  as 5 X 103 D a lto n , th e  
sp h e re  s ize  b e c o m e s  as sm a ll as 8 0 -1 0 0  n m  in av erag e  as o b se rv e d  fro m  T E M . B y  
s im p ly  a d ju s tin g  th e  h y d ro p h o b ic /h y d ro p h ilic ity  on  c h ito sa n  ch a in , a  s tab le  
n an o sp h e re  c a n  b e  o b ta in ed  d irec tly .
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Introduction
F o r th e  p a s t d ecad es , th e  ra p id  p ro g re ss  in  an a ly tica l in s tru m e n t h as  b ro u g h t 

us to  an  u n d e rs ta n d in g  ab o u t th e  p e rfo rm a n c e  o f  p o ly m er c h a in  at m o le c u la r  level
[1]. U p  to  n ow , th e re  h av e  b een  sev e ra l rep o rts  ab o u t a  w e ll-d e fin e d  co llo id a l 
s tru c tu re  a t m ic ro - a n d /o r  n an o -sca le  w h e re  th e  n ove l p ro p e rtie s  a re  d isco v e red  [2 ], 
In  so m e  cases, th e  c o llo id  is in d u ced  b y  th e  se lf-ag g reg a ted  p o ly m e r [2] to  fo rm  
m icro  a n d /o r n a n o sp h e re s  u n d e r sp ec ific  c o n d itio n s , su ch  as th e  
h y d ro p h o b ic /h y d ro p h ilic ity  [3], ion ic  s tren g th  [2], and  h y d ro g e n -b o n d in g  n e tw o rk
[4], R ecen tly , n a n o sp h e re s  h av e  rece iv ed  m u c h  a tten tio n  as a  m a te ria l fo r ad v an ced  
ap p lica tio n s , e s p e c ia l ly ,  ca ta ly s ts  [5] an d  d ru g  d e liv e ry  sy s tem s (D D S ) [3], F o r 
D D S , th e  n a n o sp h e re s  a re  a ttrac tiv e  s in ce  th e  d ru g  in c o rp o ra tio n  can  b e  ach iev ed  
w ith o u t d e s tro y in g  th e  ac tiv e  s ites  fro m  h a rsh  reac tio n s  in  c o n ju g a tio n  s tep s, a t the  
sam e tim e  th e  se lf-ag g reg a tio n  is ev en tu a lly  fo rm ed  w ith o u t c ro ss lin k e r. AJcashi et 
al. [6 ] p ro p o se d  a  p o ly s ty ren e  co re -co ro n a  sp h ere  w h ic h  sh o w ed  th e  ab ility  to  
im m o b iliz e  p e p tid e  d ru g s  an d  an tib o d ies. H ere , it can  b e  e x p e c te d  th a t m ic ro  an d /o r 
n a n o sp h e re s  o b ta in ed  fro m  a b io p o ly m er b a c k b o n e  h av e  th e  ad v an tag es  ab o u t th e  
b io d e g ra d a b ility  [7], b io c o m p a tib ility  [ 8 ], b io a c tiv ity  [9], an d  n o n -to x ic ity  [10].

C h ito sa n  is an  a m in o p o ly sacch a rid e  in  a  d eace ty la ted  fo rm  o f  c h itin  w h ich  
ex is ts  as  th e  seco n d  m o s t ab u n d an t n a tu ra l po lym er. R ecen tly , th e  p ro d u c tio n  o f  
ch ito sa n  s p h e re s  f o r  D D S  w a s  c h a lle n g e d  v ia  so m e sp ec ific  p ro c e ss in g  te ch n iq u es  
such  as  su sp e n s io n  c ro ss lin k in g  [ 1 1 ], sp ray  d ry in g  co ag u la tio n  [ 1 2 ], 
e m u ls if ic a tio n /so lv e n t e v a p o ra tio n  [13]. T h e  sp h eres w e re  ach iev ed  in  th e  ran g e  o f  
1 0 -7 0 0  p m . U p  to  n o w , th e re  has b een  no  rep o rt ab o u t c h ito sa n  sp h eres  at m icro  
an d /o r n an o  level o b ta in e d  from  th e  ch em ica l m o d ific a tio n . T h e  fu n c tio n a liz ed  
ch ito sa n  s tu d ie d  b y  O u ch i et al. [14] m ig h t be  th e  fo rem o st ap p ro ach  sh o w in g  the  
in itia tio n  o f  se lf-ag g reg a tio n  o f  ch ito san .

F o r  th e  p a s t few  years, w e h av e  co n cen tra ted  on  th e  m o d if ic a tio n  o f  ch ito san  
b ased  o n  th e  b a la n c in g  o f  p o la rity  on  th e  ch a in  [15] in  o rd e r  to  o b ta in  no v e l 
d e riv a tiv es . T h ro u g h  a  sp ec ific  m o le c u la r  s tru c tu re  co m b in in g  w ith  th e  in te rac tio n  
in d u ced  fro m  ch ito sa n  and  so lv en t m o lecu le s , w e ex p ec t to  a ch iev e  th e  sp h eres  in  a 
c o n tro lla b le  s ize  w ith  h ig h  s tab ility  in  so lv en ts , e sp ec ia lly  w ate r. T h e  p re se n t w o rk  
is, th u s , fo cu sed  on  a  co n tro lled  s tru c tu red  ch ito san  b y  s im p ly  in tro d u c in g
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h y d ro p h o b ic /h y d ro p h ilic  g ro u p s  to  in d u ce  th e  sp h eres at th e  n an o -s iz e , w h ic h  h a rd ly  
o b ta in e d  fro m  g en era l p ro c e ss in g  tech n iq u es .

Experimental
Materials

C h ito sa n  w ith  9 0 %  d eace ty la tio n  (My =  1.7 X 105 D a lto n ) w as  su p p o rted  b y  
th e  ร e a fre sh  c  h ito sa n  (L ab ), C o ., L td ., T h a ilan d . P h th a lic  an h y d rid e  an d  su cc in ic  
an h y d rid e  w e re  p u rc h a se d  fro m  F lu k a  C h em ik a , S w itze rlan d . P o ly e th y le n e  
g ly co l)m e th y l e th ers  (m P E G , M n 550 an d  5 0 0 0  D a lto n ) w e re  o b ta in ed  fro m  A ld rich  
C h em ica l C o m p an y , Inc ., U S A . 1-E th y l-3 - (3 ’-d im e th y lam in o p ro p y l)ca rb o d iim id e , 
h e re in a f te r  ab b re v ia te d  as w a te r  so lu b le  ca rb o d iim id e  (W S C I), w as p u rc h a se d  from  
T C I, Jap an . 1-H y d ro x y -lH -b e n z o tr ia z o le , m o n o h y d ra te  (H O B t) w as  o b ta in e d  from  
B D H  L a b o ra to ry  S u p p lie s , E ng land . A ll ch em ica ls  w e re  u se d  w ith o u t fu rth e r 
p u rif ic a tio n .

Sample Preparation
A n  a m o u n t o f  m P E G  (M n =  5 000  D a lto n , 6  X 10 ' 3 m o le s)  w a s  re a c ted  w ith  

su cc in ic  an h y d rid e  (1 m o le  eq u iv  to  m P E G ) in  N, /V -d im ethy lfo rm am ide  (D M F ) a t 60 
๐c  fo r  o v e rn ig h t. T h e  m ix tu re  w as rep re c ip ita te d  in  d ie th y l e th e r to  o b ta in  m P E G - 
C O O H , 2a. C o m p o u n d  2a (0 .40  m o le s  eq u iv  to  N -p h th a lo y lc h ito sa n , 1 [1 6 ]) w as 
s tirred  w ith  1 (3.71 X 10 ‘ 3 m o les) at ro o m  tem p e ra tu re  fo r o v e rn ig h t in  D M F  
c o n ta in in g  H O B t (3 m o le s  eq u iv  to  2a) an d  W S C I (3 m o le s  eq u iv  to  2a). T he 
m ix tu re  w as  d ia ly zed  in  w a te r  an d  w ash ed  th o ro u g h ly  w ith  m e th a n o l to  o b ta in  w h ite  
p a rtic le s , 3a. C o m p o u n d  2b and  3b w as p rep a red  as s im ila r  to  2a an d  3a, 
re sp e c tiv e ly  b u t u s in g  m P E G  w ith  M n =  5 50  D alto n . T h e  N -p h th a lim id o  g ro u p  w as 
re m o v e d  as re p o rte d  [16] to  y ie ld  4a.

Characterization Part
C o m p o u n d  1: E lem en ta l A n a ly sis , A nal. C alcd . fo r (C i4 H i 3 0 6 N )o .8 

(C 6H n 0 4N)o.i (C 8H i30 5N )o.i : (% ) c, 56 .17 ; H , 4 .75 ; an d  N , 5 .20 . F o u n d : (% ) c, 
5 6 .1 8 ; H , 4 .45 ; an d  N , 4 .3 5 : F T -IR  (K B r, c m '1) 3472  (O H ), 1776 an d  1714  ( C = 0
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an h y d rid e ), an d  721 (a ro m a tic  ring ): 13c  C P /M A S  N M R  (8, p p m ) 23 .3  (C H 3 ), 57 .0  
(C -2 ), 6 4 .7  (C - 6 ), 7 3 .2  (C -3 , C -5 ), 80.5 (C -4 ), 100.4  ( C - l) ,  131.1 (a ro m atic  rin g ), and
169.1 ( C = 0 ) :  'H -N M R  (Ô, p p m ) 1.7 (C H 3 in  ace tam id e), 3 .4 -5 .0  (p y ran o se  rin g ), and
7 .6 -7 .7  (a ro m a tic  ring ).

C o m p o u n d  2a: FT-ER (K B r, c m '1) 3 472  (OH), 2 875  (C -H  s tre tch in g ), 1736 
( 0 = 0 ) ,  an d  1105 (C-O-C): 'H -N M R  (Ô, p p m ) 2 .4  (CH2 in  su cc in ic  an h y d rid e ), 3 .2  
(O-CH3), an d  3.5 (CH2 in  P E G ).

C o m p o u n d  3a: E lem en ta l A nalysis , A n a l. C a lcd . F o r
(C l4 H i306N)o.509(C245H47lOi22N)o.29l(C6Hii04N)o.027(C468H927 0  236N)o.073
(C 8H i 3 O 5N ) 0 .0 6 4 (C 2 3 9 H 4 7 iO i 2N ) 0 .0 3 6 : (% ) c, 54 .67 ; H , 8 .58 ; an d  N , 0 .52 . F o u n d : (% ) 
c, 5 6 .2 2 ; H , 4 .8 2 ; an d  N , 6 .82 : F T -IR  (K B r, c m '1) 3464  (O H ), 2 8 8 2  (C -H  stre tch in g ), 
1776 an d  1714  ( C = 0  an h y d rid e ), 1714 ( C = 0  ester), an d  721 (a ro m a tic  r in g ) :  'H -  
N M R  ( 8 , p p m ) 2 .4  (C H 2 in  su cc in ic  an h y d rid e ), 3 .2  (O -C H 3 ), 3 .5  (C H 2 in  P E G ), 2 .8 -
4 .7  (p y ran o se  rin g ), an d  7 .6 -7 . 8  (a ro m atic  ring ).

C o m p o u n d  4a: F T -IR  (K B r, c m '1) 3412 (OH), 2882 (C-H s tre tch in g ), 1714 
( C = 0  es te r), 1654 (am id e  I), 1549 (am id e  n), and  895 (p y ran o se  ring ): 'H -N M R  (8, 
p p m ) 1.8 (CH 3 in  ace tam id e ), 2.4 (CH2 in  su cc in ic  an h y d rid e ), 2.9 (O-CH3), 3.3 (CH2 

in  P E G ), 3.2-5.0 (p y ran o se  rin g ), and  7.6-7.7 (a ro m atic  ring).

Results and Discussion
In  th e  firs t step , N -p h th a lo y lc h ito sa n , 1 (p h th a lim id o  g ro u p  su b s titu tio n  =  80 

% ) w a s  p re p a re d  in  o rd e r  to  h av e  h o m o g en eo u s  reac tio n  system . A t th e  sam e  tim e , 
to  a ch iev e  th e  c o n tro lle d  h y d ro p h ilic /h y d ro p h o b ic  ch ito san , w e  c o n s id e r  p h th a lim id o  
g ro u p  as a  h y d ro p h o b ic  seg m en t and  m P E G  as a  h y d ro p h ilic  one. H o w ev e r, th e  
m P E G  in tro d u c tio n  o n to  ch ito san  ch a in  req u ire s  co n ju g a tin g  o r co u p lin g  agent. 
H ere , W S C I w as se lec ted  as a  c o n ju g a tin g  agent. T h e  m P E G  w as m o d if ie d  to  b e  
m P E G -C O O H , 2 w ith  su cc in ic  an h y d rid e  to  en h an ce  th e  reac tiv ity . C o m p a rin g  F ig . 
1(a) to  F ig . 1(b), th e  p eak  at 1736 c m ' 1 co n firm s th e  co n ju g a tin g  s tru c tu re  o f  2a v ia
este r b onds.
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In  th e  n e x t s tep , 2a w as in tro d u ced  o n to  1 to  o b ta in  w h ite  p a rtic le s , 3a. T he 
a m o u n t o f  m P E G  in c o rp o ra tio n  w as d e te rm in ed  b y  EA . A lth o u g h  th e  m o la r  ra tio  o f  
m P E G -C O O H  h as  b e e n  v a ried , th e  am o u n t o f  m P E G  a tta ch ed  o n to  c h ito sa n  w as 
sa tu ra ted  a t a  ce rta in  level. F o r ex am p le , th e  c o n ju g a tio n  o f  2a o n to  3a w a s  lim ited  
a t 0 .03  m o le s  eq u iv  to  p y ra n o se  rings. A t p resen t, w e  a re  s tu d y in g  th e  fac to r to  
co n tro l th e  m P E G  co n ju g a tio n .

In  th e  fina l step , th e  am ino  g ro u p s o f  ch ito san  w e re  reco v e red  to  o b ta in  4a. 
B y  co m p a rin g  th e  p e rfo rm a n c e  o f  3a an d  4a, w e c a n  c la rify  th e  e ffec t o f  
h y d ro p h o b ic /h y d ro p h ilic  ch a in  in v o lv ed  in  co llo id a l p h e n o m e n a  an d  sphere  
fo rm a tio n  (see  E ffect o f  A m ino  Group).

Colloidal Phenomena and the Effect of Solvents
C h ito sa n  an d  its  m o s t d e riv a tiv e s  are  in so lu b le  in  o rg an ic  so lv en ts  and  

w ate r. It is im p o rtan t to  n o te  th a t a lth o u g h  th e  N -p h th a lim id o  g ro u p  h as  n o t y e t b een  
rem o v ed , so o n  a fte r  th e  m P E G  w as co n ju g a ted  o n to  1 to  o b ta in  3a, th e  co m p o u n d  
g av e  a  m ilk y  so lu tio n  in  w a te r  and  th e  tu rb id ity  w as m a in ta in e d  ev en  a f te r  4 -5  days 
as sh o w n  in  F ig . 2 (a). T h is  ap p ea ran ce  m ig h t co m e fro m  th e  fac t th a t th e re  a re  som e 
h y d ra tio n s  b y  h y d ro g en  b o n d s  b e tw een  พ  a te r  a  n d  3 a ( a t o x y g e n  a  to m s o f  m  P E G ) 
(S c h e m e  2 (a)). T h e  d isp e rs io n  s tab ility  o f  3a also  re fle c ts  th e  fu n c tio n  o f  
p o ly e th y le n e  g lyco l ch a in s  ab o u t th e  s te ric  h in d ran ce  to  o b s tru c t c h ito sa n  ch a in  
p ack in g .

T h e  co llo id a l p h e n o m e n a  w e re  o b se rv ed  from  th e  tu rb id ity  in  a  se rie s  o f  
so lv en ts  as sh o w n  in  F ig . 2 (a). It w a s  fo u n d  th a t th e  tu rb id ity  lev e l w a s  la rg e ly  
d e p e n d in g  on  th e  ty p es o f  so lv en ts , i.e ., p ro tic  and  ap ro tic  ones. In  o rd e r  to  
u n d e rs ta n d  h o w  th e  tu rb id ity  is re la ted  to  the  in te rac tio n  b e tw e e n  3a a n d  so lv en t 
m o lecu le s , w e  tab u la te  th e  v a lu e s  o f  d ie lec tric  co n stan t an d  d ip o le  m o m e n t as w e ll as 
th e  a p p ea ran ce  o f  th e  tu rb id ity . H ere , th e  e ffec ts  are  fo cu sed  on  th e  h y d ro g en  
b o n d in g  an d  p o la r-p o la r  in te rac tio n .

In  th e  cases o f  p ro tic  so lv en ts  (1%  acetic  acid , m e th an o l, e th an o l, an d  iso ­
p ro p an o l) , th e  tu rb id ity  w as c lea rly  o b se rv ed  (F ig. 2 (a)). T h is  m ig h t co m e  fro m  the  
h y d ro g en  b o n d  fo rm a tio n  as d e ta iled  in  th e  case  o f  w ate r. W h en  it co m es to  iso ­
p ro p a n o l, th e  h y d ro p h o b ic ity  o f  the  so lv en t m ig h t red u ce  th e  h y d ra tio n ; as a  resu lt,
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th e  tu rb id ity  b ec o m e s  in s ig n ifican t. F o r  ap ro tic  so lv en ts , 3a is c o m p le te ly  d isso lv e d  
in  D M F  an d  d im e th y l su lfo x id e  (D M S O ), h o w ev er, it is  in so lu b le  in  to lu e n e  and  ท- 
h ex an e . T h e  rea so n  w h y  th e  tu rb id ity  co u ld  n o t be  se e n  in  th e  cases  o f  D M F  and  
D M S O  m a y  b e  d u e  to  b o th  h ig h  d ie lec tric  co n s tan t an d  h ig h  d ip o le  m o m e n t (T ab le
1). S ch em e  2 (b ) illu s tra te s  th e  co m p le te  d isso lv a tio n  o f  3a in  D M S O  w h e n  a  p o la r- 
p o la r  in te ra c tio n  o ccu rs  b e tw e e n  so lv en t m o lecu le s  (ร'f a t su lfu r  a to m ) an d  c h ito sa n  at 
n o t o n ly  m P E G  ch a in s  b u t a lso  p h th a lim id o  g ro u p s (ร" at o x y g en  a tom s). In  th e  cases 
o f  n -h e x a n e  an d  to lu en e , th e  p re c ip ita tio n  o f  3a m ig h t co m e  fro m  th e  la ck  o f  b o th  
h y d ro g e n  b o n d s  an d  p o la r-p o la r  in te rac tio n s .

It is im p o rta n t to  c la r ity  th e  d isp e rs io n  s tab ility  o f  3a in  ch lo ro fo rm . T h e  
low  d ie le c tr ic  co n s ta n t o f  c h lo ro fo rm  im p lie s  th e  d iff ic u ltie s  in  h y d ro g e n  b o n d  
fo rm a tio n  w ith  3a. O n  th e  o th e r han d , a  ce rta in  v a lu e  o f  d ip o le  m o m e n t (pt=l .04) 
su g g ests  a  c h a rg e -sep a ra ted  s tru c tu re  o f  c h lo ro fo rm  to  fav o r th e  in te ra c tio n  w ith  3a. 
A s a re su lt, th e  tu rb id ity  in  c h lo ro fo rm  w as less th an  th o se  in  ap ro tic  so lv en ts .

Formation of Spheres of Nano-Sizes
F ig . 3 (a) sh o w s th a t ch ito san  s ta rtin g  m ate ria l is  ir re g u la r  flakes. H o w ev er, 

a fte r  p h th a lo y la tio n , th e  c o m p o u n d  o b ta in ed  ( 1 ) ap p ea rs  as p a rtia lly  ro u n d  sh ap e  
(F ig . 3 (b )), im p ly in g  th e  sp h ere  in itia tio n  b y  th e  h y d ro p h o b ic  p h th a lo im id o  g roups 
(see  E ffec t o f  Am ino G roup). T h e  sp h erica l p a rtic le s  are  ร ig n ific an t a  f te r  m  P E G  
in c o rp o ra tio n  as seen  in  th e  cases o f  3a and  3b (F ig. 3 (c )-(e)). T h e  s izes  are 
a v e ra g e ly  o b se rv e d  to  b e  200 n m  fo r 3a (F ig . 3(c) an d  (d )) and  400 n m  fo r 3b (F ig . 
3 (e)) as d e te rm in e d  b y  S E M .

T h e  o b se rv a tio n  fro m  T E M  g iv es U S th e  in fo rm a tio n  ab o u t in d iv id u a l 
p a r tic le  to  d e te rm in e  th e  p re c ise  s tru c tu re  an d  size  (F ig . 4). C o m p o u n d s  3a an d  3b 
are  id e n tif ie d  to  b e  sp h e re s  at th e  av e rag e  s izes o f  80 n m  an d  400 n m , resp ec tiv e ly . 
T h e  d iffe re n t sp h e re  s ize  m ig h t re la te  to  th e  ch a in  len g th  o f  m P E G . S e riz a w a  e t al. 
[17] re p o rte d  p o ly s ty re n e -m P E G  co re -co ro n a  n an o sp h e re s  w h e re  th e  lo n g er m P E G  
ch a in  g av e  th e  sm a lle r  sp h eres. H ere , w e  a lso  found  th a t th e  h ig h e r th e  m o le c u la r  
w e ig h t o f  m P E G  is, th e  sm a lle r  th e  sp h ere  s ize  w ill b e  as c h a rac te riz ed  b y  T E M .
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A lth o u g h  th e  d ry in g  p ro cess  in  sam p le  p re p a ra tio n  fo r e ith e r S E M  o r  T E M  
m ay  b r in g  th e  p h y s ic a l s tru c tu re  d e fo rm a tio n , th e  re su lts  o b ta in e d  d e c la re d  th e  
reg u la r  s iz e  o f  sp h e rica l p a rtic le s . W e  sp ecu la ted  th a t th e  sp h e re  fo rm a tio n  m ig h t 
o ccu r m a in ly  fro m  th e  ag g reg a tio n  o f  c h ito sa n  ch a in s  u n d e r  th e  h y d ro p h o b ic  and  
h y d ro p h ilic  in te ra c tio n  as sh o w n  in S ch em e  2 (a) ra th e r th an  th e  sw e llin g  e ffec ts , and  
th u s  th e  sp h erica l s tru c tu re s  are  m a in ta in ed . A s a  re su lt, in  th e  case  o f  p ro tic  
so lv en ts , th e  s tro n g  in te ra c tio n  in d u ced  b y  th e  so lv en t en h an ces  th e  sp h e re  fo rm a tio n  
as ev id e n c e d  in  F ig . 3 (c )-(e) and  Fig. 4.

Effect of Amino Group
It sh o u ld  b e  n o te d  th a t 1 a lso  g iv es  m ilk y  so lu tio n  in  w a te r  (F ig . 2 (c)). 

T h is  m ig h t b e  d u e  to  th e  ten d en cy  to  fo rm  se lf-ag g reg a tio n  b a se d  o n  th e  h y d ro p h o b ic  
p h th a lim id o  g ro u p s o n  ch ito sa n  chain . T h e  s tab le  d isp e rs io n  u n d e r n a n o sp h e re  
fo rm a tio n  is  sa tis f ied  w h e n  th e  ch ito san  ch a in s  hav e  b o th  th e  p h th a lim id o  g ro u p s  an d  
p o ly e th y len e  g ly co l ch a in s  (see  Form ation o f  Spheres o f  N ano-Sizes). W h en  
p h th a lim id o  g ro u p s w e re  rem o v e d  from  3a to  o b ta in  4a, th e  tu rb id ity  co u ld  n o t b e  
o b se rv ed  an y m o re  an d  th e  c o m p o u n d  p re c ip ita te d  (F ig. 2 (b )). In  ad d itio n , co m p o u n d  
4a d is s o lv e s  v e r y  w e l l  i n  a c e t ic  a c id . T h is  m ig h t be  re la te d  to  th e  p ro to n a tio n  o f  
am in o  g ro u p s  an d  th e  h y d ro g en  b o n d s b e tw een  w a te r  m o le c u le s  an d  m P E G  cha ins. 
Elere, S E M  p h o to g ra p h  a lso  co n firm ed  th a t 4a d o es  n o t sh o w  th e  sp h e re -lik e  
s tru c tu re  (F ig . 3 (f)).

Conclusion
N -p h th a lo y lc h ito sa n  g ra fted  m P E G  w as a g o o d  m o d e l to  fu lfill th e  

c o n d itio n s  fo r co llo id a l p h e n o m e n a  w h e re  th e  n a n o sp h e re s  w ere  in d u ced . T h e  
s ta b ility  o f  th e  a p p ea ran ce  o f  m ilk y  so lu tio n  w as en h an ced  in  p ro tic  so lv en ts  w h ere  
th e  h y d ro g e n  b o n d s  w e re  acco m p lish ed . T h e  m P E G  w ith  M n =  5 0 0 0  D a lto n  g ives 
th e  sp h e re s  w ith  th e  s izes  ab o u t 8 0 -1 0 0  nm , w h e rea s  m P E G  w ith  Mn =  550  D a lto n  
p ro v id es  th e  sp h e re  w ith  th e  av erag e  s ize  o f  4 0 0 -5 0 0  n m  as d ec la red  b y  T E M . A t 
p resen t, w e  are  s tu d y in g  th e  re la ted  d e riv a tiv es , th e  e ffec ts  o f  m P E G  ch a in  len g th  and  
c o n te n t as w e ll as th e  p o te n tia l ap p lica tio n s.
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H,N —NH,
HO

-OR

NHR
o

OR NHCOCHj

R = —C-CHr CHr C-0-(CHr CHrO)n-CHj
4a: ท = 113 4b: ท = 12

Scheme 1 (Yoksan et al.)
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Chitosan Chain
cfOoo mPEG Chain

9  Phthalimido Group

(a) Protic solvents, i.e. H 20 (b) Aprotic solvents with high dipole 
moment, i.e. D M S O

Scheme 2 (Yoksan et al.)
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Figure Captious

Fig. 1 FTIR spectra of (a) mPEG, (b) 2a, (c) chitosan, (d) 1, (e) 3a, and (f) 4a 
Fig. 2 Appearance of (a) 3a, (b) 4a dispersed in various solvents: a water, b 1% 
acetic acid, c methanol, d ethanol, e iso-propanol, f chloroform, g DMSO, h DMF, i 
toluene, and j n-hexane, and (c) 1 dispersed in water 
Fig. 3 Scanning electron microscopy photographs at 25 kv of (a) chitosan 
(15,000x), (b) 1 (20,000x), (c) 3a (20,000x), (d) 3a (50,000x), (e) 3b (20,000x), and 
(f) 4a (20,000x)
Fig. 4 Transmission electron microscopy photographs at 30,000x of (a) 3a and (b) 
3b



Wavenumber / cm'1

Fig. 1 (Yoksan et al.)
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Fig. 2 (Yoksan et al.)
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Fig. 3 (Yoksan et al.)
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Fig. 4 (Yoksan et al.)
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Table Caption

Table 1 Evaluation of colloidal formation of 3a in various solvents relating to 
dielectric constant and dipole moment
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Solvents Dielectric constant3 Dipole moment3 Appearance13

at 25 °c / Debye / Debye
Water 78.54 1.85 ±
Methanol 32.63 1.70 +
Ethanol 24.30 1.69 ±
Iso-propanol 15.80 1.58 +
Chloroform 4.81 1.04 ±
DMSO 47.00 3.96 +
DMF 36.70 3.82 +
Toluene 2.38 0.38 -
n-Hexane 1.89 0.08 -

a Liée DR (eds) Handbook of Chemistry and Physics, 72nd edn. CRC Press, USA, 
pp 8-51,8-49, and 9-18-9-26 

b ±, Colloidal formation; +, Solvation; -, Precipitation

Table 1 (Yoksan et al.)
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