
CHAPTER VIEFFECTUAL DRUG-RELEASING POROUS SCAFFOLDS FROM1,6-DIISOCYANATOHEXANE-EXTENDED POLY(l ,4-BUTYLENE SUCCINATE) FOR BONE TISSUE REGENERATION
6.1 Abstract

T ooth  ex traction  induces residual ridge resorp tion w h ich  im pairs function 
and aesthetic  o f  den tal prostheses. T his study aim ed at develop ing  new  bone 
scaffo lds to  be used in a  tooth socket for p reserv ing  bone m ass from  the  residual 
ridge resorp tion . S caffo lds ' w ere fabricated from  poly( 1 ,4-butylene succinate) 
ex tended  w ith  1,6 -d iisocyanatohexane (PB Su-D C H ) by  so lven t casting  and 
particu la te  leach ing technique. F our d ifferen t w eigh t ratios o f  N aC l particles (200- 
400 pm ; used as the porogen species) and the po lym er w ere  varied  (i.e., 25, 30, 35, 
and 40%  based  on th e  w eigh t o f  the po lym er). S caffolds w ere  evaluated  fo r their 
physical (i.e., m orphology* porosity , pore volum e, and pore  size), physico- 
m echan ical (i.e ., m echan ical properties and w ater absorp tion  capability ), and 
b io logical properties (i.e ., cy to toxicity  and bone cell a ttachm ent). T he po ten tial for 
use o f  the as-p repared  m ateria ls as effectual drug-releasing  scaffo lds for bone tissue 
regeneration  w as assessed  by incorporating  ipriflavone and study ing  the re lease  o f  
the  drug from  the  drug-loaded  scaffolds.

(Key-words: bone scaffo lds; particulate  leaching; po ly (buty lene succinate)

6.2 Introduction
“ R esidual r id g e” is a term  used in den tistry  to  describe th e  shape o f  the 

c lin ical a lveo lar ridge existing  after a  com plete healing  o f  bone and  soft tissues once 
a  too th  had been ex trac ted  (B odic e t a l ,  2005). Im proper shape o r size  o f  the  residual 
ridge  due to  severe bo ne  resorp tion  d im in ishes dental p rosthetic  rep lacem en t to 
ach ieve aesthetic  and  function . Factually , resorp tion  o f  the  residual ridge is a 
ch ron ically  irreversib le  and cum ulative m echanism  (Jahangiri e t a l ,  1998). It occurs
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con tinuously  w ith in the  first year, w ith a particularly  fast rate du ring  the  first 3 to  6 
m onths (Jahang iri e t a l ,  1998; B odic  et al., 2005). T he reso rp tion  con tinues a t a 
slow er pace th roughou t a life-span, resu lting  in the rem oval o f  a  large am ount o f  ja w  
bone. It w as estim ated th a t bone loss occurred  at ~ 2 1, - 3 6 ,  and - 4 4 %  after a  tooth  
had been ex tracted  for 3, 6, and 12 m onths, respectively , and the  a lveo lar bone m ay 
lose up to  10 m m  o f  the low er ja w  height after 25 years  (B od ic  e t a l ,  2005). 
P revention  o f  the a lveo lar bone resorp tion  caused by a too th  ex traction , therefore , 
has been o f  g reat concern .

T o  preserve bone m ass, various m aterials, e.g ., au togenous or a llogenic 
bone grafts (W iesen and K rrzis, 1998), hydroxyapatite-co llagen  im plant m ateria ls 
(H anne e t a l ,  1998), and  chem ical agents like b isphosphonates (Y affe  e t a l ,  1999; 
A ltundal and  G uvener, 2004), have been adm inistered  into the  den tal socket 
im m ediately  after a tooth extraction . In the  tissue eng ineering  po in t o f  v iew , 
developm ent o f  th ree-d im ensional scaffo ld ing b iom ateria ls  is a  m eans for filling  
bone lesions (H utm acher, 2000). A part from  the general charac teris tics  o f  an  ideal 
bone scaffo ld , a su itable scaffold fo r the dental socket should  be soft, b u t strong 
enough to  be  easily  p laced  in site w ithout rupture o r shape re lapse . S ynthetic  
b iodegradable  po lyester is a m aterial o f  cho ice due to  its several p rom ising  properties. 
T he gradual reso rp tion  behavior o f  th is type o f  m aterial is conducive to  being 
concom itan tly  substitu ted  w ith new  bone m ass (D ro tle ff  e t a l ,  2004). Such a 
m aterial can be ta ilo red  by a variety  o f  fabrication m ethods to  ach ieve  the desired  
in ternal a rch itectu re  that allow s bone cells to  m ove in and  supports th e ir  a ttachm ent 
to  the con struc t sim ultaneously  (G riffith , 2000; W iesm ann e t a l ,  2004).

P oly( 1,4-butylene succinate) (PB Su) is an a liphatic  b iodegradable  
therm oplastic  po lyester, syn thesized th rough a  condensation  po lym eriza tion  o f  
succin ic acid  and 1,4-butane diol. PB Su w as proven to  be b ioco m p atib le  w ith  
osteob lasts, due to  its ability  in supporting  both th e  p ro lifera tion  and  the 
d ifferen tia tion  o f  the  cells (Li et a l ,  2005). H ow ever, w ith  a m elting  tem peratu re  
( Tm) in th e  range o f  90 -120°c, PB S with a low  Tm is an tic ipa ted  to  possess an 
im proved b iodegradability . T his cou ld  be achieved by  an in troduction  o f  a certain  
type o f  no n-crysta llizab le  un its in to the po lym er chains, w hich  causes both the  Tm 
and the  crysta llin ity  to  decrease, w hen com pared w ith  those  o f  th e  pure  po lym er
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(N ikolic  et al., 2003). 1 ,6-diisocyanatohexane-extended P B S u (hereafter, PB Su- 
D C H ) is one such m odification  that w as developed by  coup ling  PB Su w ith 
hexam ethy lene d iisocyanate as a chain ex tender (N ikolic and  D jon lag ic , 2001). In 
th e  tissue eng ineering  po in t o f  view , the properties o f  P B S u-D C H  are expected  to  be 
im proved over those o f  the  pure PBS and it is o f  our g rea t in terest to  investigate 
w hether P B S u-D C H  is a suitable m aterial for the preparation  o f  scaffo lds that 
enhance the regeneration  o f  bone in the dental socket.

T he presen t con tribu tion  focused on the fabrication  o f  porous PB Su-D C H  
scaffo lds by  solven t casting and particulate  leach ing techn ique and the 
characterization  o f  their p roperties pertinent to  bone tissue regeneration . T he effect o f  
po rogen /po lym er w eigh t ratio  on architecture and characteristics o f  the  as-prepared 
scaffo lds w as investigated. T he po ten tial for use o f  these  scaffo lds as carriers for 
delivery  o f  an active substance suitable for enhancing bone tissue regeneration  w as 
investigated  using  ip riflavone (see Figure 6.8 in S upporting  In fo rm ation  fo r chem ical 
structure), a syn thetic  derivative o f  isoflavone w hich has been know n to  accelerate 
osteob last cell activ ity  and , at the sam e tim e, inhibits bone resorp tion  (C ivitelli, 
1997), as the m odel com pound.

6.3 Experimental
6.3.1 M aterials

Poly( 1 ,4-butylene succinate) extended w ith  1 ,6-diisocyanatohexane 
(PB Su-D C H ; pe lle t form ; M W  06242; B atch  #09717) and  7 -(l-m eth y le tho xy )-3 - 
ph eny l-4 H -l-b en zo p y ran -4 -o n e  or 7 -isopropoxy isoflavone (hereafter, ipriflavone; 
97%  purity) w ere  purchased  from  A ldrich (U SA ). C h loroform  (analy tica l reagent 
grade) w as purchased  from  Labscan (A sia) (Thailand). Sodium  ch lo ride  (NaCI; 
pow der form ) w as purchased  from  A jax F inechem  (A ustra lia). A ll o ther reagents 
w ere  o f  analy tical reagent grade and used w ithou t further purifica tion .

6.3.2 P reparation  o f  neat and ip riflavone-loaded P B S u-D C H  scaffo lds 
B oth  the neat and the ip riflavone-loaded P B S u-D C H  scaffo lds w ere

fabricated  by th e  solven t casting  and particulate  leach ing techn ique. F irst, PB Su- 
D C H  pellets w ere  d issolved in chloroform  at 50°c to  ob tain  the  P B S u-D C H  solution
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at a  fixed concen tra tion  o f  15% w /v. T he solu tion  w as left to cool dow n to  room  
tem peratu re . F o r th e  preparation  o f  the drug-loaded scaffo lds, ip riflavone (10%  
based  on the w eigh t o f  the polym er) w as dissolved in the P B S u-D C H  solution at th is 
stage. N aC l partic les, a  p r io r i  sieved to  obtain partic les w ith  d iam eters in the range 
o f  200-400  pm , w ere  then  added into the neat or the d rug-loaded  solu tions at 4 
d ifferen t N aC l to  P B S u-D C H  w eigh t ratios (i.e ., 25, 30, 35, and 40%  พ /พ ). T he 
pasty  suspensions w ere  hom ogen ized and a  vo lum e o f  the suspensions w as filled 
w ith  sligh t p ressing  in hom e-m ade cylindrical g lass m olds and Petri d ishes to  obtain 
m old ing  sam ples o f  tw o differen t shapes and d im ensions. T he m old ings w ere placed 
in a  fum e hood overn igh t to  allow  evaporation  o f  the solvent. N aC l partic les w ere 
then leached ou t by im m ersing the  m oldings in deion ized (D I) w ate r fo r 48 h, w ith 
DI w ate r being rep laced  every 8 h. T he ob tained scaffo lds w ere  dried  in vacuo  at 
room  tem peratu re  for 24 h. H ereafter, the  scaffo lds that w ere prepared  w ith  the N aC l 
to  P B S u-D C H  w eigh t ra tios o f  25, 30, 35, and 40 %  พ /พ  w ere  denoted  25x, 30x, 35x, 
and 40xN aC l scaffo lds, respectively . T he 'd im en sion  o f  the  scaffo lds ob ta ined  from  
the m oldings cast in the hom e-m ade cylindrical glass m olds (hereafter, cylindrical 
scaffo lds) w as 11.3 ±  0.2 m m  in d iam eter and 8.6 ±  0.3 m m  in heigh t, w hile  the 
m old ings cast in th e  Petri dishes w ere  later cut into a  desired  shape and size for 
fu rther uses.

6.3.3 C haracterization
6.3.3.1 M icrostructure observation

O ne cylindrical scaffold w as random ly  selected  from  each 
group o f  sam ples. It w as cut into pieces a long  both th e  longitudinal and the 
transverse  d irections. T he cut pieces w ere m ounted on copper stubs, coated  w ith  gold 
using a  JE O L  JF C -1100  spu ttering  device, and observed for th e ir  m icroscop ic  
structure using JE O L  JSM -5200 scann ing  e lectron m icroscopy  (SEM ).

6 .3 .3 .2  Porosity, p o re  volume, an d  p o re  size
Porosity  and pore vo lum e o f  the scaffo lds w ere m easured 

g rav im etrically  acco rd ing  to  the  fo llow ing equations:
Porosity  (% ) — (1 - Pscaffold/ppolymer) X 100, (1)
Pore volum e (% ) =  (1 /pscaffo ld  - 1/ppolym er) X 100. (2)
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w here /^polymer is the  density  o f  the po lym er from  w hich the  
scaffo lds w ere  fabricated  and ^sca ffo ld  is the apparen t density  o f  the scaffo lds w hich 
w as m easured  by a  Sartorius YDK01 density  m easurem ent kit. H ere, />PBSU-DCH was 
taken  the  value o f  1.2 g-cm '3. Five specim ens w ere m easured  for bo th  the  porosity  
and the pore  vo lum e and an  average value for each property  w as ca lcu la ted . O n the  
o ther hand, pore size o f  the  scaffo lds w as d irectly  m easured  from  SEM  im ages, using 
a U T H SC SA  Im age T ool version 3.0 softw are. A t least 25 po res for each o f  the  cross 
and the  longitudinal sections (i.e., at least 50 pores in to tal) w ere  m easu red  and the  
average values for all o f  the  scaffo lds investigated w ere  calcu la ted .

6.3 .3 .3  M echanical p ro p erties
B oth tensile  and com pressive  properties o f  th e  scaffo lds w ere 

determ ined  in th e ir  dry state  w ith  a L loyd LRX  universal testing  m ach ine  using  500 
N  load cell a t room  tem peratu re. For the  tensile  test, specim ens (50 X 15 X 3 m m 3) 
w ere cut from  the  m oldings th a t had been  cast in the Petri d ishes. T he  gauge length 
w as 30 m m  and the crosshead  speed w as 5 m m -m in '1. F o r the  com pressive  test, the  
cylindrical scaffo lds w ere com pressed a t the crosshead  speed o f  1 m m -m in '1 until the  
specim ens w ere -7 0 %  deform ed from  their orig inal heigh t o f  - 8 .6  m m . The tensile  
test w as carried  out in pen tup licate  and the  com pressive  test w as in trip licate .

6.3 .3 .4  W ater absorption  capab ility
T he scaffo ld  specim ens, cut from  the  m old ings th a t had been 

cast in the  P etri d ishes (c ircu lar shape w ith 15 m m  in d iam eter and 3 m m  in height), 
w ere first dried , w eighed, and individually  im m ersed in 10 m L o f  10 m M  phosphate  
bu ffer saline solution (PB S; pH  7.4) at room  tem peratu re . A t a g iven tim e point, the 
specim ens w ere  taken out, b lo tted  on a glass p la te  w h ich  w as se t a t - 3 0 °  from  a 
horizon tal baseline  for 5 ร to  rem ove excess w ater, and  im m ediate ly  w eighed . T he 
am ount o f  w ate r absorbed in the specim ens w as de term ined  acco rd ing  to  the 
fo llow ing  equation:

W ater absorp tion  (%) = [(พ w-  wd)/พw] X 100, (3)
w here  Wd and Ww are the  w eigh t o f  the  specim ens befo re  and 

after subm ersion  in the m edium , respectively . T he  exp erim en t w as carried  ou t in 
pen tup licate  and the m easurem ents w ere carried  ou t at d ifferen t tim e  in tervals w ith in 
a  period o f  30 d.
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6 .3 .3 .5  In vitro degradation
T he cy lindrical scaffo lds w ere  ind iv idually  p laced  in 15 m L 

o f  PBS and  cond itioned  at 37°c in a  w ater bath w ithout shak ing. T he PBS m edium  
w as refreshed  once  a  w eek to m ain tain  the bu ffer capacity  o f  the  m edium . A t a given 
tim e point, the scaffo lds w ere rem oved, w ashed  tw ice w ith  D I w ater, and  dried  in 
vacuo  for 24 h. T he  rem aining w eigh t o f  the  scaffo lds w as de term ined  as the  w eight 
ratio  based  on the  initial w eigh t o f  the scaffolds, according to  the  fo llow ing  equation: 

R em ain ing  w eight (% ) =  พ 1เ พ O X 100, (4)
w here พ 0  is the initial w eigh t o f  the sca ffo ld s in th e ir dry state 

and พ t is the  w eigh t o f  the  scaffo lds after the degradation  assay  in their dry state . T he 
experim en t w as carried  ou t in trip licate . A ny change in the  m icrostruc tu re  o f  the 
scaffo lds after the  deg radation  assay  w as observed  by SEM.

6 .3 .3 .6  C yto tox icity  an d  cell/'scaffold in teraction
M ouse calvaria-derived, p re-osteob lastic  cells  (M C 3T 3-E 1; 

A T C C  C R L -2593) w ere cultu red  as a  m onolayer in m in im um  essen tia l m edium  
(M E M ; S igm a-A ldrich , U SA ), supplem ented by  10% fetal bovine serum  (FB S; 
B iochrom , G erm any), 1% L -g lu tam ine (Inv itrogen, U SA ) and  a  1% an tib io tic  and 
an tim yco tic  fo rm u la tion  [contain ing pen icillin  G  sodium , s trep tom ycin  su lfate , and 
am phoperic in  B (Inv itrogen C orp.)]. T he cells w ere m ain ta ined  at 37°c in a 
hum idified  a tm o sp here  con ta in ing  5%  C O 2  and passaged once every  3-4 d.

O nly th e  35xN aC l scaffo lds w ere used  in these  รณdies. 
C y to tox ic ity  o f  th e  as-p repared  scaffo lds w as evaluated  by th e  ind irect cy to tox ic ity  
m ethod, using M C 3T3-E1 as the  reference cells. F irst, the  ex trac tion  m ed ia  w ere 
p repared  by im m ersing  the scaffo ld  specim ens, cu t from  the m o ld in gs th a t had  been 
cast in the Petri d ishes (circu lar shape w ith  15 m m  in d iam eter and  3 m m  in height), 
in 500 p L  o f  seru m -free  m edium  (SFM ; con tain ing  M E M , 1% L -g lu tam ine, 1% 
lactabum in , and 1% antib io tic  and antim ycotic  fo rm ulation) fo r 24  h. E ach  o f  these  
ex traction  m edia  w as used in the  indirect cy to tox ic ity  evaluation . M C 3T 3-E 1 w ere 
cu ltu red  in w ells  o f  a 24-w ell cultu re  plate  at 3 X 104 cells/w ell in serum -contain ing  
M E M  for 16 h to  a llow  cell a ttachm ent on the  plate. T he cells w ere  then starved  w ith 
SFM  for 24 h, a fte r w h ich  tim e the m edium  w as rep laced  w ith  an  ex traction  m edium . 
A fte r  24 h o f  cell cu ltu ring  in the  extraction  m edium , a  3 -(4 ,5 -d im ethy lth iazo l-2-y l)-
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2,5-d iphenyl-te trazo lium  brom ide (M TT) assay w as carried  ou t to  determ ine the 
v iability  o f  the cells. T he experim ent w as carried ou t in quadrup licate .

T he M T T  assay  is based on the  reduction  o f  the yellow  
tétrazo lium  salt to  purp le  form azan crystals by dehydrogenase  enzym es secreted  
from  the  m ito cho nd ria  o f  m etabolically  active cells. T he am ount o f  purp le form azan 
crystals fo rm ed is p roportional to  the  num ber o f  v iable cells. F irst, each cultu re 
m edium  w as asp ira ted  and rep laced  with 500 pL /w ell o f  M T T  solution at 0.5 
m g-m L '! for a 24-w ell cultu re p late . Secondly, the  p la te  w as incubated  for 1 h at 
37°c. T he solu tion  w as then asp ira ted  and 1 m L /w ell o f  d im ethy lsu lfox ide (D M SO ) 
con tain ing  125 pL /w ell o f  glycine bu ffer (pH  10) w as added to  d isso lve  the form azan 
crystals. F inally , a fte r 5 m in o f  ro tary  agitation , the  abso rbance o f  th e  D M SO  
solution at 540 nm  w as m easured using  a T herm ospectron ic  G en esis  10 U V /V isib le 
spectrophotom eter.

A  prim ary evaluation  for the  cell/scaffo ld  in teraction  w as 
carried  ou t by  a d irect m orphological observation  o f  M C 3T3-E1 th a t w ere seeded  on 
the  surface o f  the scaffo ld  specim ens. Specifically , the  scaffo ld  specim ens, cut from  
the  m old ings th a t had been cast in the Petri d ishes (c ircu lar shap e  w ith 15 m m  in 
d iam eter and 3 m m  in height), w ere  put in w ells  o f  a 24-w ell cu ltu re  p la te  and 
sterilized  w ith  1 m L o f  70%  ethanol for 30 m in. T hey  w ere  then  w ashed  w ith 
sterilized  D I w ater tw ice  and later im m ersed in M E M  overnight. M C 3T 3-E 1 w ere 
then seeded  on the su rfaces o f  the specim ens at 3 X 104 ce lls/spec im en  in a  m in im um  
volum e o f  the  cultu re  m edium  and w ere allow ed to  a ttach  on th e  surfaces fo r 3 h 
prio r to  the  addition  o f  1.5 m L /w ell o f  the  cultu re m edium . T he ce lls  w ere cultivated  
at 37°c in a  hum idified  atm osphere  contain ing 5%  C O 2  for 24 h, a fte r w h ich  tim e 
m orphology o f  the a ttached  cells w as observed by SEM . A fter rem oval o f  th e  cultu re  
m edium , th e  cell-cu ltu red  scaffo ld  specim ens w ere rinsed  w ith  PB S tw ice  and  the 
cells w ere  then  fixed w ith  3%  glu teraldehyde so lu tion , w hich  w as d ilu ted  from  50%  
glu tara ldehyde solu tion  (E lectron M icroscopy  Science, U SA ) w ith  PB S fo r 30 m in. 
T he specim ens w ere  then  dehydrated  in ethanol so lu tions o f  vary ing  concentra tion  
(i.e., 30, 50, 70, 90, and 100% , respectively) for ~2 m in  at each concen tra tion , further 
dried in 100%  hexam ethy ld isilazane (H M D S; Sigm a, U SA ) for 5 m in , and later dried
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in a ir after the  rem oval o f  H M D S. Finally , the specim ens w ere m ounted  on SEM  
stubs, coated  w ith  gold , and observed by SEM . T he exam inations w ere  perform ed on 
3 random ly-selected  scaffo ld  specim ens.

6 .5 3 .7  Inclusion, content, an d  release o f  ipriflavone
A T herm o N ico le t Nexus® 670 F ou rier-tran sfo rm ed  infrared 

spectropho tom eter (FT -IR ) w as used to  ob tain  the F T -IR  spectra  using  the  K B r disk 
m ethod in o rder to  confirm  the existence o f  ip riflavone in the  d rug -loaded  scaffo lds, 
w hile  a Shim adzu 2550 U V -V is spectrophotom eter (U V -V is) w as used  to  determ ine 
th e  am ount o f  the drug loaded in the scaffo lds against a p rede te rm in ed  calibration  
curve for ip riflavone (see  Figure 6.9 in Supporting Info rm ation ). In the  latter, the 
drug-loaded scaffo ld  specim ens w ere com plete ly  d isso lved  in ch lo ro fo rm  and the 
am ount o f  the  as-loaded  ip riflavone w as m easured in trip lica te  at the  m axim um  
w avelength  o f  249 nm . In the drug release assay, the d rug -loaded  scaffo ld  specim ens, 
cu t from  the  m oldings th a t had been cast in the Petri d ishes (c ircu la r shape w ith  15 
m m  in d iam eter and 3 m m  in height), w ere im m ersed in 10 m L o f  PB S con tain ing  
0 .15%  w /v sodium  dodecyl sulfate (SD S) (Perugini e t a l ,  2003) and  incubated  in a 
shak ing w a te r bath  (50 rpm ) a t 37°c. A t a given tim e po in t, an am ou n t o f  th e  bu ffer 
solution (hereafter, the sam ple solution) w as taken  out and an equal am ou n t o f  fresh 
m edium  w as added in o rder to m aintain a constan t vo lum e o f  th e  m edium . T he 
am ount o f  th e  drug in the sam ple solution w as determ ined  spectro ph o to m etrica lly  at 
249 nm. T he experim ent w as carried  out in trip licate .

6 .3 .4  S tatistica l analysis
D ata w ere  analyzed using the SPSS softw are version 14.0 fo r w indow . 

In itially , the  norm al d istribu tion  w as assessed by the S hap iro-W ilk  test. T he norm al 
d istribu tion  data, rep resen ting  the hom ogeneity  o f  the variances, show n by the 
L even e’s test, w ere then investigated by the  one-w ay analysis o f  v arian ce  (A N O V A ) 
w ith  the T ukey  H S D  post hoc m ultip le  com parisons. O therw ise , the  D u nn ett T3 
w ould  be app lied  i f  the  data  did not exh ib it the  hom ogeneity  o f  the  variances. F or the  
da ta  o f  w h ich  the  norm al distribu tion w as absen t but the  variance w as hom ogeneous, 
the  K ruskal-W allis H  w as applied . To com pare  the  m eans be tw een  2 d a ta  groups, the  
s tu den ts’ unpaired  t-test w as used. The sign ifican t level w as ind ica ted  at p  <  0.05 in
any case.
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6.4 R esu lts

6.4.1 M icrostructu re  observation
S elected  SEM  im ages illustrating m icrostructu re  o f  the as-p repared  

scaffo lds w hen  be ing  view ed on the surface perpend icu lar to  the longitudinal 
d irection  are show n in F igure 6.1, w hile  those  illustrating  the  m icrostructure  o f  the 
scaffo lds w hen  be ing  v iew ing on the  surface perpendicu lar to  the  transverse  d irection  
are availab le  as Supporting  Info rm ation  (i.e., F igure 6.10). F o r any  given type o f  the 
scaffo lds, there  w as no sign ifican t d ifference in the m icrostruc tu re  observed  along 
bo th  d irections. O n the o ther hand, m arked d ifference in the  m icrostructu re  o f  the 
scaffo lds w as observed  w ith increasing the porogen  con ten t from  25 to  40%  พ /พ . 
S pecifically , a t 25%  พ /พ , a w ell-defined  cubical porous structure , w ith  the po lym er 
m ass con fo rm ing  to  the  cub ic partic les o f  N aC l used in the  fabrication  p rocess, w as 
ev iden t. F urther increasing  the porogen conten t to  30 and 35%  พ /พ  w as responsib le  
for the ill-defined  cub ical porous structure observed. A t 40 %  พ /พ , m ost o f  the 
cub ical com p artm en ts w ere substitu ted  w ith the  flake-liked  structure . A n increase  in 
the  porogen con ten t from  25 to  40%  พ /พ  should be resp on sib le  for the  observed  
increase  in th e  in ter-pore connectiv ity  o f  the scaffolds.

6 .4.2 Physical and m echan ical characteristics
T he as-p repared scaffo lds w ere  further charac terized  fo r their 

porosity , pore vo lum e, and pore size (see T ab le  6.1). S ig n ifican t increase in the 
property  va lues w as observed for the  scaffo lds th a t w ere p repared  w ith  the  porogen 
con ten t rang ing  betw een  25 and 35%  พ /พ , w hile  such va lues for the  scaffo lds that 
w ere  prepared  w ith  the porogen con ten ts o f  35 and  40%  พ /พ  w ere  s ta tis tica lly  the 
sam e. S pecifically , the  porosity  increased  from  ~94%  for th e  25xN aC l scaffo lds to  
-9 6 %  for the  35x and  the 40xN aC l scaffolds; th e  pore vo lum e increased  from  ~12 
cm 3 g '' fo r the  25xN aC l scaffo lds to  - 2 0  cm 3-g"' for th e  35x  and the  40xN aC l 
scaffo lds; and , finally , the pore size increased from  - 2 9 7  pm  for the  25xN aC l 
scaffo lds to  -3 7 9 -4 0 8  pm  for 35x and  40xN aC l scaffo lds. C learly , the  pore size lied 
in the sam e range o f  the  porogens used (i.e., 200-400 pm ). T he increase in the 
porosity  o f  the  scaffo lds w ith  increasing  the  porogen con ten t resu lted  in an observed



100

decrease in both the ten sile  and the  com pressive  properties (see  T able  6.2). 
S pecifically , the  com pressive  m odulus decreased  from  -5 5  kP a fo r th e  25xN aC l 
scaffo lds to  ~35 kPa for the  40xN aC l scaffo lds; the  com pressive  streng th  decreased 
from  ~ 16  kPa fo r the 25xN aC l scaffo lds to  ~12 kP a for the  40xN aC l scaffo lds; the  
tensile  m odulus decreased from  -7 1 9  kP a for the 25xN aC l scaffo lds to  - 1 6 4  kPa for 
the 40xN aC l scaffo lds; and , finally, the tensile  strength  decreased  from  - 6 2  kPa for 
the 25xN aC l scaffo lds to  - 2 0  kPa for the  40xN aC l scaffo lds.

6.4.3 W ater absorp tion  capability  and in v itro  degradability
T he ab ility  o f  the as-p repared scaffo lds in abso rb ing  w ate r in a  basic 

condition  at room  tem peratu re  w ithin 30 d (720 h) is g raph ically  show n in F igure
6.2. A m ong the  various groups o f  the scaffolds, the  40xN aC l group  exh ib ited  the  
greatest level o f  w ater absorp tion , w hile  the  o ther th ree  groups show ed statistically - 
sim ilar values. A ll groups o f  the scaffo lds dem onstra ted  a s im ilar w a te r absorp tion  
profile , i.e., an abrupt increase  in the level o f  w a te r absorp tion  du ring  th e  first 24 h 
(see F igure 6.11 in Supporting  Inform ation) to  a tta in  an u ltim ate  value  at a  long 
subm ersion tim e. H ydrolytic  degradation o f  the scaffo lds w as evalua ted  in PBS over 
a subm ersion period o f  11 w eeks. F igure 6.3 show s the  rem ain ing , w eigh t o f  the  
scaffo lds a fte r hav ing been  subm erged in PBS for d ifferen t tim e in tervals. A  slight 
decrease in the  w eigh t o f  th e  scaffolds w as observed  during  5-9 w eeks, w hile  an 
abrupt decrease  in th e ir  w eigh t w as observed during  9-11 w eeks. T he  loss in the  
w eigh t o f  these  scaffo lds at w eek 11 w as an obvious increasing  function  o f  the  
porosity , desp ite  no sta tistical d ifference am ong th e  four data  groups. M orpho log ical 
changes o f  the scaffo lds a fte r hydrolytic degradation  w ere  also  stud ied  by SEM  (see 
F igure 6.12 in S upporting  Inform ation). D espite the  observation  o f  th e  irregular 
perfo rations at som e th in  parts o f  the  cellu lar structure , w hich  cou ld  be  a  strong 
ev idence for the  hydrolytic  decom position  o f  these scaffo lds in the  basic  m edium , the 
overall porous arch itectu re  (i.e., po rosity  and pore size) o f  these  scaffo lds, for the  
m ost parts, w as retained.

6.4.4 C y to tox ic ity  and cell/scaffo ld  in teraction
C y to tox ic ity  o f  the 35xN aC l scaffo lds w as assessed  by  observ ing  the  

relative v iability  o f  M C 3T 3-E 1 that w ere cultu red  w ith  the ex traction  m ed ia  from  the  
scaffo lds against th a t o f  th e  cells that w ere  cultu red  w ith  SFM  for 24 h (see T able
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6.3). E vidently , the  viability  o f  the cells that w ere cultu red  w ith  e ither th e  extraction  
m edia o r SFM  w as statistically  the sam e, a  resu lt ind icating  th a t the  as-p repared  
P B Su-D C H  scaffo lds are b iocom patib le  to  the bone cells. T he  non-tox ic ity  o f  the 
scaffo lds tow ards the  bone cells w as also  confirm ed w ith  lac ta te  dehydrogenase  
(LD H ) cy to tox ic ity  assay (see the additional experim ent in S upporting  Info rm ation). 
F urther p re lim inary  evaluation  for the po ten tial use o f  the  scaffo ld ing  m ateria ls  as 
supports for bone tissue regeneration  w as carried  out by a d irec t seed ing  o f  the  bone 
cells on the  su rfaces o f  the scaffolds. F igure 6.4 show s selected  SEM  im ages o f  
M C 3T3-E1 that had been seeded on the surfaces o f  the 35xN aC l scaffo lds for 24 h. 
M ore im ages are also  availab le (see Figure 6.13 in S upporting  Info rm ation). 
Evidently , the  cells  adhered  w ell on the surface o f  the scaffo lds, w ith an  ev idence o f  
cy top lasm ic expansion  o f  the  cells over the  surfaces. T hough  no t show n, further 
exam ination  o f  th e  underly ing  pores o f  the scaffo lds show ed an  ev idence o f  M C 3T 3- 
E1 that w ere m ig rato ry  to  the inner-side o f  the pores.

- 6.4.5 Inclusion , con ten t, and re lease  o f  ipriflavone
T he ex istence o f  ipriflavone in the ip riflavone-loaded  P B S u - D Œ  

scaffo lds w as investigated  by  FT-IR . F igure 6.5 show s F T -IR  spectra  o f  the  drug- 
loaded  scaffo lds in com parison w ith those o f  the pure constituen ts. In add ition  to the  
band characteristic  to  the ester bonds at 1724 c m '1, the spectra  show ed th e  in tense 
bands belonging to  the carbonyl groups con jugated  w ith an arom atic  com pound  at 
1636 and 1562 c m '1 (ind icated  by the broken arrow s) and  th o se  o f  hydroxyl groups at 
1260 c m '1 (ind icated  by the  solid  arrow s) (C oates, 2000), w h ich  are absen t from  that 
o f  the  neat P B S u-D C H  scaffo lds (viz. the FT -IR  spectra  o f  th e  d ifferen t ty pes o f  the 
nea t scaffo lds w ere  identical). The am ount o f  ip riflavone th a t w as loaded  in the 
P B S u-D C H  scaffo lds w as reported  as e ither the actual am ou n t o f  the  loaded drug 
div ided by the in itia l am ount o f  drug loaded (i.e., 10% based  on the  w eigh t o f  the 
po lym er; hereafter, the  loading efficiency) or the actual am o u n t o f  the loaded  drug 
div ided by the w eigh t o f  the  scaffold specim ens (hereafter, th e  loading capacity ) (see 
F igure 6.6). E vidently , the loading effic iency  ranged be tw een  69 and 87% , w ith  a 
statistical d ifference being observed betw een the 25x and th e  40xN aC l groups. On 
the o ther hand, th e  loading capacity  ranged betw een 75 and  86% , w ith  no  statistical 
d ifference am ong th e  groups.
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T he release  characteristic  o f  ip riflavone from  the  d rug-loaded  PB Su- 
D C H  scaffo ld s w as carried  ou t in a SD S-contain ing PB S solution  at 37°c fo r a  total 
re leasing  period o f  91 d. T he actual am ount o f  the  loaded ip riflavone in the  scaffo lds 
w as used to  arrive a t the cum ulative  am ount o f  the  drug re leased  from  th e  drug- 
loaded scaffo lds, as show n in F igure 6.7. In teresting ly , all o f  th e  drugs re leasing  
profiles w ere  iden tical in their appearance, w hich could  be d iv ided  into tw o phases. 
Phase 1 corre la ted  to  an initial burst release o f  ip riflavone from  the  scaffo lds w ith in 
the first 24 h, w hile  phases 2 co rresponded  to the sustained re lease  o f  the drug  (i.e., 
day 1 to  60) before the  gradual decrease  in the rate o f  the drug re lease  to  finally  reach 
a p lateau  value (i.e ., a fter day 60), respectively . A m ong  the  vario us groups, the 
cum ulative  am ount o f  ip riflavone released from  the  25xN aC l scaffo ld s at any  given 
tim e po in t w as the  low est (w ith the  to tal am ount o f  the  drug re leased  on day  91 being  
-5 5 % ), w h ile  those  re leased  from  all o ther groups w ere  s ta tistica lly  the sam e (w ith 
the to tal am ount o f  the  drug re leased  on day 91 being in the range o f  -69-71%).

6.5 Discussion
6.5.1 F ab rica tion  tech n ique  and scaffo ld  characteristics

T he particu la te  leach ing technique has a  num ber o f  advantages over 
the  freeze-dry ing  techn ique, based on the physico-chem ical p roperties and  cell- 
cu ltu ring  benefits  o f  th e  as-p repared  porous scaffo lds (Lee e t a l ,  2005). In th is 
techn ique , the op tim al m icro-structu ral m orphology , i.e., po rosity  and  po re  size, 
cou ld  be readily  p roduced  w ith the cho ice o f  an app ropria te  am ou n t and size o f  the 
porogen partic les used . B ased on the porosity  values and the  observed  in ter-pore 
connectiv ity  o f  the as-p repared  P B S u-D C H  scaffo lds, the  ones th a t w ere  prepared  at 
the  N aC l to  P B S u-D C H  w eigh t ratio  o f  30 and 35 show ed th e  m ost sa tisfacto ry  
m icrostruc tu re  (see F igure 6 .1b,c), w hile those  p repared  at the N aC l to  P B S u-D C H  
w eigh t ra tio  o f  25 and 40 w ere unacceptab le . A pparen tly , the m icrostruc tu re  o f  the 
scaffo lds con fo rm ed  to  the w ay the  N aC l partic les accu m u la ted  and arranged 
th em selves w ith in  the  m atrix . L arge pores w ith e ither regular o r irregu lar shape w ere 
created  by  d isconnection  o f  the m atrix  as spaces w ere  occu p ied  by  the  porogen 
particles. A s presen ted  in T able  6.1, the porosity , the  pore vo lum e, and the  pore  size
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significan tly  increased  w ith  an increase in the  N aC l con ten ts from  25 to  35%  พ /พ . 
B etw een the  N aC l con ten ts o f  35 and 40%  พ /พ , the d ifference in th e  p roperty  values 
o f  the  ob ta ined  scaffo lds w as statistically  insign ifican t. A t these  con ten ts, the am ount 
o f  porogens m ay  reach sa turation  in term s o f  th e ir pack ing  efficiency .

6 .5.2 Physico-m echan ical and b io logical properties
V aria tion  in the m icrostructure, especia lly  the po re  features, o f  the 

scaffo lds co rresponded  to  th e ir expressive physico-m echanical p roperties. F rom  the 
m echan ical standpoin t, the tensile  m oduli o f  the as-p repared  p o ro us PB Su-D C H  
scaffo lds (i.e ., -1 6 4 -7 1 9  kPa) w ere m uch low er than th a t o f  the  n ea t, m elt-pressed  
PB Su film s (i.e ., -0 .5  G Pa) (Li e t a l ,  2005). C om paratively , th e  varia tion  in the 
com pressive  property  va lues am ong various sam ple groups w as sign ifican tly  
narrow er th an  th a t in the  tensile  counterparts (see T ab le  6.2). D esp ite  the  observed 
decrease in th e  m echan ical p roperty  values w ith  increasing  the po ro sity  o r the  pore 
size o f  th e  scaffo lds, specific  corre la tions betw een  the  property  values and the 
porosity  o r th e  pore size could no t be m ade. In add ition , the  ob ta ined  resu lts 
indicated  th a t the  as-p repared  scaffold w as able to  w ith stand  tension  over, 
com pression . T hese  tw o  deform ational m odes w ill be in troduced to  a  scaffo ld  when, 
it is placed in a lveo lar bone socket and, as an affidav it o f  its actual app licab ility ; the 
as-p repared  scaffo lds w ere  proven to  be strong enough as they cou ld  be securely 
p laced  w ith ou t any sign o f  rupture in the  narrow  cap tiv ity  o f  th e  ap ica l area  o f  a 
m icro-centrifiigal tube.

W ater absorp tion  capability  o f  a porous scaffo ld  is an  indispensab le 
facto r determ in ing  its ac tual utilization, as it a llow s th e  absorp tion  and  re tention  o f  
b lood  in the  porous structure o f  the sca ffo ld . N orm ally , re ten tion  o f  b lood leads to  
th rom bosis, w h ich  is one o f  the  steps required  fo r bone regenera tion . W ater 
absorp tion  capab ility  o f  the  porous scaffo ld  depends s ig n ifican tly  on the  chem ical 
p roperty  o f  the  fabricated  m aterial as w ell as the  porosity  and the  a rch itec tu re  o f  the 
porous s tructure  (i.e., po re  vo lum e and pore  size) (Park  e t a l ,  2002 ). A ccord in g  to  
the  resu lts show n in T ab le  6.1 and  F igures 6.1 and 6.2 , the  g rea test porosity , pore 
vo lum e, and pore  size va lues and the h ighest in ter-pore con nectiv ity  observed  for the 
40xN aC l scaffo lds are th e  obvious reasons for th e ir  g reatest w ater absorp tion  
capability . N everthe less, a fte r 1 h o f  subm ersion in PB S, such the p rop erty  value for
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all types o f  th e  scaffo lds ranged betw een 88 and 93% , w hile , after 24 h o f  
subm ersion, it ranged  betw een 90 and 94% . O bviously, these  scaffo lds exh ib ited  
re la tively  high w ater absorp tion capability .

H igh w ater absorp tion  capability  is also  a condition  in favor o f  
hydro ly tic  deg radation  o f  the scaffolds. H ere, the  hydrolytic degradation  o f  th e  as- 
p repared  P B S u-D C H  scaffolds w as studied by evaluating  any  change in th e  w eigh t 
o f  th e  m ateria ls  as a  responsive indicator (Sh ishatskaya e t a l ,  2005). A ccord ing  to 
the  resu lts show n in Figure 6.3, the w eights o f  the 25x, 30x, 35x, and 40xN aC l 
scaffo lds that rem ained  a fte r they had been subm erged in PB S fo r 11 w eeks w ere 
~83 , ~89, ~92 , and  ~94%  o f  their initial w eights, respectively . A s prev iously  noted, 
the  hydrolytic  degradation  o f  the scaffo lds after subm ersion in PB S for 11 w eeks w as 
a lso  v isualized  by SEM  (see Figure V in Supporting Info rm ation ), in w hich 
decom position  o f  the m ateria ls w as observed on the flat surfaces o f  in ter-cellu lar 
w alls . D esp ite  the  evidence o f  the hydrolytic degradation , physical in tegrity  o f  the 
scaffo lds w as m ain ta ined  th roughout the 11-w eek period o f  the investigation . 
Particularly , th ere  w as no  sign o f  significan t degradation  during  the  first 2 m onths. 
T h is tim e period  is concom itan t w ith sequential stages during  the  p ro lifera tion  and 
d ifferen tia tion  o f  bone cells, including proliferation , bone m atrix  form ation  and 
m aturation , and m ineralization  (W utticharoenm ongkol e t a l ,  2007), a fter w h ich  tim e 
the  scaffo lds w ill finally  vanish to  provide space for the new ly-grow ing  bone tissue 
(H utm acher, 2000).

F actually , b iodegradation  o f  a po lym er is a  m u lti-facto ria l behavior. 
B oth  the  degree o f  crystallin ity  and the stiffness o f  the  m o lecu lar chains w ere  know n 
to be influential in the  degradation, o f  PB Su and its co -po lym ers (N ikolic  and 
D jon lag ic , 2001 ; N iko lic  et a l ,  2003). The theoretica l c rysta llin ity  o f  PB Su-D C H , 
used in th is study , w as 49.7% . T his value w as calcu la ted  from  the  ratio  o f  the 
app aren t en tha lpy  o f  fusion o f  th is m aterial (i.e., 54.9 J-g’1) to  the theoretica l value 
for a  perfectly  crysta lline  PB Su (i.e., 110.5 J-g’1), w hich w as determ ined  based  on the 
group  con tribu tion  basis (N ikolic and D jonlagic, 2001). E x tend ing  PB Su w ith 
hexam ethy lene d iisocyanate  m akes the po lym er chains longer and  m ore flexible, 
w h ich  should adversely  affect the crystallization  o f  the resu lting  po lym er and, a t the 
sam e tim e, in crease  its degradation  susceptib ility . H ence, it seem s logical to
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postu late  that the degradation  o f  the as-p repared porous P B S u-D C H  scaffo lds w as 
enhanced  by both the chem ical characteristic  o f  the  fabricated  m ateria l and the  
observed high w ate r absorp tion  capability  o f  the scaffo lds.

The leg itim acy  in the use o f  the as-p repared  porous m ateria ls  as bone 
scaffo lds w as assessed by evaluating  th e ir cy to tox ic ity  and ab ility  to  support the  
a ttachm ent o f  M C 3T 3-E 1. T he 35xN aC l scaffo lds w ere chosen  for such  evaluations, 
due to  the balance in their pore arch itectu re , m echan ical in tegrity, and 
b iodegradability . High porosity  and large pore sizes encourage  in vivo  bone 
form ation (L ew androw ski et al., 2000; K uboki et al., 2002; R oy e t al., 2003) and the  
pore sizes greater than  ~300 pm  w ere op tim al to  facilita te  vascu lariza tion  and d irect 
bone form ation  w ithou t p reced ing  cartilage form ation (Jin e t al., 2000). O n the o ther 
hand, w hen the  porosity  and  the pore sizes are too  great, the resu lting  scaffo lds m ay 
becom e too w eak  and degrade too  fast, such that th e ir  in vivo  app licab ility  cannot be 
realized . T he 35xN aC l scaffo lds w ere then chosen  as a result. B o th  th e  ind irect and 
the L D H  cyto tox ic ity  evaluations show ed that the P B S u-D C H  scaffo lds w ere 
b iocom patib le  to  the osteob last-like  cells. S elected  SEM  im ages a lso  revealed  
sa tisfacto ry  ce ll/scaffo ld  in teraction, as M C 3T3-E1 adhered  w ell on the  scaffo ld  
surfaces. C erta in  cells  show ed their flat bodies and  broad  Iam ellipodia, indicating  
that the  cell cortex  w as under tension due to  the m otility  p rocess (A lberts e t a l ,  
2002). S ince the  ab ility  o f  m am m alian  cells to a ttach  on a surface  in fluences th e ir 
capacity  to  p ro lifera te  and d ifferen tia te  (A nselm e, 2000; S ittinger e t a l ,  2004), the 
as-p repared  porous m ateria ls  could be used as functional bone scaffo lds.

6 .5.3 R elease  characteristic  o f  ip riflavone
The po ten tia l for use o f  the as-p repared  porous P B S u-D C H  m ateria ls  

as e ffec tua l d rug -re leasing  porous scaffo lds w as evaluated  using  ip riflavone, know n 
for its bone regenerative  activ ity , as the m odel drug. B oth the  po ro sity  and the pore 
size seem ed to  have little  e ffec t on the incorporation  o f  the drug w ith in  the  scaffo lds, 
as both the loading effic iency  and the loading capacity  o f  the  d rug  in the  scaffo lds 
w ere high. Irrespective  to  the  statistical analysis, the  25xN aC l scaffo ld s exh ib ited  the 
greatest loading effic iency  and the loading capacity  on average. T h is  cou ld  be a 
resu lt o f  the  unequal w eigh t o f  the scaffo ld  specim ens used to  de term in e  the am ount 
o f  the  as-loaded  drug, as the  fabrication  o f  the scaffo lds w as on th e  iso -vo lum etric
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basis. A s a resu lt, the  w eigh t o f  the 25xN aC l scaffo ld  specim ens w as th e  greatest, 
due to  th e  g rea test am ount o f  th e  po lym er m ass. T he h ighest po ly m er m ass translated  
to  the greatest possib ility  for drug incorporation , as observed.

T he in vitro  re lease  o f  ipriflavone from  th e  sa lt-leached , porous 
P B S u-D C H  scaffo ld s w as com plete  in ~2 m onths. T he in itia l burst re lease  o f  the 
drug w ith in  the first 24 h should  be caused by the d isso lu tion  o f  som e k inds o f  drug 
aggregates that w ere  observed on the superficial ce llu la r su rfaces o f  the  scaffo lds 
(resu lts not show n) into the dissolu tion  m edium  (Perugini e t a l ,  2003). C learly , the 
susta ined  re lease  o f  the drug in phase 2 (during day 1 to  60) w ith  a  constan t rate o f  
release  (i.e., ~0 .64% -d‘' for the  25xN aC l scaffo lds and -0 .8 4 -0 .8 8 % -d '1 fo r th e  rest o f  
the  scaffo lds) w as the  ou tstanding  feature o f  these  scaffo lds. Such th e  tim e fram e 
unexpected ly  m atch es w ith the  period required  for both th e  p ro lifera tion  and the  
d ifferen tia tion  o f  th e  bone cells  (H utm acher, 2000; W utticharoenm ongko l e t a l ,  
2007) w ithou t a  no ticeab le  loss in the m ass the scaffo lds due  to  deg radation  (see 
F igure 3). In teresting ly , only the  25xN aC l scaffo lds show ed the  lo w est am ount o f  
cum ulative  re lease  o f  ip riflavone, w hile all o ther groups show ed  an a lm o st identical 
re leasing  profile  o f  the drug. T his, again, cou ld  be due to  th e  fac t th a t th e  w eigh t o f  
th ese  specim ens w as the greatest, causing the  in ter-cellu lar w a lls  to  be th ick er than  
those  o f  the  o ther scaffo lds. T he th icker in ter-cellu lar w alls  shou ld  greatly  influence 
the  d iffusion  o f  th e  drug from  the m atrix . N onetheless, o th e r factors, i.e., d ifferen t 
loading capacity  o f  the  drug w ith in  these d ifferen t scaffo lds, cou ld  a lso  p lay  a  role.

6.6 Conclusion
Poly( 1 ,4-butylene succinate) ex tended  w ith  1 ,6-d iiocyanatohexane (PB Su- 

D C H ) w as successfu lly  fabricated  into porous scaffo lds by so lven t cast and 
particu late  leach ing  technique, using sod ium  chloride (N aC l) partic les as the 
leachable com p onen t (i.e., porogens). T he  m icrostructure  o f  the  scaffo lds can be 
tailo red  by vary ing  the am ount o f  the porogens (i.e., 25, 30, 35, and 40 %  based  on 
the  w eigh t o f  P B S u-D C H ). T he porosity , pore  vo lum e, po re  size, and  in ter-pore 
connectiv ity  hypo thetically  increased, w h ile  both the ten sile  and  the com pressive 
strength  and  m od ulu s hypothetically  decreased, w ith  increasing  the  porogen  content.
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T he suitab ility  o f  the  as-p repared porous m aterials as bone scaffo lds w as confirm ed 
by th e ir  ab ility  to  abso rb  w ate r quickly even a fte r 1 h after subm ersion  in the 
phosphate  buffer saline solution (PB S; pH 7.4), the negative  results on the 
cy to tox ic ity  evaluation , and th e ir  ab ility  to support the a ttachm ent o f  m ouse calvaria- 
derived, pre-osteoblastic  cells (M C 3T 3-E 1) that had been seeded  on their surfaces 
for 24 h. T he po ten tia l for use o f  the as-prepared porous m ateria ls as effectual d rug­
re leasing  scaffo lds w as assessed w ith  ipriflavone as the m odel drug. In terestingly , the 
release o f  ip riflavone from  the drug-loaded porous scaffo lds w as com pleted  in ~2 
m onths, w ith  susta ined  release o f  the. substance being observed du ring  day 1 to  60). 
B ased  on these resu lts, the salt-leached, porous P B S u-D C H  scaffo lds serve w ell as 
a lternative  b iom ateria ls for bone tissue regeneration , particu larly  in den tal sockets 
w here load-bearing  functionality  is o f  prim e concern.
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Table 6.1 P orosity , pore volum e, and pore size o f  the as-p repared  P B S u-D C H  
scaffolds

Sample Porosity*
(%)

Pore volume** 
(cm3g '1)

Pore size** 
(pm)

25xNaCI 93.96 ± 0 .24a 11.97 ± 0 .5 1a 296.7 ± 47.0a
30xNaCI 94.75 ± 0.24b 13.91 ± 0.67b 331.7 ± 66 .1b
35xNaCI 96.20 + 0.31° 19.58+ 1.66° 378.9 ±55.8°
40xNaCI 96.27 ± 0.14C 19.90 ± 0.74° 407.8 ± 69.5°

■ ^are significantly different at p < 0.05 for an individual 
feature; *one way ANOVA with Tukey HSD, **One way 
ANOVA with Dunnett T3; ท = 5 for porosity and pore 
volume, ท = 50 for pore size
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Table 6.2 M echanical p roperties o f  the as-prepared P B Su-D C H  scaffo lds

Compessive Compressive Tensile Tensile
Sample modulus* strength* modulus* strength**

(kPa) (kPa) (kPa) (kPa)
25xNaCI 54.75 ± 4 .8 7a 15.66+ 1.15a 719.4 ± 2 8 .4a 61.63 ± 3 .6 7a
30xNaCI 52.90 ± 2.70ab 15 .24+ 0.753 301.7 ± 4 0 .2 b 38.27 + 3.44b
35xNaCI 47.17 ± 2 .3 4 b 13.30 ± 0 .7 1b 240.5 + 20.1° 36.51 + 1.98b
40xNaCI 35.17 ± 4 .2 6 c 11.94+ 1.13b 163.6 ± 3 6 .9 d 20.17 + 1.62°

*At 20% strain, **At rupture;a D ca are significantly different at p < 0.05 for an individual 
feature; One way ANOVA with Tukey HSD
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Table 6.3 Ind irect cy to tox ic ity  evaluation o f  the as-p repared  35xN aC l scaffo lds 
using m ouse calvaria-derived , p re-osteoblastic  cells (M C 3T 3-E 1)

Sam ple No.
Absorbance @ 540 nm

Control group Experimental group
1 0.094 0.118
2 0.123 0.138
3 0.147 0.116
4 0.114 0.110

Average 0.119 ±0.022* 0.120 ±0.012* .
*p < 0.05 significant level; Student’s unpaired t-test
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ADDITIONAL EXPERIMENTLACTATE DEHYDROGENASE (LDH) CYTOTOXICITY ASSAY 
Experimental detail

In add ition  to  the M T T  assay, tox ic ity  o f  the 35xN aC l scaffo lds tow ards 
m ouse calvaria-derived, pre-osteoblastic  cells (M C 3T 3-E 1) w as a lso  assessed  w ith 
the  L C H  cy to tox ic ity  assay (C aym an’s L D H  C y totox icity  A ssay  K it, C aym an 
C hem ical, U SA ). B riefly , M C3T3-E1 w ere cultu red  in m in im um  essential m edium  
(M E M ; S igm a-A ldrich , U SA ), supplem ented by 10% fetal bovine serum  (FB S; 
B iochrom , G erm any), 1% L -g lu tam ine (Inv itrogen, U SA ) and a 1% an tib io tic  and 
antim yco tic  form ulation  (contain ing pen icillin  G  sodium , s trep tom ycin  su lfa te , and 
am phoperic in  B (Invitrogen C orp .)) in w ells o f  a 24-w ell cu ltu re  plate  at 3 X 104 
cells/w ell. S im ultaneously, a  scaffold specim en w as subm erged  in the  sam e cultu re 
m edium  and bo th  the  cells and the scaffold specim en w ere  incubated  a t 37°c in a 
hum idified  a tm osphere  con tain ing  5%  C O 2  for 24 h. T he scaffo ld  specim en w as then 
rem oved  and p laced  on top  o f  the  cultured cells  and bo th  the  cells  and  th e  scaffold 
specim en w ere incubated further for ano ther 24 h. A fte r  the  requ ired  tim e, the 
scaffo ld  specim en w as rem oved and the cultu re  m edium  w as transferred  to  an 
E p p en d ro f tube . A fter cen trifugation  at 2000 rpm  for 5 m , 200 pL  o f  the  supernatan t 
w as then  transferred  to  w ells o f  a  24-w ell cultu re  plate and  200 p L  o f  the  reaction  
m ix tu re  w as added. F inally , a fte r 30 m in o f  ro tary  agita tion  at room  tem pera tu re , the 
absorbance o f  th e  sam ple solution at 490 nm  w as m easured  using  a  
T herm ospectron ic  G enesislO  U V /V isib le spectrophotom eter. T he exp erim en t w as 
carried  out in quadruplicate .

Results
T he  absorbance values form  the L D H  cy to tox ic ity  tes t are show n in the 

fo llow ing  tab le:
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Table 6.4 Indirect cy to tox ic ity  evaluation  o f  the  as-p repared 35xN aC l scaffo lds 
using m ouse calvaria-derived , pre-osteoblastic  cells (M C 3T 3-E 1) assessed  w ith  the 
L C H  cy to tox ic ity  assay

S am ple N o.
A bsorbance @  490 nm

C ontrol group E xperim ental group
1 0.604 0.458

2 0.599 0.544

3 0.556 0.482

4 0.583 0.584

A verage 0.586 ± 0 .0 2 2 * 0.517 ± 0 .0 5 8 *
* p <  0 .05 sign ifican t level; S tu d en t’s unpaired  t-te s t

A pparen tly , th e  average absorbance value  o f  the experim en ta l group  w as 
insign ifican tly  low er than  that o f  the  con tro l group. T his indicates th a t the  am ount o f  
L D H  released  from  the M C 3T3-E1 upon exposure to  the P B S -D C H  scaffo lds w as 
no t d ifferen t from  the non-exposure  ones. T he ob tained result con firm s that the  tested  
scaffo lds w ere  non-tox ic  to  the bone cells.
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F ig u re  6.1 Selected  SEM  im ages illustrating  m icrostructure  o f  the as-p repared  .. 
PB Su-D C H  scaffo lds, i.e., (a) 25x, (b) 30x, (c) 35x, and (d) 40xN aC l scaffo lds, w hen  
being v iew ed on the  surface perpendicu lar to  the long itudinal d irection  (i.e., cross 
sections).
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Submersion time (h)

F igu re 6.2 Water absorption capability of the as-prepared PBSu-DCH scaffolds that 
had been submerged in 10 mM PBS at room temperature as a function of submersion 
time.
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F igure 6.3 Weight of the as-prepared PBSu-DCH scaffolds that remained after 
submersion in 10 mM PBS for various submersion times. *p < 0.05, + + P  < 0.05; 
One-way ANOVA with Dunnett T3. #p < 0.05; Kruskal-Wallis H test.



119

F igu re 6.4 Selected SEM images illustrating morphology of MC3T3-E1 that were 
seeded on the surface of the 35xNaCl scaffolds for 24 h. White arrows show the
cytoplasmic edge of the cells.
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F igure 6.6 Loading efficiency/capacity of ipriflavone in the ipriflavone-loaded 
PBSu-DCH scaffolds. *p < 0.05, #p < 0.05; Kruskal-Wallis H test.
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F igu re  6.7 Cumulative releasing profiles of ipriflavone from the ipriflavone-loaded 
PBSu-DCH scaffolds in a SDS-containing PBS solution at 37°c.



F igure 6.8 Chemical structure of ipriflavone.



Ipriflavone standard curve

Abs.

F igure 6.9 Calibration curve illustrating a linear relationship between the 
ipriflavone solution concentration and the u v  absorbance at 249 nm.
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(c) (d)

F igu re  6.10 Selected SEM images illustrating microstructure of the as-prepared 
PBS-DCH scaffolds, i.e., (a) 25x, (b) 30x, (c) 35x, and (d) 40xNaCl scaffolds, when 
being viewed on the surface perpendicular to the transverse direction (i.e., 
longitudinal sections).
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Submersion time (h)

F igure 6.11 Water absorption capability of the as-prepared PBS-DCH scaffolds that 
had been submerged in 10 mM phosphate buffer saline solution (PBS) at room 
temperature as a function of submersion time (shown during the first 96 h).
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F igure 6.12 Change in the morphology of the as-prepared PBS-DCH scaffolds after 
submersion in 10 mM PBS at 37°c for 11 weeks.
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F igu re  6.13 Selected SEM images illustrating morphology of MC3T3-E1 that were 
seeded on the surface of the 35xNaCl scaffolds for 24 h. White arrows show the 
cytoplasmic edge of the cells.
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