
CHAPTER IV
SYNTHESIS AND ENCAPSULATION OF MAGNETITE NANOPARTICLES

IN PLGA

4.1 Abstract

H y d ro p h o b ic  su p e rp a ra m a g n e tic  iro n  o x id e  n a n o p a rtic le  (S P IO N ) 
e n c a p su la te  w ith in  p o ly (D ,L -la c tid e -c o -g !y c o lid e )  (P L G A ) p a r tic le s  w ere  p re p a re d  
by  th e  w /o /w  e m u ls io n  te c h n iq u e  u s in g  P V A  as a  su rfac tan t. T h e  o le ic  ac id  su rface  
o f  th e  S P IO N s an d  th e ir  su sp e n s io n  w e re  to  en su re  su ff ic ie n t e n tra p m e n t in  th e  
P L G A  m a trix  a t th e  f irs t o il ph ase . T h e  a m o u n ts  o f  P L G A  e n tra p m e n t w ere  v a r ie d  (5 
m g /m l, 15 m g /m l, 30 m g /m l, 45 m g /m l, an d  60  m g /m l) to  in v es tig a te  th e  e ff ic ie n c y  
o f  c o m p o s ite  S P IO N -P L G A  n a n o p a rtic le s  fo r d ru g  lo a d in g  and  d ru g  re lease . T h e  
o b ta in ed  c o m p o s ite  p a r tic le s  w ere  a lm o s t sp h e rica l, w ith  the  m a g n e tite  p a r tic le s  
ran g in g  in  d ia m e te r  fro m  6  nm  to  17 tim , in d iv id u a lly  d isp e rse d  in to  th e  P L G A  
p a rtic le s , as c o n firm e d  b y  tra n sm iss io n  e lec tro n  m ic ro sc o p y  (T E M ). S izes  o f  th e  
c o m p o s ite  p a r tic le s  v a rie d  fro m  3 00  n m  to  4 0 0  n m , m e asu red  by  d y n am ic  lig h t 
sc a tte rin g  (D L S ), w h ile  th e  ze ta  p o te n tia l rem a in ed  a b o u t -25 m V , in d e p e n d e n tly  o f  
S P IO N  p re sen ce . S a tu ra tio n  m a g n e tiz a tio n  w as m e a su re d  by  a  v ib ra tin g  sam p le  
m a g n e to m e te r  (V S M ), th e  m a g n e tiz a tio n  p ro p e rtie s  w ere  fo u n d  to  be  p ro p o rtio n a l to  
th e  a m o u n t o f  m ag n e tite  in  P L G A . T h e  h ig h  m a g n e tiz a tio n s  (36  e m u /g  to  50 em u /g ) 
u n d e r e x te rn a l m ag n e tic  fie ld  d e m o n s tra te d  th a t th e  b io d e g ra d a b le  c o m p o s ite  
n a n o p a rtic le s  w e re  su ita b le  as a  p o te n tia l p la tfo rm  fo r a m o d e l o f  m ag n e tic  d ru g  
c a rr ie r  fo r ta rg e te d  d e liv e ry

Keywords: N a n o p a r tic le s / M a g n e tite / S u p e rp a ra m a g n e tic  iro n  o x id e / D o u b le  
e m u ls io n  m a th o d
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4.2 Introduction

M ag n e tic  n a n o p a rtic le s  (M N P s) h av e  b e e n  u sed  in  v a r io u s  b io lo g ic a l an d  
b io m e d ic a l a p p lic a tio n s  su ch  as b io m ag n e tic  sep a ra tio n , h y p e rth e rm ia  tre a tm e n t, and  
d ru g  ta rg e tin g  [1], T h e y  ac t as  m ag n e tic  re so n a n c e  im ag in g  (M R I) c o n tra s t ag en t, 
w h ic h  a lre a d y  rece iv ed  so m e c lin ica l accep tan ce . D ev e lo p m e n t o f  m o le c u la r  and  
c e llu la r  im ag in g  a im s  fo r  v isu a liz in g  the  d ise a se -sp e c ific  b io m a rk e r  a t th e  m o le c u la r  
an d  c e llu la r  lev e ls , w h ic h  led  to  p re v a le n t re c o g n itio n  th e  m a g n e tic  n a n o p a rtic le  as 
M R I c o n tra s ts  [2], S u p e rp a ram ag n e tic  iro n  o x id e  n a n o p a rtic le s  (S P IO N s) hav e  
a b ility  as  an  im p o rta n t m a te ria l to  e n h an ce  m ag n e tic  re so n a n c e  co n tra s t. F o r 
e x a m p le , m ag h em ite  iro n  (II) n an o p a rtic le s  a tta c h e d  to  b en to n ite  c lay  su rfa c e  w ill 
re su lt in  a  h ig h ly  e ff ic ie n t n eg a tiv e  o ra l c o n tra s t ag en t fo r M R I d ia g n o s tic s  o f  the  
a d ja c e n t ab d o m in a l a re a s  and  sm all b o w el in c lu d in g  p an c rea s  a n d  c h o le d o c h  [ 1 ]. 
A lth o u g h  n o t y e t c ap ab le  o f  re ach in g  levels  o f  sa fe ty  an d  e ff ic a c y  fo r re g u la to ry  
a p p ro v a l, p re -c lin ica l s tu d ie s  in d ica ted  th a t so m e  o f  th e  sh o rt c o m in g  o f  m ag n e tic  
d ru g  ta rg e tin g , su ch  as th e ir  to x ic ity  [3], p o o r p e n e tra tio n  d ep th , a n d  d iffu s io n  o f  the  
re le a se d  d ru g  fro m  th e  d isease  s ite  [4], can  b e  o v e rco m ed  b y  im p ro v e m e n t in  
m ag n e tic  ta rg e ted  c a rr ie rs  design . F u rth e rm o re , en c a p su la te  M N P s  as a  d ru g s  c a rrie r  
th a t m e a n  o f  rea l- tim e  m o n ito rin g  o f  d ru g  d e liv e ry  is an  a re a  o f  in ten se  in te rest.

T h e  use  o f  ex te rn a l m ag n e tic  fie ld  w ith  S P IO N s as e ffe c tiv e ly  d ire c t to  
sp e c if ic s  tissu e  in th e  b o d y , e n c ap su la ted  m a g n e tic  n a n o p a rtic le  w ith  a  la y e r o f  
b io d e g ra d a b le  p o ly m e r o r  ev en ly  d is tr ib u te d  in  th e  m a trix  o f  p o ly m e r hav e  a lso  been  
re p o rte d  an d  w id e ly  re sea rch  to  a tta in  c o n tro lle d  re lease  w ith  re sp e c t to  b o th  tim e  
an d  lo ca tio n  [5]. T h e  co a ted  S P IO N s w ith  b io c o m p a tib le  p o ly m e r a im  to fo rm  stab le  
n o n -to x ic  aq u eo u s  d isp e rs io n  o f  m ag n e tic  n an o p a rtic le . T h e  c o v e re d  p o ly m e rs  h av e  
re su lte d  in  red u ce  a g g reg a tio n  p ro b lem  o f  the  u n c o a te d  M N P s an d  lo w er its  to x ic ity
[6 ]. T h ese  b io d eg rad ab le  and  b io co m p a tib le  in c lu d e  h y d ro p h o b ic  p o ly e s te r  su ch  as 
p o ly (D ,L -la c tid e -c o -g ly c o lid e )  (P L G A ), P o ly (D ,L -la c tid e ) (P L A ), and  
p o ly (g ly c o lid e )  (P G A ) [7],

P o ly (D ,L -la c tid e -c o -g ly c o lid e ) (P L G A ) a re  s ig n ific a n t fo r tissu e  
e n g in e e r in g  a p p lic a tio n s  an d  d e liv e ry  sy s tem  b ecau se  th ey  a re  b io d e g ra d a b le , 
b io c o m p a tib le , n o n -to x ic  [8 ], h ig h  reg a rd in g  fo r sa fe ty  b io d e g ra d a b ility  in  th e  b o d y
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a n d  ap p ro v a l b y  th e  บ .ร . F o o d  an d  d ru g  A d m in is tra tio n  (F D A ) [9]. W h en  
m ic ro sp h e re s  fo rm u la te d , d ru g  d e p o t w as  fo rm e d  as a d v a n ta g e  by  d irec t in jec tio n  in 
a  tis su e  fro m  w h ic h  th e  s lo w ly  re lea sed  o f  d ru g  o ccu rred . P L G A  m ic ro p a rtic le s  
e n c a p su la tin g  a  d e c o y  o lig o d e o x y n n c le o tid e  (O D N ) a g a in s t n u c lea r facto-K B  (N F - 
kB) ab le  to  re le a se  d eco y  O D N  a t a  c o n s ta n t ra te  fo r a b o u t 40 days [10]. P L G A  
e n c a p su la tio n  o f  S P IO N s w as u se d  to  s tu d y  th e  d is tr ib u tio n  o f  n a n o p a rtic le  in  
c h in c h illa  c o c h le a e , th e  n a n o p a rtic le  w ere  d is tr ib u te d  in  th e  c h in c h illa  ro u n d  w in d o w  
m e m b ra n e  [11], H o w e v e r, m ic ro sp h e re  s ize  h as  a  s ig n if ic a n t e ffe c t on  th e  e ff ic ie n t o f  
d ru g  lo ad in g  a n d  d ru g  re lea se  ra te  an d  can  p o te n tia lly  be  v a ried  to  d e s ig n  a  d ru g  
d e liv e ry  sy s tem  c o n tro lle d  w ith  d e s ire d  re le a se  p ro file . M a th e m a tic a l m o d e lin g  
p ro v id e  th e  e ffe c t o f  m ean  d ia m e te r  o f  P L G A  m ic ro sp h e re  o n  d ru g  re lease , 
P iro x ic a m -lo a d e d  P L G A  m ic ro sp h e re  h a v in g  m ean  s ize  fro m  13.5-76 p m , re su lt in  
d ru g  in itia l re le a se  ra te  d e c re a sed  w ith  an  in c rea se  in m ic ro sp h e re  s ize  in c rea se  [ 1 2 ],

S ev era l m e th o d s  h av e  b een  d e v e lo p e d  to  p re p a re  m ag n e tic  p o ly m eric  
n a n o p a rtic le s  in c lu d in g  w a te r- in -o il (w /o ) s in g le  e m u ls io n , w a te r- in -o il- in -w a te r  
(w /o /w ) d o u b le  em u ls io n , c o a se rv a tio n  [13], in v erse  m ic ro e m u ls io n  p o ly m e riz a tio n , 
an d  m in ie m u ls io n  p o ly m e riz a tio n  [14]. T h e  m a in  re q u ire m e n t is th a t th e  all the  
m a g n e tite  n a n o p a rtic le s  are  tra n s fe re d  ev e n ly  in to  th e  re su ltin g  p o ly m eric  
n a n o p a rtic le s . T h e  m o st in te re s tin g  o n e  is w /o /w  d o u b le  e m u ls io n  th a t b e s t su ited  to 
e n c a p su la te d  w a te r-so lu b le  d ru g  lik e  v a c c in e s , p ro te in s , an d  p e p tid e s  [13],

In  th is  w o rk  w e e n c a p su la te d  S P IO N s w ith  P L G A  m ic ro p a rtic le s  by  u s in g  
an  e m u ls if ic a tio n  d iffu s io n  te c h n iq u e . T h is  te c h n iq u e  fo rm s a  w a te r-in -o il em u ls io n  
a t th e  f irs t w h ic h  th e  S P IO N s a n d  th e  p o ly m e r are  in th e  o il p h ase  an d  d isso lv in g  the  
h y d ro p h o b ic  b io a c tiv e  ag en t in  the  w a te r  p h ase  [5], A lso  in  th e  study , 
c h a ra c te r iz a tio n  o f  th e  re su ltin g  e ffec t o f  a m o u n t en c a p su la te s  n an o sp h e re  on  
e n c a p su la tio n  e ff ic ie n c y  w ere  c a rr ie d  out.

4.3 Experimental

4.3 .1  M a te ria ls
P o ly (D ,L -la c tid e -c o -g ly c o lid e )  (5 0 :5 0  la c tid e /g ly c o lid e , M w  4 0 -7 5  

k D a) w as  p u rc h a se d  fro m  S ig m a  C h e m ic a l C o . (S t. L o u is , M O , U S A ). P o ly v in y l
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a lco h o l (P V A ) (M w  3 0 - 7 0  k D a), fe rro u s  c h lo r id e  te tra h y d ra te  (9 9 % ), fe ric  c h lo r id e  
h e x a h y d ra te  (9 9 % ), O le ic  a c id  (9 0 % ) w ere  p u rc h a se d  fro m  S ig m a -A ld ric h  C h em ica l 
C o . (S t. L o u is , M O , U S A ). C h lo ro fo rm  w as p u rc h a se d  fro m  A C I L ab scan . 
A m m o n iu m  h y d ro x id e  (25  w t%  N H 3 in  w a te r)  w as  p u rc h a se d  fro m  S u k sa p a n p a n ic h  
C o.

4 .3 .2  H y d ro p h o b ic  M ag n e tite
T h e  h y d ro p h o b ic  m ag n e tite  is p rep a red  b y  th e  fo llo w in g  p ro ced u re :

24 .3  g o f  F e C l3 .6 H 2 0  an d  12 g o f  F eC l2 -4 H 2 0  a re  d is so lv e d  in  50 m l o f  d e io n iz e d  
w a te r  u n d e r  n itro g e n  gas. T h en , 4 0  m l o f  N H 4O H  (25%) are  a d d ed  a t 7 0 -8 0  °c. A n d , 
O le ic  a c id  (O A ) (4 0 % , พ /พ  o f  fo rm ed  m a g n e tite )  is ad d ed  d ro p w ise  d u rin g  1 0 m in  
a n d  h ea t fo r 30 m in . T h e  b lack  lu m p -lik e  gel is s e p a ra te d  by  m a g n e tic  d e c a n ta tio n  
a n d  co o le d  to  ro o m  te m p e ra tu re  an d  th e n  w ash ed  sev e ra l tim es w ith  d e io n iz e  w a te r  
a n d  a ce to n e  to  rem o v e  th e  e x cess  o le ic  ac id

4 .3 .3  P re p a ra tio n  o f  P L G A  N a n o p a rtic le s
N a n o sp h e re  co n ta in in g  S P IO N s a re  p rep a red  by  d o u b le -e m u ls io n  

te ch n iq u e . T h e  d e s ire d  c o n c e n tra tio n  o f  S P IO N s (5 m g /m l) is d isp e rse d  in to  1 m l o f  
ch lo ro fo rm . T h e n  th e  a m o u n t o f  P L G A  (5, 15, 30, 45, an d  60 m g /m l)  w a s  d isso lv e d  
in  th e  so lu tio n , an d  em u ls if ie d  2 0 0  m ic ro lite rs  o f  d e io n ise d  w a te r  in  th e  
P L G A /S P IO N s /c h lo ro fo rm  so lu tio n  by  so n if ic a tio n  o n  ice  fo r 1 m in  to  fo rm  a  w a te r- 
in -o il em u ls io n . T h is  firs t e m u ls io n  is e m u ls if ie d  a g a in  by  ad d in g  6  m l o f  d e io n ise d  
w a te r  c o n ta in in g  2%  P V A . T h e  re su ltin g  w /o /w  e m u ls io n  is so n ific a te d  o n  ice  ag a in  
fo r  5 m in  a n d  stirred  fo r ~24 h to  a llo w  so lv en t ev a p o ra tio n  an d  n a n o p a rtic le s  
fo rm a tio n . T h e  P L G A  n an o p a rtic le s  are  iso la te d  by  cen tr ifu g a tio n  a t 15,000 rp m  fo r 
30 m in  a t 4 °c, w ash ed  fo u r tim es in  d e m o n ise d  w a te r  to  rem o v e  an y  access  P V A  
a n d  S P IO N s, an d  d isp e rse d  in  1 m l o f  d e io n ise d  w a te r  in  2 m l c ry o tu b es . T h e  P L G A  
n a n o p a rtic le s  th en  ly o p h iliz e d  for 2  days an d  sto red  u n til use

4 .3 .4  H y d ro p h o b ic  M ag n e tite  N a n o p a rtic le s  C h a ra c te riz a tio n
4 .3 .4 .1  F ou rier Transform  In fra red  S p e c tra  (FTIR)

F T IR  sp ec tra  o f  th e  m ag n e tite  n an o p a rtic le s  w ere  co lle c te d  on  
a  F T -IR  sp e c tro m e te r  (T h e rm o  N ico le t, N e x u s  6 7 0 ). T h e  sam p le  p o w d e rs  w e re  
g ro u n d  w ith  K B r an d  c o m p re ss  in to  a  p e lle t w h o se  sp e c tra  w e re  reco rd . A  d ro p  o f  
n e a t O A  w a s  o n  th e  Z n S e  p la te , an d  th e  sp e c tra  w ere  re c o rd e d  as  a  re fe ren ce .
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4 .3 .4 .2  T ran sm ission  E lec tron  M ic ro sc o p y  (TEM )
T h e  p a r tic le s  m o rp h o lo g y , s ize  a n d  s tru c tu re  o f  O A -c o a te d  

F e 3 Û 4 w e re  d e te rm in e d  by  H itach i tra n sm iss io n  e le c tro n  m ic ro sco p y . T h e  aq u eo u s  
d isp e rse d  w as  d ro p -c a se  o n to  fo rm v a r-c o p p e r  g rid . T h e  sam p le  w as d r ie d  p rio r  to  
p lac in g  it in  th e  T E M  in s tru m e n t fo r ana lysis .

4 .3 .5  C h a rac te ris tic  o f  P L G A /S P IO N  P a rtic le s
4 .3 .5 .1  S ize  a n d  Z e ta  P o ten tia l

D y n am ic  lig h t sc a tte rin g  w as u sed  fo r p a rtic le s  s ize  an d  
su rface  ch a rg e  (z e ta  p o ten tia l)  m ea su re m e n ts  (M a lv e rn  Z e ta s iz e r  N a n o  S eries). 
T y p ica lly , a  sam p le  o f  1.5 m l w as p lace  in  a  cu v e tte . T h e  m e a su re m e n ts  w ere  
p e rfo rm e d  a t 25 °c. T h e  v isco s ity  an d  re fra c tio n  in d e x  o f  th e  c o n tin u o u s  p h ase  w ere  
se t eq u a l to  th o se  sp e c if ic  to  w ate r. Z e ta  p o ten tia l m e a su re m e n ts  w ere  m ad e  w ith  th e  
d isp o sa b le  c a p illa ry  ce ll w ith  a  v o lu m e  o f  1 m l.

4 .3 .5 .2  M o rp h o lo g y
P artic le  s iz e  an d  th e  q u a lita tiv e  s ta te  o f  a g g re g a tio n  o f  th e  

S P IO N s in s id e  P L G A  n a n o p a rtic le s  w ere  d e te rm in e d  by  tra n sm iss io n  e le c tro n  
m ic ro g ra p h s  (T E M s) (H -7 6 5 0  H itach i tra n sm iss io n  e le c tro n  m ic ro sco p e ). T h e  
c o m p o s ite  p a rtic le s  w ere  d ro p ed  o n  th e  fo rm v a r-c o a te d  c o p p e r  g rid  a n d  p lace  to  
T E M  m easu rem en t.

4 .3 .5 .3  M a g n etiza tio n  M easu rem en t
T h e  m a g n e tiz a tio n  o f  e n c a p su la te d  S P IO N s w as m e a su re d  b y  

v ib ra tin g  sam p le  m a g n e to m e te r  (V S M , L ak eS h o re  7 4 0 4 ) at ro o m  tem p e ra tu re .
4 .3 .5 .4  T h erm ogravim etric  a n a lys is  (TGA)

T h e  m ag n e tite  lo ad in g  in  th e  P L G A  n a n o p a rtic le s  w as  
d e te rm in e d  by  th e rm o g ra v im e tric  a n a ly s is  (T G A ). T h e  sam p le  w as p la c e d  in  th e  
fu rn ace  o f  th e rm o g rav im e tric  a n a ly z e r  (D u P o n t, m o d e l T G A  2 9 5 0 ) u s in g  an  
a lu m in u m  p an  u n d e r a ir  a t 30 °c to  800  ๐c  w ith  in c rem en ts  o f  20  ๐c /m in .
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4.4 Results and Discussion

4.4 .1  H y d ro p h o b ic  m a g n e tite
T h e  p re se n c e  o f  O A  o n  th e  su rfa c e  o f  F e 3 C>4 w as  m e a su re d  by  F T IR . 

F ig u re  4.1 sh o w s  th e  ty p ica l F T IR  sp ec tru m  o f  p u re  o le ic  a c id  (4 .1 a ), a n d  th e  iron  
o x id e  n a n o p a rtic le s  c o a te d  w ith  O A  (4 .1 b ). In  cu rv e  (4 .1 a ), tw o  b an d s a t 2925  an d  
2 8 5 5  c m ' 1 w ere  a ttr ib u te d  to  th e  a sy m m e tric  C H 2 s tre tch  an d  th e  sy m m etric  C H 2 

s tre tc h , re sp e c tiv e ly . T h e  p eak  a t 1713 c m ' 1 w as  d e riv ed  fro m  the  e x is te n c e  o f  th e  
c=0 s tre tch , an d  th e  b a n d  at 1285 c m ' 1 w a s  p re se n c e  th e  C-0 stre tch . T h e  O - H  in 
p la n e  an d  o u t-o f-p la n e  b an d s  ap p e a re d  a t 1465 an d  936  c m '1, re sp ec tiv e ly . In  th e  
c u rv e  (4 .1 b ), th e  a sy m m e tr ic  C H 2 s tre tch  a n d  th e  sy m m etric  C H 2 sh ifted  to  2 924  and  
2 8 5 3  c m '1, re sp e c tiv e ly . T h e  sh if ted  to  lo w er freq u en cy  re g io n  in d ic a te d  th a t th e  
la y e r  o f  su rfa c ta n t m o le c u le s  w a s  ab so rb e d  to  th e  so lid  su rface , the  h y d ro ca rb o n  
c h a in s  su rro u n d in g  th e  n a n o p a rtic le s  w ere  in  a  c lo se d -p a c k e d , c ry s ta llin e  s ta te . It w as  
n o te d  th a t th e  b an d  o f  c=0 s tre tch , w h ic h  w as p resen t a t 1713 cm ' 1 in  th e  cu rv e  
(4 .1 a )  w a s  a lm o s t a b se n t in  th e  cu rv e  (4 .1 b ) an d  th e re  are  a p p e a r  in  tw o  n e w  b an d s at 
1592  an d  1531 c m '1, w h ic h  w ere  c h a ra c te r is tic  o f  a sy m m e tric  C O O ’ and  th e  
sy m m e tr ic  C O O ' s tre tc h , in s tead . T h is  re su lt can  be  e x p la in e d  the  b o n d in g  o f  th e  
c a rb o x y lic  ac id s  o n  th e  su rface  o f  the  n a n o p a rtic le s  (F ig u re  4 .2 ). T h e  resu lt w as 
c o n s is te n c e  w ith  o le ic  ac id  co a ted  S P IO N s. F u rth e r s tu d ie d  c a rried  o u t is to  
c h a ra c te r iz e  th e  s iz e  o f  th e  h y d ro p h o b ic  S P IO N s u s in g  T E M .
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Figure 4.1 F T IR  sp ec tra  o f  (a ) p u re  o le ic  ac id , (b ) F e 3 Û 4 co a ted  w ith  o le ic  acid .

Structure III 
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๐
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Figure 4.2 T h re e  p o ss ib le  in te ra c tio n s  b e tw e e n  o le ic  ac id  an d  F e 3 0 4 ( fro m  L aza re  
an d  H erv é).

F ig u re  4 .3 sh o w s T E M  im ag e  o f  m ag n e tite  n a n o p a rtic le s  co a ted  w ith  o le ic  
ac id . T h e se  s izes  o f  fa ce ted  p a rtic le s  w e re  rag in g  fro m  7 to  16 nm  th a t su ita b le  fo r  
e m b e d  in s id e  th e  p o ly m er. T h e  o b ta in e d  o le ic  ac id  co a ted  w as la te r  e n c a p su la te d
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w ith  P L G A  to  s tu d y  p h y sica l p ro p e rtie s  o f  n a n o c o m p o s ite  m a te ria ls  (P L G A  
n an o p a rtic le s )

Figure 4 .3  T E M  im ag e  o f  O A -c o a te d  m ag n e tite .

4 .4 .2  P L G A  N a n o p a rtic le s
4 .4 .2 .1  M o rp h o lo g y  o f  P L G A  N a n o p a r tic le s

T h e  size  an d  m o rp h o lo g y  o f  th e  P L G A  n a n o p a rtic le s  w ere  
d e te rm in e d  by  T E M . F ig u re  4 .4  sh o w  th e  sp h e rica l sh ap e  o f  th e  p a rtic le s  w ith  an  
ap p ro x im a te  d ia m e te r  a ro u n d  2 0 0  nm . T h e  su rface  w as p rim a rily  sm o o th  o n  th e  
P L G A  n a n o p a rtic le s  w ith o u t m a g n e tite  in s id e  (F ig u re  4 .4 b ), a lth o u g h  so m e  
ro u g h n e ss  co u ld  be  id e n tif ie d  in  c e r ta in  a reas  o f  so m e  sp h e re s . F ig u re  4 .4 c  a n d  4 .4 d  
w ere  th e  m ag n e tite  en c a p su la te d  w ith  30  m g /m l an d  5 m g /m l, re sp ec tiv e ly . T h ese  
im ag es  o b v io u s ly  d e m o n stra te  th a t th e  P L G A  n a n o p a rtic le s  w ere  w ell a n d  h ig h  
m a g n e tite  in c o rp o ra te d  w i th . m ag n e tite  eq u a lly  d is tr ib u te d  in  th e  p o ly m e r rm a trix . 
A lth o u g h  so m e a g g lo m e ra te d  w e re  o ccu rred  b u t n o t su rp rise d  fo r  h ig h  m a g n e tite  
lo ad in g .
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Figure 4.4 T E M  im ag es  o f  sy n th es ized  P L G A  n a n o p a rtic le s ; (a) P L G A  
n a n o p a rtic le s , (b ) p u re  P L G A , (c) 30 m g /m l P L G A  w ith  m ag n e tite  5 m g , (d ) 5 m g /m l 
P L G A  w ith  m a g n e tite  5 m g.

4 .4 .2 .2  S ize  a n d  Z eta  P o ten tia l
T h e  s ize  an d  ze ta  p o te n tia l o f  th e  n an o sp h e re s  fro m  d y n am ic  

lig h t sc a tte r in g  w a s  sh o w n  in T ab le  4 .1 , th e se  sp h e re s  h ad  an  av e rag e  size  v aried  
fro m  3 0 0  n m  to  4 0 0  nm  an d  th e re  w ere  in d ep en d en ce  o n  am o u n t o f  en c a p su la te d  
p o ly m e r  (P L G A ) u sed . T h e  h y d ro p h o b ic  m a g n e tite  ap p ea red  to  ran g e  in  s ize  from  7 
to  16 n m  y e t in c o rp o ra tio n  th e  p o ly m e r sp h e re s  d id  n o t s ig n ific an tly  a ffe c t th e  s ize  o f  
P L G A  p a rtic le s . In c o m p a riso n  w ith  th e  s ize  o b ta in  w ith  T E M  im ag in g , th e  
h y d ro d y n a m ic  d ia m e te r  is p ro b a b ly  la rg e r b e c a u se  th e  P V A  is ex p e c te d  to  hav e  a 
m u c h  sm a lle r  c o n fig u ra tio n  d rie d  on  T E M  g rid  v e rsu s  in  w a te r  [5]. T h e  z e ta  p o ten tia l 
w as  a b o u t -25 m V , su rface  ch a rg e  d id  n o t d iffe re n ce  b e tw e e n  th e  b a re  m a g n e tite  and
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m a g n e tite - lo a d e d  P L G A  p a rtic le s  an d  n o t d iffe re n ce  w h e n  in c re a se d  a m o u n t o f  
p o ly m e r en c a p su la tio n .

Table 4.1 S ize  an d  su rfa c e  ch a rg e  o f  P L G A  n a n o p a rtic le s  p re p a re d  w ith  d iffe re n t 
a m o u n t o f  P L G A

W eig h t o f  P L G A / 
5 m g  O A -S P IO N s

M ean  d ia m e te r  (n m ) Z e ta  p o te n tia l (m V )

p u re  P L G A 358  ± 4 3 -2 6 .8  ± 0 .9
5 m g 379  ± 3 8 -25 .5  ± 2 .3
15 m g 3 80  ±  19 -2 4 .6  ± 1 .5
30  m g 4 0 0  ±  13 -2 5 .9  ± 0 .3
45 m g 382  ± 5 2 -25 .5  ± 0 .7
60  m g 3 94  ±  50 -24.1 ± 0 .5
A vg. 382  ± 3 5 -2 5 .5  ± 1 .5

4 .4 .2 .3  M a g n e tiza tio n  o f  P L G A  N a n o p a r tic le s  a n d  M a g n e tic  C o n ten t  
T h e  w e ig h t p e rc e n t o f  th e  m a g n e tite  n a n o p a rtic le s  

in c o rp o ra te d  in s id e  P L G A  n a n o p a rtic le s  w as  d e te rm in e d  by  T G A . T h e  m a g n e tite  
n a n o p a rtic le s  an d  P L G A  n a n o p a rtic le s  w ere  h ea ted  fro m  3 00  °c to  8 0 0  °c to  m ak e  
su re  th a t all th e  P L G A  a n d  o le ic  ac id  w ere  rem o v ed . T h e  re m a in in g  w e ig h t o f  th e  
sa m p le s  w ill be  eq u a l to  th e  w e ig h t o f  m ag n e tite  n a n o p a rtic le s  in  th e  P L G A  
n a n o p a rtic le s . F ro m  th e  re su lts , th e  w e ig h t o f  m a g n e tite  n a n o p a rtic le s  e n c a p su la te d  
in  P L G A  is ab o u t 5 6 .1 1 -6 2 %  (F ig u re  4 .5 ). W ith  th e  h y d ro p h o b ic  m a g n e tite , 
m a g n e tite  c o n te n t/p a r tic le  is h ig h e r  w h e n  c o m p a re d  w ith  th e  p a r tic le s  p re p a re d  fro m  
h y d ro p h ilic  m a g n e tite  (5 6 .1 1 -6 2 %  พ /พ  vs. 1% ) [15] an d  a lso  in o u r s tu d y  m a g n e tite  
c o n te n t/p a r tic le  is h ig h e r  th a n  p rev io u s  s tu d ie s  u s in g  h y d ro p h o b ic  m a g n e tite  (1 3 .5 %  
พ /พ  [15], an d  4 0 %  พ /พ  [16]. M o reo v e r, th e  w e ig h t ra tio  o f  O A -S P IO N /P L G A  is an  
im p o rta n t fa c to r in  th e  in co rp o ra ted  m a g n e tite  in s id e  th e  p o ly m er. It co u ld  be
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su g g es ted  th a t th e  m a g n e tite  c o n te n t d e c re a se  w h en  in c re a se d  th e  a m o u n t o f  
e n c a p su la te d  p o ly m er. T h e  h ig h e s t in co rp o ra ted  O A -S P IO N  in sid e  th e  P L G A  
p a rtic le s  w as  o b ta in e d  w h e n  th e  w e ig h t ra tio  o f  O A -S P IO N /P L G A  w as 1:1 (5 m g /m l 
P L G A  w ith  5 m g  S P IO N s) an d  w as d e c re a se d  w h e n  in c re a se d  th e  a m o u n t o f  
p o ly m er. H o w ev e r, th e  m a g n e tite  c o n te n t n o t m u c h  ch an g e  a t la rg e  a m o u n t o f  
p o ly m e r (3 0  m g /m l P L G A , 45 m g /m l P L G A , a n d  60  m g /m l P L G A ). T h e  so lu b ility  
o f  a  p o ly m e r in  th e  so lv e n t had  e ffe c t on  th e  e n c a p su la te d  m a g n e tite  in  th e  p o ly m e r 
an d  a lso  re la ted  to  th e  c o n te n t o f  m ag n e tite  w a s  in co rp o ra ted . T h e  la rg e  a m o u n t o f  
P L G A  w as  n o t c o m p le te ly  d isso lv e d  in  th e  C D M  so lv en t. S o m e  c h a in s  o f  P L G A  tha t 
w ere  d isso lv e d  co u ld  b e  fu rth e r e n c a p su la tin g  m a g n e tite , b u t n o n -d isso lv e d  ch a in s  
co u ld  n o t en ca p su la te  m ag n e tite  a n d  p h ased  o u t w h e n  co lle c ted  th e  p a rtic le s .

8 5  

8 0

I  7 5

1 70

;

1  60

5 5
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0  10  2 0  3 0  4 0  5 0  6 0  7 0
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Figure 4.5 P ercen t o f  m ag n e tite  in co rp o ra ted  in s id e  P L G A  p lo tte d  vs. a m o u n t o f  
p o ly m e r th a t u sed  w ith  5 m g  o f  m ag n e tite .

M ag n e tic  p ro p e rtie s  o f  P L G A  n a n o p a rtic le s  w ere  d e te rm in e d  by  V S M  
w h ic h  u sed  to  d e te rm in e  su p er p a ra m a g n e tic  b e h a v io r  o f  th e  n a n o p a rtic le s . T h e  
m a g n e tiz a tio n  cu rv es  o f  th e  P L G A  n a n o p a rtic le s  w ere  sh o w n  in  F ig u re  4 .6 . T h ese
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n a n o p a rtic le s  e x h ib it su p e rp a ra m a g n e tic  b eh av io r w h ic h  no  h y s te re s is  lo o p , 
in d ic a tin g  th a t  th e se  p a rtic le s  h ad  th e  s in g le  d o m a in  m ag n e tic  n a n o p a rtic le s  rem a in ed
[15 ]. T h e  h ig h e s t sa tu ra tio n  m a g n e tiz a tio n  o f  n a n o c o m p o site  w as 4 4 .9 5 0  a t 5 m g /m l 
P L G A  an d  w a s  d e c re a sed  w h e n  in c reased  th e  P L G A  c o n c e n tra tio n  (F ig u re  4 .7 A ). 
T h e  sa tu ra tio n  m a g n e tiz a tio n  o f  m ag n e tic  P L G A  n a n o p a rtic le s  w as  sm a lle r  th an  th e  
b u lk  o f  O A -S P IO N . T h is  s ig n if ic a n t loss in  m a g n e titz a tio n  o f  th e  m a g n e tic  m a te ria l 
is co m e  fro m  th e  p re sen ce  o f  p o ly m e r m a trix  [15]. H o w ev er, th e  sa tu ra tio n  
m a g n e tite z a tio n  is h ig h e r th an  p re v io u s ly  s tu d ied  [3] an d  i f  p lo t b e tw e e n  th e  
m a x im u m  m a g n e titz a tio n  o f  e a c h  c o n c e n tra tio n  an d  th e  w e ig h t p e rc e n t o f  m ag n e tite  
in  P L G A  p a rtic le s  (F ig u re  4 .7 B ), th e  sa tu ra tio n  m a g n e tiz a tio n  w as in c rea se  lin ea rly  
w ith  th e  c o n te n t o f  m ag n e tite  in s id e  th e  p o ly m er. T h e  sa tu ra tio n  m a g n e titz a tio n  d id  
n o t go  d o w n  in d ic a te d  th a t th e  S P IO N s d id  n o t o x id iz e  w ith  en c a p su la tio n ; th e  
o x id a tio n  w as o c c u rre d  in  th e  m in ie m u ls io n  m e th o d  d e sc rib e d  by  L a n fe s te r  an d  
R a m ire z  [5], It d e m o n s tra te d  th a t th e  P L G A  n an o p a rtic le s  h av e  se n s itiv e  to  m o v e  
to w a rd  an  e x te rn a l m ag n e tic  fie ld  th a t seem ed  to  h av e  su ffic ien t m a g n e tiz a tio n  fo r 
ta rg e tin g  d ru g  ca rrie r.
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Figure 4.6 M a g n e tiz a tio n  o f  P L G A  n an o p a rtic le s  v e rsu s  m ag n e tic  fie ld  w ith  

m a g n e tite  in c o rp o ra te d  in sid e  fo r d iffe re n t a m o u n t o f  P L G A .
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Figure 4.7 (a) magnetization of PLGA nanoparticles plotted versus OA-
SPION/PLGA weight ratio, (b) magnetization of PLGA nanoparticles plotted versus 
weight percent of magnetite in PLGA particles.
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4.5 Conclusions

Biodegradable poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles 
containing superparamagnetic iron oxide nanoparticles were successfully synthesized 
by a double-emulsion method that used the oleic acid-coated magnetite nanoparticles 
dispersed in the first oil phase led to SPIONs were equally distributed throughout the 
PLGA particles. Increasing the amount of encapsulated polymer (5mg, 15mg, 30mg, 
45mg, and 60mg of PLGA/5mg of magnetite) did not significantly affect the 
particles size (300 nm to 400 nm) and surface charge (about -25 mV). The weight of 
magnetite incorporated in the PLGA was readily controlled by adjusting the amount 
of encapsulated PLGA, and amount incorporated is conversing with amount of 
encapsulated polymer. Saturation magnetizations were proportional to the magnetite 
loaded in polymer matrix with high magnetite loading up to 52 -  62 wt. %.
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