
CHAPTER II
LITERATURE REVIEW

2.1 Conductive polymer (CP)

A conductive polymer is one type o f polymers that is capable o f conducting 
electricity. Most polymers are insulators, meaning they do not conduct electricity 
well. Thus, the electrical conductivity o f polymer is enhanced by a process called 
doping, in which other elements (dopant) are added to the host polymer matrix. 
There are two types o f dopant, n-type (electron donating) and p-type (electron 
acceptor). The n-type doping, using reducing agent for adding electrons to the 
conductive band can generate negative charges which can be delocalized as a charge 
carrier. The p-type doping, using oxidizing agent for removing electrons from the 
conductive band can generate positive charges which can be delocalized as a charge 
carrier. The resultant conductive polymer, after the process o f doping, will have a 
high electrical conductivity because the pristine polymer is transformed from 
insulating to metallic (Chansai et al., 2009).

The electrically conductive polymer is composed o f  conjugated polymer 
chain with 71-electrons delocalized along the backbone. There are several families of  
conductive polymer such as polyacetylene, polythiophene, polypyrrole, poly(p- 
phenylene), polyaniline, polyfluorene, poly(3,4-ethylenedioxvthiophene), poly 
(phenylene vinylene), and poly(thiophene vinylene) as shown the repeating units in 
figure 2.1.
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Figure 2.1 The repeating units of some conductive polymers.

There are many applications of conductive polymer including batteries, 
silicon replacement, light-emitting diodes, microtools, capacitors, smart windows, 
light emitting diodes, transistors, photovoltaics, microlithography, corrosion control, 
conductive adhesives and inks, static dissipation, EMI shielding, radar/microwave 
absorption, direct plating, electro-static powder coating, clean room applications, 
sensors, medical electrodes, and controlled release systems (Kuhn et al. 1995).

Stassen et al. (1995) investigated the poly(3-hexylthiophen) as a composite 
membrane comprising a conductive polymer as an active separation layer for 
potential using in drug delivery system. Dopamine, a neurotransmitter, was chosen 
for testing this new composite membrane and the transport of dopamine was more 
permeable in the reduced state, whereas in the oxidized form permeability decreased 
by 40%. The ion signal of dopamine was highest in a film thickness of 3 pm.
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Kontturi et al. (1998) studied the controlled release of anionic drug, 
salicylate, naproxen and nicoside, using the conductive polymer, polypyrrole (PPy), 
as an ion gate membrane. The electrochemical quartz crystal microbalance (EQCM) 
was used to measure the mass changes and HPLC to determine the release of drugs 
from the membranes. The amount of drug stored inside the membrane and the 
amount which can be released were dependent on the molecular size and structure of 
the drug, and the procedure of the polymerization of the membrane. More anions 
were released when the negative going pulse was higher or the time of reduction was 
longer.

Kontturi et al. (1998) investigated the optimum conditions of polypyrrole 
membrane for the release of anionic drugs, sodium p-toluene sulfonate (NaTOS), by 
using EQCM and prepared PPy ion-gate membranes by the electrochemical 
polymerization. When potential was below about 800 mV, the polymerization 
occurred slowly and the structure of membrane was so tight; bigger anion. TOS , 
was difficult to diffuse. At a potential above 900 mV, the membrane had more open 
structures, the TOS ion moved easily. Release of anion during the reduction of the 
PPy should yield a pH value below about 7. There were no significant effects of 
temperature and permittivity of the solution on ion exchange property of polypyrrole 
membrane. The impendent measurements confirmed that ion transport when the 
membrane was in the charged state and in the reduced state the membrane was an 
insulator and almost no ion transport occurred.

Moretto et al. (2004) studied the slower release of two antibiotics, tylosin 
tartrate and oxytetracycline hydrochloride in poly(vinyl alcohol) (PVA) hydrogels 
(Mw = 31,000-50,000). It was found that at a lower drug matrix loading (10 mg/ml), 
the invitro release rate of both antibiotics could be reduced by a previous freeze 
drying of the gel, while no reduction in drug rate took place in heavily loaded 
matrices (300 mg/ml). When PVA hydrogels containing tylosin were administered to 
rats, the drug could not be detected in the blood, but it was found in organs: liver, 
kidneys, and muscles, for up to 120 h. On the other hand, when the same amount of 
drug was administered orally as powder, no appreciable organ accumulation was 
detected, while the drug was found in feces and urine. These data show that PVA 
hydrogels could be a suitable slower release system for tylosin administration.
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Oxytetracycline could also be quantitatively entrapped and released from PVA 
hydrogels, but once administered through mouth to rats, it was not detected in blood 
or organs.

Wadhwa et al. (2006) investigated electrically controlled release of an anti­
inflammatory drug, dexamethasone (Dex), from PPy coating on the electrode sites. 
The drug was incorporated in PPy via the electropolymerization of pyrrole and the 
release in phosphate buffer saline using cyclic voltammetry (CV). FTIR analysis of 
the surface showed the presence of Dex and PPy on the coated electrode. The 
thickness of the coated film was estimated to be ~50 nm by ellipsometry. They were 
able to release 0.5 pg/cm2 Dex in 1 CV cycle and a total of almost 16 pg/cm2 Dex 
after 30 CV cycles from a 50 nm thick PPy/Dex film.

Gade et al. (2007) synthesized PPy by the electrochemical polymerization 
with different electrolytes such as potassium nitrate, sodium nitrate, sulphuric acid, 
hydrochloric acid, potassium chloride, sodium chloride, oxalic acid, and sodium 
salicylate. They used the galvanostatic method over wide ranges of pH of the 
reaction medium and applied current density. They investigated the influence of 
electrochemical process parameters such as monomer and electrolyte concentrations, 
current density, pH of the electrolyte, and type of electrolyte on the polymerization 
of PPy. They indicated that the conductivity depended on the anion present in the 
electrolytes which followed the order NO3 > Cl > c o o - , and as the plateau 
potential increased there was a decreasing in the conductivity. The PPy film 
synthesized at pH 3.0 with applied current density of 1 mA/cm2 resulted in a 
uniform, porous, and microglobular surface morphology with enhanced electrical 
conductivity. The polymerization potential increased with the pH and applied current 
density.

Barthus et al. (2008) blended the electrochemical polymerization of PPy 
into polyacrylamide (PAAM) hydrogel for controlled release. The influences of 
several parameters in the synthesis, such as type of hydrogel matrix and 
polymerization conditions were studied using a fractional factorial design. For 
controlled release tests, safranin was used as model drug and release curves (amount 
of drug versus, time) indicated that these blends were promising materials for using 
in controlled release.
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Luo et al. (2009) developed nanoporous PPy for an electrochemically 
controlled drug release system. PPy and a model drug, fluorescein, were 
electrochemically copolymerized on glassy carbon (GC) electrodes modified with 
self-assembled multilayer polystyrene (PS) nanobeads, and PPy films incorporated 
with fluorescein as dopants were formed among the interstitial spaces of the tightly 
packed PS nanobead template. After the removal of the PS hard template, 
nanoporous PPy films incorporated with the drug fluorescein were obtained. Due to 
the porous morphology and huge surface area, the efficiency of the prepared PPy 
films in electrochemically releasing incorporated fluorescein was about nine times 
higher than that of conventional PPy films.

Nart et al. (2011) synthesized poly(acrylic acid-co-2-hydroxyethyl 
methacrylate-co-2-acrylamido-2-methyl-1 -propanesulfonic acid (AAc-HEMA-AM 
PS) microgels using an inverse suspension polymerization technique. Lidocaine (LD) 
and methylene blue (MB) were used as model drugs. The increase in the AMPS 
content of the microgels composition caused a larger increasing in water uptake. The 
AMPS containing microgels had a mean particle diameter of 10 pm. Results of this 
work allowed a conclusion that the lower molecular weight character of LD 
increased the drug loading as compared to MB. The amount of initial burst values 
decreased as the AMPS content of the microgel increased and the slower drug release 
pattern was attained. However, the specific interactions between MB and the 
microgel matrix led to pH dependent release model.

Tsai et al. (2011) prepared electro-conductive hydrogels based on poly(vinyl 
alcohol), crosslinked with diethyl acetamidomalonate as the hydrogel component 
using polyaniline as the conductive component for drug delivery, indomethacin as 
the model drug. The hydrogels were characterized for their physicochemical and 
physicomechanical properties. Drug entrapment efficiency ranged from 65-70%. 
“ON-OFF” switchable drug release was obtained by periodically applying-removing- 
reapplying an electric potential ranging from 0.3-5.0 V for 60 seconds at hourly 
intervals and the cumulative drug release obtained ranged from 4.7-25.2% after four 
release cycles, respectively. The electro-stimulated release of indomethacin was 
associated with the degree of crosslinking, polymeric ratio, and drug content.
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Esrafilzadeh et al. (2013) synthesized poly(3,4-ethylenedioxythiophene) and 
poly(styrenesulfonate) (PEDOT:PSS) fiber, which served as the inner core to the 
electropolymerized outer shell layer of PPy. Ciprofloxacin hydrochloride (Cipro) 
was selected as the model drug and as the dopant in the PPy synthesis. The release of 
Cipro in phosphate buffered saline (PBS) from the fibers was controlled by switching 
the redox state of PPy Cipro layer. Release of Cipro under passive and stimulated 
conditions were tested against Gram positive (Streptococcus pyogenes) and Gram 
negative (Escherichia coli) bacteria. Significant inhibition of bacterial growth was 
observed against both strains tested. These results confirm that Cipro retained 
antibacterial properties during fiber fabrication and electrochemically controlled 
release. In vitro cytotoxicity testing utilizing the neural B35 cell line confirmed the 
cytocompatibility of the drug loaded conducting fibers.

2.2 Polythiophene

Polythiophene (PTh) is one the most important classes of conjugated 
polymers which results from the polymerization of thiophenes, a sulfur heterocycle. 
PTh has been widely used as environmentally and thermally stable conjugated 
polymer materials, such as chemical and optical sensors, light-emitting diodes and 
displays, photovoltaic devices, molecular devices, DNA detection, polymer 
electronic interconnects, solar cells, and transistors (Lin et a l, 2009). Due to the 
electron-rich character of the thiophene ring, PTh can be easily and reversibly 
oxidized by a chemical or electrochemical polymerization that leads to the p-doped 
type, usually a highly conducting material.

There are several routes for the synthesis of polythiophene: (1) 
electropolymerization, (2) metal-catalyzed coupling reactions, and (3) chemical 
oxidative polymerization. The chemical oxidative polymerization is a better route for 
the polymerization of PTh because it gives A higher yield (Kamat et al., 2012). The 
thiophene and PTh structures are shown in figure 2.2.



T h io p h e n e P o ly t h io p h e n e

Figure 2.2 T h e  s tr u c tu r e  o f  th io p h e n e  m o n o m e r  a n d  p o ly t h io p h e n e .

S a r i et al. ( 2 0 0 2 )  s y n t h e s iz e d  p o ly t h io p h e n e  b y  e le c t r o c h e m ic a l  m e t h o d  

u s in g  th r e e  d if f e r e n t  s u p p o r t in g  e le c t r o ly t e s  (F iC IC fi, E t4N B F 4, B t 4N P F 6)  a n d  t w o  

d if f e r e n t  s o lv e n t s  ( a c e t o n it r i le  a n d  b e n z o n it r i l e )  in  A N  a n h y d r o u s  m e d iu m . P T h  

(F iC K T t) s h o w e d  th e  h ig h e s t  c o n d u c t iv i t y  A T  0 .3 5  ร  c m ' 1 w i t h  t h e  a c e t o n it r i l e  

s o lv e n t  m e d iu m . P T h  (E t4N B F 4) s h o w e d  th e  h ig h e s t  c o n d u c t iv i t y  at 0 .5 4  ร  c m ' 1 w i t h  

th e  b e n z o n it r i l e  s o lv e n t  m e d iu m . T h e n ,  p o ly u r e t h a n e /p o ly t h io p h e n e  ( P U /P T h )  

c o n d u c t in g  c o p o ly m e r s  w e r e  p r e p a r e d  u s in g  P U  a s  an  in s u la t in g  m a tr ix ,  th e ir  

s tr u c tu r e s  a n d  p r o p e r t ie s  w e r e  a n a ly z e d . T h e  e l e c t r o c h e m ic a l  p r o p e r t ie s  o f  p o ly m e r s  

w e r e  in v e s t ig a t e d  b y  c y c l i c  v o lta m m e tr y  ( C V ) .  T h e  c o n d u c t iv i t i e s  o f  p o ly m e r s  w e r e  

m e a s u r e d  b y  fo u r  p r o b e  t e c h n iq u e . It w a s  fo u n d  th a t a ll  h o m o p o ly m e r s  a n d  

b ip o ly m e r s  w e r e  o f  c o n d u c t in g  m e c h a n is m  fr o m  th e  G o u y  b a la n c e  m a g n e t ic  

m e a s u r e m e n t s .  T h e r m a l a n a ly z e s  o f  th e  p o ly m e r  f d m s  w a s  d o n e  b y  d i f f e r e n t ia l  

s c a n n in g  c a lo r im e t r y  ( D S C )  a n d  t h e r m o g r a v im e tr ic  a n a ly s i s  ( T G A ) .  F r o m  th e r m a l  
a n a ly s e s ,  it  w a s  fo u n d  th a t  a m o n g  th e  P T h s , P T h  (E t4N B F 4) , a n d  a m o n g  th e  

c o p o ly m e r s  P U /P T h  (E t4N B F 4) s h o w e d  th e  h ig h e s t  th e r m a l s t a b i l i t y  a s  1 91  ๐c  a n d  

2 1 0  ๐บ , r e s p e c t iv e ly .
A b o u - E le n ie n  et al. ( 2 0 0 4 )  s t u d ie d  s ta b i l ity  a n d  e le c t r ic a l  c o n d u c t iv i t y  o f  

P T h  f i lm s  b y  u s in g  s e v e r a l  e le c t r o c h e m ic a l  t e c h n iq u e s  a n d  d i f f e r e n t  s o lv e n t s .  T h e  

m o s t  s ta b le  p o ly t h io p h e n e  f i lm  s h o w e d  th e  l o w e s t  r e la x a t io n  t im e  w h e n  u s in g  

g a lv a n o s t a t ic  te c h n iq u e  in  a c e to n it r i le  s o lv e n t  w it h  T B A P F è  a s  th e  s u p p o r t in g  

e le c t r o ly t e  a t 5 °c. A s  th e  d o n o r  n u m b e r  o f  th e  s o lv e n t  in c r e a s e d , th e  r e la x a t io n  t im e  

d e c r e a s e d .  T e m p e r a tu r e  w a s  a ls o  s h o w n  to  a f f e c t  th e  r e la x a t io n  t im e .
T u k e n  et al. ( 2 0 0 5 )  s h o w e d  th a t th e  e l e c t r o c h e m ic a l  s y n t h e s is  o f  

h o m o g e n e o u s  a n d  s ta b le  P T h  f i lm  c o u ld  n o t  b e  a c h ie v e d  o n  c o p p e r  e le c t r o d e ,  b y
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d ir e c t  e l e c t r o - o x id a t io n  o f  th io p h e n e  in  A C N -L iC lC b . T h is  p r e v e n te d  th e  d e p o s i t io n  

o f  a  h o m o g e n e o u s  p o ly m e r  f i lm  o n  th e  s u r fa c e . T h e  c o p p e r  s a m p le  w a s  c o a t e d  w it h  

th in  P P y  f i lm  in  a n  a q u e o u s  o x a l i c  a c id  s o lu t io n .  T h e n , th e  s y n t h e s is  o f  P T h  to p  

c o a t in g  w a s  a c h ie v e d .  T h e  o b ta in e d  P P y /P T h  c o a t in g  w a s  fo u n d  to  h a v e  v e r y  l o w  

p e r m e a b i l i t y  a g a in s t  th e  a t ta c k  o f  c o r r o s iv e  e n v ir o n m e n t  a n d  e x h ib i t e d  m o r e  

e f f e c t i v e  b a rr ier  p r o p e r ty  fo r  c o n s id e r a b le  im m e r s io n  p e r io d  in  3 .5 %  N a C l  s o lu t io n .  
It c o u ld  a ls o  p r o v id e  s o m e  a n o d ic  p r o t e c t io n , b y  m o d i f y in g  th e  c o p p e r  c o r r o s io n  

p r o d u c ts .
L e e  et al. ( 2 0 0 8 )  fa b r ic a te d  u n s u b s t itu te d  P T h  v ia  th e  F e 3+- c a t a ly z e d  

o x id a t iv e  p o ly m e r iz a t io n  in  a q u e o u s  d is p e r s io n . T h e  d is p e r s io n  s ta te  s h o w e d  th a t  th e  

P T h  n a n o p a r t ic le s  w e r e  w e l l  d is p e r s e d  in  m a n y  p o la r  s o lv e n t s ,  c o m p a r e d  to  n o n ­
p o la r  s o lv e n t s .  T h e  p h o t o lu m in e s c e n c e  in te n s ity  o f  P T h  n a n o p a r t ic le  d i s p e r s io n  

p r e p a r e d  b y  th e  F e 3+- c a t a ly z e d  o x id a t iv e  p o ly m e r iz a t io n  w a s  m u c h  h ig h e r  th a n  b u lk  

P T h . P h o t o lu m in e s c e n c e  in t e n s it y  o f  th e  c o r e - s h e l l  p o ly f s t y r e n e / t h io p h e n e )  

n a n o p a r t ic le  d i s p e r s io n  w a s  m u c h  h ig h e r  th a n  th a t o f  th e  P T h  n a n o p a r t ic le  

d is p e r s io n ,  d u e  to  it s  th in  s h e l l  la y e r  m o r p h o lo g y ,  w h ic h  w a s  e x p la in e d  b y  th e  s e l f ­
a b s o r p t io n  e f f e c t .

L e e  et al. ( 2 0 0 8 )  d e m o n s tr a te d  th a t  th e  u n s u b s t itu te d  t h io p h e n e  c a n  b e  

p o ly m e r iz e d  b y  th e  F e 3+-c a t a ly z e d  o x id a t iv e  p o ly m e r iz a t io n  in s id e  n a n o s i z e d  

t h io p h e n e  m o n o m e r  d r o p le t s ,  d is p e r s e d  in  a q u e o u s  m e d iu m  u n d e r  a c id ic  s o lu t io n  

c o n d i t io n s  w i t h  a n io n ic  s u r fa c ta n t . T h is  f a c i le  m e th o d  in c lu d e d  a  F e C b / f L C b  

( c a t a ly s t /o x id a n t )  c o m b in a t io n  s y s t e m , w h ic h  g u a r a n te e d  a  h ig h  c o n v e r s i o n  (c a .  
9 9 % )  o f  t h io p h e n e  m o n o m e r s  w ith  o n ly  a  tr a c e  o f  F e C b -  T h e  a v e r a g e  p a r t ic le  s i z e  

w a s  a b o u t  3 0  n m , w ith in  a  n a r r o w  p a r t ic le - s iz e  d is tr ib u t io n  (P D I  =  1 .1 5 ) ,  w h ic h  

r e s u lt e d  in  a  g o o d  d is p e r s io n  s ta te  o f  th e  u n s u b s t itu te d  p o ly t h io p h e n e  n a n o p a r t ic le s .  
H a n s e n  s o lu b i l i t y  p a r a m e te r s  w e r e  in tr o d u c e d  to  in te r p r e t th e  d i s p e r s io n  s ta te  o f  th e  

p o ly t h io p h e n e  n a n o p a r t ic le s  w ith  v a r io u s  o r g a n ic  s o lv e n t s .  T h e  U V - V i s i b l e  

a b s o r p t io n  a n d  p h o t o lu m in e s c e n c e  (P L )  s p e c tr u m  w e r e  m e a s u r e d  to  in v e s t ig a t e  th e  

l ig h t  e m it t in g  p r o p e r t ie s  o f  th e  p r e p a r e d  u n s u b s t itu te d  p o ly t h io p h e n e  n a n o p a r t ic le  

e m u ls io n s .  A c c o r d in g  to  n o n - n o r m a l iz e d  P L  a n a ly s is ,  th e  r e d u c e d  to ta l  P L  in te n s ity  

o f  th e  p o ly t h io p h e n e  n a n o p a r t ic le  e m u ls io n s  c a n  b e  r a t io n a l iz e d  b y  th e  s e l f ­
a b s o r p t io n  in  a  w a v e le n g t h  r a n g e  l e s s  th a n  5 0 0  n m .
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G n a n a k a n  et al. ( 2 0 0 9 )  s y n t h e s iz e d  P T h  n a n o p a r t ic le s  b y  a  c a t io n ic  

s u r fa c ta n t  a s s i s t e d  d i lu te  p o ly m e r iz a t io n  m e th o d . T h e  p o ly m e r  n a n o p a r t ic le s  w a s  

u s e d  a s  e l e c t r o d e  m a te r ia ls  fo r  s y m m e tr ic  ty p e  h ig h  p e r fo r m a n c e  r e d o x  s u p e r  

c a p a c i to r  s t u d ie s  w it h  P V d F - c o - H F P  b a s e d  m ic r o p o r o u s  p o ly m e r  e le c t r o ly t e  

c o n t a in in g  1 M  L iP F é  in  1:1 E C /P C  e le c tr o ly te .  Its s p e c i f i c  c a p a c i ta n c e  w a s  f o u n d  to  

b e  1 3 4  F /g .  T h is  c a p a c i t a n c e  s l o w l y  d e c r e a s e d  o n  c o n t in u o u s  c y c l in g ,  d u e  to  b o th  th e  

p o ly m e r  d e g r a d a t io n  a n d  m e c h a n ic a l  s tr e s s  o n  th e  P T h . T h e  P T h  o b t a in e d  b y  th e  

c a t io n ic  s u r fa c ta n t  a s s is t e d  d i lu t e  p o ly m e r iz a t io n  m e th o d  h a d  b e t te r  c a p a c i to r  

p e r f o r m a n c e s  th a n  th e  s a m e  o b ta in e d  b y  th e  c o n v e n t io n a l  c h e m ic a l  a n d  

e l e c t r o c h e m ic a l  p o ly m e r iz a t io n  m e t h o d s .
K e lk a r  et al. ( 2 0 1 1 )  fa b r ic a te d  P T h  b y  u s in g  c a t a ly t ic  c o u p l in g  o f  th e  

G r ig n a r d  r e a g e n t  o f  2 ,5 - d ib r o m o t h io p h e n e  a n d  n ic k e l  s a lt . In a d d it io n , P T h  w a s  

d o p e d  w i t h  F e C f  fo r  2 .5 ,  5 , a n d  10  h . F o r  s tr u c tu r a l in v e s t ig a t io n ,  a ll  s a m p le s  w e r e  

c h a r a c te r iz e d  u s in g  d i f f e r e n t  t e c h n iq u e s .  T h e  r e s u lt s  o f  e le m e n t a l  a n a ly s i s  s h o w e d  

th at w i t h  th e  in c r e a s e  o f  d o p in g  d u r a t io n  th e  ir o n  c o n t e n t  in c r e a s e d  w h i l e  th e  s u lp h u r  

c o n t e n t  d e c r e a s e d .  G la s s  t r a n s i t io n  te m p e r a tu r e  (T g ) d e c r e a s e d  a f te r  d o p in g ,  
in d ic a t in g  th a t d o p a n t  a c ts  a s  a  p la s t ic iz e r .  T h e r m a l s ta b i l ity ,  in  g e n e r a l ,  in c r e a s e d  

d u e  to  d o p in g .
S e n th i lk u m a r  et al. ( 2 0 1 1 )  p r ep a red  P T h  b y  th e  c h e m ic a l  o x id a t iv e  

p o ly m e r iz a t io n  m e t h o d  in  p r e s e n c e  a n d  a b s e n c e  o f  th r e e  d i f f e r e n t  ( c a t io n ic  -  C T A B ,  
a n io n ic  - S D S ,  a n d  n o n - io n ic  -  T r ito n  X - 1 0 0 )  s u r fa c ta n ts  u s in g  F e C f  a s  o x id a n t .  T h e  

f u n c t io n a l  g r o u p s ,  n-71* e le c t r o n ic  tr a n s it io n  o f  th e  c o n j u g a te d  m o le c u l e s  a n d  ท-ท 
s t a c k in g  s tr u c tu r e  o f  P T h  w e r e  id e n t i f ie d  b y  F T -I R , U V - V i s ,  a n d  X R D , r e s p e c t iv e ly .  
T h e  S E M  im a g e  e lu c id a t e d  th e  m o r p h o lo g ic a l  f e a tu r e s  o f  P T h . S p h e r ic a l  l ik e  

m o r p h o lo g y  w a s  o b s e r v e d  fo r  P T h  p r ep a red  u s in g  th e  a n io n ic  s u r fa c ta n t . T h e  

s p e c i f i c  c a p a c i t a n c e s  ( S C )  w e r e  c a lc u la te d  a n d  th e  P T h  p r e p a r e d  w i t h  T r ito n  X - 1 0 0  

p r o v id e d  h ig h e r  s c  o f  1 1 7  F /g  w h ic h  w a s  h ig h e r  (u p  to  3 3 % )  c o m p a r e d  t o  s c  o f  

s u r fa c ta n t  fr e e  P T  ( 7 8  F /g ) .  T h u s , th e  P T h  p r e p a r e d  in  p r e s e n c e  o f  T r ito n  X - 1 0 0  w a s  

fo u n d  to  b e  th e  s u i t a b le  e le c t r o d e  m a te r ia ls  fo r  r e d o x  s u p e r  c a p a c ito r s .
K a m a t  et al. ( 2 0 1 2 )  s tu d ie d  d e p o s it io n  P T h  th in  f i lm s  o n  g la s s  s u b s tr a te  b y  

th e  c h e m ic a l  b a th  d e p o s i t io n  m e t h o d  u s in g  F e C f  a s  a n  o x id a n t  a n d  c h lo r o f o r m  a s  a  

s o lv e n t .  T h e  v a r ia t io n  o f  o x id a n t  c o n c e n tr a t io n  s t r o n g ly  a f f e c t e d  th e  p r o p e r t ie s  o f
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th e s e  f i lm s .  T h e  t h ic k n e s s ,  a b s o r b a n c e , b a n d  g a p , a n d  r e fr a c t iv e  in d e x  o f  th e  f i lm s  

in c r e a s e d  w h e r e a s  th e  tr a n s m it ta n c e  d e c r e a s e d  d u e  to  in c r e a s e  in  o x id a n t  

c o n c e n tr a t io n .

2.3 Hydrogel

H y d r o g e ls  a re  p o ly m e r ic  n e t w o r k s  th a t c a n  b e  a b s o r b  la r g e r  q u a n t i t ie s  o f  

w a te r  w h i l e  r e m a in in g  in s o lu b le  in  a q u e o u s  s o lu t io n s  d u e  to  c h e m ic a l  o r  p h y s ic a l  

c r o s s l in k in g  o f  in d iv id u a l  p o ly m e r  c h a in s .  H y d r o g e ls  c a n  b e  c l a s s i f i e d  a s  n e u tr a l  o r  

io n ic ,  b a s e d  o n  th e  n a tu r e  o f  th e  s id e  g r o u p s  (n e u tr a l o r  io n i c ) ,  th e  m e t h o d  o f  

p r e p a r a t io n  ( h o m o -  o r  c o - p o ly m e r ) ,  th e  p h y s ic a l  s tr u c tu r e  (a m o r p h o u s ,  
s e m ic r y s t a l l in e ,  h y d r o g e n  b o n d e d , s u p e r m o le c u la r ,  a n d  h y d r o c o l lo d ia l ) ,  a n d  th e  

r e s p o n s iv e n e s s  to  p h y s io l o g i c  e n v ir o n m e n t  s t im u li  (p H , io n ic  s tr e n g th , t e m p e r a tu r e ,  
e le c t r o m a g n e t ic  r a d ia t io n , e t c .)  (P e p p a s  et ai, 2 0 0 4 ) .

H y d r o g e ls  c a n  b e  p r e p a r e d  fo r m  n a tu ra l o r  s y n th e t ic  p o ly m e r s .  A l t h o u g h  

h y d r o g e ls  m a d e  fr o m  n a tu r a l o r ig in s ,  t h e y  m a y  n o t  s h o w  g o o d  m e c h a n ic a l  p r o p e r t ie s  

a n d  m a y  e x e r t  i m m u n o g e n ic i t y  o r  e v o k e  in f la m m a t o r y  r e s p o n s e s  d u e  to  th e  p r e s e n c e  

o f  im m u n o g e n /p a t h o g e n  m o ie t ie s .  H o w e v e r ,  th e y  o f f e r  v a r io u s  a d v a n t a g e o u s  

p r o p e r t ie s  s u c h  a s  b e in g  u s u a l ly  n o n - t o x ic i t y ,  b io c o m p a t ib i l i t y ,  a n d  s h o w i n g  a  

n u m b e r  o f  r e m a r k a b le  p h y s ic o c h e m ic a l  p r o p e r t ie s  th a t m a k e  th e m  s u i t a b le  fo r  

d if f e r e n t  a p p l ic a t io n s  in  d r u g  d e l iv e r y  s y s t e m s .  In c o m p a r is o n ,  th e  w e l l - d e f i n e d  

s tr u c tu r e  o f  s y n t h e t ic  p o ly m e r s  m a y  le a d  to  h y d r o g e ls  w ith  w e l l - d e f i n e d  a n d  f i n e -  

tu n n a b le  d e g r a d a t io n  k in e t ic s  a s  w e l l  a s  m e c h a n ic a l  p r o p e r t ie s  (H a m id i  et a i,  2 0 0 8 ) .
G e n e r a l ly ,  th r e e  p a r a m e te r s  a re  c r it ic a l  in  d e s c r ib in g  th e  s tr u c tu r e  o f  

c r o s s l in k e d  h y d r o g e l  n e tw o r k :  1) th e  p o ly m e r  v o lu m e  fr a c t io n  in  th e  s w o l l e n  s ta te ,
บ2 5 ; 2 )  n u m b e r  a v e r a g e  m o le c u la r  w e i g h t  b e t w e e n  c r o s s l in k s ,  Me ; a n d  3 )  th e  m e s h  

s iz e ,  Ç. T h e  m o b i l i t y  o f  e n c a p s u la te d  m o le c u le  a n d  th e ir  ra te s  o f  d i f f u s io n  w i t h in  a  

s w o l l e n  h y d r o g e l  m a tr ix  are  d e te r m in e d  b y  th e  d is t a n c e  b e t w e e n  p o ly m e r  c h a in  a n d  

th e  f l e x ib i l i t y  o f  t h o s e  c h a in  to g e th e r  (L in  et ai, 2 0 0 6 ) .
T h e  m e m b r a n e s  w e r e  p r e p a r e d  a n d  th e ir  p o ly m e r  v o lu m e  fr a c t io n  in  th e  

r e la x e d  i s  c a lc u la t e d  u s in g  E q . ( 2 .3 ) .  A f t e r  e a c h  m e m b r a n e  s w o l l e n  to  e q u i l ib r iu m  at
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3 7  °c, th e  p o ly m e r  v o lu m e  f r a c t io n  o f  th e  s w o l l e n  p o ly m e r  w a s  c a lc u la t e d  u s in g  E q .  
( 2 .4 ) :

V2r =

°2.s =

K, ( 2 .3 )

V,
K

( 2 .4 )

w h e r e  vd = th e  v o lu m e s  o f  th e  p o ly m e r  s a m p le  in  th e  d ry  s ta te s
vx = th e  v o lu m e s  o f  th e  p o ly m e r  s a m p le  in  th e  r e la x e d  s ta te s
vs = th e  v o lu m e s  o f  th e  p o ly m e r  s a m p le  in  th e  s w o l l e n  s ta te s
ท2 , 1  = th e  p o ly m e r  v o lu m e  fr a c t io n s  o f  th e  r e la x e d  p o ly m e r  g e l
บ2.ร = th e  p o ly m e r  v o lu m e  fr a c t io n s  o f  th e  s w o l l e n  p o ly m e r  g e l

T h e  v o lu m e s  o f  th e  p o ly m e r  s a m p le  in  th e  d r y , r e la x e d ,  a n d  s w o l l e n  s ta te s  

a re  c a lc u la t e d  u s in g  E q s . ( 2 .5 )  - ( 2 .7 ) ,  r e s p e c t iv e ly :

a?=7II ( 2 .5 )
Ph

y  K r -W h , ( 2 .6 )
Ph

y  K s - ^ , ร ( 2 .7 )
Ph

w h e r e พ d = th e  w e ig h t s  o f  th e  d ry  p o ly m e r  in  a ir  a n d  h e p ta n e

พ , = th e  w e ig h t s  o f  th e  r e la x e d  p o ly m e r  in  a ir  a n d  h e p ta n e

พร = th e  w e ig h t s  o f  th e  s w o l l e n  p o ly m e r  in  a ir  a n d  h e p ta n e

Ph th e  d e n s i ty  o f  h e p ta n e
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T h e  s w e l l i n g  ra tio  ( Q )  w a s  d e t e r m in e d  fr o m  th e  w e ig h t  m e a s u r e m e n t  u s in g  

E q . ( 2 .8 ) :

Q = ะ ( 2 .8 )

T h e  m o le c u la r  w e i g h t  b e t w e e n  c r o s s l in k s ,  M e , w a s  c a lc u la t e d  fr o m  th e  

s w e l l i n g  d a ta  u s in g  E q . ( 2 .9 ) :

M e

[๒(l ~ V2,ร)+V2,s+Z ^ l
/  A'/3

2 .r
2,ร

\ V2,J
( \
, V2

( 2 .9 )

w h e r e M  ท =  th e  n u m b e r -a v e r a g e  m o le c u la r  w e ig h t  o f  th e  p o ly m e r  b e f o r e  

c r o s s l in k in g

V =  th e  s p e c i f i c  v o lu m e  o f  c a r r a g e e n a n  

V =  th e  m o la r  v o lu m e  o f  w a te r  ( 1 8 .1  c m 3/ m o l )

X =  th e  F lo r y  in te r a c t io n  p a r a m e te r  o f  c a r r a g e e n a n  a n d  th e
d i s s o c ia t io n  c o n s ta n t  is  p K a  =  4 .7 .

In g e n e r a l ,  th e  p r e s e n c e  o f  c a r r a g e e n a n  le a d s  to  a  m o r e  o p e n  n e tw o r k

s tr u c tu r e  a n d  r e s u lt s  in  a  h ig h e r  Me v a lu e .  T h e  h y d r o g e l  m e s h  s i z e ,  Ç, w a s  

c a lc u la t e d  u s in g  E q . ( 2 .1 0 )  ( P e p p a s  a n d  W r ig h t ,  1 9 9 6 ):

£  =  น 2 ,ร ■ I ( 2 .1 0 )

w h e r e  c n =  th e  F lo r y  c h a r a c te r is t ic  r a t io  fo r  c a r r a g e e n a n
/  =  th e  c a r b o n -c a r b o n  b o n d  le n g th  o f  th e  m o n o m e r  u n it

T h e  c r o s s l in k in g  d e n s i t y  o f  th e  h y d r o g e l ,  px, w a s  c a lc u la t e d  b y  u s in g  E q .  

( 2 .1 1 )  (P e p p a s  et al., 1 9 9 6 ) .
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P x  =
1

ฃ ิพ ิc
( 2 .1 1 )

T h e  d e g r e e  o f  s w e l l i n g  a n d  th e  w e ig h t  l o s s  o f  h y d r o g e l  w e r e  m e a s u r e d  in  a  

M E S  b u f fe r  s o lu t io n  a t 3 7  ๐c  fo r  2  d a y s ,  u s in g  th e  f o l lo w i n g  E q s . ( 2 .1 2 )  a n d  ( 2 .1 3 ) :

D e g r e e  o f  s w e l l i n g  (% ) =  — 7—1-  X  1 0 0  ( 2 .1 2 )

an d

W e ig h t  l o s s  (% ) =  Mi~Md X  1 0 0  ( 2 .1 3 )Mi

w h e r e M  =  th e  w e ig h t  o f  th e  s a m p le  a f te r  im m e r s in g  in  th e  b u f fe r  s o lu t io n
M(i =  th e  w e i g h t  o f  th e  s a m p le  a f te r  im m e r s in g  in  th e  b u f fe r  s o lu t io n

in  it s  d r y  s ta te
Mj =  th e  in it ia l  w e ig h t  o f  th e  s a m p le  in  its  d ry  s ta te

2.4 Carrageenan

C a r r a g e e n a n s  a re  l in e a r , a n io n ic ,  p a r t ia l ly  s u l f a t e d  g a la c t a n s  e x tr a c te d  fr o m  

m a n y  s p e c ie s  o f  red  a lg a e ,  s e a w e e d  fo u n d  th r o u g h o u t  th e  c o a s t s  o f  N o r th  A m e r ic a  

a n d  E u r o p e . T h e y  a re  c o m p o s e d  o f  d - g a la c t o s e  r e s id u e s  l in k e d  a lt e r n a te ly  w i t h  a -  

(1—>3) a n d  P - ( l—>4) l in k a g e s .  T h e s e  s u l fa te d  g a la c t a n s  a re  c l a s s i f i e d  a c c o r d in g  to  th e  

p r e s e n c e  o f  3 ,6 - a n h y d r o g a la c t o s e  o n  th e  4 - l in k e d  r e s id u e  a n d  th e  p o s i t io n  a n d  

n u m b e r  o f  s u lfa te  g r o u p s  ( P a v l i  et al. , 2 0 1 0 ) .  T h e  m o s t  im p o r ta n t  t y p e s  o f  

c a r r a g e e n a n s  a re  K-, i -  a n d  )v -c a r r a g e e n a n  (F ig u r e  2 .3 ) .
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Figure 2 .3  T h e  r e p e a t in g  u n it  s tr u c tu r e  o f  th e  c a r r a g e e n a n  f a m ily .

C a r r a g e e n a n  is  g e l le d  b y  s a lt s  s u c h  a s  K C 1, b u t it c a n  fo r m  a  g e l  u n d e r  s a lt -  

fr e e  c o n d i t io n s  a ls o . K -c a r r a g e e n a n  o n l y  s h o w s  g e l - f o r m in g  c h a r a c te r is t ic s  in  w a te r .  
P o t a s s iu m  a n d  c a lc iu m  io n s  in d u c e  th e  g e la t io n ,  w h i l e  s o d iu m  d o e s  n o t . In th e  i-  

c a r r a g e e n a n , th e  g e la t io n  o c c u r s  in  th e  p r e s e n c e  o f  c a lc iu m  io n s .  A t  l o w  te m p e r a tu r e  

a n d  h ig h e r  s a lt  c o n c e n tr a t io n , a  d o u b le  h e l ic a l  a r r a n g e m e n t  o f  th e  p a r a l le l  

p o ly s a c c h a r id e  c h a in s  c a n  b e  fo r m e d . T h e  te m p e r a tu r e  fo r  g e la t io n  i s  a b o u t  2 5  ° c ,  

a n d  r e m e lt in g  o c c u r s  at 3 5  ° c .
C a r r a g e e n a n s  a re  v e r y  o f t e n  u s e d  in  f o o d  p r o d u c ts  a s  th ic k e n e r s  a n d  

s t a b i l iz e r s .  U s in g  in  s a la d  d r e s s in g s ,  p r e p a r e d  m e a t  a n d  f i s h ,  f la v o r e d  m ilk ,  p r o c e s s e d  

c h e e s e ,  i c e  c r e a m , e v a p o r a te d  m i lk ,  c r e a m , c o t t a g e  c h e e s e ,  s o u r  c r e a m , in fa n t  

fo r m u la , a lc o h o l i c  b e v e r a g e s ,  s a u c e s ,  a n d  d r e s s in g s .  H o w e v e r ,  th e ir  u s a g e  is  a ls o  

in c r e a s in g  in  p h a r m a c e u t ic a l  f o r m u la t io n s .  T h e  p o ly a n io n ic  n a tu r e  o f  c a r r a g e n a n s  

w a s  s h o w n  to  h a v e  a  p o s s ib le  c r u c ia l  in f lu e n c e  o n  d r u g  r e le a s e  b e h a v io r  a s  w e l l  

( S in g h  et al., 1 9 9 8 ) .
Moreover, K-carrageenan has been used to prepare one component of the 

blend of two different natural polymers, agar and gelatine, and tested for the release
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o f  t h e o p h y l l in e  (T P H )  a s  a  m o d e l  d r u g . T h e  r e le a s e s  o f  T P H  fr o m  h y d r o g e ls  a re  

d e p e n d e n t  u p o n  th e  c o m p o s i t io n  o f  th e  h y d r o g e l ,  th e  t y p e  o f  c o m p o n e n t ,  a n d  th e  

p o s s ib le  in te r a c t io n s  b e t w e e n  t w o  c o m p o n e n t  p o ly m e r s ,  a s  w e l l  a s  e x te r n a l  
te m p e r a tu r e . T h e  m o s t  r e le v a n t  e f f e c t  w a s  fo u n d  in  th e  g e la t in -K -c a r r a g e e n a n  b le n d  

in  th e  1:1 r a t io  (L iu  et al., 2 0 0 5 ) .
S ip a h ig i l  et al. ( 2 0 0 1 )  p r e p a r e d  a n d  a s s e s s e d  c a r r a g e e n a n  b e a d s  a s  a  

c o n t r o l le d  r e le a s e  s y s t e m  fo r  v e r a p a m il  h y d r o c h lo r id e  a n d  ib u p r o fe n . B e a d s  w e r e  

p r e p a r e d  b y  a n  io n o tr o p ic  g e la t io n  m e t h o d .  T h e  e n c a p s u la t io n  e f f i c i e n c y  o f  

v e r a p a m il  H C 1 in  th e  b e a d s  ( 3 4 .8 - 7 1 .1 % )  w a s  h ig h e r  th a n  th a t o f  ib u p r o fe n  ( 2 3 . 6 -  

5 8 % ). W h i le  a b o u t  3 0 %  o f  ib u p r o fe n  w a s  r e le a s e d  at 6  h , a b o u t  7 0 %  o f  v e r a p a m il  
H C 1 w a s  r e le a s e d  in  5 h  fr o m  th e  c a r r a g e e n a n  b e a d s  p r e p a r e d .

N a im  et al. ( 2 0 0 4 )  s tu d ie d  th e  e f f e c t  o f  p o t a s s iu m  c h lo r id e  (K C 1 ) a n d  a  

c a t io n ic  d r u g , m e t fo r m in  H C 1, o n  s w e l l i n g ,  e r o s io n  a n d  r e le a s e  fr o m  K -c a r r a g e e n a n  

m a tr ic e s .  W a te r  u p ta k e  b y  th e  m a tr ix  u p  to  2  h  w a s  fo u n d  to  in c r e a s e  w it h  K C 1  

c o n c e n tr a t io n  fr o m  th e  p la in  m a tr ix . E r o s io n  w a s  n o t  a f f e c t e d  b y  c o n c e n t r a t io n  o f  

K C 1. I n c o r p o r a t io n  o f  d r u g  fa v o r e d  w a te r  u p ta k e , b u t in  p r e s e n c e  o f  K C I it w a s  

r e d u c e d . D r u g - c o n t a in in g  m a tr ic e s  h a d  s h o w n  h ig h e r  r e le a s e  w ith  K C I a d d e d  a s  

c o m p a r e d  to  p la in  b a tc h e s .  In th e  p r e s e n c e  o f  m e t f o r m in  H C 1, th e  c o h e s i v i t y  o f  

m a tr ic e s  w a s  r e d u c e d  a b o v e  5%  w t /w t  K C I c o n t e n t  c a u s in g  a n  in c r e a s e  in  d r u g  

r e le a s e .
M o h a m a d n ia  et al. ( 2 0 0 7 )  d e s ig n e d  o f  p H - s e n s i t i v e  IP N  h y d r o g e l  b e a d s  o f  

c a r r a g e e n a n -s o d iu m  a lg in a te  ( C a r a lg i)  f o r  c o n t r o l le d  d r u g  d e l iv e r y  a n d  u s e d  

b e t a m e t h a s o n e  a c e ta te  a s  a  m o d e l  d r u g . M a x im u m  lo a d in g  e f f i c i e n c y  ( 7 1 % )  w a s  

a c h ie v e d  a t p H  4 .8  a n d  5 5  °c. T h e  c h e m ic a l  s tr u c tu r e  a n d  m o r p h o lo g y  o f  th e  

h y d r o g e ls  w i t h  a n d  w ith o u t  d r u g  w e r e  s tu d ie d  u s in g  F T I R  a n d  S E M  a n a ly s e s .  
L o a d in g  e f f i c i e n c y  d e p e n d e d  o n  th e  p H  a n d  te m p e r a tu r e . T h e  in  v it r o  r e le a s e  

b e h a v io r  b y  C a r a lg i  IP N  s a m p le s ,  p r e p a r e d  u n d e r  v a r io u s  c o n d i t io n s ,  w a s  e v a lu a t e d  

a n d  c o m p a r e d  w i t h  th a t o f  th e  n o n -I P N  a lg in a t e - C a 2+ a n d  c a r r a g e e n a n -K + h y d r o g e ls  

a t p H  1 .2  a n d  7 .4 .
P iy a k u la w a t  et al. ( 2 0 0 7 )  p r e p a r e d  p o ly e le c t r o ly t e  b e a d s  fr o m  c h it o s a n  (C S )  

a n d  c a r r a g e e n a n  (C R )  fo r  c o n t r o l le d  r e le a s e  b y  u s in g  s o d iu m  d ic lo f e n a c  ( D F N a )  a s  a  

d r u g . C S /C R  p r o p o r t io n , D F N a  c o n t e n t ,  t y p e s  a n d  a m o u n t  o f  c r o s s l in k in g  a g e n ts
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a f f e c t e d  th e  d r u g  r e le a s e .  T h e  o p t im a l  fo r m u la t io n  w a s  o b ta in e d  w it h  C S /C R  

p r o p o r t io n  o f  2 /1  a n d  5%  ( w t / v )  D F N a . T h e  b e a d s  c r o s s l in k e d  w it h  g lu ta r ic  a c id  

s h o w e d  b e tte r  r e s u lt s  th an  th e  n o n - c r o s s l in k e d  b e a d s , a n d  th e  b e a d s  c r o s s l in k e d  w ith  

g lu ta r a ld e h y d e  w e r e  th e  b e s t  w i t h  r e g a r d s  to  th e  e f f e c t i v e n e s s  fo r  p r o lo n g e d  r e le a s e  

o f  th e  d r u g  o v e r  2 4  h  It w a s  a ls o  o b s e r v e d  th a t th e  r e le a s e  o f  d ic lo f e n a c  w a s  h ig h e r  at  

p H  =  7 .4  th a n  p H  =  6 .8  a n d  1 .2 .

P ra d o  et al. ( 2 0 0 8 )  d e v e lo p e d  K -c a rra g een a n  in t e r p o ly e le c t r o ly t e  c o m p le x  

( I P E C )  b y  u s in g  b a s ic  b u ty la te d  m e th a c r y la te  c o p o ly m e r .  T u r b id ity  m e a s u r e m e n ts  

a n d  a n  e le m e n t a l  a n a ly z e s  p o in t e d  to  a  1:1 in te r a c t io n  o f  th e  r e p e a t in g  u n it s .  T h e  

fo r m a t io n  o f  IP E C  w a s  c o n f ir m e d  b y  F T IR . E le c t r o n ic  m ic r o s c o p y  im a g e s ,  p a r t ic le  

s i z e  d e te r m in a t io n  b y  im a g e  a n a ly s i s  a n d  N 2 ( 7 7  K )  a d s o r p t io n  m e a s u r e m e n ts  w e r e  

c o n s i s t e n t  w ith  a  p o r o u s  m a te r ia l.  T h is  IP E C  fo r m e d  p r e s e n te d  v e r y  g o o d  f l o w  

a b i l i t y  a n d  c o m p a c t ib i l i t y .  T w o  m a x im a  w e r e  o b s e r v e d  in  th e  s w e l l i n g  b e h a v io r  a s  a  

f u n c t io n  o f  p H . R e le a s e  p r o f i le s  w e r e  p r o p e r ly  r e p r e s e n te d  b y  a  m a th e m a t ic a l  m o d e l ,  
w h ic h  in d ic a te d  th a t th e  s y s t e m  r e le a s e s  ib u p r o fe n  in  a  z e r o -o r d e r  m a n n e r . T h e s e  

p r o f i l e s  c o u ld  b e  c o n t r o l le d  b y  c o n v e n ie n t ly  m o d i f y in g  th e  p r o p o r t io n  o f  th e  IP E C  in  

th e  ta b le t s .
K e p p e le r  et al. ( 2 0 0 9 )  p r e p a r e d  c r o s s l in k e d  c a r r a g e e n a n  b e a d s  fo r  

c o n t r o l le d  r e le a s e  d e l iv e r y  s y s t e m . B o th  b u lk  p o ly m e r  c o n c e n t r a t io n  a n d  c r o s s l in k e r  

c o n c e n tr a t io n  in f lu e n c e d  th e  b e a d  s iz e .  T h e  m e c h a n is m  o f  c r o s s l in k in g  b e t w e e n  

e p ic h lo r o h y d r in  a n d  th e  p o ly s a c c h a r id e  w a s  e v a lu a te d . T h e  c o n d i t io n s  w e r e  

o p t im is e d  o n  m a c r o p a r t ic le s  (3 .1  m m  in  d ia m e te r )  fo r  s u i t a b le  c r o s s l in k  d e n s i t y  a n d  

i t s  e f f e c t  o n  th e  m o r p h o lo g y  a n d  s u r f a c e  to p o g r a p h y  o f  th e  b e a d . It w a s  s h o w n  th a t  

lo w e r  e p ic h lo r o h y d r in  c o n c e n tr a t io n s  le d  to  u n s ta b le  a n d  w e a k  b e a d s  w it h  r o u g h  a n d  

c r a c k e d  s u r f a c e s .  T h e  o p t im u m  c r o s s l in k e r  c o n c e n tr a t io n , w h ic h  r e s u lte d  in  s m o o t h  

a n d  s ta b le  g e l  b e a d s ,  w a s  a p p lie d  to  m ic r o p a r t ic le s  ( 7 6  p m  in  d ia m e te r ) .  T h e  

s w e l l in g / s h r in k in g  b e h a v io r  o f  th e s e  c r o s s l in k e d  m i c r o g e ls  in  s a l in e  s o lu t io n s  

s h o w e d  g rea t p o te n t ia l  fo r  th e  a p p lic a t io n  o f  th e s e  m i c r o - s p o n g e s  a s  d e l iv e r y  s y s t e m s  

in  f o o d  o r  p h a r m a c e u t ic a l  p r o d u c ts .
R a s o o l  et al. ( 2 0 1 0 )  p r e p a r e d  a  s i la n e  c r o s s l in k e d  h y d r o g e l  b e t w e e n  K - 

c a r r a g e e n a n  ( K C )  a n d  a c r y lic  a c id  ( A A )  a p p lic a t io n  fo r  in s u l in  d e l iv e r y  u s in g  

v in y l t r ie t h o x y s i la n e  ( V T E S i)  a s  a  c r o s s l in k e r .  T h e  s tru c tu ra l a n a ly s i s  o f  th e  h y d r o g e l
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c o n f ir m e d  th e  p r e s e n c e  o f  th e  f e e d  c o m p o n e n t s  in  th e  h y d r o g e l .  T h e r m a l s t a b i l i t y  o f  

th e  h y d r o g e l  w a s  in c r e a s e d  b y  in c r e a s in g  th e  a m o u n t  o f  A A  o r  c r o s s l in k e r  c o n t e n t  in  

K C / A A  h y d r o g e l .  T h e  d e c r e a s e  in  s w e l l i n g  r a tio  w a s  s u g g e s t e d  to  b e  d u e  t o  th e  

in c r e a s e  in  A A  c o n t e n t  a n d  c r o s s l in k e r .  M o s t  p r o m is in g  r e s u lt s  w it h  h ig h  s w e l l i n g  

r a t io  w e r e  o b s e r v e d  in  h y d r o g e l  h a v in g  a  lo w e r  m o n o m e r ic  r a t io  ( K C : A A  =  1 :7 ) . p H  

r e s p o n s e  o f  th is  h y d r o g e l  in  a c id ic  a n d  n e u tr a l p H  m a d e  its  s u i t a b le  fo r  d r u g  d e l iv e r y  

a p p l ic a t io n .  A  s u s t a in e d  r e le a s e  o f  in s u l in  w a s  o b s e r v e d  in  a  s im u la t e d  in te s t in a l  

f lu id  ( S I F )  w it h  n e g l i g ib le  r e le a s e  o f  in s u l in  in  s im u la t e d  g a s tr ic  f lu id  (S G F ) .
L e o n g  et al. ( 2 0 1 1 )  p r e p a r e d  in s u l in  e n tr a p p e d  in  l e c t in - f u n c t io n a l i z e d  

c a r b o x y m e t h y la t e d  K -c a r r a g e e n a n  m ic r o p a r t ic le s .  T h e  e n c a p s u la t io n  o f  in s u l in  w a s  

p e r fo r m e d  u s in g  a n  i o n ic  g e la t io n  t e c h n iq u e  a n d  o p t im iz e d  to  g i v e  a n  e n c a p s u la t io n  

e f f i c i e n c y  o f  9 4 .2  ±  2 .6 %  a n d  a  d r u g - lo a d in g  c a p a c i ty  o f  1 3 .5  ±  0 .4 % . T h e  

m ic r o p a r t ic le s  w e r e  fu r th e r  s u r f a c e - le c t in - f u n c t io n a l iz e d  fo r  im p r o v e d  in te s t in a l  

m u c o a d h e s iv e n e s s .  T h e  o ra l a d m in is tr a t io n  o f  in s u l in  e n tr a p p e d  in  th e  m ic r o p a r t ic le s  

le d  to  a  p r o lo n g e d  d u r a t io n  o f  th e  h y p o g l y c e m i c  e f f e c t ,  u p  to  1 2 - 2 4  h  in  d ia b e t ic  ra ts.
M u h a m a d  et al. ( 2 0 1 1 )  p r e p a r e d  K - c a r r a g e e n a n /s o d iu m  c a r b o x y m e t h y l-  

c e l l u l o s e  b e a d s  b a s e d  o n  d if fe r e n t  b le n d  fo r m u la t io n s  u s in g  g e n ip in ,  a  c r o s s l in k in g  

r e a g e n t .  D if f e r e n t  g e n ip in  c o n c e n t r a t io n s  ( 0 .5 ,  1 .0 ,  1 .5  m M )  w e r e  u s e d  to  s tu d y  th e  

e f f e c t s  o n  s w e l l i n g  r a t io  o f  th e  b e a d s  in  d i f f e r e n t  p H  v a lu e s  u n d e r  s im u la t e d  

g a s t r o in t e s t in a l  tra ct c o n d i t io n  (p H  1 .2  a n d  7 .4 ) .  T h e  r e s u lts  s h o w e d  th a t th e  c r o s s -  

l in k e d  b e a d s  p o s s e s s e d  lo w e r  s w e l l i n g  a b i l i t y  in  a ll  p H  c o n d i t io n s  a n d  s w e l l i n g  r a tio  

d e c r e a s e d  w it h  in c r e a s in g  g e n ip in  c o n c e n tr a t io n .  M o r e o v e r ,  t h e  r e le a s e  o f  b e ta -  

c a r o t e n e  w a s  s lo w e r  a n d  le s s e r  a f te r  b e in g  c r o s s l in k e d .  A  m ic r o s tr u c tu r e  s tu d y  

s h o w e d  th a t  c r o s s l in k e d  b e a d s  e x h ib i t e d  a  s m o o t h e r  s u r fa c e  a n d  a  m o r e  s p h e r ic a l  

s h a p e  c o m p a r e d  to  th e  n a t iv e  b e a d s . T h is  in d ic a te d  th a t c r o s s l in k in g  o f  g e n ip in  h a d  

e n h a n c e d  th e  b e a d s  n e tw o r k  s ta b i l i ty  a n d  th e ir  s tr u c tu r e  to  b e  a p p lie d  a s  s u i t a b le  

h y d r o g e l .
P a v l i  et al. ( 2 0 1 1 )  in v e s t ig a t e d  in te r a c t io n s  b e t w e e n  d o x a z o s in  m e s y la t e  

( D M )  a s  th e  c a t io n  d r u g  a n d  c a r r a g e e n a n s  b y  u s in g  a  D M  i o n - s e l e c t i v e  m e m b r a n e  

e le c t r o d e .  T h e  in te r a c t io n  b e tw e e n  d o x a z o s in  c a t io n s ,  D H +, a n d  c a r r a g e e n a n s  w a s  

c o o p e r a t iv e .  A t  lo w e r  d r u g  c o n c e n t r a t io n s ,  a n  a g g r e g a t io n  o f  D H + d e p e n d e d  o n  

in it ia l  s tr o n g  e le c t r o s t a t ic  in te r a c t io n s .  T h e  s tr e n g th  o f  in te r a c t io n s  in c r e a s e d  w it h



2 0

in c r e a s in g  n e g a t iv e ly  c h a r g e  o f  c a r r a g e e n a n s . A t  s a tu r a t io n , th e  n i im b e r  o f  D M  

m o le c u l e s  b o u n d  p e r  r e p e a t  u n it  d e p e n d e d  o n  th e  c h a r g e  a n d  s t e r ic  d is t r ib u t io n  o f  

b in d in g  s i t e s  o n  c a r r a g e e n a n s . D r u g  r e le a s e  r a te s  o f  D M  fr o m  c a r r a g e e n a n  m a tr ic e s  

w e r e  in  a c c o r d a n c e  w ith  th e  c o o p e r a t iv i t y  b in d in g  c o n s ta n t s .
K u lk a m i et al. ( 2 0 1 2 )  s y n t h e s iz e d  p H - r e s p o n s iv e  in te r p e n e tr a t in g  n e tw o r k  

( I P N )  h y d r o g e l  b e a d s  o f  p o ly a c r y la m id e  g r a fte d  j - c a r r a g e e n a n  ( P A A m - g - C G )  a n d  

s o d iu m  a lg in a t e  ( S A )  b y  s im p le  io n o t r o p ic  g e la t io n /c o v a le n t  c r o s s l in k in g  t e c h n iq u e  

fo r  th e  in te s t in a l  d e l iv e r y  o f  k e to p r o fe n . T h e  P A A m - g - C G  w a s  s y n t h e s iz e d  b y  a  fr e e  

r a d ic a l  p o ly m e r iz a t io n  f o l lo w e d  b y  a n  a lk a l in e  h y d r o ly s i s  u n d e r  n i t r o g e n  g a s .  T h e  

P A A m - g - C G  w a s  c h a r a c te r iz e d  b y  th e  e le m e n t a l  a n a ly s i s ,  th e  F T I R  s p e c t r o s c o p y ,  
a n d  th e  th e r m o g r a v im e tr ic  a n a ly s is  ( T G A ) .  T h e  a m o r p h o u s  n a tu r e  o f  d r u g  in  th e  

b e a d s  w a s  c o n f ir m e d  b y  th e  d i f f e r e n t ia l  s c a m r in g  c a lo r im e t r y  a n d  th e  X -r a y  

d if f r a c t io n  s tu d ie s .  T h e  s p h e r ic a l  s h a p e  o f  th e  b e a d s  w a s  c o n f ir m e d  b y  s c a n n in g  a n  

e le c t r o n  m ic r o s c o p ic  a n a ly s i s .  T h e  b e a d s  e x h ib i t e d  a n a m p le  p H - r e s p o n s iv e  b e h a v io r  

in  th e  p u ls a t i l e  s w e l l in g  s tu d y . T h e  k e t o p r o f e n  r e le a s e  w a s  s ig n i f ic a n t ly  in c r e a s e d  

w h e n  p H  o f  th e  m e d iu m  in c r e a s e d . T h e  d r u g  r e le a s e  d e p e n d e d  o n  th e  e x t e n t  o f  

c r o s s l in k in g  in  th e  IP N  m a tr ix . S t o m a c h  h i s t o p a t h o lo g y  o f  a lb in o  ra ts  in d ic a te d  th a t  

th e  p r e p a r e d  b e a d s  w e r e  a b le  to  reta rd  th e  d r u g  r e le a s e  in  s t o m a c h  le a d in g  to  th e  

r e d u c e d  u lc e r a t io n , h e m o r r h a g e , a n d  e r o s io n  o f  g a s t r ic  m u c o s a .

2.5 Drug Delivery System (DDS)

D r u g  d e l iv e r y  is  th e  m e th o d  o f  a d m in is t e r in g  a  p h a r m a c e u t ic a l  c o m p o u n d  to  

a c h ie v e  a  th e r a p e u t ic  e f f e c t  in  h u m a n s  o r  a n im a ls  d u r in g  a  d e s ir e d  p e r io d  a n d  a t a  

s p e c i f i c  ra te . It i s  im p e r a t iv e  th a t th e  d r u g  c o n c e n t r a t io n  in  th e  b lo o d  b e  m a in ta in e d  

at a  l e v e l  th a t  p r o v id e s  m a x im u m  th e r a p e u t ic  b e n e f i t .  T h e r e  a re  th r e e  m a in  c a t e g o r ie s  

o f  c o n t r o l le d  r e le a s e  d r u g  d e l iv e r y  s y s t e m s :  in t r a v e n o u s ,  t r a n s d e r m a l, a n d  o r a l  
s y s t e m s .  T h e  o ra l r o u te  h a s  c e r ta in  d i s a d v a n ta g e s :  p o o r  a b s o r p t io n , d r u g  d e g r a d a t io n ,  
a n d  b io a v a i la b i l i t y .  T h u s  th e  tr a n sd e r m a l d r u g  d e l i v e r y  is  a n  e s p e c ia l l y  a t tr a c t iv e  

a lt e r n a t iv e ,  b e c a u s e  it i s  u s u a l ly  e a s y  to  a p p ly ,  s a f e ,  a n d  p a in le s s  (C h a n s a i  et al.,
2 0 0 9 ) .
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T h e r e  a re  th r e e  p r im a r y  m e c h a n is m s  b y  w h ic h  a c t iv e  a g e n t s  c a n  b e  r e le a s e d  

fr o m  a  d e l iv e r y  s y s te m :  th e  d i f f u s io n ,  th e  d e g r a d a t io n , a n d  th e  s w e l l i n g  f o l lo w e d  b y  

th e  d i f f u s io n .  T h e s e  m e c h a n is m s  m a y  o c c u r  in  a  g iv e n  d r u g  r e le a s e  s y s t e m .
E f f e c t  o f  e n v ir o n m e n t  is  c o n s id e r e d  to  a f f e c t  th e  D D S .  D r u g  i s  in c a p a b le  o f  

r e le a s in g  u n t i l  it  is  p la c e d  in  a n  a p p r o p r ia te  b io lo g ic a l  e n v ir o n m e n t  s u c h  a s  p H , io n ic  

c o n c e n t r a t io n ,  a n d  e le c tr ic a l  s tr e n g th . M o s t  o f  th e  m a te r ia ls  u s e d  in  s w e l l i n g  

c o n t r o l le d  r e le a s e  s y s t e m  a re  b a s e d  o n  h y d r o g e ls :  th e y  a re  p o ly m e r s  th a t  c a n  s w e l l  

w it h o u t  d i s s o lv i n g  w h e n  p la c e d  in  w a te r  o r  o th e r  b io lo g ic a l  f lu id s  a n d  a  d i f f u s io n  o f  

a  d r u g  o c c u r s  p a s s in g  th r o u g h  th e  p o ly m e r  th a t fo r m s  th e  c o n t r o l le d  r e le a s e .  F ig u r e  4  

s h o w s  th e  c o n t r o l le d  d r u g  r e le a s e  u n d e r  e n v ir o n m e n t  s t im u l i .

F i g u r e  2 .4  D r u g  d e l iv e r y  fr o m  e n v ir o n m e n t a l ly  s e n s i t iv e  r e le a s e  s y s t e m s .

I s e k i  et al. ( 1 9 9 3 )  e v a lu a te d  th e  e f f i c i e n c y  o f  a  P P y  m e m b r a n e  a s  a  d e v ic e  

fo r  d r u g  d e l iv e r y  u s in g  m o d e l  c o m p o u n d s ,  w h ic h  in  a n  a q u e o u s  s o lu t i o n  p r o d u c e d  

a n io n s  w ith  th e r a p e u t ic  a c t iv it y .  T h e  a n io n s  c h o s e n  w e r e  s a l i c y la t e ,  n i c o s i d e  a n d  

n a p r o x e n . T h e s e  a n io n s  h a d  a n  a r o m a tic  s tr u c tu r e  a n d  a re  o f  m e d iu m  s iz e .  T h e  

d e l iv e r y  o f  a n io n s  fr o m  th e  m e m b r a n e  w a s  f o l lo w e d  b y  u s in g  a n  e le c t r o c h e m ic a l  

q u a r tz  c r y s ta l  m ic r o b a la n c e  ( E Q C M )  a s  w e l l  a s  h ig h  p r e s s u r e  l iq u id  c h r o m a t o g r a p h y  

(H P L C )  a s  a n  a n a ly t ic a l  t o o l .
G u d e m a n  a n d  P e p p a s  ( 1 9 9 5 )  p r e p a r e d  in te r p e n e tr a t in g  n e t w o r k s  o f  

p o l y ( v in y l  a lc o h o l ) ,  P V A , a n d  p o ly ( a c r y l ic  a c id ) ,  P A A . S t u d y in g  th e  e q u i l ib r iu m
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s w e l l i n g  s h o w e d  th a t th e  m o le c u la r  w e ig h t  b e t w e e n  c r o s s l in k  v a r ie d  f r o m  2 7 0  to  

4 0 ,0 0 0  a n d  th e  m e s h  s iz e  fr o m  1 9  to  7 1 0  Â . T h e  s w e l l i n g  r a tio  in c r e a s e d  w ith  

d e c r e a s in g  th e  i o n ic  s tr e n g th  o f  th e  s w e l l i n g  m e d iu m . M o r e o v e r ,  t h e y  in v e s t ig a t e d  

th e  p e r m e a t io n  o f  s o lu t e s  o f  v a r io u s  s i z e s  in c lu d in g  u r e a , g u a ia c o l  g ly c e r y l  e th e r , L -  

tr y p to p h a n , v i t a m in  B i 2 a n d  s e l e c t e d  d e x tr a n s  a s  a  f u n c t io n  o f  p H  a n d  m e m b r a n e  

m e s h  s i z e .  T h e  d i f f u s io n  c o e f f i c i e n t s  o f  L - tr y p to p h a n  a n d  u r e a  w e r e  s m a l le r  a t a  p H  

o f  3 th a n  a t a  p H  6 . F o r  F T I C -d e x tr a n  a n d  v i t a m in  B i 2, d e x tr a n  p e r m e a t io n  w a s  

r e je c te d  w h i l e  th e  s m a lle r  s o lu t e  w a s  tr a n sp o r te d  th r o u g h  th e  m e m b r a n e .
P e p p a s  a n d  W r ig h t  ( 1 9 9 6 )  s tu d ie d  th e  e f f e c t  o f  i o n iz a t io n  o n  s o lu t e  

d i f f u s io n  a t p H  3 a n d  p H  6  fr o m  in te r p e n e tr a t in g  p o ly m e r ic  n e tw o r k s  o f  P V A  a n d  

P A A . T h e  io n ic  s tr e n g th  a n d  te m p e r a tu r e  w e r e  k e p t  c o n s ta n t  at 0 .2  N  a n d  3 7  °c, 
r e s p e c t iv e ly .  T h e y  fo u n d  th a t th e  s w e l l i n g  in c r e a s e d  a s  th e  p H  in c r e a s e d . T h e y  a ls o  

in d ic a te d  th a t a s  th e  p e r c e n ta g e  o f  P A A  in c r e a s e d  in  t h e s e  m e m b r a n e s ,  th e  

e q u i l ib r iu m  s w e l l i n g  ra tio  in c r e a s e d . A f te r  th a t , th e  m e s h  s i z e  in c r e a s e d  w ith  

d e c r e a s in g  th e  c r o s s l in k in g  r a t io . D i f f u s io n  o f  t h e o p h y l l in e ,  v i t a m in  B 12, a n d  

m y o g l o b i n  w e r e  d e te r m in e d . T h e  v it a m in  B i 2 p e r m e a t io n  w a s  g r e a te r  a t p H  6  at 

w h ic h  th e  h y d r o g e l  w a s  e x p a n d e d  a n d  th e  m e s h  s i z e  w a s  g r e a te r . T h e  p e r m e a t io n  o f  

t h e o p h y l l in e  w a s  g r e a te r  at p H  6 , a lth o u g h  th e  m e m b r a n e  a n d  t h e o p h y l l in e  w e r e  

io n iz e d .  M y o g lo b in  p e r m e a te d  th r o u g h  th e  m e m b r a n e s  at p H  6  a n d  c o n t a in e d  h ig h e r  

a m o u n t s  o f  P A A  (7 5 %  a n d  1 0 0 % ) a t a  l in e a r  ra te .
H e p e l  a n d  M a h d a v i  ( 1 9 9 7 )  u s e d  a  c o m p o s i t e  P P y  f i lm  a s  a n  io n  g a te  

m e m b r a n e  fo r  th e  p o te n t ia l  c o n t r o l le d  r e le a s e  o f  a  c a t io n ic  d r u g , c h lo r p r o m a z in e .  
T h e  c h a r a c te r iz a t io n  o f  th e  p o ly m e r  f i lm s  h a s  b e e n  o b ta in e d  b y  in  s itu  m o n i t o r in g  o f  

th e  m a s s  c h a n g e  b y  a  q u a r tz  c r y s ta l  m ic r o b a la n c e  in  c o n j u n c t io n  w i t h  c y c l i c  

v o lt a m m e t r y .  T h e  e le c t r o c h e m ic a l  q u a r tz  c r y s ta l  m ic r o b a la n c e  ( E Q C M )  w i t h  its  

e x c e l l e n t  s e n s i t iv i t y  a l lo w e d  d ir e c t  m e a s u r e m e n t  o f  th e  a m o u n t  o f  th e  d r u g  r e le a s e d  

w h e n  th e  p o te n t ia l  o f  th e  f i lm  w a s  c h a n g e d . T h e  r e le a s e  o f  a  n e u r o le p t ic  d r u g , 
c h lo r p r o m a z in e  ( C P Z ) ,  fr o m  a  c o m p o s i t e  P P y /m e la n in  f i lm  u p o n  e le c t r ic a l  

s t im u la t io n  h a d  b e e n  s tu d ie d .
P e p p a s  a n d  W r ig h t  ( 1 9 9 8 )  p r e p a r e d  P V A , P A A  h y d r o g e ls ,  a n d  th e ir  

in te r p e n e tr a t in g  n e t w o r k s  ( I P N s )  b y  u s in g  g lu ta r a ld e h y d e  a n d  e t h y le n e  g ly c o l  

d im e t h a c r y la t e  a s  c r o s s l in k in g  a g e n ts .  T h e  m o le c u la r  w e ig h t  b e t w e e n  c r o s s l in k s  w a s



23

fo u n d  to  b e  g r e a te r  th a n  th e  th e o r e t ic a l  v a lu e s  d u e  to  th e  s h o r t  r e a c t io n  t i m e s  o f  th e  

p o ly m e r s .  T h e  m e s h  s i z e  o f  th e  n e t w o r k s  w a s  g r e a te r  a t p H  6 . D r u g  d i f f u s io n  w a s  

s tu d ie d  a s  a  f u n c t io n  o f  p H , m e s h  s i z e ,  a n d  P A A  c o n t e n t .  T h e  r e s u lt s  in d ic a te d  th a t  

fo r  v i t a m in  B 12, a  n e u tr a l s o lu t e  w i t h  m o l  w t. =  1 ,3 5 5 ,  p e r m e a t io n  w a s  g r e a te r  a t p H  

6  a t w h i c h  th e  h y d r o g e l  e x p a n d e d  a n d  th e  m e s h  s i z e  w a s  g r e a te r . T h e  p e r m e a t io n  o f  

t h e o p h y l l in e ,  m o l.  w t . =  1 8 0  w ith  p K a o f  8 .6 ,  w a s  g r e a te r  at p H  6 , a l t h o u g h  th e  

h y d r o g e l  a n d  th e o p h y l l in e  w e r e  io n iz e d .  M y o g lo b in ,  m o l  w t . =  1 7 ,2 0 0  w it h  p K a  o f  

7 .0 ,  d id  n o t  p e r m e a te  th r o u g h  th e  h y d r o g e ls  a t p H  3 b u t th e  p e r m e a t io n  o f  m y o g l o b i n  

o c c u r r e d  a t  p H  6 . M y o g lo b in  p e r m e a te d  th r o u g h  th e  h y d r o g e ls  th a t  c o n t a in e d  h ig h e r  

a m o u n ts  o f  P A A  ( 7 5  a n d  1 0 0 % ). A T R - F T I R  w a s  u s e d  to  c o n f ir m  th e  p o ly m e r /d r u g  

in te r a c t io n s  b y  s h o w in g  a  s h if t  in  th e  c a r b o n y l  r e g io n  o f  th e  sp e c tr a .
R a m a n a th a n a  et al. ( 2 0 0 1 )  s tu d ie d  th e  u s e  o f  c h it o s a n  g e l s  a s  m a t r ic e s  fo r  

e l e c t r i c a l ly  m o d u la te d  d r u g  d e liv e r y . C h ito s a n  g e l s  w e r e  p r e p a r e d  b y  th e  a c e t y la t io n  

o f  c h i t o s a n  a n d  s u b s e q u e n t ly  h y d r a te d . In th e  e le c t r i f i c a t io n  s t u d ie s ,  g e l  m a s s  

v a r ia t io n , s u r fa c e  p H  c h a n g e s ,  a n d  la ter , r e le a s e - t im e  p r o f i l e s  fo r  n e u tr a l  
( h y d r o c o r t i s o n e ) ,  a n io n ic  ( b e n z o ic  a c id ) ,  a n d  c a t io n ic  ( l id o c a in e  h y d r o c h lo r id e )  d r u g  

m o le c u l e s  fr o m  h y d r a te d  c h it o s a n  g e l s  w e r e  m o n ito r e d  in  r e s p o n s e  to  d i f f e r e n t  

m il l ia m p é r a g e s  o f  c u rren t a s  a  f u n c t io n  o f  t im e . H y d r a te d  g e l s  h a d  v e r y  s im i la r  

m ic r o v is c o s i t y  w h i le  e x h ib i t in g  d i f f e r e n c e s  in  th e  g e l  s tr e n g th , r e s u lte d  w h i c h  w e r e  

n o t  in c o n s i s t e n t  a s  th e y  p e r ta in e d  to  d if f e r e n t  a s p e c t s  o f  th e  g e l .  T h e  c u m u la t iv e  g e l  

m a s s  l o s s  a n d  rate  o f  g e l  m a s s  l o s s  in c r e a s e d  w it h  a n  in c r e a s e  in  th e  m i l l ia m p é r a g e  

( m A )  o f  th e  a p p lie d  cu rren t.
T h a n p itc h a  et al. ( 2 0 0 6 )  s tu d ie d  f i lm s  c o n s i s t in g  o f  a  b le n d  o f  a  c h i t o s a n  

h y d r o g e l  a n d  a  c o n d u c t iv e  p o ly m e r .  P o ly a n i l in e  ( P A N I )  w e r e  p r e p a r e d  a n d  

c h a r a c te r iz e d  fo r  th e ir  e le c tr ic a l  a n d  m e c h a n ic a l  p r o p e r t ie s . P A N I  in  e m e r a ld in e  b a s e  

( E B )  fo r m  w a s  d is p e r s e d  in  c h it o s a n  s o lu t io n  a n d  b le n d  f i lm s  w e r e  o b t a in e d  b y  

s o lu t io n  c a s t in g .  T h e  P A N I  p a r t ic le s  in  th e  b le n d  f i lm s  w e r e  th e n  d o p e d  w i t h  H C1  

w h e r e  w e  o b s e r v e d  r e d u c t io n s  in  th e  f i lm  te n s i le  s tr e n g th  a n d  Y o u n g ’s  m o d u lu s  b y  

a b o u t  3 0 % , b u t th e  f i lm s  e le c tr ic a l  c o n d u c t iv i t y  in c r e a s e d  b y  6  o r d e r s  o f  m a g n it u d e .  
T h e  h ig h e s t  e le c t r ic a l  c o n d u c t iv i t y  o f  th e  b le n d  f i lm s  w a s  o f  th e  o r d e r  1 0 '4 s / c m .  T h e  

e le c tr ic a l  a n d  m e c h a n ic a l  p r o p e r t ie s  o f  th e  f i lm s  v a r ie d  w ith  p o ly a n i l in e  c o n t e n t ,  a c id  

d o p a n t  t y p e ,  a n d  a c id  d o p a n t  c o n c e n tr a t io n  a n d  d o p in g  t im e .
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J u n ta n o n  et al. ( 2 0 0 8 )  in v e s t ig a t e d  a c o n t r o lle d  d r u g  d e l iv e r y  fr o m  P V A  

h y d r o g e l  a s  th e  m a tr ix /c a r r ie r  b y  a p p lie d  e le c tr ic a l  s t im u l i .  T h e  d r u g - lo a d e d  P V A  

h y d r o g e l  w e r e  p r e p a r e d  b y  a  s o lu t io n - c a s t in g  u s in g  s u l f o s a l i c y l i c  a c id  a s  a  m o d e l  

d r u g  a n d  g lu ta r a ld e h y d e  a s  th e  c r o s s l in k in g  a g e n t . T h e  d i f f u s io n  c o e f f i c i e n t s  w e r e  

m e a s u r e d  a s  f u n c t io n s  o f  c r o s s l in k in g  r a t io , th e  m e s h  s i z e ,  e le c tr ic  f i e ld  s tr e n g th , a n d  

th e  e le c t r o d e  p o la r ity .  F o r  th e  e f f e c t  o f  c r o s s l in k in g  r a t io , th e  d i f f u s io n  c o e f f i c i e n t  o f  

th e  d r u g  fr o m  P V A  h y d r o g e l  in c r e a s e d  w i t h  d e c r e a s in g  c r o s s l in k in g  r a t io , fo r  th e  

e f f e c t  o f  e l e c t r i c  f ie ld  s tr e n g th , th e  d i f f u s io n  c o e f f i c i e n t  o f  d r u g  fr o m  h y d r o g e l  

in c r e a s e d  w ith  in c r e a s in g  e le c t r ic  f ie ld  s tr e n g th . F o r  th e  e f f e c t  o f  e l e c t r o d e  p o la r ity ,  
th e  d i f f u s io n  c o e f f i c i e n t  o f  d r u g  u n d e r  c a th o d e  w a s  a p p a r e n t ly  h ig h e r  th a n  t h o s e  

u n d e r  a n o d e  a n d  u n d e r  n o  cu rren t.
M o h a m m a d  a n d  M u d a s s ir  ( 2 0 0 8 )  s y n t h e s iz e d  c r o s s - l in k e d  v in y l  a c e t a t e - c o -  

a c r y l ic  a c id  ( V A C - c o - A A )  h y d r o g e ls  b y  u s in g  N ,N ,m e t h y le n e  b is a c r y la m id e  

( M B A A m )  a s  a  c r o s s - l in k in g  a g e n t . D i f f e r e n t  r a t io s  o f  9 0 : 1 0 ,  7 0 : 3 0 ,  5 0 : 5 0 ,  3 0 : 7 0 ,  
a n d  1 0 :9 0  o f  V A C - c o - A A  w e r e  s y n t h e s iz e d .  A l l  o f  th e  c o m p o s i t io n s  w e r e  

c r o s s l in k e d  u s in g  0 .1 5 ,  0 .3 0 ,  0 .4 5 ,  a n d  0 .6 0  m o l  p e r c e n t  M B A A m . In  a d d it io n  to  th e  

a b o v e ,  t h e s e  h y d r o g e ls  w e r e  lo a d e d  w i t h  2 % , 8%  a n d  1 4 %  w / v  a s p ir in  s o lu t io n s ,  
k e e p in g  th e  m o n o m e r ic  c o m p o s i t io n  a n d  d e g r e e  o f  c r o s s l in k in g  c o n s ta n t .  T h e s e  pF I- 

s e n s i t iv e  g e l s  r e s p o n d e d  to  s m a ll  c h a n g e s  o f  p H  to  a  m u c h  sh a r p e r  e x t e n t  th a n  o th e r  

p F l- s e n s i t iv e  g e l s .  H y d r o g e ls  w ith  h ig h  c o n t e n t s  o f  A A ,  u p  to  5 0  m o l  p e r c e n t ,  
s h o w e d  m o r e  d r u g  r e le a s e  th a n  th o s e  g e l s  w ith  a  lo w  c o n t e n t  o f  A A .  H o w e v e r ,  th e  

d r u g  r e le a s e  w a s  n o t  s ig n i f ic a n t ly  a f f e c t e d  b y  c h a n g in g  th e  d e g r e e  o f  c r o s s - l in k in g .
C h a n is a i  et al. ( 2 0 0 9 )  p r e p a r e d  a  c o n d u c t iv e  p o ly m e r - h y d r o g e l  b le n d  

b e t w e e n  s u l f o s a l i c y l i c  a c id - d o p e d  P P y  a n d  p o ly ( a c r y l ic  a c id )  ( P A A )  a s  a  

c a r r ie r /m a tr ix  fo r  th e  tr a n sd e r m a l d r u g  d e l iv e r y  u n d e r  a p p lie d  e le c t r ic a l  f ie ld .  T h e  

b le n d  w a s  p r e p a r e d  b y  a  s o lu t io n  c a s t in g  w ith  e t h y le n e  g ly c o ld im e t h a c r y la t e  

( E G D M A )  a s  th e  c r o s s l in k in g  a g e n t . T h e  e f f e c t s  o f  c r o s s l in k in g  r a t io  a n d  e le c t r ic  

f ie ld  s tr e n g th  o n  th e  d i f f u s io n  o f  th e  d r u g  fr o m  P A A  a n d  P P y /P A A  h y d r o g e ls  w e r e  

in v e s t ig a t e d  u s in g  a  m o d i f ie d  F r a n z - d i f f u s io n  c e l l .  T h e  d r u g  d i f f u s io n  c o e f f i c i e n t  

d e c r e a s e d  w i t h  in c r e a s in g  d r u g  s iz e /m e s h  s i z e  ra tio , ir r e s p e c t iv e  o f  th e  p r e s e n c e  o f  

th e  c o n d u c t iv e  p o ly m e r  a s  th e  d ru g  ca rr ier . T h e  d i f f u s io n  c o e f f i c i e n t ,  a t th e  a p p lie d
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e l e c t r i c  f ie ld  o f  1 .0  V ,  b e c a m e  la r g e r  b y  a n  o r d e r  o f  m a g n itu d e  r e la t iv e  to  t h o s e  

w it h o u t  th e  e le c t r ic  f ie ld .
N ia m la n g  et al. ( 2 0 0 9 )  c o m p a r e d  th e  c o n t r o l le d  r e le a s e  o f  s a l i c y l i c  a c id  a s  

m o d e l  d r u g  f r o m  s a l i c y l i c  a c id - lo a d e d  p o ly a c r y la m id e  h y d r o g e ls  ( S A - lo a d e d  

P A A M ) ,  a n d  s a l i c y l ic  a c id - d o p e d  p o ly ( p h e n y le n e  v in y le n e ) /p o ly a c r y la m id e  

h y d r o g e ls  ( S A - d o p e d  P P V /P A A M ) .  W ith o u t  a n  e le c tr ic  f i e ld ,  th e  d i f f u s io n  o f  S A  

f r o m  th e  S A - d o p e d  P P V /P A A M  w a s  d e la y e d  in  th e  fir s t 3 h  d u e  to  th e  io n ic  

in t e r a c t io n  b e t w e e n  th e  a n io n ic  d r u g  ( S A  a n io n )  a n d  th e  P P V . T h e  Dapp o f  th e  S A -  

d o p e d  P P V /P A A M  w a s  h ig h e r  th a n  th at o f  th e  S A - lo a d e d  P A A M , a n d  th e  fo r m e r  

in c r e a s e d  w i t h  in c r e a s in g  e le c t r ic  f ie ld  s tr e n g th  th at a p p a r e n t ly  o b e y e d  th e  s c a l in g  

b e h a v io r :  D app/Do =  (d r u g  s iz e /p o r e  s i z e ) 111. T h e  S A - lo a d e d  P A A M  a n d  S A - d o p e d  

P P V /P A A M  s h o w e d  th e  s c a l in g  e x p o n e n t  m  e q u a l to  0 .5 0  at 1 V ,  r e s p e c t iv e ly .  
H o w e v e r ,  th e  d r u g  r e le a s e  ra te  d e p e n d e d  o n  c r o s s - in k in g  d e n s i t y ,  e le c t r ic  f ie ld  

s t r e n g th , d r u g  s i z e ,  h y d r o g e l  m a tr ix  m e s h  s i z e ,  d r u g -m a tr ix  in te r a c t io n , a n d  th e  

p r e s e n c e  o f  a  c o n d u c t iv e  p o ly m e r .
I s la m  et al. ( 2 0 1 1 )  d e v e lo p e d  e n te r ic  c o a t in g  fr o m  c h it o s a n  ( C S )  a n d  P V A .  

S o l u t io n s  o f  C S  a n d  P V A  (5 :1  m o l  r a t io )  w e r e  m ix e d  a n d  s e l e c t i v e l y  c r o s s l in k e d  

w it h  t e t r a e t h o x y s i la n e .  F T I R  c o n f ir m e d  th e  p r e s e n c e  o f  th e  in c o r p o r a te d  c o m p o n e n t s  

a n d  th e  e x i s t e n c e  o f  s i l o x a n e  l in k a g e s  b e t w e e n  C S  a n d  P V A . T h e  c r o s s l in k in g  

p e r c e n t a g e  a n d  th e r m a l s t a b i l i t y  in c r e a s e d  w i t h  in c r e a s in g  a m o u n t  o f  c r o s s l in k e r .  A l l  

h y d r o g e ls  s h o w e d  l o w  s w e l l i n g  in  a c id ic  a n d  b a s ic  p H  m e d ia ,  w h e r e a s  m a x im u m  

s w e l l i n g  w a s  e x h ib i t e d  a t n e u tr a l p H . T h is  p H  s e n s i t iv i t y  o f  th e  h y d r o g e l  h a s  b e e n  

e x p l o i t e d  a s  e n te r ic  c o a t in g  fo r  c o m m e r c ia l  a s p ir in  ta b le t s . T h e  d i s s o lu t io n  t e s t  o f  

e n t e r ic - c o a t e d  a s p ir in  ta b le t  in  s im u la te d  g a s t r ic  f lu id  (p H  1 .2 )  s h o w e d  7 .1 1 %  a s p ir in  

r e l e a s e  o v e r  a  p e r io d  o f  2  h , w h e r e a s  a  s u s ta in e d  r e le a s e  o f  r e m a in in g  a s p ir in  

( 8 3 .2 5 % )  w a s  o b s e r v e d  in  s im u la t e d  in te s t in a l  f lu id  (p H  6 .8 ) .
L in  et al. ( 2 0 1 2 )  p r e p a r e d  p o ly ( 2 - h y d r o x y e t h y l  a c r y la te )  ( P H E A ) / s i l i c a  

c o m p o s i t e s  c o n t a in in g  a s p ir in  a s  a  m o d e l  d r u g  w e r e  p r e p a r e d , a n d  th e ir  d r u g  r e le a s e  

b e h a v io r s  w e r e  t e s t e d .  T h e  r e s u lt s  s h o w e d  th e  s i l i c a  p a r t ic le s  w e r e  w e l l  d i s p e r s e d  in  

P H E A  h y d r o g e ls .  T h e  in  v it r o  d r u g  r e le a s e  te s t  r e v e a le d  th a t th e  r e le a s e  ra te  o f  

a s p ir in  d e c r e a s e d  w i t h  th e  in c r e a s in g  c o n t e n t  o f  s i l i c a .  T h e  d r u g  r e le a s e  b e h a v io r s  

w e r e  a n a ly z e d  b y  e m p lo y in g  th e  p o w e r  la w , w h ic h  s h o w e d  th a t th e  r e le a s e  p r o f i l e s
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w e r e  g o v e r n e d  e i th e r  b y  C a s e  II d i f f u s io n  o r  b y  a n o m a lo u s  d i f f u s io n .  T h e  3 - ( 4 ,  5 -  

d im e t h y l t h ia z o l - 2 - y l ) - 2 ,5 - d ip h e n y l  t é t r a z o l iu m  b r o m id e  ( M T T )  a s s a y  o f  ra b b it  

c h o n d r o c y t e s  r e v e a le d  th a t a d d in g  s i l i c a  c a n  im p r o v e  th e  b io c o m p a t ib i l i t y  o f  P H E A  

to  s o m e  e x te n t .
P a r a d e e  et al. ( 2 0 1 2 )  s y n t h e s iz e d  c a lc iu m  a lg in a te  h y d r o g e l  ( C a - A l g )  u s in g  

c a lc iu m  io n  a s  a  c r o s s l in k in g  a g e n t  a n d  b e n z o ic  a c id  a n d  ta n n ic  a c id  a s  a n io n ic  

m o d e l  d r u g s  a n d  f o l i c  a c id  a s  c a t io n ic  m o d e l  d r u g  u n d e r  a n  e le c t r ic  f i e ld  a s s i s t e d  

tr a n sd e r m a l d r u g  d e l iv e r y  s y s t e m . H y d r o g e l  w a s  c h a r a c te r iz e d  b y  i t s  s w e l l i n g  a b i l ity  

a n d  m e s h  s iz e .  T h e  d e g r e e  o f  s w e l l i n g  a n d  th e  m e s h  s iz e  o f  h y d r o g e l  d e c r e a s e d  w ith  

in c r e a s in g  c r o s s l in k in g  r a t io s . M o r e o v e r ,  th e  d r u g  d i f f u s io n  c o e f f i c i e n t  a ls o  

d e c r e a s e d  w ith  in c r e a s in g  c r o s s l in k in g  r a t io s  a n d  d r u g  s iz e  fo r  a ll  m o d e l  d r u g s . T h e  

d r u g  d i f f u s io n  c o e f f i c i e n t  w a s  p r e c i s e ly  c o n t r o l le d  b y  an  a p p lie d  e le c t r ic  f i e ld  a n d  

th e  e l e c t r o d e  p o la r ity  d e p e n d in g  o n  th e  d r u g  c h a r g e .
S i t t iw o n g  et al. ( 2 0 1 2 )  s tu d ie d  th e  e l e c t r i c a l ly  c o n t r o l le d  r e le a s e  f r o m  P V A  

h y d r o g e ls .  P V A  h y d r o g e ls  w e r e  p r e p a r e d  b y  s o lu t io n  c a s t in g  u s in g  g lu ta r a ld e h y d e  a s  

a c r o s s l in k in g  a g e n t  a n d  b e n z o ic  a c id  (3 .3 1  Â )  a n d  s u lp h a n i la m id e  ( 3 .4 7  À )  a s  m o d e l  

d r u g s . T h e  e f f e c t  o f  c r o s s l in k in g  r a t io s  w a s  s tu d ie d . T h e  a m o u n t  o f  d r u g  r e le a s e  a n d  

th e  d i f f u s io n  c o e f f i c i e n t s  o f  th e  d r u g s  fr o m  th e  P V A  h y d r o g e ls  in c r e a s e d  w ith  

d e c r e a s in g  c r o s s l in k in g  r a tio , a s  a  la r g e r  m e s h  s iz e  w a s  o b ta in e d  w i t h  lo w e r  

c r o s s l in k in g  r a t io s . W ith  th e  a p p lic a t io n  o f  a n  e le c tr ic  f ie ld ,  th e  a m o u n t  o f  d r u g  

r e le a s e  a n d  th e  d i f f u s io n  c o e f f i c i e n t  in c r e a s e d  m o n o t o n ic a l ly  w i t h  in c r e a s in g  e le c t r ic  

f ie ld  s tr e n g th , s in c e  th e  r e s u lta n t  e le c t r o s t a t ic  f o r c e  d r o v e  th e  io n ic  d r u g s  fr o m  th e  

P V A  m a tr ix .  T h e  d r u g  s iz e ,  m a tr ix  p o r e  s i z e ,  e le c t r o d e  p o la r ity , a n d  a p p lie d  e le c t r ic  

f ie ld  w e r e  s h o w n  to  b e  in f lu e n t ia l  c o n t r o l l in g  fa c to r s  fo r  th e  d r u g  r e le a s e  ra te .
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