
C H A P T E R  V
D E L IV E R Y  O F  C R U D E  B O N E  P R O T E IN  F O R M  G E L A T IN  

M IC R O S P H E R E S  A N D  M IC R O S P H E R E S  IN T E G R A T E D  
H Y A L U R O N A N -G E L A T IN  B L E N D E D  S C A F F O L D  F O R  

B O N E  T IS S U E  R E G E N E R A T IO N

5.1 A b s tra c t

T his study  a im ed to  develop a  protein delivery  H A -G ela tin  b lended  scaffold 
for bone tissue regeneration . T he designed scaffo ld  w as com posed  o f  gelatin  
m icrospheres as the  part o f  in tegrated delivery  dev ice  in w h ich  the crude bone 
protein (C B P) extracted  from  bone ex tracellu lar m atrix  w as encapsu la ted . G elatin  
m icrospheres w ere prepared w ith  the therm al gelation  in w ater-in -o il em ulsion 
technique. T w o types o f  gelatin  (A and B) at th ree d ifferen t pH  w h ich  w ere 
physio log ic (5.2 and 4.95 for type A and B respectively ), 7.4, and 10.0 w ere 
specified  as the preparative conditions and investigated  for th e ir  in fluences on the 
m icrospheres properties. T he resu lts show ed the effect o f  in teraction  be tw een  gelatin  
type and  pH  on m icrospheres size, zeta potential, sw elling  ab ility , and encapsu la tion  
o f  the C B P, bu t no t on the C B P release characteristic . T he sign ifican tly  highest 
encapsu la tion  o f  C B P  (> 93% ) w as achieved in gela tin  A , pH  10.0 and gela tin  B , pH 
4.95 m icrospheres. A stoundingly , the contro lled  release  o f  C B P  from  any  gelatin  
m icrospheres w as no t observed, im plying that the  an tic ipated  ionic in teraction  
betw een C B P  and  m olecu les o f  gelatin  m ay not occur. H ow ever, the m icrospheres 
in tegrated  com posite  scaffo lds presented  phase o f  sustained C B P  re lease  w hich 
suggests the  essential influence o f  scaffold m atrix  on the  release  m echanism .

(K ey -w o rd s: bone scaffo lds; bone protein; gelatin  m icrospheres; con tro lled  release)

5.2 In tro d u c tio n

T issue eng ineering  is an approach to  regenerate  living tissue  w ith  an  aim  at 
estab lish ing  healthy tissue or o rgan for being a substitu te  o f  the  dam aged  or the
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diseased tissue (H offm an , 2002). P rogression in tissue  eng ineering  research  since 
1990 has been encourag ing  a  reappraisal o f  the surgical approach for the  trea tm ent o f  
traum a and degeneration  o f  an individual (H ollander and H atton, 2004). R egard ing  
dental practice, su ffic ien t bone support is a  m ajo r requirem ent to  ach ieve favorable 
function and esthetic  in the replacem ent o f  a losing  tooth  w ith  a  dental im plant. 
U nfortunately , perfect bone structure is not alw ays presented  in m ost patien ts. B one 
resorp tion easily  occu rs  even in a sim ple tooth extraction  case as th e  consequence o f  
w ould heal process (Jahangiri e t a l ,  1998; B odic e t al., 2005). P revention  o f  the  
alveolar bone resorp tion  caused by a  tooth extraction  has been o f  g reat concern , 
particu larly  th rough the  princip le o f  tissue eng ineering  (H anne e t a l ,  1998; W iesen 
and K rrzis, 1998; Y affe e t a l ,  1999; A ltundal and G uvener, 2004).

B asically , the  fundam ental o f  tissue eng ineering  coalesces cell, supportive 
m aterial term ed “ scaffo ld” and grow th-inducing  substance to  p rom ote  th ree- 
d im ensional tissue grow th (L anger and V acanti, 1993). Scaffold, w hich  is a  th ree- 
d im ensional construct, serves as a tem porary  te rrito ry  for ce lls  ingrow ths. Ideal 
scaffold should perfectly  im itate the  ex tracellu lar m atrix  and p rov id e  the  necessary  
support fo r cells to  pro lifera te  and m ain tain  their d ifferen tia ted  function  (H utm acher, 
2000; M ikos et a l ,  2004). Scaffolds design w as in itia lly  focused on th e ir capabilities 
in supporting  cell g row th m ostly  at the  physical and m echan ical aspects. H ow ever, 
the design has been recen tly  paradigm atically  sh ifted  to  serve the  function o f  a 
cellu lar gu idance. T h is deliberation  is in accordance w ith the con cep t o f  cellu lar 
gu idance w hich  has been  extensively  d iscussed and p rog ressive ly  rev ised  as a  new  
know ledge o f  the cell-m aterial in teraction in tissue regeneration  (C ausa  e t a l ,  2007; 
T essm ar and G opferich , 2007). S caffo lds have been designed  as a rou te  to  transport 
bio logical factors fo r cell grow th and d ifferen tia tion  and be able to  gu ide and induce 
cell adhesion, pro lifera tion , d ifferen tia tion  or even recru it th e  desired  cells. T he 
novel tissue  eng ineering  scaffold, therefore, can be considered  as a  special type  o f  
drug delivery  apparatus (T essm ar and G opferich, 2007), o r as a  d rug delivery  
scaffold.

D rug  de livery  scaffold can be designed by  the in teg ration  o f  a  drug 
encapsulated  delivery  dev ice into a designated  scaffo ld . Such m odel has been 
broadly  studied for th e ir efficacy  in contro lled  re lease  and tissue  eng ineering
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enhancem ent (K im ura e t a l ,  2003; K asper et al., 2005; H olland  e t a l., 2005; L ee and 
Shin, 2007). T he drug delivery  dev ice itse lf  has been designed  in several p rofiles and 
configurations. H ow ever, m ost system s base on the encapsu la tion  o r en trapm ent o f  
active substances in b iocom patib le  po lym eric dev ices (B aldw in and Saltzm a, 1998). 
A m ong num erous app licab le  drug delivery  devices, G elatin  m icrospheres have been 
frequently  studied  w ith  several therapeutic  agen ts such as antihypertensive  
(V andervoort and L udw ig , 2004), signaling  proteins like a lbum in (L ee e t a l ,  2007), 
chondro itin  6-sulfate  (B row n et a l ,  1998), bFG F (K im ura e t a l ,  2003), IG F and 
T G F-P  (H olland  e t a l ,  2005), or even the plasm id D N A  (K asper et a l ,  2005) can 
also  be encapsu la ted  in gelatin  m icrospheres in w hich the  release p ro files  w as under 
control. T hese  studies dem onstrated  satisfacto ry  resu lts o f  con tro lled  release  and 
tissue regeneration  in anim al test (B row n e t a l ,  1998). G elatin  m icrosphere 
apparen tly  is a utility  d rug  delivery  device.

G elatin  is com m only  used in pharm aceutical and  m edical app lication  due to  
its b iocom patib ility  and biodegradability . S tructurally , gelatin  is a heterogeneous 
m ix ture o f  sing le  o r m ultip le  stranded po lypeptides (and th e ir o ligom ers) each o f  
w hich con ta ins about 300-4000 am ino  acids (T abata and  Ikada, 1998; Y oung e t a l ,  
2005; C haplin , 2007). M olecu les o f  gelatin  are po lyelectro ly te, p resen ting  d iverse 
isoelectric po in t (IEP) w hich  are about 3-5 and 7-9 for th e  a lkaline and acid ic treated  
gelatin , respectively . G elatin  w ith d ifferen t IEP can be se lec tive ly  used to  from  
com plex w ith  the op posite ly  charged m olecule like proteins, to  be th e  po ly ion 
com plexation  w hich is quite stable and im probable to  d issocia te  sim ultaneously . 
Polyion com plexes thus are durab le than  bonding be tw een  low  m olecu la r w eigh t 
electro ly tes (Y oung e t a l ,  2005).

W ith an aim  to  regenerate  bone in the dental socket, the  crude  bone protein  
(C B P) extracted  from  bone ex tracellu lar m atrix  is the  m aterial o f  interest. C B P  
ev iden tly  encom passes enorm ous active proteins and grow th  factors (Som erm an e t  
a l ,  1983; Syftestad and C aplan, 1984; H auschka e t a l ,  1986; C ho e t a l ,  1992; H ou 
et al., 2000) w hich  facilita tes new  bone form ation (U rist, 1965; S om erm an e t a l ,  
1983). E x traction  o f  the  crude bone protein  w ith  th e  in tricate  p roced ures does not 
ob literate  b ioac tiv ities o f  those  factors, and these p resum ptions in itia te  the  plan to  
explo it C B P  extracted  from  dem ineralized  bone in regenera ting  bone tissue by
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app ly ing  the  concep t o f  the  polyion com plexation  in ach iev ing  a  deg ree  o f  m olecular 
in teraction betw een  gelatin  m icrospheres and CBP.

T his con tribu tion  proposes to  fabricate a  novel scaffo ld  used for a lveo lar 
bone regeneration . O n the  basis o f  m ulti-functional scaffo ld , scaffo ld  is designed and 
expected to function  as no t on ly  a delivery  dev ice o f  the crude bone protein  but also 
a supporting  structure for the grow th o f  bone cells. C oncep t o f  the  polyion 
com plexation  is applied to  achieve a degree o f  ion ic-m olecu lar in teraction  betw een 
the  gelatin  m icrospheres and crude bone protein. A nd it is also  applied  in fabricating  
a porous scaffo ld  o f  w hich  the po lyelecto ly te H A -gelatin  b lends are the  m ateria ls o f  
choice. T he encapsu la ted  gelatin  m icrospheres are antic ipated  to  be  securely  bound 
in the scaffold and prov ide controlled release  o f  the crude bone pro te in  in order to  
facilitate bone tissue regeneration .

5.3 Experimental Section

5.3.1 M aterials
G elatin  from  porcine skin (type A, B loom  no. 170-180) w as purchased 

form  F luka (S w itzerland). G elatin  form  bovine skin (type B, B loom  no. 175-225) w as 
purchased from  Sigm a A ldrich  (U SA ). H yaluronan (M W  1 .3 5 x l0 6) w as purchased 
from  C oach Industries Inc (Japan). A lbum in  from  bovine serum , 
te tram ethy lrhodam ine con jugate  (M W  66,000 D a) w as pu rchased  from  M olecu lar 
P robes Inc (U SA ). R hodam ine  protein  label kit w as purchased  form  P ierce  (U SA ). 
Saturated G lu tara ldehyde aqueous solution (5.6 M ) w as purchased  from  F luka 
(Sw itzerland). l-e th y-3-(3 -d im ethy lam in oprop y l)carbo d iim ide  (E D C ) w as purchased 
form  F lu ka  (S w itzerland). A cetone (A R  grade) w as purchased  from  L ab-Scan 
(Thailand). A ll o ther chem ical agents w ere o f  analy tical g rade and  used w ithou t 
further purifica tion .

5.3.2 G elatin  m icrospheres preparation
G elatin  m icrospheres w ere prepared by  a therm al gela tion  technique 

w ith m odification . In detail, 10 ml o f  15% w /v gelatin  (type A  o r B) aqueous solution 
w as prepared  at 40°c. In add ition  to  the physio logic pH  w h ich  is 5.2 o r  4.95 for the 
gelatin  type A o r B respectively , pH o f  the gelatin  so lu tion  w as ad justed  to  be 7.4
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and 10.0 by add ing  IN  HC1 or 1M N aO H  w ith an aim  to study the  effects o f  pH  and 
type o f  gelatin  on behaviors o f  the as-p repared m icrospheres. T hen , the  solution w as 
added d ropw ise  in to 200 m l o f  Soya oil preheated  at 40°c under con tinuously  
stirring  at 1,000 rpm  w ith a hom ogen izer to  form  w ater-in -o il em ulsion . A fter 10 m in, 
tem peratu re  o f  th e  em ulsion w as reduced to  be 4°c w ith  an ice bath w h ile  stirring 
w as con tinued  for an additional 30 m in to  induce physically  therm al gelation  o f  the 
gelatin . A fterw ard , 200 ml o f  pre-cooled (4°C ) acetone w as added and stirred  for the 
nex t 60 m in in order to  dehydrate and floccu late the coaceravate  d rop le ts . T he 
m icrospheres w ere  collected  by  filtration th rough  a sin tered g lass filter (1 pm  pores 
size) under vacuum , w ashed th ree tim es w ith  100 ml o f  cool (4°C ) acetone to  rem ove 
residual oil, and dried  in air at room  tem peratu re  over 24 h.

T o crosslink  the gelatin  m icrospheres, 250 m g o f  the  dry  m icrospheres 
w as suspended in 10 ml o f  acetone-w ater (2:1, v/v) con ta in ing  1% (w /v ,~100m M ) 
G lu tara ldehyde so lu tion  and stirred at 4°c, 500 rpm  for 1 h. T he crosslinked 
m icrospheres w ere  collected  th rough a sin tered  glass filte r and w ashed  with 
precooled  (4°C ) acetone. T hen , the  crosslinked m icrospheres w ere  suspended  in 20 
ml o f  10 m M  aqu eou s g lycine solution con tain ing  T w een 80 (0.1 w t% ), shaken at 37 
°c, 50 rpm  for 1 h to  b lock  the residual aldehyde g roups o f  th e  unreacted 
g lu taraldehyde. T he  crosslinked  m icrospheres w ere then w ashed  tw ice  w ith  60 ml o f  
the cool deion ized  w ater (4°C ), w ith cool acetone, filtered, and even tually  air-d ried  at 
room  tem pera tu re  for over 24 h.

5.3.3 C rude B one P ro tein  preparation
C B P  w as ex tracted  from  the  bovine ja w s  bone. In particular, bone w as 

in itia lly  w ashed and cleaned thoroughly  in tap  w ater and then  sectioned  in to  sm all 
pieces w ith  a  d iam ond  disc driven by a rotor. P ieces o f  b o nes w ere  fu rther crushed 
into pow der in liqu id  N itrogen. Then, the as-p repared pow der w as im m ersed  in 0.6 N  
HC1 at 4°c and shaken  con tinuously  on an  orbital shaker. A fte r th ree  days, the bony 
solu tion  w as cen trifuged  and the supernatan t w as collected , d ia lyzed  for 48 h and 
lyophilized . T he d ry  C B P w as kept in desiccato rs until use.
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5.3.4 F luorescen t labeling  o f  C rude Bone Protein
C rude B one P ro tein  w as fluorescen t-labeled  w ith  the 5-(and 6)- 

carboxytetram ethy lrhodam ine, succin im idyl ester (N H S -R hodam ine). B riefly , 10 
m g/m l o f  C B P  so lu tion  w as prepared w ith  50m M  borate  buffer, pH  8.5 and 
transferred  to  a reaction  tube. T hen, 10 m g/m l o f  N H S -R hodam ine  in D M S O  w as 
added. T he reaction  solution w as gently m ixed w ell and incubated  in th e  dark  at 
room  tem peratu re  for 1 hour. T o rem ove the non-reacted N H S -R h od am ine , the 
reaction solu tion  w as filtered th rough a D -salt dextran desalting  colum n using 10 
m M  phosphate buffered  saline (PB S) w ith 0.15 M  N aC l as a  filtra ting  m edium . T he 
effluen t so lu tion  w as co llected  in 500-pl fraction . A ll fractions w ere  subsequently  
detected  by m easuring  the absorbance w ith spectrophotom eter a t 280 nm  to  identify  
the fraction con ta in in g  N H S -R hodam ine-labeled  C B P (hereafter, C B P-R hod). The 
concentration  o f  th e  C B P-R hod existing  in the selected fraction  w as further 
determ ined  using  spectro fluorom eter (C ary E clipse™ ) at 541 and 572 nm  for the 
excita tion  and em ission  w avelength  respectively , based on a B S A -R hod  (M olecular 
P robes™ ) standard  curve over the  concentration  range 1-50 pg /m l (r2=0 .996). The 
C B P-R hod fraction  w as stored at 4°c and pro tected  from  light un til ready to  use.

5.3.5 C B P -R hod loading into gelatin m icrospheres
C rosslinked  gelatin  m icrospheres w ere loaded w ith  C B P-R hod by 

diffusion  m ethod. In particular, th e  aforem entioned  C B P-R hod fraction  w as diluted 
w ith  10 m M  PB S, 0.15 M  N aC l, pH  7.2 to  achieve the concentra tion  - 7 0 0  pg/m l. 
G elatin  m icrospheres w ere  im m ersed in the dilu ted C B P-R hod solution  to  attain  the 
loading dose o f  4 p g  C B P-R hod per m g dried  m icrospheres. T he resu lting  m ix ture 
w as vortexed for 1 h and incubated at 4°c for 24 h to  let the  C B P -R h od  in fuse. T he 
im pregnated  m icrosph eres w ere frozen at -40°c for 24 h, lyophilized , and kep t in the 
dark  at 4°c until use.

5 .3 .6  F abrication  o f  po rous com posite  hyalu ronan-gela tin  scaffo lds
P orous com posite  hyalu ronan-gelatin  scaffo lds w ere  fabricated  by the

so lven t casting  and freeze-dry ing  technique. B riefly, 2%  (พ /พ ) aqueous so lu tion  o f  a 
H A  and gelatin  m ix tu re  (1:1, พ /พ ) w as prepared at 50°c and left to  cool dow n to 
room  tem peratu re . T hen , in order to  facilitate the blending o f  H A  and gelatin , ionic
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strength o f  the m ix tu re  w as adjusted by adding the  equal am ount o f  N aC l to  H A  (1:1, 
m ole/equ) and being  m ixed up for 30 m in. T he resu lting  m ix tu re  becam e c lea re r and 
m ore translucen t. T o  crosslink  the polym ers, calcu lated  am ount o f  E D C  ( l x  to  H A , 
m ole/equ) w as added  and reacted under 200 rpm  stirring  at room  tem peratu re  for 2 h. 
A fterw ard , the neat or the  C B P-R hod labeled m icrospheres w ere  suspended  in FLA- 
gelatin  m ix ture at 1% (พ /พ ) concentration , w hich equals to  50% (พ /พ ) o f  the 
po lym er w eight. T he  suspension w as con tinuously  stirred until the  m icrospheres 
w ere w ell d ispersed  in the  m ix ture and the then w as cast in po lypropy lene d iscs at a 
constan t w eigh t, freezed  at -40°c and lyophilized  at -50°c. T he sam ples w ere  kep t in 
desiccato rs until use.

5 .3 .7  C haracterization
5.3.7.1 Size an d  m orphology o f  gela tin  m icrospheres and  

m icrospheres in tegra ted  H A-G elatin  sca ffo ld
G elatin  m icrospheres w ere  in itia lly  in spected  un der the 

com p u ter connected  P olarizing O ptical M icroscope (D M R X P , L eica) a t 20x 
m agnification . T he im ages w ere recorded and further used to  m easure  the diam eters 
o f  the  m icrospheres w ith  the U T H SC SA  Im age T ool version 3.0 softw are. O ne 
hundred  m icrospheres w ere m easured for each preparative cond ition  and the  average 
values o f  their sizes w ere calcu lated . The data w ere also used to  determ ine size 
d istribu tion  o f  the m icrospheres both before and after c rosslink ing  w ith  lOOmM 
G lutara ldehyde. F o r the  m orphological study, gelatin  m icrosph eres and th e  as- 
p repared  scaffo lds w ere  m ounted on brass stubs, coated  w ith gold using  a  JE O L  JFC - 
1100 spu ttering  dev ice, and  observed for their m icroscopic m orph o lo gy  using  JE O L  
JS M -5200  scanning electron m icroscopy (SEM ).

5.3 .7 .2  Sw elling a b ility  o f  gela tin  m icrosphere
Sw elling  ab ility  w as determ ined by th e  altera tion  o f  

m icro sp h eres’ size a fte r w ater up take. 20 m g o f  the d ry  crosslinked  m icrospheres 
w ere incubated in 10 m l o f  10 m M  PBS w ith 0.15 M  N aC l at 37°c for 24 h. T hen, 
sizes o f  the sw elling  m icrospheres w ere exam ined  w ith the  sam e procedure  as 
p rev iously  described in 5.3.7.1. O ne hundred m icrospheres o f  each p reparative
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condition  w ere m easured  and the average d iam eters w ere calcu la ted . T he sw elling  
ab ility  w as calcu lated  accord ing  to the follow ing equation:

Sw elling = 0 SWeii 7 0 dry
w here 0 SWeii and 0 d r y  are the  averaged d iam eter o f  the  

m icrospheres before and after incubation, respectively .
5.3 .7 .3  Z e ta p o ten tia l determ ination

Z eta  po ten tials (or e lectrophoretic  m ob ility ) o f  the gelatin  
m icrospheres w ere determ ined using Z eta-M eter 3 .0+  (Z eta-M eter, Inc., U SA ). 
B riefly , the suspension o f  25 m g gelatin  m icrospheres in 10 m l o f  deion ized w ater 
w as filled  in an electrophoresis cell. T w o electrodes w ere inserted  in to  the  cell and 
connected  to  the Z eat-M ete r 3 .0+  unit. O nce the e lectrodes w ere  energized, 
m icrospheres w ere aroused  to m ove tow ard one electrode. A  m icrosphere  w as 
observed  under a m icroscope for its m ovem ent a long  a  specific d is tance  w hich w as 
indicated  by  a built in grid . T he zeta potential value w as detected  a t a  righ t tim e po in t 
w hen th e  m icrosphere m oved to  the end. M easurem ent w as repeated  10 tim es for 
each preparative  condition  and the average values w ere calcu lated .

5 .3 .7 .4  A ctu a l loading o f  C B P-R hod in g ela tin  m icrospheres
F ive m g o f  R hodam ine-labeled  gelatin  m icrospheres w ere 

suspended in 1 m l o f  10 m M  PBS w ith  0.15 M N aC l in a  1.5 m l m icrocen trifuge tube. 
T he tube w as then  p laced  in cool w ater and son icated  w ith the S on ica to r (Vibracell™ , 
Sonic, U S A ) at 20%  am plitude. A fter 1 h, the suspension w as cen trifuged  a t 5,000 
rpm  for 5 m in and the  supernatan t w as collected. T he actual am ou n t o f  the C B P- 
R hod in supernatan t w as determ ined using spectro fluorom eter (C ary  E clipse™ ) by  
the  sam e procedure  done in the step  o f  N H S -R hodam ine labeling  (2.4). T he 
experim ent w as carried  ou t in trip licate  and the resu lts  w ere p resen ted  in te rm s o f  
E ncapsu la ting  effic iency  o f  C B P-R hod (EE) and L oad ing  capacity  o f  gelatin  
m icrospheres (L C ), w h ich  w ere determ ined acco rd ing  to  the  fo llow ing  equation  
(F reiberg  and Z hu , 2004):

E ncapsu la ting  effic iency  (% ) =  to tal ug  C B P -R hod encapsu la ted  X 100
initial pg  C B P -R hod loaded

L oad ing  capacity  (%) =  to ta l m g C B P -R hod encapsu la ted  X 100
total m g m icrospheres
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5.3 .7 .5  In vitro  CB P-R hod release
In vitro  release o f  C B P-R hod from  gelatin  m icrospheres and 

the m icrospheres in tegrated  H A -gelatin  scaffold w ere investigated  in bu ffe r so lu tion  
by a standard  sam pling-separation  m ethod. In the release assay, 5 m g  o f  the C B P- 
loaded m icrospheres and  one piece o f  the m icrospheres in tegrated  H A -gela tin  
scaffold (circu lar shape w ith  10 m m  in d iam eter and 2 m m  in heigh t), w hich 
contained 2.5 m g o f  gelatin  m icrospheres, w ere separately  im m ersed in 1 m L  o f  10 
m M  PB S w ith 0.15 M  N aC l, and incubated in a shak ing w ater bath (70 rpm ) at 37°c. 
A t a  g iven tim e point, 500 pi o f  the buffer solution (hereafter, the  sam ple  solu tion) 
w as w ithdraw n and an equal am ount o f  fresh m edium  w as added in o rd e r to  m ain tain  
a constan t vo lum e o f  the  m edium . T he sam ple solu tion  w as cen trifuged  at 5000 rpm  
for 5 m in at room  tem pera tu re  and the am ount o f  C B P -R hod in the  sam ple  solution 
w as determ ined  by  spectro fluorom etry  at 541 and 572 nm  for the  excita tion  and 
em ission respectively , as p reviously  described. A n average value w as calcu lated  at 
each tim e point. T he experim ent w as done in trip licate.

5 .3 .8  S tatistical analysis
D ata w ere  analyzed using the SPSS softw are version 14.0 for w indow . 

Initially , 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, represen 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  varian ce  (A N O V A ) 
w ith the  T ukey  H S D  po st hoc m ultip le  com parisons. O therw ise, th e  D unnett T3 
w ould be applied  i f  the  da ta  d id  not exh ib it the hom ogeneity  o f  the  variances. F or the  
data o f  w h ich  the  norm al d istribu 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 betw een  2 da ta  groups, the  
s tu d en ts’ unpaired  t-test w as used. The significan t level w as indicated  at p  <  0.05 in 
any case.

5.4 Results and Discussion

5.4.1 M orpho logy  o f  gelatin m icrospheres and m icrospheres in tegrated  H A  
G elatin  scaffold
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T he selected SE M  im ages o f  the uncrosslinked  gelatin  m icrospheres 
are show n in F igure 5.1. A s observed, the  m icrospheres p repared  at any  given 
condition  presented  entirely  spherical geom etry  w ith  a  sm ooth  surface, on  w hich  the 
m acroscop ic  pores w ere no t detected . A ggregation  o f  th e  various sizes m icrospheres 
into m any sm all c lusters w as show n in all cases. In ou r op in ion , such aggregation  
w as caused  by  the  d irect con tact betw een the  adjacent partic les once the  so lven t w as 
expelled during m icrospheres preparation . The e lectrical charge  on th e  surface o f  
particles m ight be d im in ished  in dry env ironm en t so th a t the e lectro sta tic  repulsive 
force w as a lso  w eakened ; as a consequence, repulsion am ong partic les w as un likely  
illustrated.

F igure 5.2 show  the selected SEM  im ages o f  in ternal a rch itectu re  o f  
the com posite  H A -gelatin  scaffo ld . A w ell-defined porous structure and  th e  in ter
pore connectiv ity  w ere observed th roughou t the bu lk . T he in corpo rated  gelatin 
m icrospheres w ere extensively  em bedded into th e  w all o f  scaffo ld  w ithout 
deterio ra tion  o f  th e ir geom etry . N evertheless, exceptional for the  qu ite  sm all 
particles, a lm ost m icrospheres w ere not thoroughly  subm erged  in th in  w alls  o f  
scaffold. T h is m anifesta tion  m ay be responsib le for con tro lled  re lease  o f  the 
absorbed protein since the  releasing  m edium  could  transport th rough  th e  exposed 
m icrospheres d ifferen tly  from  the one covered  w ith  w alls  o f  scaffold.

5 .4.2 E ffect o f  gelatin  type and pH  on size o f  the gelatin  m icrospheres
U pon the preparation  o f  gelatin  m icrospheres by therm al gelation 

technique, the  average size o f  particles depends on several m anufac tu ring  param eters, 
for instance, the  type and d im ension o f  stirrer, d iam eter o f  the  vessel o r  con tainer, 
vo lum e ratio  betw een aqueous and oil phases and th e ir respective  v iscosities, stirring 
speed, and the  surface tension  betw een the tw o im m iscib le phases governed  by  type 
o f  the selected  oil phase (A rshady, 1990). In th is  study, all param eters w ere 
identically  con tro lled  in o rder to  investigate the  effect o f  gelatin  type and  pH  on the 
m icrospheres size, and it w as found that sizes o f  the  as-p repared  m icrosph eres varied 
from  ~4 to  ~40 pm  in w hich  over 85%  o f  th e  m icrospheres range be tw een  ~8  to  ~25 
pm  (F igure 5.3). F or all g iven conditions, the size d istribu tions presen ted  a  sim ilar 
pattern o f  w h ich  the  curves o f  norm al d istribu tion  w ere  observed.
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T he average sizes o f  the as-p repared gelatin  m icrospheres at various 
conditions are p resented  in F igure 5.4. D iam eters o f  the  uncrosslinked  sam ples range 
betw een ~ 10  and  ~ 20  pm  for gelatin  A m icrospheres, and betw een  ~ 1 1 and  ~  23 pm  
for gelatin B m icrospheres. A verage sizes o f  the m icrospheres w ere  apparen tly  in the 
sam e dim ensional range for any  preparative condition . H ow ever, w hen  th e  da ta  w ere 
statistica lly  analyzed  w ith  the  U nivariate analysis o f  variance; te st o f  betw een- 
sub jects effects, sizes o f  the as-prepared m icrospheres w ere sign ifican tly  differen t 
through the  in fluence o f  the interaction betw een type o f  gelatin  and pH . E ffect o f  
gelatin  type  or pH  on  m icrospheres size, therefore, can no t be ind iv idually  analyzed . 
T he data  w ere  thus reorganized into six d iscrete g roups and analyzed fu rther w ith 
one-w ay A N O V A . The resu lts presented that sizes o f  bo th  gelatin  A  and B 
m icrospheres prepared  at pH 7.4 and 10.0 are statistica lly  the  sam e, in con trast to  the 
m icrospheres prepared  a t th e ir physiologic pH  at w hich gelatin  A m icrosph eres w ere 
significan tly  sm aller than those  o f  gelatin B. T he effect o f  in teraction  be tw een  gelatin 
type  and pH  are thus lim ited at a  certain condition , p robab ly  on ly  at the  physio log ic  
pH.

C onsidering  the  crosslinked sam ples, on ly  gelatin  A  m icrospheres 
prepared at its physio logic pH  (pH  5.2) p resented  a  sign ifican t reduction  in particle 
size com paring  w ith  the o thers w hich w ere  ~ 1 1 and ~15 pm  respectively . T he 
d ifference in partic le  sizes m igh t be due to  th e  d ifference in crosslink ing  in tensity  o f  
gelatin  A  from  the o thers w hich w as particu larly  favored a t its physio log ic  pH , 
resu lting  in a  denser netw ork and sm aller particle sizes (V andervoort and  L udw ig, 
2004). Such observation  w as also  detected in the size o f  sw elling  m icrospheres. 
S ince the C B P  w as an ticipated  to  be incorporated  in to  gelatin  m icrospheres by 
d iffusion m ethod , sw elling  ab ility  o f  the m icrospheres w as required  to  facilitate 
absorp tion  o f  th e  C B P  so lution . T he as-p repared m icrospheres illustra ted  ab ility  to  
absorb  and retain  w ater as the  hydrated sw elling charac teristic  w as rem arkab ly  
observed  in every  study  group (Figure 5.5). W ith the c rosslink ing  condition  done in 
th is  study, th e  as-p repared  m icrospheres could  sw ell in w ater sign ifican tly  at ~1.3 to
1.6 folds ov er th e ir  sizes in the dry state (T able 5.1). H ow ever, the  d ifference o f  their 
sw elling  ab ility  w as no t no ticeab ly  observed at any particu lar p reparative  condition .



70

T he type o f  gelatin  used and pH , thus, d id  no t have a  clear e ffect on 
th e  resu lting  size o f  the m icrospheres behaving  in the  uncrosslinked , c rosslinked  or 
sw elling  condition . T he resu lt o f  th is study  partially  corresponded  to  th a t o f  
V andervoort and L udw ig in 2004 w hich found that type o f  gelatin  d id  no t influence 
the  resu lting  size o f  nanoparticle  prepared by deso lvation  m ethod  w hereas th e  pH  did 
(V andervoort and  L udw ig, 2004).

5.4.3 Z eta  po ten tials
T he zeta  po ten tials value o f  the  m icrospheres w as m easured  at all 

g iven cond itions w ith  an aim  to study the in fluence d riven  from  gela tin  ty pe  and pH. 
T he  value w o u ld  also  be beneficial in the study o f  C B P  load ing  and releasing  
th rough  gelatin  m icrospheres.

Z eta  po ten tials values o f  the as-p repared m icrospheres are show n in 
F igure  5.6. E vidently , both gelatin  A and B m icrospheres presen ted  d ifferen t zeta 
po ten tia ls  values at differen t pH . In addition , those sam ples prepared  w ith  th e  sam e 
type o f  gelatin  bu t at differen t pH  also presented  d ifferen t ze ta  po ten tia ls  values. 
O n ly  the pH  10.0 at w hich statistic  analysis w as carried  ou t due to  the ze ta  po ten tial 
values w ere so close as — 54 and — 58 m V  for gelatin  A  and  B m icrospheres, 
respectively  in o rder to ensure the  significance o f  d ifference. T he  analysis revealed 
th e ir  statistica lly  d ifferen t, therefore, both type o f  gelatin  and pH  do  have significan t 
in fluences on the  ze ta  po ten tial value  o f  the m icrospheres ob tained.

Since zeta  po ten tial is an indicator o f  charge  density  (B row n e t a l ,  
1998), the pH -induced  disparity  o f  zeta  po ten tial value can be exp lained  w ith  the 
isoelectric  po in t (IE P), w hich factually  is the  pH  at w h ich  n e t m olecu lar charge  and 
th u s  zeta  po ten tia l is equal to  zero . T he IEP o f  gelatin  A  and B are and ~5, 
respectively  (V andervoort and L udw ig, 2004; Y oung e t a l ,  2005), bring ing  about a 
d ifferen t e lectrical charge o f  bo th  gelatin types in function  o f  the  pH . T he electrical 
charges o f  gelatin  A and B are both positive at their physio log ic  pH  since the  pH  w as 
un der IEP. A t pH  7.4, gelatin  A  has a  net positive  charge by  th e  under-IE P  pH , w hile 
gela tin  B is charged  negatively  by the  over-IE P  pH . A nd even tu ally  at pH  10.0 w hich 
is over the IEP, they  bo th  p resen t negative charge.

C oncern ing  gelatin  m icrospheres, the IE P  o f  type  A  and B gelatin 
m icrospheres located  som ew here in betw een pH 7 .4-10 .0  and pH  4 .95-7 .4 ,
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respectively  (see F igure 5.6). T he IE P  o f  the ob tained m icrospheres corresponded  to  
the theoretical IE P  o f  gelatin  p recursor at any g iven pH . T herefo re , the procedure o f  
m icrospheres p reparation  used in th is  study, th e  therm al gela tion  in w ater-in -o il 
em ulsion  technique, does no t affect the m icrospheres ze ta  po ten tials.

5.4.4 L oad ing  o f  C B P in gelatin  m icrospheres
E ncapsulation  o f  C B P  into gelatin  m icrospheres in th is  study w as on 

the  basis o f  po ly ion  com plexation . It w as expected  th a t a degree  o f  m olecu lar 
in teraction w as able to  take place betw een bone pro te ins and  gelatin  m icrospheres o f  
opposite  charges (Y oung  et a l ,  2005); as a consequence, a  h igh er y ield  o f  the  ionic 
com plexes should  resu lt in h igher encapsulation  efficiency  and loading capacity  
(T abata  and Ikada, 1998; H offm an, 2002; Y oung e t a l ,  2005).

In o rder to  overcom e either the inactiv ity  o f  bone protein  from  those 
procedures o f  m icrospheres p reparation  or the  low  loading y ield  o f  bone protein 
w h ich  w as availab le  in lim ited  quantity , th is study designed to  incorporate  C B P  into 
the preform ed em pty  gelatin  m icrospheres by  rehydrating  the  freeze-dried  gelatin  
m icrospheres w ith  a  solution o f  the  C B P-R hod at 4°c for 24 h. Such condition  
should be favorab le for the com plete  absorp tion  (T abata and Ikada, 1998). T he 
am ount o f  C B P -R hod  that had been loaded in gelatin  m icrospheres w as reported  as 
e ither the  encapsu la ting  efficiency (EE) or the  loading capacity  (L C ) as show n in 
T able  5.2.

A s observed, the  E E  o f  C B P-R hod ranges h igh ly  betw een  ~70  to  ~  
90 %  for both gela tin  types. C om paratively , pH  w as deem ed to  in fluence on th e  EE 
w ith  an opposing  m ann er betw een gelatin  A  and B m icrospheres. T he E E  in groups 
o f  gelatin  A  m icrospheres w as found to  be sign ifican tly  h ighest at pH  10.0 in w hich  
the electrosta tic  charge  w as negative; w hereas such statistica lly  ind ifferen t h ighest 
EE  w as also  found in groups o f  gelatin  B m icrospheres bu t at the physio log ic  pH  in 
w h ich  the  charge w as positive (see also F igure  5.6). B asing  on the polyion 
com plexation , th is  observation  suggests the  ex istence o f  bo th  positively  and 
neg ative ly  charged  pro te in  m olecules in the crude bone ex tracts.

In add ition , the  encapsulation  o f  C B P  w as no t on ly  in fluenced by  the  
pH  bu t also  the  gelatin  type. T he E E  at pH  10.0 w as found  to  be significan tly  
d ifferen t betw een gelatin  A and B m icrospheres w hile  th e  E E  at pH  7.4 w ere
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insign ifican tly  d ifferen t. A disparity  o f  ze ta  potential value due to  pH  change w as no t 
the on ly  answ er o f  the  case as show n by the U nivaria te  analysis o f  variance; te st o f  
betw een-subjects effects (data not show n) that the  in teraction  betw een  gelatin  type 
and pH  affect sign ifican tly  to the EE  and LC. A s a  consequence, bo th  factors could 
not be separate ly  considered .

C oncern ing  the LC, the resu lt ranges betw een  ~  280  to  - 3 7 0  pg  o f  the 
C B P-R hod per 100 m g o f  m icrospheres. R eliance o f  the LC on type o f  gelatin  and 
pH at any  given condition  w as found to  be identical w ith the  E E . T herefo re , the  
encapsu la tion  o f  the  C B P  into m icrospheres ev iden tly  depends on  bo th  type o f  the 
gelatin  and pH.

5.4.5 In v itro  C B P-R hod release
5.4.5.1 C B P-R hod release fo rm  gela tin  m icrospheres

T he C B P-R hod release form  gelatin  m icrospheres and the 
com posite  scaffo lds w ere presented in term  o f  C B P-R hod cum ula tive  releasing  
percen tage from  w h ich  the  actual quantity  o f  C B P -R hod loaded in gelatin  
m icrospheres w as calcu la ted , as show n in F igure 5.7.

T he profiles o f  C B P-R hod release form  gelatin  m icrospheres 
are apparen tly  d ifferen t from  the com posite  scaffolds. T hough th e  re lease  p rofiles are 
sim ilar at any given condition o f  e ither gelatin  m icrosph eres o r the  com posite  
scaffolds, the am ounts o f  C B P-R hod release  are rem arkab ly  d ifferen t. In particular, 
the ex trem ely  high and low  release is observed a t th e  pH  10.0 o f  gelatin  B  and A 
m icrospheres respectively , w here as those  o f  the o ther cond itions are qu ite  the  sam e. 
H ow ever, all profiles astoundingly  illustrate  the in itial bu rst re lease  o f  C B P-R hod 
w ith in the  first ho u r w hich  w as about 73-96 %.

In o rder to  study  the C B P re lease  k inetics, th e  sem i-em pirical 
equation  based on a  pow er-law  expression  w as in troduced as fo llow s (R itger and 
Peppas, 1987a; A rifm  e t a l ,  2006)

Mt/Moo = ktn
w here Mt/Moo is the fractional release o f  th e  C B P -R hod, k  is a 

constan t concern ing  the  structure and geom etry  o f  the  re leasing  dev ice  and ท is the  
releasing  exponent indicating  the m echanism  o f  d rug  release. B y  using  the  least
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square m ethod , the  k and ท can be detected  from  a p ro file  in the  p lo t o f  log  Mt/Moo 
as a function o f  log t (m in), as presented in F igure 5.8 and T able  5.3.

From  the  log Mt/Moo - log t  plot, T he C B P -R hod  release 
profiles show ed b iphasic m odulation  characterized  by  an in itial re la tive ly  rapid 
release period  w ith in  the first 30 m inutes follow ed by  a  slow er re lease  phase. The 
phase separation  is indicated by the  d ifference o f  the ท value  calcu la ted  as th e  slope 
o f  a  straight line fitted to  the  profile w ith a  satisfactory  h igh corre la tion  coefficien t 
(see tab le 5.3). The ท values o f  all sam ples are close to  zero  particu larly  in phase 2 
w hich  is the  slow er release phase, leading the factor “tn”  o f  th e  sem i-em pirical 
equation  c lo se  to  1 at any tim e point. C om paratively , the  resu lts  are m uch  differen t 
form  w hat have been theoretica lly  identified as the  ท values o f  th e  m onodispersed  
sphere are 0.43 and 0.85 for F ick ian  d iffusion  and the  C ase-II transp o rt respectively , 
o r 0.30 and  0.45 respectively  for the m ix ture o f  m ultip le  sizes m icrospheres (R itger 
and Peppas, 1987a, b). T he C B P-R hod releases from  gela tin  m icrospheres, therefore, 
are constan t and  hard ly  depend  on the tim e observed. T he  fast release  im plies that the 
an ticipated  po ly ion com plexation  betw een the C B P-R hod and gelatin  m icrospheres 
d id  not com ple te ly  occur. T his m ay be due to  the  m olecu le  o f  R hodam ine  w hich 
from  the covalen t am ide bond to  prim ary am ine on the  pro te in  restric ts  th e  ionic 
in teraction betw een the m olecu les o f  protein and gelatin .

5.4 .5 .2  C B P -R hod release fo rm  com posite  scaffolds.
C om paring  to  the gelatin  m icrospheres, the  re leases o f  CB P- 

R hod from  th e  com posite  scaffolds are slow er and a period  o f  sustained release  is 
illustrated  at any  p reparative condition . T he am ount o f  C B P-R hod release  w ith in  the 
first hour w as app roxim ately  36-50% . Interestingly, th e  ex trem ely  h igh  and  low 
release  is also  observed at scaffolds incorporated  w ith  pH  10.0 gela tin  B and A 
m icrospheres respectively .

From  th e  log Mt/Moo - log t plot, T he C B P -R h od  release 
profiles show ed th ree phases o f  release according to  th e  calcu la ted  ท values (see 
F igure 5.8 and  T able 5.3). P hase 1 correlated to  an in itia l bu rst re lease  o f  C B P-R hod 
from  the  scaffo lds w ith in  the  first 30 m in. T he  ท values in th is  phase range from  0.37 
to  0.62 w h ich  correlate  to  the  theoretical value as m ention  earlier. P hase  2



74

corresponded  to  the sustained release o f  C B P-R hod starting from  1 hour to  7 days. 
T he ท values o f  th is  slow  release phase are m uch lesser than th ose  in phase 1, bu t are 
in the  sam e range as the  ท values o f  the initial burst C B P-R hod release  form  gelatin  
m icrospheres. P hase 3, eventually , represen ted  the C B P -R hod release  w ith  an 
increasing ra te  from  phase 2 bu t no t faster than phase 1.

C onsidering the m echanism  o f  C B P -R hod release from  the 
com posite  scaffolds, th e  initial burst release m ay be the com bination  o f  d iffusion  and 
d isso lu tion  release since the ท values are in betw een 0.30 and  0.45 (R itger and 
P eppas, 1987a, b) (excep t for. gelatin  B pH  7.4). Such observation  is no t found in 
case o f  C B P-R hod release  from  gelatin  m icrospheres. It is believed  that C B P-R hod 
m ight partially  release  in to the H A -G elatin  b lended solution in w h ich  the C B P-R hod 
encapsu la ted  gelatin  m icrospheres w ere d ispersed  during the  process o f  com posite  
scaffo lds fabrication . A s a consequence, the releasing C B P-R hod w as also in tegrated 
in the  m ass o f  H A -G elatin  scaffolds. The initial burst release, therefore , m ay  be the 
re lease from  the scaffo ld  m atrix instead o f  the incorporated gelatin  m icrospheres.

T he m echanism  o f  the sustained release in phase 2 m ay  be the 
sam e as th a t o f  the  initial burst release form  gelatin  m icrospheres, but occu rs at a 
slow er rate due to  th e ir  com parab le ท values and lesser constan t (k) values in m ost 
sam ples o f  the  fo rm er case. T his observation  suggests that th e  sustained release 
concerns th e  re lease  o f  C B P-R hod from  the incorporated  gelatin  m icrospheres 
exposing  into po ro sities w ith in scaffolds.

D uring phase 3 release, the degradation  o f  H A -G elatin  
scaffo ld  m igh t occur, as being observed during sam pling, and induce the  exposu re  o f  
the underneath  scaffo ld  m atrix  including the gelatin  m icrospheres w h ich  w ere 
p rev iously  subm erged. The rate o f  C B P-R hod release is th us higher, bu t the 
m echanism  can not be tru ly  described regarding the  theoretical ท values because  the 
m ostly  ท values o f  ph ase  3 are lesser than the  low er range o f  the  theoretica l ท values. 
H ow ever, it is believed  that phase 3 release  is in fluenced by  deg radation  and 
diffusive  processes.

In th is study, the d ifference in size betw een  the  gelatin 
m icrospheres w as probab ly  not large enough to  resu lt in a  sign ifican tly  d ifferen t 
C B P-R hod release  ra te  (B erk land e t a l ,  2002; A rifin  e t a l ,  2006). H ow ever, the
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ongoing m echanism  o f  the CBP controlled release can be the  o rgan ization  o f  a 
d iffusion-erosion process contribu ted  by the capab ility  o f  w ate r up take in to  the 
gelatin  m icrospheres and the ab ility  o f  protein transporta tion  th rough  the  scaffold. 
M icrospheres form ulation  m ainly contro ls the induction  tim e necessary  to  achieve 
protein  re lease w hile the  com position  o f  po lym eric scaffo ld  con tro ls the  re lease  rate 
(U ngaro e t a l ,  2006). T herefore, a tem poral and spatial con tro l o f  signaling  
m olecules m ay be ob tained by the com bination  o f  the app ropria ted  m icrospheres and 
scaffold form ulations.

5.5 Conclusion

T ype o f  gelatin  and the preparative pH are the  tw o factors that should  be 
considerab ly  contro lled  in the design o f  bone p ro te in  de livery  scaffo ld  w hich  
contains gelatin  m icrospheres as an incorporated  delivery  dev ice . In teraction  
betw een those  tw o factors in fluences sign ifican tly  on size o f  th e  as-p repared 
m icrospheres, surface charge or the zeta  potential, sw elling  ab ility  and  encapsu la tion  
capability  o f  the C B P. T his effect, how ever, is no t observed  in th e  drug release 
studies. T he  ionic in teraction  betw een m olecules o f  bone protein  and  gelatin  in the 
m icrospheres w as no t large enough to  prov ide sustained re lease  o f  the  CB P. 
Incorporation  o f  the  C B P  loaded gelatin  m icrospheres into H A -G ela tin  blended 
scaffold create  a com plex  env ironm ent and the synerg istic  functions betw een  gelatin  
m icrospheres and scaffo ld  in w hich controlled release w as ev iden tly  presented .
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Table 5.1 Sw elling  ratio  o f  the  gelatin  m icrospheres prepared  w ith  gelatin  types A 
(a) and type B (b) at various pH

Type Condition Sw elling ratio

Gelatin A pH 5.2 (physiologic) 1.600
pH 7.4 1.606
pH 10.0 1.485

Gelatin B pH 4.95 (physiologic) 1.429
pH 7.4 1.285
pH 10.0 1.441
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Table 5.2 E ncapsu la ting  efficiency o f  the C B P and L oading capacity  o f  the gelatin 
m ic ro sp h e re s .a,b,c,d are significan tly  d ifferen t a tp  <  0.05; O n e-W ay A N O V A  w ith  
T ukey  H S D  (M ean ±  SD, ท=3)

Type Condition
Encapsulating Efficiency (%) 

(P9 CBP encap/pg  loaded CBp)

Loading Capacity (%)
( m g  detected C B p /m g  spheres)

Gelatin A pH 5.2 72.89 ±0 .12a b 0.291 ± 0.000a b
pH 7.4 79.82 ± 2.33bc 0.319 ±0 .009bc
pH 10.0 95.90 ± 4 .12d 0.383 ±0.016d

Gelatin B pH 4.95 92.87 ± 2 .22d 0.371 ± 0.009d
pH 7.4 83.47 ±2.50°. 0.333 ±0.010°
pH 10.0 70.48 ± 3.84a ' 0.281 ±0.015a
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Table 5.3 C o nstan t (k), releasing  exponent 
CB P release from  gelatin  m icrospheres and 
scaffolds at th ree  releasing in tervals ( n l ,ท2, 
w ith  the  least squares m ethod.

(ท) and corre la tion  coeffic ien t (r2) o f  
m icrospheres in tegrated  H A -G el 
and n3). k and ท values w ere  calcu lated

Release time
0-30 mins 1h-4days

k1 ก1 r2 k2 ท2 r2
Gelatin microspheres 
Gelatin A, pH 5.4 0.724 0.003 0.933 0.783 0.012 0.947Gelatin A, pH 7.4 0.768 0.035 0.977 0.841 0.013 0.952Gelatin A, pH 10.0 0.598 0.061 0.993 0.701 0,013 0.969
Gelatin B, pH 4.95 0.116 0.043 0.936 0.770 0.008 0.969
Gelatin B, pH 7.4 0.702 0.059 0.974 0.859 0.007 0.970
Gelatin B, pH 10.0 0.879 0.023 0.988 0.912 0.014 0.940

Release time
0-30 mins 1 h-7days 8-14 days

k1 n1 r2 k2 ท2 r2 k3 ท3
Composite HA-Gel scaffolds 
Gelatin A, pH 5.4 0.112 0.372 0.960 0.304 0.067 0.993 0.025 0.366 0.971
Gelatin A, pH 7.4 0.073 0.444 0.986 0271 0.073 0.999 0.032 0.325 0.995
Gelatin A, pH 10.0 0.074 0.426 0.973 0 245 0.069 0.994 0.098 0.180 0.983
Gelatin B, pH 4.95 0.093 0.384 0.982 0 297 0.060 0.996 0.060 0.221 0.993
Gelatin B, pH 7.4 0.050 0.620 0.988 0.337 0.069 0.987 0.064 0.229 0.987
Gelatin B, pH 10.0 0.129 0.384 0.988 0.338 0.070 0.995 0.108 0.180 0.969
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Figure 5.1 SEM  im ages illustra ting  m orphology o f  the  gelatin  m icrospheres 
p repared  w ith gelatin  type  A at physio logic pH  (5.2) (a), pH  7.4 (b), pH  10.0 (c) and 
gelatin  type B at physio log ic  pH  (4.95) (d), pH  7.4 (e), and pH  10.0 (f).
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Figure 5.2 SEM  im ages o f  the as-prepared m icrospheres in tegrated  H A -gelatin  
scaffold illustrate  thorough  distribu tion o f  gelatin  m icrospheres w ith in  the  scaffold 
(a) and th e  em bedded  gelatin  m icrospheres in the w alls  o f  sca ffo ld ’s cham ber (b), (b) 
is the m agn ified  im age o f  the selected area  from  (a).
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(a)

(b)

Figure 5.3 Size distribu tion o f  the  gelatin m icrospheres p repared  w ith  gelatin  types 
A  (a) and type B (b) at various pH  (ท =  100).
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A-5.2 A-7.4 A-10.0 B-4.95 B-7.4 B-10.0

Gelatin type and pH

Figure 5.4 P article  sizes o f  the gelatin  m icrospheres prepared w ith  gelatin  types A 
(a) and type B (b) a t vario us pH and conditions (ท =  100). a,b ,c, *, 1,2,3 are 
sign ifican tly  d ifferen t at p <  0.05; O ne-W ay A N O V A  w ith  D unnett T 3.
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(b)

Figure 5.5 Im ages from  O ptical m icroscope illustrate m orph o lo gy  o f  uncrosslinked , 
dry gelatin  m icrospheres (a) and crosslinked , w et and sw ellin g  gelatin  m icrospheres 
(the sam ples w ere  prepared w ith gelatin  type A at pH  5.2).
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Zeta Potential value (mV)

Figure 5.6 Z eta  po ten tial values o f  the gelatin m icrospheres p repared  w ith  gelatin  
types A  and B at various pH . * is significan tly  d ifferen t at p <  0 .05; S tu d en ts’ 
unpaired  t-test.
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m icrospheres in tegrated  H A -G el scaffo lds (b).
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