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8.1 Abstract

D o x y cy c lin e  h y c la te  (D O X Y ) in co rp o ra ted  in to  b len d  so lu tio n s  in d ifferen t 
ra tio s  (e g. 7 5 /2 5 , 50 /50  and  2 5 /7 5 , (พ /พ )) o f  p o ly (e -cap ro lac to n e ) (P C L ) an d  po ly (3 - 
h y d ro x y b u ty ra te -c o -3 -h y d ro x y v a le ra te )  (P H B V ) w ere  fab rica ted  by  u sing  an 
e le c tro sp in n in g  tech n iq u e . A lth o u g h  in co rp o ra tio n  o f  D O X Y  m ade  th e  d iam e te r o f  
th e  D O X Y -lo ad ed  P C L /P H B V  fib ro u s su b stra te s  s lig h tly  sm alle r, th e  su rface  
to p o g ra p h y  o f  th o se  su b s tra te s  w as  no t a ffec ted , as b o th  o f  th e  neat and  th e  D O X Y - 
lo ad ed  P C L /P H B V  fibers rem a in ed  u n ifo rm  an d  sm ooth . In  v itro  d rug  re lease  stud ies 
su g g es ted  an  in itia l rap id  re lease  o f  D O X Y  fo llo w ed  by a p la teau  a fte r  36  h, w hich  
co u ld  be ta ilo red  by  the  P C L /P H B V  b len d  ra tio . S u sta in ab le  an tib ac te ria l ac tiv ity  o f  
th e  D O X Y -lo ad ed  P C L /P H B V  fibers w as  app aren t ag a in s t G ram -n eg a tiv e  
P se u d o m o n a s  a e ru g in o sa  an d  G ram -p o s itiv e  S ta p h y lo c o c c u s  a ureus. T h e  capab ility  
o f  th is  an tib ac te ria l e ffec t in d ica ted  th e ir  p o ten tia l use n o t m ere ly  as a d ru g  ca rrie r 
b u t as  a  w o u n d  d re ss in g  as w ell.

(Key-words: E lec tro sp in n in g ; F ib ro u s su b stra te ; PC L ; P H B V ; D o x y cy c lin e )

8.2 Introduction

N u m ero u s  p ro cesses  h av e  been  d e v e lo p ed  and  u sed  in  p rep a rin g  p o ly m eric  
n an o - and  su b m ic ro fib e rs  fo r  b io m ed ica l ap p lica tio n s  (Y an g , 2004 ; W an , 2003; 
C h u y s in u an , 2 0 0 9 ). E lec tro sp in n in g , a  s im p le  an d  co s t-e ffec tiv e  te ch n iq u e , is one  o f  
th e  s tra ig h tfo rw ard  w ay s u tiliz ed  fo r fab rica tin g  fib rous m a te ria ls , w h ich  hav e  large 
su rface -a rea -to  v o lu m e , flex ib le  su rface  fu n c tio n a lity , and  su p erio r m echan ica l 
p e rfo rm an ce  (C u i e t a l., 2 0 0 7 ). O n  acco u n t o f  th e  ab ility  to  in co rp o ra te  a  w id e  range
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o f  d rugs in  an  am o rp h o u s  o r so lid  so lu tio n  form  w ith in  the  fib e r as w ell as the 
in te rc o n n e c tin g  p o ro u s s tru c tu re  w ith  h ig h  p e rm eab ility , e le c tro sp u n  fibers have a lso  
b een  a ttra c tin g  m u ch  a tte n tio n  as ap p ro p ria te  d e liv ery  d ev ices  for w o u n d  repair and  
d ru g  d e liv e ry  sy stem  (K im  et a l ,  2004).

A lip h a tic  p o ly e s te rs  and  th e ir  co p o ly m ers , w h ich  have  been  e lec tro sp u n  in to  
n a n o fib e r m a ts , m ee t sev e ra l co n tro lled  re leased  c rite ria  such  as b io co m p a tib ility , 
b io d eg rad ab ility , and  h ig h  e fficacy  o f  d ru g  load ing  (C h u y sin u an , 2 0 0 9 ; K im , 2004 ; 
T rav is , 2 0 0 8 ). C o n tro lled  re lease  o f  te tracy c lin e  h y d ro ch lo rid e  from  p o ly (lac tic  ac id ) 
(P L A ), p o ly (e th y le n e -c o -v in y l ace ta te) (P E V A ), and  th e ir  b lend  w as exp lo red . T he  
re lease  p ro file s  su g g ested  re la tiv e ly  sm o o th  re lease  o f  d ru g  o v er 5 d ay s  (K en aw y  et 
a l ,  2002). S im ila r  tim e -d ep en d en t k in e tic s  w ith  a  fast re lease  in an  early  p eriod , 
fo llo w ed  by  a very  red u ced  re lease  o f  d ic lo fen ac  d ru g  w ere  o b ta in ed  from  po ly (e- 
c ap ro lac to n e ) (P C L ) and  th e  co m p o site  P C L /H y d ro ta lc ite -lik e  c lay  (T am m aro  et a i ,
2009). P o ly (3 -h y d ro x y b u ty ra te )  (P H B ) n an o fib e rs  w ere  a lso  e lec tro sp u n  to  
e n cap su la te  K an am y c in  su lp h a te  w ith in  a  san d w ich  s tru c tu re . T h e  d ru g  d em o n stra ted  
m o re  th an  9 5 %  re lease  w ith in  8  h, re su ltin g  in the  in h ib itio n  o f  S tap h y lo co ccu s  
au reu s  g ro w th  (N av een  e t a l., 2010). T o  ach iev e  su sta in ed -re lease  ch a rac te ris tic s  o f  
d ru g s , d ru g  in c o rp o ra tio n  w ith in  b len d ed  p o ly m er-b ased  e -sp u n  f ib e r  m ats  together 
w ith  ad ju s tin g  the  b len d in g  ra tio  o f  p o ly m ers  has been  fu rth e r d ev e lo p ed  (H an , 2009 ; 
S u g an y a , 2 0 1 1 ).

P o ly (e -cap ro lac to n e ) (P C L ) and  p o ly (3 -h y d ro x y b u ty ra te -co -3 - 
h y d ro x y v a le ra te )  (P H B V ), th e ir  b lends, and  th e ir  co m p o site s  are  v e ry  p re s tig io u s  for 
p ro v id in g  g o o d  su p p o rt in  b io m ed ica l f ie ld s  (Y asin , 1992; Y u, 2 0 1 1 ; M eng, 2008). 
O w in g  to  th e ir  n o n to x ic  b io d eg rad a tio n  p ro d u c ts , su itab le  d eg rad a tio n  ra te , ex ce llen t 
tis su e  co m p a tib ility , and  g o o d  so lu b ility  in  a  w ide  ran g e  o f  o rg an ic  so lv en ts , both  
P C L  and  P H B V  hav e  b een  h ig h ly  u sed  as a  bone  sca ffo ld in g  m a te ria l (K -h asu w an , 
2 0 1 1 ; S o m b a tm an k h o n g , 2 0 0 6 ; C a tled g e , 2007). N o n e th e le ss , in co rp o ra tin g  d ru g s  
in to  the  b len d  o f  P C L  an d  P H B V  have no t been  rep o rted  yet. It has th e re fo re  been  
ch a llen g ed  to  ap p ly  e le c tro sp u n  P C L /P H B V  b len d  fib e r m ats as a  d rug  d e liv e r 
carrie r.

D o x y cy c lin e  (D O X Y ), a  sem i-sy n th e tic  te tracy c lin e , is b ac te rio s ta tic  ag a in st 
m o st o f  th e  p a th o g en ic  b ac te ria  iso la ted  from  in flam ed  jo in ts  o f  h o rses  and  ca ttle
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(E n sin k , 1993; P ere ira , 1995). It has w e ll k n o w n  for trea tin g  p e rio d o n ta l d iseases , 
su ch  as ju v e n ile  and  re frac to ry  m arg in a l p e rio d o n titis , as w ell as o cu lar su rface  
d iseases , su ch  as recu rren t ep ith e lia l e ro s io n s  an d  sterile  co rn ea l u lce ra tio n s  
e ffec tiv e ly  by  in h ib itin g  the  ac tiv ity  o f  m atrix  m e ta llo -p ro te in a se  (M M P s) b o th  in  
v itro  and  in  v ivo  (T am im i, 2008; O b a id a t, 2010 ; R am am u rth y , 2 0 0 2 ; D ursun , 2001). 
It has a lso  been  d o cu m en ted  to  be  c h o n d ro p ro tec tiv e  in h u m an  clin ica l s tu d ies 
(S reek an th  e t a i ,  2004 ). T rea tm en t w ith  d o x y cy c lin e  w as ap p ro v ed  to p ro m o te  
w o u n d  h ea lin g  by red u c in g  in flam m atio n  and  p ro tease  ac tiv ity  (A n u m o lu  et a i ,  
2010).

In th e  p resen t s tu d y  PC L , P H B V , and  th e ir  b len d s  (e .g . 2 5 /7 5 , 50 /50  and  
7 5 /2 5 , พ /พ ) e -sp u n  fib e r m ats w ere  fab rica ted  to  en cap su la te  d o x y c y c lin e  hy c la te  
(D O X Y ) fo r p o ten tia l u se  as d ru g  ca rrie rs . T h e  m o rp h o lo g ica l, s tru c tu ra l, and 
m ech an ica l c h a ra c te riz a tio n s  o f  all e -sp u n  m ats  w ere  ex am in ed . T h e  re lease  
b eh av io rs  o f  D O X Y  from  the fibers w ere  in v estig a ted  by  the  to ta l im m ers io n  m eth o d  
in a p h o sp h a te  buffer. In  v itro  an tib ac te ria l ac tiv ity  w as a lso  te s ted  against G ra m 
n eg a tiv e  P se u d o m o n a s  a e ru g in o sa  and  G ram -p o s itiv e  S ta p h y lo c o c c u s  aureus.

8.3 Experimental

8.3.1 M ate ria ls
P o ly (£ -cap ro lac to n e) (P C L ; M w =  8 0 ,000  g -m o l '1), p o ly (3 -

h y d ro x y b u ty ra te -c o -3 -h y d ro x y v a le ra te )  (P H B V ; M w = 6 8 0 ,0 0 0  g m o l '1), and  
D o x y cy c lin e  h y c la te  (D O X Y ) w ere  p u rch ased  from  S ig m a-A ld rich , U S A . 
C h lo ro fo rm , M eth an o l, an d  P h o sp h a te  b u ffe red  sa lin e  (1 0 x  so lu tio n ) w ere  p u rch ased  
fro m  F ish e r S c ien tific , U S A . A ll o th e r ch em ica ls  w ere  o f  an a ly tica l g rad e  and  used  
w ith o u t fu rth e r p u rifica tio n .

8 .3 .2  E lec tro sp in n in g
B len d  so lu tio n s  o f  P C L , P H B V , and  th e ir  b len d s  (2 5 /7 5 , 50 /50  and  

7 5 /2 5 , พ /พ ) a t 10 w t%  w ere  p rep a red  in  ch lo ro fo rm . A ro u n d  4 พ t%  D O X Y  w as 
so lu b iliz ed  in  a  sm all a m o u n t o f  m e th an o l and  ad d ed  to  th e  p o ly m e r so lu tions. T he 
re su ltin g  so lu tio n s  b ecam e  y e llo w ish  bu t still c lear. E lec tro sp in n in g  o f  these
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so lu tio n s  w as ca rried  o u t u sin g  a ty p ica l m ethod . T h e  ex p e rim en ta l se t-up  co n sis ted  
o f  a sy rin g e  and  need le , p o w er su p p ly  (m o d e l C Z E 1 0 0 0 R , S p e llm an ), sy ringe  p u m p  
(K D  S c ien tific ), and  a  variab le  sp eed , ro ta tin g , s ta in le ss  steel g ro u n d ed  c o u n te r
e lec tro d e  d rum . B riefly , each  o f  th e  so lu tio n s  w as lo ad ed  in to  a  5 m L  sy ringe  w ith  a 
b lu n t-tip  18-guage n eed le  (0 .8  m m  O D ) and  p laced  15 cm  a w a y  from  the lead in g  
face o f  th e  ro ta tin g  co lle c tio n  ta rge t. T h e  so lu tio n s  w ere  e le c tr if ied  by ap p ly in g  a 
p o s itiv e  v o ltag e  (15 k V ) to  the  sy rin g e  need le  by m ean s o f  an  a llig a to r c lam p . T he 
so lu tio n s  w ere  d e liv e red  th ro u g h  sy rin g e  p um ps w ith  th e  m ass flo w  ra te  o f  1.0 m L h "  
'. A ll ex p e rim en ts  w ere  carried  o u t at room  tem p e ra tu re  and  re la tiv e  h u m id ity  o f  
20%.

8.3 .3  C h a rac te riz a tio n
T he m o rp h o lo g y  o f  th e  o b ta in ed  e lec tro sp u n  fib ro u s  su b stra te s  w as 

o b se rv ed  by  scan n in g  e lec tro n  m ic ro sco p e  (S E M ; JS M -6 5 1 0 , JE O L ). T he av e rag e  
fib er d ia m e te r  o f  the  in d iv id u a l fib e rs  w as a lso  d e te rm in ed  from  v a rio u s  p o s itio n s  o f  
at least five  d iffe ren t S E M  im ag es {ท > 50). M o reo v er, f ib e r th ick n esses  w ere  
m easu red  b y  m eans o f  a  d ig ita l m ic ro m e te r (M itu to y o , 0.001 m m  re so lu tio n ) to  be in 
the  ran g e  o f  9 0 -1 0 0  p m  a fte r  sp in n in g  fo r 1 h.

T he in co rp o ra tio n  o f  D O X Y  in the  p o ly m eric  fib e rs  w as co n firm ed  by 
a F o u rie r tran sfo rm  in fra red  sp ec tro m e te r in a tten u a ted  to ta l re fle c tio n  m ode (A T R - 
FT IR ; N ic o le t N E X U S  870) at a  re so lu tio n  o f  4 c m " 1 o v er a w a v en u m b er ran g e  o f  
500  to  4 0 0 0  cm "1.

T he m e ltin g , c ry s ta lliz a tio n , and  fo rm a tio n  o f  a  c ry s ta llin e  s tru c tu re  
w ere  in v es tig a ted  by d iffe ren tia l scan n in g  ca lo rim e try  m e a su re m e n t u sin g  a th e rm al 
a n a ly z e r (T A  In s tru m en ts  D S C  Q 2 0 0 0 ) a t a  h ea tin g  ra te  o f  10 “C -m in " 1 from  -90  °c 
to  180 °c. T h e  c ry s ta llin ity  d eg ree  (Xc) o f  P C L  an d  P H B V  w as ca lcu la ted  fro m  the  
m e ltin g  en th a lp ie s  (A H m) u sin g  the  fo llo w in g  eq u a tio n :

^  ( % ) = ~ U i o o , (1)
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w h ere  A H m is the  m e ltin g  e n th a lp y  o f  th e  p o ly m er, A H  l  is the 

m e ltin g  en th a lp y  o f  fu lly  c ry s ta llin e  p o ly m ers , 139.5 J /g  fo r P C L  and  109 J /g  for 
P H B V , an d  ^ is th e  w e ig h t fac to r o f  th e  c o n s id e re d  p o ly m e r (D el G au d io  et a l.,
2011).

T he w a te r  re ten tio n  o f  all fibe r m a ts  w as a sse sse d  in  a p h o sp h a te  
b u ffe r sa lin e  (pH  7 .4 ) at the p h y s io lo g ica l tem p e ra tu re  o f  37 °c at v a rio u s 
su b m ers io n  tim e  in te rv a ls . T he m easu rem en ts  w e re  carried  o u t in  p en tu p lica te  w ith in  
a to ta l su b m ers io n  p e rio d  o f  36 h. T h e  w a te r re ten tio n  w as ca lcu la ted  acco rd in g  to 
the  fo llo w in g  eq u a tio n :

W ater re ten tio n  (% ) = M - M d
Md xioo, (2)

w h ere  M  is the w e ig h t o f  each  sp ec im en  a fte r  su b m ersio n  in  the 
m ed iu m  a t each  su b m e rs io n  tim e p o in t and  Md is th e  w e ig h t o f  th e  sp ec im en  in its 
d ry  s ta te  a fte r  su b m e rs io n  in the m ed iu m  at each  su b m ers io n  tim e  po in t.

T h e  m ech an ica l in teg rity , in  te rm s  o f  Y o u n g ’s m o d u lu s, ten sile  
s tren g th , and  stra in  a t b reak , w as ca rried  o u t on  d o g -b o n e  fib ro u s  m ats cu t ou t by 
m ean s o f  a  s ta in le ss  s tee l d ie  (g au g e  len g th  25 m m  an d  w id th  10 m m ), acco rd in g  to 
A S T M  D 6 3 8 -V . T h e  m ech an ica l te s ts  w ere  p e rfo rm ed  by  a Z w ick /R o e ll un iversa l 
te s tin g  m ach in e  w ith  5 00  N  load  cell and  10 m m /m in  c ro ssh ead  speed  at am b ien t 
c o n d itio n s . T en  sp e c im e n s  for each  sam p le  ty p e  w ere  co n sid ered .

8 .3 .4  In V itro  D rug  R e lease  A ssay
8 .3 .4 .1  A c tu a l D ru g  C o n ten t D e te rm in a tio n

T h e  actual c o n te n t o f  D O X Y  in the  f ib e r m a ts  w as q u an tified  
by  firs t d isso lv in g  e a c h  sp ec im en  (sq u are  d isc ; 6  m g) in 10 m L  ch lo ro fo rm , then  
ad d in g  a sm all a m o u n t o f  e thano l in th e  so lu tion . A fte r  tha t, 1 m L  o f  the  so lu tio n  w as 
ad d ed  in to  9 m L  o f  p h o sp h a te  b u ffe r  sa line . T h e  ac tua l a m o u n t o f  the as-lo ad ed  
D O X Y  w as th en  q u a n tif ie d  w ith  a  L am b d a  800  U V -V is  sp ec tro m e te r at the 
w av e len g th  o f  365 nm  ag a in s t a p re -d e te rm in ed  c a lib ra tio n  cu rv e  o f  D O X Y  in the
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p h o sp h a te  b u ffe r  sa line . T he so lu tio n s  o f  the  d rug -free  f ib e r m ats  in ch lo ro fo rm  that 
had  b een  d ilu ted  w ith  the p h o sp h a te  b u ffe r  sa line  w ere  used  as b lan k s, T he 
m easu rem en ts  w e re  carried  o u t in  p en tu p lica te .

8 .3 .4 .2  D O X Y -R e lea s in g  A ssa y
E lec tro sp u n  fib e r m ats  (sq u are  d isc ; 6  m g ) w ere  im m ersed  in 

10 m L  o f  th e  p h o sp h a te  bu ffer sa lin e  so lu tio n s  a t the  p h y s io lo g ica l tem p e ra tu re  o f  37 
°c. 1 m L  o f  sam p le s  w as tak en  fro m  the  m ed iu m  after 0, 1 ,2 ,  3, 4, 7, 10, 13, 16, 24 
and  36  h, and  th en  the  sam e v o lu m e  o f  fresh  re lease  m ed iu m  so lu tio n  w as added  as 
rep lacem en t. T h e  co n ten t o f  D O X Y  in th e  m ed iu m  w as m easu red  by a  U V -V is 
sp e c tro m e te r (L a m b d a  800, P e rk in  E lm er) at the  w av e len g th  o f  365 nm  th ro u g h  the 
use  o f  a p re -d e te rm in ed  s tan d ard  ca lib ra tio n  cu rve . T he m easu rem en ts  w ere  carried  
o u t in  p en tu p lica te  at each  tim e  po in t. T h e  resu lts  w ere  p re sen ted  in  term  o f  
cu m u la tiv e  re lea se  as a fu n c tio n  o f  re lease  tim e. T h e  cu m u la tiv e  re lease  w as 
c a lc u la ted  a c c o rd in g  to  the fo llo w in g  equa tion :

C u m u la tive  re le a se  a m o u n t (% ) =  2 ^ 2 x 1 0 0 ,
M o o

(3)

w here  M , is th e  am o u n t o f  D O X Y  re le a se d  at tim e  t and  H ,: is 
th e  ac tu a l a m o u n t o f  D O X Y  fo u n d  in the  e lec tro sp u n  fibers.

8 .3 .5  A n tib ac te ria l E v a lu a tio n
T h e  an tib ac te ria l a c tiv ity  o f  th e  e lec tro sp u n  fib ro u s  su b stra te s  w as 

te s ted  ag a in s t G ram -n eg a tiv e  P se u d o m o n a s  a e ru g in o sa  (p . a e ru g in o sa , A T C C  2297) 
and  G ra m -p o s itiv e  S ta p h y lo co ccu s  a u reu s  (ร. a ureus, A T C C  933). T h e  assessm en t 
w as co n d u c ted  b a se d  on  the  d isc  d iffu s io n  m e th o d  o f  the  U S  C lin ica l and  L ab o ra to ry  
S tan d ard s  In s titu te  (C L SI). B o th  the  d ru g -free  and  D O X Y -lo ad ed  P C L /P H B V  
fib ro u s  su b stra te s  w ere  cut in to  c ircu la r  d iscs  (15 m m  in d iam e te r) and  p laced  on 
D ifco ™  M u elle r H in to n  agar in  a  P etri d ish , an d  th en  in cu b a ted  at 37 °c fo r 24 h. I f  
in h ib ito ry  co n cen tra tio n s  w ere  reach ed , th e re  w o u ld  be no  g ro w th  o f  th e  m icro b es.
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w h ich  co u ld  be  seen  as a c le a r  zone  a ro u n d  the d isc  sp ec im en s. T he zo n e  w as then  
reco rd ed  as an  in d ica tio n  o f  in h ib itio n  ag a in st the  m ic ro b ia l sp ec ies . T rip lica te  
e x p e rim en ts  w ere  co n d u c ted  and  the  resu lts  w ere  rep o rted  as av erag e  va lues.

8.4 Results and Discussion

8.4.1 M o rp h o lo g y  o f  D ru g -F ree  and  D O X Y -L o ad ed  F ib ro u s S u b stra tes
T he rep re sen ta tiv e  SE M  im ag es o f  e le c tro sp u n  fib ro u s su b stra te s  are 

sh o w n  in F ig u re  8.1. T h e  in d iv id u a l fibers p o ssess  th e  co m m o n  fea tu res  o f  being  
ran d o m ly  a lig n ed  and  p a rtia lly  co n g lu tin a ted . B o th  th e  d ru g -free  an d  th e  D O X Y  
lo ad ed  fib e rs  app eared  to  be sm o o th  w ith  no  d rug  c ry s ta ls  d e tec ted  on  th e  po lym er 
su rface , su g g es tin g  good  an d  h o m o g en eo u s d isp e rs io n  o f  D O X Y  in th e  e lec tro sp u n  
fibers. H o w ev er, it shou ld  be  no ted  tha t th e  in c o rp o ra tio n  o f  D O X Y  m ad e  the fiber 
d ia m e te r s lig h tly  sm aller. A v e rag e  fiber d iam e te rs  o f  th e  d ru g -free  and  the  D O X Y - 
lo ad ed  fib e rs  w ere  in th e  ran g e  o f  1 .8 -4 . 6  p m  an d  1 .0 -3 .4  p m , resp ec tiv e ly . A 
rea so n ab le  e x p lan a tio n  is th a t th e  ad d itio n  o f  D O X Y , w h ich  w as used  in  a  salt form , 
d is tu rb ed  th e  p o ly m er so lu tio n  by  s lig h tly  d ec rea s in g  th e  v isco s ity  an d  shearing  
stren g th , lo w ered  the  su rface  ten sio n , and  th e re fo re  en h a n c e d  the  b en d in g  in stab ility  
(Z en g , 2 0 0 3 ; Q in , 2007). M o reo v er, it seem ed  tha t th e  P C L /P H B V  b len d  ra tio s 
s ig n ific an tly  in flu en ced  th e  m o rp h o lo g y  o f  the  o b ta in ed  fibers. In th e  P C T /P H B V  
75 /25  พ /พ  fib ers , som e sp in d le -lik e  s tru c tu re s  w ere  ev id en t. W hen  P C L  and  P H B V  
w ere  eq u a lly  b len d ed  (P C L /P H B V  50 /50  พ /พ ), th e  m o st co n s is ten t and  u n ifo rm  fiber 
m o rp h o lo g y  w as observ ed . T h is  cou ld  be  re su lted  fro m  th e  su b stan tia l su itab ility  o f  
th e  p o ly m er so lu tio n  u sed  fo r e lec tro sp in n in g  (H an  e t a i ,  2009 ). W hen  th e  co n ten t o f  
P H B V  w as ra ised  up to  7 5 %  (P C L /P H B V  25 /75  พ /พ ), fu sed -fib e r s tru c tu res  w ere  
n o ticed ; b u t th e  fibers w ere  still co n tin u o u s and  sm oo th .
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PCL

PCL/PHBV 75/25

PCL/PHBV 50/50

PCL/PHBV 25/75

PHBV

DOXY-PCUPHBV 75/25

DOXY-PCUPHBV 25/75

DOXY-PHBV

Figure 8.1 S E M  im ag es (sca le  b a r =  10 (am and  m ag n ific a tio n  =  1500 x) o f  d rug- 
free and  D O X Y -lo ad ed  e lec tro sp u n  fib ro u s  su b stra tes .
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8.4 .2  C h a rac te riz a tio n  o f  D ru g -F ree  and  D O X Y -L o ad ed  F ib rous S u b stra tes  
A T R -F T IR  sp ec tra  fo r P H B V , P C L , P C L /P H B V  50 /50 , D O X Y - 

lo ad ed  P C L /P H B V  50 /50 , and  D O X Y  w ere  d e m o n stra ted  in  F ig u re  8.2. T h e  peak  at 
1724 c m ' 1 co rresp o n d ed  to  th e  c=0 v ib ra tio n  o f  e s te r  w as  o b se rv ed  in all o f  the 
fib ro u s  spectra . T h e  IR  o f  P C L /P H B V  b len d  ca rrie s  fea tu res  o f  n ea t PC L  and  neat 
P H B V  sp ec tra , c o n firm in g  the  p resen ce  o f  b o th  PC L  and  P H B V  w ith in  th e  b lend 
fibers (K -h asu w an  et a l ,  2011 ). T h e  IR  sp ec tru m  o f  D O X Y  ca rrie s  the  a rom atic  
h y d ro ca rb o n s  at 1600-1585  c m '1, the  c a rb o n -ca rb o n  s tre tch in g  v ib ra tio n s  in the 
a ro m a tic  ring  at 1 500-1400  c m '1, an d  the  am id e  g roup  at 1650 c m ' 1 (T am im i et a l .,
2 008 ). T h e  IR sp ec tru m  o f  D O X Y -lo ad ed  P C L /P H B V  sh o w s all fea tu res o f  the  neat 
P C L , n ea t P H B V , an d  D O X Y , e sp ec ia lly  th e  ab so rp tio n  p eak s  from  1560 to  1650 
c m ' 1 ap p ea rin g  to  be  th e  m a in  ev id en ce  fo r the  ex is ten ce  o f  the  d ru g  in the 
P C L /P H B V  blend .

Figure 8.2  A T R -F T IR  sp ec tra  o f  n ea t P H B V , n ea t P C L , P C L /P H B V  50 /50 , D O X Y - 
lo ad ed  P C L /P H B V  5 0 /5 0 , and  D O X Y .
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O w in g  to  th e  s im ila r  re su lts  o f  b o th  d ru g -free  and  D O X Y -lo ad ed  
fib ro u s  su b stra te s , o n ly  th e  re su lts  o f  th e rm al p ro p e rtie s  (see  T ab le  8.1 and  T ab le  8.2) 
an d  D S C  th e rm o g ram s (see  F ig u re  8.3) o f  th e  d ru g -free  fib e rs  w ere  rep o rted . T he 
m e ltin g  tem p e ra tu res  o f  P C L  and  P H B V  w ere  55.0 °c and  154.8 °c, resp ec tiv e ly . In 
th e  case  o f  P C L /P H B V  b len d s , tw o  sin g le  m e ltin g  p eak s in  th e  ran g e  o f  53.7-55.0 °c 
an d  154.8-156.9 °c asso c ia ted  re sp ec tiv e ly  to  the  PC L  and  P H B V  c o m p o n en t w ere 
d e tec ted , in d ica tin g  tw o  im m isc ib le  c o m p o n e n ts  in th e  b lends. T h e  d eg ree  o f  
c ry s ta llin ity  w as ca lcu la ted  fro m  the  m elt en d o th e rm s and  n o rm a lized  w ith  respect to 
th e  co n ten t o f  each  co m p o n en t. T h e  d eg ree  o f  c ry s ta llin ity  o f  th e  P C L  co m p o n en t in 
P C L /P H B V  b len d s  w as s ig n ific an tly  lo w er th an  that o f  th e  neat fiber, w h ile  the 
d eg ree  o f  c ry s ta llin ity  o f  the  P H B V  co m p o n e n t in the  b len d s  w as s ig n ific an tly  h igher 
th an  tha t o f  th e  n ea t one. O n  th e  o th e r h an d , th e  c ry s ta lliz a tio n  tem p e ra tu re  o f  the 
P C L  and  P H B V  c o m p o n en t in  th e  b len d s d e c re a sed  w ith  re sp ec t to  the  n ea t P C L  and 
th e  n ea t P H B V , re sp ec tiv e ly . T h ese  re su lts  su g g ested  th a t the  tw o  im m isc ib le  
p o ly m ers  in te rac ted  to  so m e d eg ree  in  th e  n u c léa tio n  an d  g ro w th  o f  c ry s ta llin e  
s tru c tu re s  b ecau se  o f  the d eac tiv a tio n  o f  h e te ro g e n e ity  (D el G au d io  e t a l., 2011 ).

Table 8.1 M eltin g  tem p e ra tu re  (Tin) and  m e ltin g  en th a lp y  {A H m) o f  e lec tro sp u n  
fib ro u s  su b stra tes

S am ple T m(P C L )/T m(PHBV)

(°C )
A H m(P C L )/A H m(PHBV)

( J / g )

P C L 55.0 59.4
P C L /P H B V  75 /25 5 4 .3 /1 5 5 .5 4 2 .4 /1 7 .5
P C L /P H B V  50 /50 5 3 .7 /1 5 5 .7 2 0 .2 /3 2 .8
P C L /P H B V  25 /75 5 4 .9 /1 5 6 .9 13.6/47.3
P H B V 154.8 55.3
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Table 8.2 C ry s ta lliz a tio n  tem p e ra tu re  ( 7c), c ry s ta lliz a tio n  en th a lp y  (zl//c), and 
c ry sta llin ity  d eg ree  (A'c) o f  e lec tro sp u n  fib ro u s  su b stra tes

S am p le T c(P C L )/T c(PHBV)

( ๐ ๑

A H C(P C L )/A H C(PHBV)

(J/g)

X C(P C L )/X C(PHBV)

(% )
PC L 31.1 68.1 42.6
P C L /P H B V  75 /25 2 5 .7 /8 8 .5 5 0 .8 /2 6 .6 n/a
P C L /P H B V  5 0 /5 0 23 .5 /92 .1 2 3 .0 /4 3 .9 n/a
P C L /P H B V  2 5 /7 5 20 .4 /93 .1 19 .9 /54 .7 n/a
PH B V 95 .0 56 .4 50.7

Figure 8.3  D S C  th e rm o g ram s o f  e le c tro sp u n  fib rous su b s tra te s , (a) h ea tin g  and  (b) 
co o lin g  scan.
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Both the drug-free and the DOXY-loaded fibrous substrates were 
further characterized for their water retention behavior upon submersion in 
phosphate buffer saline solution (pH 7.4) at the physiological temperature of 37 °c as 
a function of the submersion time (see Figure 8.4). At any given time point, the water 
retention of all fiber mats increased with an initial increase in the submersion time 
and became saturated with the medium after they had been submerged for 24 h. 
Simultaneously, it was noticed that the amount of retained water in all blend fibers, 
at any given time point, was higher with respect to the neat ones; both drug-free and 
DOXY-loaded PCL/PHBV 50/50 showed the greatest amount of retained water. The 
water retention reached a maximum of around 250% for the drug-free and 270% for 
the DOXY-loaded PCL/PHBV 50/50, around 220% for the drug-free and 240% for 
the DOXY-loaded PCL/PHBV 75/25, and around 190% and 170% in the case of the 
drug-free and the DOXY-loaded PCL/PHBV 25/75, respectively. Apparently, the 
amount of retained water depends not only upon the polymer blend ratio, but also 
upon the presence of the drug. When an appropriate salt form of the drug was added 
the charge density was increased; and hence, the conductivity of the polymer solution 
was increased as well (Stanger et al., 2009). The increase in the conductivity led to 
higher amount of water retention (Jang et al., 2006). Porous nature would be another 
factor contributing to the different water retention behavior of the fiber mats. Water 
could be absorbed and retained within the porous structure of the fibers held by the 
capillary action (Chuysinuan et al., 2009). Therefore, it could be assumed that the 
blend fibers might have more porosity or pore volume than the neat ones, ranking in 
a descending order as: PCL/PHBV 50/50, PCL/PHBV 75/25, and PCL/PHBV 25/75, 
respectively.
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Figure 8.4 Water retention behavior of (a) the drug-free and (b) the DOXY-loaded 
fibrous substrates immersed in phosphate buffer saline solution pH 7.4 at 37 °c for 
various time intervals {ท = 5).

Due to the similarity of mechanical properties of both drug-free and 
DOXY-loaded fibrous substrates, merely mechanical assessments of the drug-free 
fibrous substrates are presented. Stress-strain behavior of the fiber mats shown in 
Figure 8.5 has a shape characteristic with a linear elastic region followed by a period 
of plastic deformation until failure. The stress-strain curves were used to evaluate 
tensile strength, Young’s modulus, and elongation at break values (see Table 8.3).
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Regarding the neat polymer, PCL exhibited the lowest tensile strength and Young’s 
modulus, as well as the largest elongation at break, while PHBV showed the lowest 
deformation at break. For the blends, the tensile strength value was found to be 
highest in PCL/PHBV 75/25, followed by that value of PCL/PHBV 50/50. The 
improvement in the tensile strength might be attributed to the fusing between the 
fiber junctions (Zhang et a l, 2006) and the fiber packing density (Del Gaudio et al., 
2011). Although all PCL/PHBV blends had higher Young’s modulus values than 
those of the neat PCL, these blends still had those values lower than those of the neat 
PHBV. The elongation at break, however, increased with the PCL content.

Figure 8.5 Stress-strain curves of the drug-free PCL/PHBV electrospun fibrous 
substrates.
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Table 8.3 Mechanical integrity of the drug-free PCL/PHBV electrospun fibrous 
substrates

Sample Tensile Strength 
(MPa)

Young’s Modulus 
(MPa)

Elongation at 
Break (%)

PCL 3.3 ±0.5 107.0 ± 2.1 307.4 ± 39.2
PCL/PHBV 75/25 5.4 ±0.3 183.9 ± 3.5 225.8 ±52.7
PCL/PHBV 50/50 5.1 ±0.3 173.0 ±4.7 190.0 ±41.5
PCL/PHBV 25/75 3.6 ±0.2 115.1 ±3.8 136.3 ±25.6
PHBV 3.7 ± 0.1 280.8 ±4.1 90.2 ±22.4

8.4.3 Drug-Loaded Determination and In Vitro Drug Release Studies
Prior to determining the release characteristic of DOXY from the 

DOXY-loaded fibrous substrates, the calibration curve of DOXY in the medium and 
the actual amount of DOXY within the fibers need to be investigated. The calibration 
curve of DOXY in the medium was [abs] =  9.491 [c] + 0.039 (r2 =  0.990), where 
[abs] is u v  absorbance value and [c] is DOXY concentration in mg-mL V The 
theoretical contents of DOXY in the DOXY-loaded fiber were 3.93, 3.84, 3.74, 3.67, 
and 3.60 wt% for DOXY-PCL, DOXY-PCL/PHBV 75/25, DOXY-PCL/PHBV 
50/50, DOXY-PCL/PHBV 25/75, and DOXY-PHBV, respectively (based on the 
weight of the fiber mats). After the drug assay experiments, the actual contents of 
DOXY within the fiber mats were 2.93 ± 0.10, 3.53 ± 0.10, 3.51 ± 0.10, 3.11 ± 0.19, 
and 2.62 ± 0.16 wt% for DOXY-PCL, DOXY-PCL/PHBV 75/25, DOXY- 
PCL/PHBV 50/50, DOXY-PCL/PHBV 25/75, and DOXY-PHBV, respectively 
(based on the weight of the fiber mats). These values corresponded to 75 ± 2, 92 ± 3, 
94 ± 2, 85 ± 5, and 73 ± 3 % (based on the weight of DOXY initially contained in the 
spinning solutions). The actual amounts of DOXY in the DOXY-PCL/PHBV blend 
fibers were more than 80%, indicating better compatibility between the drug and the 
matrix system. The deviation from the ideal value of 100% would be owing to the 
inhomogeneous distribution of DOXY in different parts of the obtained fibrous 
substrates.
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The cumulative release of DOXY from all electrospun fibrous 
substrates as a function of the submersion time was demonstrated in Figure 8 . 6 . The 
cumulative amount of the released DOXY increased rather rapidly during the first 16 
h of the submersion time. Further increase in the submersion time resulted in a 
gradual increase in the cumulative amount of DOXY released to eventually assume a 
plateau value at 36 h of the submersion time. An initial fast release is possibly 
because drug molecules dispersing close to the surface of polymer fibers and 
absorbing near the surface would diffuse out quickly in initial time. The slower 
release might be ascribed to the drug being encapsulated in the inner core of the fiber 
matrix, which would absolutely need a long distance to diffuse through, and 
therefore take longer time to be released. Furthermore, owing to the decline of the 
diffusion driving force induced by the reduction of the drug molecules inside the 
inner space, the release rate became slower and slower (Han et al., 2009). For the 
DOXY-PCL/PHBV 50/50 fibrous substrates at any given submersion time point, the 
cumulative amount of the released DOXY was the greatest, followed by those 
released from DOXY-PCL/PHBV 75/25, DOXY-PCL/PHBV 25/75, DOXY-PCL, 
and DOXY-PHBV. After 36 h the fibrous substrates that had been submerged in the 
medium, the released values could finally reach to about 67, 56, 41, 31 and 25% for 
DOXY-PCL/PHBV 50/50, DOXY- PCL/PHBV 75/25, DOXY-PCL/PHBV 25/75, 
DOXY-PCL, and DOXY-PHBV (equivalent to about 2.4, 2.0, 1.3, 0.9, and 0.7 wt%, 
based on the weight of the fibrous substrates, respectively).

The resulting cumulative amounts of released DOXY could be 
correlated to the water retention behavior of the DOXY-loaded fibrous substrates that 
showed the greatest values in DOXY-PCL/PHBV 50/50, followed by those in 
DOXY-PCL/PHBV 75/25, DOXY-PCL/PHBV 25/75, DOXY-PCL, and DOXY- 
PHBV, respectively. Due to the higher retained water, the macromolecular mobility 
increases, leading to higher drug mobility (Siepmann et al., 2007).

t พท- C\คtvA
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Figure 8.6 Cumulative release of DOXY from DOXY-loaded electrospun fibrous 
substrates, in terms of the percentage of the weight of DOXY released divided by the 
actual weight of DOXY in the samples, as a function of submersion time in 
phosphate buffer saline solution, at physiological temperature of 37 °c (ท =  5).

8.4.4 Antibacterial Activity
The antibacterial activity of DOXY-loaded fibrous substrates was 

assessed against two typical pathogenic bacteria p. aeruginosa and ร. aureus to 
evaluate their biomedical application potentials. The activity of all drug-free fibrous 
substrates against these bacteria was used as control. Table 8.4 summarizes the 
average lengths of the inhibition zones (measured from the edge of the samples to the 
edge of the clear zone) for all of the substrates investigated. As reported in Table 8.4, 
all of the neat fibrous substrates showed no activity against the tested bacteria. For 
the DOXY-loaded specimens, inhibition zones were evident. The inhibition zone 
lengths of the DOXY-loaded PCL/PHBV 50/50 against both types of bacteria were 
the greatest (i.e., 6.5 mm for ร. aureus and 3.0 mm for p. aeruginosa), followed by 
those of the DOXY-loaded PCL/PHBV 75/25. These results were consistent with the 
results on the release of DOXY, as the DOXY-loaded PCL/PHBV 50/50 had the

•  DOXY-PCL o DOXY-PCUPHBV 75/25 
T  DOXY-PCUPHBV 50/50 

- V DOXY-PCL/PHBV 25/75 
■ DOXY-PHBV
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greatest cumulative amount of released DOXY, followed by the DOXY-loaded 
PCL/PHBV 75/25. Additionally, it should be noted that the ร,. aureus was more 
sensitive to DOXY than p. aeruginosa in this experiment. This result could be 
explained from the difference in the cell wall structures of bacteria. A major 
structural difference between Gram-negative bacteria and Gram-positive bacteria is 
that the cell wall of the former is overlaid with an outer membrane that consists ot 
lipopolysaccharide, and this region offers a supplementary barrier that inhibits the 
penetration of antimicrobial agents (Tan and Obendorf, 2007).

Table 8.4 Average lengths of the inhibition zones (measured from the edge of the 
samples to the edge of the clear zones) for all fibrous substrates

Sample Inhibition Zone 
Length (mm) 

ร. aureus

Inhibition Zone 
Length (mm) 
p. aeruginosa

DOXY-PCL : PCL 2.5 : 0 1.2 : 0
DOXY-PCL/PHBV 75/25 : PCL/PHBV 75/25 5.5 : 0 2.5 : 0
DOXY-PCL/PHBV 50/50 : PCL/PHBV 50/50 6.5 : 0 3.0 : 0
DOXY-PCL/PHBV 25/75 : PCL/PHBV 25/75 3.0 : 0 1.5 : 0
DOXY-PHBV : PHBV 2.5 : 0 1.0 : 0

8.5 Conclusions

DOXY regarded as an effective drug associated with infected wounds was 
successfully loaded in PCL, PHBV, and PCL/PHBV (i.e., 75/25, 50/50 and 25/75, 
(พ/พ)) fibrous substrates using electrospinning technique. The obtained fibrous 
substrates were smooth and no evidence of any kind of aggregate was observed on 
the surface of the DOXY-loaded fibrous substrates. The average diameters of the 
drug-free and the DOXY-loaded fibers were in the range of 1.8-4.6 pm and 1.0-3.4 
pm, respectively. Almost all of the DOXY contained in the spinning solutions was 
retained within the obtained fibrous substrates (i.e., 73 to 94% on average). The
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cumulative amount of DOXY released from the DOXY-loaded fibrous substrates 
increased rather rapidly during the first 16 h of the submersion time, while it 
increased more slowly as the submersion time increased further. The cumulative 
amount of DOXY released from the DOXY-PCL/PHBV 50/50 fibrous substrate was 
the greatest, followed by those released from the DOXY-PCL/PHBV 75/25 and the 
DOXY-PCL/PHBV 25/75 fibrous substrates, respectively. The potential use of the 
DOXY-loaded fibrous substrates as wound dressings was assessed by antibacterial 
activity against Gram-negative Pseudomonas aeruginosa and Gram-positive 
Staphylococcus aureus. The results showed that the DOXY-loaded fibrous substrates 
appeared to be effective against the two pathogens.
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