
CHAPTER IV
Polythiophene/Carrageenan Hydrogel as Drug Release Matrix 

under Electric Field
S a n ita  P a ir a tw a c h a p u n , A n u v a t  S ir iv a t*

* C o n d u c t iv e  a n d  E le c tr o a c t iv e  P o ly m e r  R e s e a r c h  U n it  
T h e  P e tr o le u m  an d  P e tr o c h e m ic a l  C o l le g e ,  C h u la lo n g k o r n  U n iv e r s ity

Abstract
D e v e lo p m e n t  o f  th e  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 tw e e n  

p o ly th io p h e n e  (P T h ) d o p e d  w ith  a d ru g  and  a c a r r a g e e n a n  h y d r o g e l fo r  th e  
tra n sd erm a l d ru g  d e liv e r y  w a s  in v e s t ig a te d , in w h ic h  th e  c h a r a c te r is t ic  r e le a s e s  
d e p e n d  o n  th e  e le c tr ic  f ie ld  a p p lie d . T h e  ca rra g een a n  a n d  th e ir  b le n d  f i lm s  w e r e  
p rep ared  b y  th e  s o lu t io n  c a s t in g  u s in g  a c e ty ls a l ic y l ic  a c id  a s  th e  m o d e l  d ru g  and  
d o p in g  a g e n t  fo r  P T h  an d  M g C l2, C a C l2, a n d  B a C l2 a s  th e  c r o s s lin k in g  a g e n ts . T h e  
a v e r a g e  m o le c u la r  w e ig h t  b e tw e e n  c r o s s l in k s ,  th e  c r o s s l in k in g  d e n s ity , a n d  th e  m e sh  
s iz e  o f  th e  c a r r a g e e n a n  h y d r o g e ls  w e r e  d e te r m in e d  u s in g  th e  e q u ilib r iu m  s w e l l in g  
th eo ry . T h e  r e le a s e  m e c h a n is m  an d  d if fu s io n  c o e f f ic ie n t s  o f  b len d  P T h /C a r r a g e e n a n  
h y d r o g e ls  a n d  th e  n o n -b le n d e d  o n e s  w e r e  d e te r m in e d  b y  u s in g  a m o d if ie d  F ra n z-  
D if fu s io n  c e l l  in an M E S  b u ffe r  s o lu t io n , p H  5 .5 ,  at 3 7  ° c ,  fo r  a p e r io d  o f  4 8  h in  
o rd er  to  in v e s t ig a te  th e  e f f e c t s  o f  th e  c r o s s lin k in g  ra tio , th e  ty p e  o f  c r o s s l in k in g  
a g e n t, an d  th e  e le c tr ic  f ie ld  stren g th . T h e  d if fu s io n  c o e f f ic ie n t  d e c r e a s e s  w ith  
in c r e a s in g  c r o s s l in k in g  ra tio  an d  d e c r e a s in g  c r o s s l in k in g  io n  s iz e  w ith  a n d  w ith o u t  
th e  c o n d u c t iv e  p o ly m e r . T h e  d if fu s io n  c o e f f ic ie n t s  are g rea ter  at th e  a p p lie d  e le c tr ic  
f ie ld  o f  2 .0  V  b y  an o rd e r  o f  m a g n itu d e  r e la t iv e  to  th o s e  w ith o u t  e le c tr ic  f ie ld . 
M o r e o v e r , th e  d if fu s io n  c o e f f ic ie n t s  w ith  th e  c o n d u c t iv e  p o ly m e r  are h ig h e r  th an  
w ith o u t  th e  c o n d u c t iv e  p o ly m e r .

Keywords: C a rra g een a n  h y d r o g e l;  P o ly th io p h e n e ;  A c e t y l s a l ic y l ic  a c id ; D if f u s io n  
c o e f f ic ie n t ;  E le c tr ic a l ly  c o n tr o lle d  r e le a s e
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1. Introduction

H y d r o g e l  t e c h n o lo g ie s  h a v e  s t im u la t e d  d e v e lo p m e n t  in  m a n y  b io m e d ic a l  

a p p lic a t io n s  s u c h  a s  c o n t r o l le d  d r u g  d e l iv e r y  d u e  to  th e ir  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 im ila r it y  to  b io l o g i c a l  t i s s u e s  (L a n g e r  et al., 2 0 0 3  a n d  P e p p a s  

et al., 2 0 0 4 ) .  H y d r o g e ls  a re  w a t e r - s w o l le n  p o ly m e r ic  m a te r ia ls  p o s s e s s in g  th r e e -  

d im e n s io n a l  n e t w o r k  s tr u c tu r e s . T h e  n e tw o r k  p r o v id e s  p h y s ic a l  in te g r ity  a n d  it  is  

in s o lu b le  d u e  to  th e  p r e s e n c e  o f  c h e m ic a l  o r  p h y s ic a l  c r o s s l in k s  (P e p p a s  et al., 2 0 0 4  

a n d  K im  et al., 2 0 0 3 ) .
P o ly s a c c h a r id e s  a re  o n e  c h o i c e  to  b e  u s e d  a s  a  h y d r o g e l  b e c a u s e  th e y  a re  

q u ite  s im ila r  to  l iv in g  t i s s u e s ,  u s e f u l  fo r  a  w i d e  v a r ie ty  o f  b io m e d ic a l  a p p l ic a t io n s .  
M o r e o v e r ,  th e y  a re  u s u a l ly  n o n - t o x ic ,  b io c o m p a t ib le ,  a n d  s h o w  a  n u m b e r  o f  p e c u l ia r  

p h y s ic o - c h e m ic a l  p r o p e r t ie s . C a r r a g e e n a n , a  p o ly s a c c h a r id e ,  h a s  th e  a b i l i t y  t o  fo r m  

th e r m o  r e v e r s ib le  h y d r o g e ls  a n d  is  e x t e n s iv e l y  u s e d  a s  a  g e l l i n g  a g e n t  in  f o o d  a n d  

p h a r m a c e u t ic a l  in d u s tr ie s .  B e c a u s e  o f  i t s  g e l l i n g ,  v i s c o s i t y  b u i ld in g  p r o p e r t ie s ,  a n d  

p r o v e n  s a fe ty ,  it h a s  b e e n  u t i l i z e d  in  s u s t a in e d - r e le a s e  m a te r ia ls  (G u p ta  et a i,  2 0 0 1 ) .  
C a r r a g e e n a n  c o m p r is e s  a  f a m i ly  o f  l in e a r  w a t e r - s o lu b le  s u l f a t e d  p o ly s a c c h a r id e s  

e x tr a c te d  fr o m  red  s e a w e e d s .  T h e  w e l l - k n o w n  c a r r a g e e n a n  is  k a p p a -c a r r a g e e n a n  ( k - 

c a r r a g e e n a n )  th a t c a n  fo r m  a  h y d r o g e l  e a s i ly .  It i s  m o s t ly  a lt e r n a t in g  p o ly m e r  o f  D -  

g a la c t o s e - 4 - s u l f a t e  a n d  3 ,6 - a n h y d r o - D - g a la c t o s e  ( N i j e n h u is ,  1 9 9 7  a n d  Z h a i e t  a h ,
1 9 9 8 ) .  T h e  g e la t io n  o f  K -c a r r a g e e n a n  i n v o lv e s  a  c o l i  to  h e l ix  c o n f o r m a t io n a l  

tr a n s it io n  f o l lo w e d  b y  h e l ix  a g g r e g a t io n . T h e  p r o c e s s  is  th e r m o  r e v e r s ib le  a n d  c a n  b e  

in d u c e d  b y  c o o l i n g  or  p r o m o te d  b y  m u lt iv a le n t  c a t io n s .  T h e  t h e r m o - s e n s i t iv e  n a tu re  

o f  K -c a r r a g e e n a n  h y d r o g e ls  m a k e s  th is  b io p o ly m e r  an  in te r e s t in g  c h o i c e  in  d r u g  

d e l iv e r y  a p p lic a t io n s .  In  a d d it io n , th e  s tr u c tu r e  o f  K -c a r r a g e e n a n  in c lu d e s  a  v a r ie ty  o f  

c h e m ic a l  fu n c t io n a l  g r o u p s , p r o v id in g  th e  p o s s ib i l i t y  fo r  fu tu r e  d e r iv a t iz a t io n  a n d  

b io c o n j u g a t io n  ( D a n ie l - d a - S i lv a  et ai, 2 0 1 1 ) .
H o w e v e r ,  th e  l im it a t io n s  o f  c o n t r o l le d  r e le a s e  b y  h y d r o g e l  a re  th e  s l o w  

r e s p o n s e  w h ic h  l im i t s  th e ir  a b i l ity  to  d e l iv e r  th e  s t im u l i  e f f i c i e n t ly  th r o u g h o u t  th e  g e l  

(L ir a  et ai, 2 0 0 5 ) .  T h e  u s e  o f  a n  e le c t r ic  f i e ld  a s  a n  e x te r n a l  s t im u lu s  is  a  m e th o d  

th a t h a s  b e e n  s u c c e s s f u l ly  e m p lo y e d  to  e n h a n c e  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
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precise controls (Chien et al., 1990). Because the electronic conductivity o f  a 
hydrogel is generally low, the current from an electric stimulus is not readily 
transmitted throughout the structure.

Recently, a conductive polymer combined with a hydrogel has attracted 
attentions as an electroactive hydrogel which is capable o f  chemical or physical 
transformations in response to electrical potential. Therefore, the conductive 
polymers and hydrogel blends have been extensively investigated for controlled drug 
release (Tao et a i ,  2005).

Polythiophene (PTh) is an important class o f  conjugated polymers due to its 
high thermal stability, processibility, solubility, and excellent electrical conductivity 
when in a doped state (Stevenson et a l ., 2010). PTh results from the polymerization 
o f  thiophenes which can become conducting when electrons are added or removed 
from the conjugated 71-orbitals via doping (Lee et a i ,  2008). PTh is synthesized by 
the electrochemical and chemical polymerization methods. But the chemical 
oxidative polymerization is more applicable than electrochemical method because o f  
controllable sizes and a higher yield (Gnanakan et al., 2009).

In this work, PTh/carrageenan blend films will be prepared. The release 
mechanism will be investigated in terms o f  crosslinking agent type and ratio and 
electric field strength. Furthermore, the electrically stimulated controlled release 
behavior o f  the acetylsalicylic acid as model drug from the blend film will be 
investigated and reported here.

2. Materials and methods

2.1 Materials

2.1.1 Synthesis o f  polythiophene (PTh)

In the polymerization process o f  polythiophene, these chemicals were 
used: thiophene (Sigma Aldrich) as a monomer, iron (III) chloride (Ajax Chemicals) 
as an oxidant, acetylsalicylic acid (Sigma Aldrich) as a dopant. Methanol (AR grade,
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RCI Labscan), chloroform (AR grade, RCI Labscan), hydrogen peroxide, H2O2, (AR  
grade, RCI Labscan), and distilled water were used as solvents.

2.1.2 Preparation o f  polythiophene/carrageenan blend films 
(PTh/carrageenan blend film s)

K-carrageenan (Thai Food and Chemicals CO., ltd.) was used as the 
polymer matrix. Acetylsalicylic acid (Sigm a Aldrich) was used as the model drug. 
Barium chloride, calcium chloride, and magnesium chloride (Ajax chemicals) were 
used as the crosslinking agents. 2-(N-morpholino) ethanesulfonic acid, MES, (Sigma 
Aldrich) was used as the buffer solution.

2.2 Method

2.2.1 Preparation o f  acetylsalicylic acid-loaded carrageenan hydrogels 
(ASA-loaded carrageenan Hydrogels)

Carrageenan powder was dissolved in distilled water under stirring at 
60 ๐c  to prepare a carrageenan solution at concentration o f  1.3 %w/v. Then, 2.5 %wt 
(based on the weight o f  carrageenan) o f  acetylsalicylic acid was added into the 
carrageenan solution under a constant stirring. The salt solution (CaCL, M gCk, and 
BaCh) as a crosslinker was added into the solution at various crosslinking ratios 
(m oles o f  crosslinker to m oles o f  ester sulfated group monomer units) and then cast 
onto a mold (8  cm diameter) at room temperature.

2.2.2 Synthesis o f  PTh

PTh was synthesized via the Fe3+-catalyzed oxidative polymerization 
according to the method o f  Sugimoto et al. (1986). Thiophene (1 mol) was dispersed 
into chloroform (50 ml) at constant stirring for 45 min. FeCb (5 mol) in 30 ml 
chloroform was added to the monomeric solution. The polymerization was allowed 
to proceed for 24 h with stirring at room temperature. The collected sample was 
washed with methanol in order to remove the excess FeCl3 and then, the sample was 
dried at 80 ๐c  for 24 h.
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2.2.3 Preparation o f  acetylsalicylic acid-doped polythiophene (ASA-doped
PTh)

The acetylsalicylic acid-doped polythiophene was prepared by the 
acid-assisted redox doping reaction according to the method o f  Sanden et al. (1997).
1 g o f PTh was stirred with 100 ml o f A SA  solution and 50 ml แ 2<ว2 for 24 h ASA- 
doped PTh particles were filtered and vacuum dried for 24 h.

2.2.4 Preparation o f  polythiophene/carrageenann blend films 
(PTh/carrageenan blend film s)

The ASA-doped PTh (0.1 g) was dispersed into the carrageenan 
solution, and the mixture was stirred for 30 min. The mixture was cast on the mold (8  

cm diameter) and dried at room temperature.

2.3 Characterizations

The morphology o f  the carrageenan hydrogels were examined using a 
scanning electron microscope (SEM, Hitachi, S4800). After the hydrogel was 
immersed in distilled water at 37 °c  for 3 days, it was rapidly frozen in liquid 
nitrogen at -40 ๐c  for 24 h, and lyophilized at -50 °c  for 24 h in a freeze-dryer 
(TABCONCO, Freezone 2.5). The sample was scanned at a 120x magnification.

The carrageenan hydrogel sw elling was studied to determine the 
degree o f  swelling o f  in a MES buffer solution at 37 ๐c  for 2 days, using the 
following Eq.l (Peppas et a i ,  1998);

Degree o f  swelling (%) = M~Md X 100 (1)

where M is the weight o f  the sample after immersing in the buffer solution, Md is the 
weight o f  the sample after immersing in the buffer solution in its dry state, and M, is 
the initial weight o f  the sample in its dry state.

In order to correlate the release behavior o f  the loaded drug to the physical 
characteristics o f  tile carrageenan hydrogels, experiments were carried out to
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determine the molecular weight between crosslinks, Mc, the mesh size, and the 
crosslinking density, px A sample o f  the carrageenan hydrogel was cut, then 
immediately placed in distilled water at 37 ๐c .  For 5 days it was allowed to swell to 
equilibrium, and then weighed in air and heptane. Finally, the sample was dried at 25 
๐c  in a vacuum oven for 5 days. Once again, it was weighed in air and heptane. 
These weights were used to calculate the Mc, £  and /2* (Peppas et al. , 1998).

The Flory-Rehner equation modified using Bray and Merrill equation as in 
Eq. 2 was used to determine the Mc (Peppas et al., 1998).

1 1 เ ^  [๒ (1 _ v ^ ) + v2 , ,+ 2T 2J
M c M n

Vlr

where M  ท is the number-average molecular weight o f  the polymer before 
crosslinking (400,000 g/mol), V  is the specific volume o f  carrageenan (0.49 ml/g) 
(Wang et a i, 2009), FJ is the molar volume o f  water (18.1 cm 3/mol) (W ells et al.,
2011), ง2,r is the polymer volume fractions o f  the relaxed polymer gel, 1)2,S is the 
polymer volume fractions o f  the swollen polymer gel, X is the Flory interaction 
parameter o f  carrageenan = 0.44 (Wang et a i,  2009), and the dissociation constant is 
pKa =  4.7.

The hydrogel mesh size, ,̂ was calculated using Eq. 3 (Peppas and Wright,
1996)

f  \ 1/3 /  \
v 2,s 1 V2o
V, 2 V-,f  2-r 7 2,r y

f  =  v 2.ร - v 3 (3)

where Cn is the Flory characteristic ratio for carrageenan (33) (Marcelo et a l., 2004), 
/ is the carbon-carbon bond length o f the monomer unit (5.5 Â), Mr is monomer 
molecular weight (385 g/mol), and M c is the molecular weight between crosslinks.
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The crosslinking density o f  the hydrogel, p x , was calculated by using Eq. 4 
(Peppas et ah, 1996).

Px
1

V M C (4)

2.4 Drug release experiments

2.4.1 Preparation o f  MES Buffer

An MES buffer solution was chosen to simulate the human skin pH 
condition o f  5.5. To prepare 200 ml o f  MES buffer solution, 0.1 M o f  MES pH 5.5 
was poured into the receptor chamber o f  a modified Franz-diffusion cell.

2.4.2 Spectrophotometric Analysis o f  Model Drug

A UV-Visible spectrophotometer (UV-TECAN infinite M 200) was 
used to determine the maximum spectra o f  the model drug. The characteristic peak at 
230 nm was observed. The absorbance value at the peak wavelength o f  the model 
drug was read and the amount o f  drug release was calculated from the calibration 
curve at various model drug concentrations.

2.4.3 Actual Drug Content

The actual amount o f  A SA  in the ASA-loaded carrageenan hydrogels 
and PTh/carrageenan blend films were measured by the U V -V isible 
spectrophotometer at a wavelength o f  230 nm. The A SA  solution was prepared by 
dissolving the sample (circular disc with 2.5 cm in diameter) in 5 ml o f  
dimethylsulfoxide (DM SO) and then 0.1 ml o f  the solution was added into 0.4 ml o f  
DMSO.

2.4.4 Transdermal transport studies

The diffusions o f  drug were carried out by the modified Franz- 
Diffusion cells at the MES buffer (pH 5.5), a constant temperature, 37 ° c  in a 
circulating water bath. The ASA diffused through a nylon net (mesh size =  2.25 
n u n 2)  wb'ch w as placed 1 " top the MES buffer solution. The nylon net was allowed
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to come into contact with the MES buffer in the receptor chamber; the buffer was 
magnetically stirred throughout the experiment period (48 h) at a thermostatically 
maintained temperature. For the study o f  the effect o f  crosslinking ratio, ASA-loaded 
Ba-carrageenan (Ba-CAR) hydrogels o f  various crosslinking ratios (0.4, 0.6, 1.0, 1.4, 
and 2 .0 ) were placed on top o f  a similar nylon net above the receptor compartment. 
For the study o f  the effect o f type o f  crosslinking agent, Ba-CAR, M g-CAR, Ca- 
CAR hydrogels at crosslinking ratio o f  1 were placed on top o f  a similar nylon net 
above the receptor compartment. Then, for the study o f  the effect o f  electric field  
strength on the release o f  the A SA  from the carrageenan hydrogel, a cathode 
electrode (aluminum) was connected to a power supply (KETFILEY 1100V Source 
Meter). The total duration o f the constant applied electric field strength to the 
experiment setup was 48 h. The drugs diffused through a polymer matrix and the 
membrane into the solution. A  sample o f  0.1 ml was withdrawn at various time 
intervals and simultaneously replaced with an equal volume o f  the fresh buffer 
solution. The drug amount in the withdrawn solution sample was determined by the 
U V-visible spectrophotometer.

3. Results and discussion

3.1 Characterization

3.1.1 Swelling behavior o f  drug-loaded carrageenan hydrogel

The carrageenan hydrogels were prepared by varying the crosslinking 
ratio to study the effect on the swelling behavior, the molecular weight between 
crosslinks, the mesh size, and the drug diffusion characteristics.

Fig. 1 shows the degree o f  swelling o f  Ba-CAR hydrogels at various 
crosslinking ratios (0.4, 0.6, 1.0, 1.4, and 2.0) with and without electric field after 
immersion in MES buffer solution at 37 ° c  for 5 days. The results show the degree 
o f  swelling decreases with increasing crosslinking ratios because the lesser 
crosslinked hydrogel has a longer carrageenan strand between crosslinks producing a 
looser network for easier diffusion. It can be swollen appreciably and the pore sizes
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are larger, as determined by using the Eq.l and shown in the SEM images o f  the 
carrageenan hydrogels after swelling (Fig. 2). Moreover, when an electric field is 
applied, the degree o f  swelling is larger than that without electric field resulting in 
the larger mesh size (Fig. 3).

Table 1 shows the molecular weights between crosslinks and the mesh 
size o f  carrageenan hydrogels at various crosslinking ratios with and without electric 
field. An increase in the crosslinking agent decreases the molecular weight between 
crosslinks leading to the smaller mesh size (Serra et al., 2006). The mesh sizes o f  the 
hydrogels vary between 265 and 1,229 À under no current and between 455 and 
1,771 Â under applied current. Thus, the comparison o f  mesh size values between 
the system with electric field and without electric field indicates that the electric field 
has an effect on the carrageenan structure through the generated electro repulsive 
force between the negatively charged electrode and the negatively charged sulfate 
group in the structure (Fig. 3).

Fig. 2 shows the morphologies o f  carrageenan hydrogels o f  various 
crosslinking ratios after swelling without an electric field. Fig. 2(a)-(c) show the 
porous structures and the pore sizes which are larger at lower crosslinking ratios. 
Fig. 3(a)-(c) show that smaller pore sizes are visibly present without an electric field 
relative to those o f  the carrageenan under electric field.

3.2 Release kinetics o f  model drug

3.2.1 Determination o f  actual drug content
The actual amount o f  ASA present in the carrageenan film is reported 

as the percentage o f  the initial content o f  A SA  loaded into the carrageenan. The 
actual amount o f  ASA present in the sample is about 95.16 % ± 4.57%

5.2.2 Release kinetic o f  model drug from ASA-loaded carrageenan 
hydrogel and ASA-loaded PTh/carrageenan blend film

The experimental data were analyzed by two diffusion models. The 
drug release is described by the Korsmeyer-Peppas model (Korsmeyer et a i ,  1983), 
which describes the drug release from a polymeric system according to Eq. 5. The
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amount o f  drug released can be generally fitted to the Korsmeyer-Peppas model, a 
power law in time:

where Mt/Moo is fraction o f  drug released at time t, k  is the kinetic constant (with 
units o f  T n) and ท is the diffusional exponent for drug release that is used to 
characterize different release mechanisms. In particular, the Higuchi’s equation 
(Higuchi, 1961) describes the fraction o f  drug release from a matrix which is 
proportional to the square root o f  time.

where Mt and Moo are the masses o f  drug released when the time equals t and infinite 
time, respectively, and k[i is the Higuchi constant (with the unit o f  T'n). The Higuchi 
Eq. 6  corresponds to a particular case o f Eq. 5 when ท is exactly equal to one half.

When the Higuchi model o f drug release (i.e., Fickian diffusion) is 
obeyed, then a plot o f  Mt/Moo versus t l/2 will be a straight line with a slope o f  kn-

The diffusion coefficients were calculated from the slopes o f  the plot 
o f  the amounts o f  acetylsalicylic acid released from carrageenan hydrogels at time t 
versus the square root o f  time according to H iguchi’s equation (Higuchi, 1961 and 
Reichling et al., 2006).

(5)

M t
Moo

(6 )

where Mt is the amount o f  drug released (g), A is the diffusion area (cm 2), Co is the 
initial drug concentration in the hydrogel (g/cm 3), and D is the diffusion coefficient 
o f the drug (cm 2/s).
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3.2.3 Effect o f  crosslinking ratio

The amounts o f acetylsalicylic acid (A SA ) released from ASA-loaded  
Ba-CAR hydrogels at time t versus t and t l/2 at various crosslinking ratios (0.4, 0.6, 
1.0, 1.4, and 2.0) in an absence o f  electric field during 48 h are shown in Fig. 4(a) 
and (b), respectively. The amounts o f  drug released gradually increase with time 
until reaching equilibrium, while the plots o f  the amount o f  drug released as a 
function o f  square root o f  time show a linear relationship. The amount o f  drug 
released decreases with increasing crosslinking ratio due to the larger pore size o f  the 
carrageenan hydrogel at the lesser crosslinking ratio (Serra et al.. 2006) because the 
crosslinking agent results in denser and more rigid hydrogel leading to a reduction in 
the degree o f  swelling (Hezaveh et a l ,  2012). When an electric field is applied, the 
amount o f  A SA  released increases at a given crosslinking ratio. The primary force is 
the high electrostatic force pushing the negatively charged drug through the polymer 
matrix (Murden, 2003 and Kantarial et a l ., 1999). The second driving force com es 
from the expansion o f  the mesh size o f  hydrogel (Niamlang et a l., 2009), as shown in 
Table 2.

From a plot o f ln(Mt/Moo) versus ln(t), the scaling exponent ท was 
determined from Eq. 5 as show in Table 2. The ท value o f crosslinked carrageenan 
hydrogel without electric field vary between 0.33 and 0.60 is near the Fickian 
exponent value o f ท = 0.5. Thus, the drug release mechanism from carrageenan 
hydrogel is diffusion controlled by the Fickian diffusion mechanism and the change 
in their structure may have an effect on the mechanism o f  release.

The diffusion coefficient o f  each system is calculated from the slope 
o f  the plot Mt/ Moo versus t ,/2 using the Higuchi’s equation. The diffusion coefficient 
o f  drug increases with decreasing crosslinking ratio due to the larger pore size at the 
lower crosslinking ratio resulting in a bigger pathway for the drug to diffuse. When 
an electric field is applied, the diffusion coefficient o f  drug increases due to the 
electrostatic force driving the charged drug; the negatively charged drug is driven 
towards to the oppositely charged electrode.



5 0

3.2.4 Effect o f  type o f  crosslinking agent

Fig. 5 shows the amounts o f ASA released from ASA-loaded  
carrageenan hydrogels versus tim e172 at various crosslinking ratios, E =  0 V, pH 5.5, 
and at 37 ° c .  The results show the amount o f  drug released decreases with 
decreasing the crosslinking agent ion size (Ba+ > Ca2+ > Mg2+), resulting in 
compacting the carrageenan molecules (Al-M usa et a l, 1999).

3.2.5 Effect o f  electric field strength

Fig. 6  shows amounts o f  A SA  released from the Ba-CAR hydrogel or 
the Ba-CAR 1.4 hydrogel versus t1/2 at various electric field strengths from the 
negatively charged electrode (cathode in the donor part). The amount o f  drug 
released increases with increasing electric field strength due to the electrostatic 
interaction between the negatively charged drug and the negatively charged 
electrode. In addition, the diffusion coefficient o f  drug released increases with 
increasing electric field strength because the higher electric field strength induces a 
higher electrostatic force that drives the negatively charged drug through the polymer 
matrix (Juntanon et a i,  2008).

3.2.6 Effect o f  electrode polarity

Fig. 7 shows amounts o f  ASA released from the Ba-CAR hydrogel or the 
Ba-CAR_1.4 hydrogel versus t1/2 under the negatively charged electrode (cathode in 
the donor part), the positively charged electrode (anode in the donor part), and 
without an applied electric field. The amount o f drug released and the diffusion  
coefficient under cathode are higher than those under no electric field and under 
anode, respectively. This is a direct result o f  the electro repulsion between the 
negatively charged drug and the negatively charged electrode driving the charged 
drug through the polymer matrix into the buffer solution (Green, 1996). Passive  
delivery (without electric field) results in a lower permeation. With the same electric 
field and under the anode, the amount o f  drug released and the diffusion coefficient
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are lowest among the three cases because o f  the electro attractive force. The electro 
attractive force is generated between the negatively charged drug and the positively  
charged electrode (Juntanon et a i ,  2008).

3.2.7 Effect o f  conductive polymer

The amounts o f  drug released from PTh/carrageenan blend films are 
higher than that from carrageenan hydrogel due to the electro repulsive force is 
generated between the negatively charged drug and the negatively charged electrode. 
Fig. 8 shows the diffusion coefficients o f  ASA from carrageenan hydrogels and 
ASA-doped PTh/carrageenan blend films versus mesh size and crosslinking ratio, E 
-  2 V, pH 5.5, 37 °c . The diffusion coefficients o f  drug released increase with 
decreasing crosslinking ratio due to the larger pore size or the lower crosslinking 
ratio. As PTh is added into the hydrogel, the diffusion coefficients increase because 
the electro repulsive force between the negative charged drug and the cathode 
electrode can occur easily that can drive the drug into matrix (Murdan, 2003 and 
Kantaria et a l,  1999).

Fig. 9 shows the log-log plot o f  diffusion coefficients o f  
acetylsalicylic acid from carrageenan hydrogel and drugs from alginate hydrogel 
versus the drug size/m esh size o f  hydrogels at electric field strength 0, 1, and 2 V at 
37 ๐c .  The data are tabulated in Table 3. The diffusion coefficients o f drug released 
in all o f  these generally decrease with increasing drug size/m esh size or crosslinking 
ratio due to the reduction o f  the mesh size o f  hydrogel (Ferreira et a l., 2001).

From the data, the scaling exponent, m, can be determined from the 
following equation;

D = D 0 ( a / O - m (9)

where D is the diffusion coefficient o f  a drug, D0 is the diffusion coefficient for a 
very small drug size, a  is the drug size, (  is the mesh size o f  hydrogels, and m  is the 
scaling exponent (Juntanon et al., 2008).

The scaling exponent m values for the acetylsalicylic acid to diffuse 
through the carrageenan hydrogels under the electric field strengths o f 0 and 2 V and 
the acetylsalicylic ach1 to diffuse through the PTh/carrageenan film under electric
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field strength o f  2 V are 0.96, 0.97, and 5.20, respectively. Corresponding Do values 
are 1.05 X  10'6, 1.64 X  10‘6, and 6.32 X  10"6 cm 2/s, respectively.

In comparing the data (Fig. 9) between the carrageenan hydrogel o f  
the current work and the Ca-Alg hydrogel, the diffusion coefficients o f anionic drugs 
(BA and TA) in the Ca-Alg hydrogel under applied electric field are larger than that 
no electric field due to electro repulsive between the negatively charged drug and the 
negatively charged electrode. On the other hand, the diffusion coefficients o f  cationic 
drug (FA) are smaller than without electric field due to the electro attractive fore 
between the positively charged drug and the negatively charged electrode. Flowever, 
the diffusion coefficients o f  drug from alginate hydrogels are lower than those the 
carrageenan hydrogels. In case o f  the alginate hydrogel, the hydrogen bond provides 
the intermolecular interaction between the hydroxyl group o f  the alginate hydrogel 
and the carboxyl group o f  the anionic drugs, which is stronger than the van der 
Waals bond between the carboxyl group o f  acetylsalicylic acid and the sulfate group 
o f the carrageenan hydrogel (Paradee et ฟ ., 2012).

Moreover, the diffusion coefficients o f drug are the highest in case o f  
adding PTh as the drug carrier because o f  the reduction reaction ASA-doped PTh 
under an electric field, expansion o f  chain o f  conductive polymer, and 
electroporation. Thus, the electro repulsive force between the negative charged drug 
and the cathode electrode occur more easily with the conductive polymer (Niamlang 
et al., 2009).

4. Conclusion
The ASA-loaded carrageenan hydrogels and the ASA-doped  

PTh/carrageenan blend films were prepared by varying the crosslinking ratio to study 
release mechanism characteristics and the diffusion coefficient o f  the drug with and 
without electric field. The swelling ability and the mesh size o f  each carrageenan 
hydrogel were characterized. The degree o f  swelling and the mesh size decrease with 
increasing crosslinking ratio. The diffusion coefficients were determined with respect 
to the effects o f  crosslinking ratio, type o f  crosslinking agent, and electric field 
strength. For the effect o f  crosslinking ratio, the diffusion coefficients o f  the drug 
from the carrageenan hydrogels and PTh/carrageenan blend film increase with
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decreasing crosslinking ratio due to the larger mesh size. For the effect o f  
crosslinking agent type, the diffusion coefficients o f  the drug from the carrageenan 
hydrogel and PTh/carrageenan blend films decrease with decreasing the crosslinking 
agent ion size (Ba+ > Ca2+ > Mg2+) at the same crosslinking ratio. Under applied 
electric field, the diffusion coefficient o f  the drug from the carrageenan hydrogel is 
higher than that without electric field due to the electrostatic interaction between the 
negatively charged drug and the negatively charged electrode (under cathode) and 
the enhanced hydrogel mesh size. Moreover, the diffusion coefficients o f  the drug 
from the PTh/carrageenan blend films are greater than the diffusion coefficients o f  
the drug from the carrageenan hydrogel, the presence o f  a conductive polymer can 
enhance the drug delivery rate considerably.

Acknowledgements

The authors would like to acknowledge the Conductive and Electroactive 
Polymers Research Unit o f  Chulalongkom University, the Thailand Research Fund 
(TRF-RTA), and the Royal Thai Government for the financial supports.

References
Al-Musa, ร., Fara, A .D ., and Badwan, A .A ., 1999. Evaluation o f  parameters 

involved in preparation and release o f  drug loaded in crosslinked matrices o f  
alginate. J. Control Release 57, 223-232.

Chien, Y.W ., Lelawong, p., Siddiqui, o . ,  รนท, Y., and Shi, W.M., 1990. Facilitated 
transdermal delivery device. J. Control Release 13, 263-278.

Daniel-da-Silva, A.L., Ferreira, L., Gil, A.M ., and Trindade, T., 2011. Synthesis and 
sw elling behavior o f  temperature responsive K-carrageenan nanogels. J. 
Colloid Interface Sci. 355, 512-517.

Ferreira, L., Vidal, M., Gil, M., 2001. Design o f  a drug-delivery system based on 
polyacrylamide hydrogels: evaluation o f  structural properties. J. Chem. 
Educ. 6 , 100-103.



5 4

Gnanakan, s .R.P., Rajasekhar, M., and Subramania, A., 2009. Synthesis o f  
polythiophene nanoparticles by surfactant - assisted dilute polymerization 
method for high performance redox supercapacitors. Int. J. Electrochem. 
Sci. 4, 1289-1301.

Green, P.E., 1996. Iontophoretic delivery o f  peptide drugs. J. Control. Release 41, 
33-48.

Gupta, V.K., Hariharan, ML, Wheatley, T.A., and Price, J.C., 2001. Controlled- 
release tablets from carrageenans: effect o f  formulation, storage and 
dissolution factors. Eur. J. Pharm. Biopharm. 51, 241-248.

Hezaveh, H., and Muhamad, 1.1., 2012. The effect o f nanoparticles on gastrointestinal 
release from modified K-carrageenan nanocomposite hydrogels. Carbohydr. 
Polym. 89, 138-145.

Higuchi, T., 1961. Rate o f  release o f  medicaments from ointment bases containing 
drugs in suspensions. J. Pharm. Sci. 50, 874-875.

Juntanon, K., Niamlang, ร., Rujiravanit, R., Sirivat, A., 2008. Electrically controlled 
release o f  sulfosalicylic acid from crosslinked poly(vinyl alcohol) hydrogel. 
Int. J. Pharm. 256, 1-11.

Kantaria, ร., Rees, G.D., Lawrence, M.J., 1999. Gelatin stabilized microemulsion- 
based organogels: rheology and application in iontophoretic transdermal drug 
delivery. J. Control Release 60, 355-365.

Kim, B., and Peppas, N.A., 2003. P olyethylene glycol) - containing hydrogels for 
oral protein delivery applications. Biomed. M icrodevices 5(4), 333-341.

Korsmeyer, R.W ., Gumy, R., Doelker, E., Buri. P.A., Peppas, N .A ., 1983. 
Mechanisms o f  solute release from porous hydrophilic polymers. Int. J. 
Pharm. 15, 25-35.

Langer, R., and Peppas, N .A ., 2003. Advances in biomaterials, drug delivery, and 
bionanotechnology. AIChE. 49, 2990-3006.

Lee, J.M., Lee, S.J., Jung, Y.J., and Kim, J.H., 2008. Fabrication o f nano-structured 
polythiophene nanoparticles in aqueous dispersion. Curr. Appl. Phys 8 , 659- 
663.



55

Lira, L.M., Torresi, c . ,  2005. Conducting polymer-hydrogel com posites for 
electrochemical release devices: synthesis and characterization o f  semi- 
interpenetrating polyaniline-polyacrylamide network. Electrochem. Commun. 
7, 717-723.

Marcelo, G., Saiz, E., and Tarazona, M.P., 2005. Unperturbed dimensions o f  
Carrageenans in different salt solutions. Biophys. Chem. 113, 201-208.

Mahmoodi, M., Khosroshahi, M .E., and Atyabi, F., 2010. Laser thrombolysis and in 
vitro study o f  tPA release encapsulated by chitosan coated PLGA 
nanoparticles for AML Int J Biol Biomed Eng. 4, 35-42.

Murdan, ร., 2003. Electro-responsive drug deliver)' from hydrogels. J. Control 
Release 92, 1-17.

Niamlang, ร., Sirivat, A., 2009. Electrically controlled release o f  salicylic acid from 
polylp-phenylene vinylene)/polyacrylamide hydrogels. Int. J. Pharm. 371, 
126-133.

Nijenhuis, K. T., 1997 Carrageenans. In Thermoreversible networks. Springer, 
Berlin, pp. 203-252.

Paradee, N ., Sirivat, A., Niamlang, ร., and Prissanaroon-Ouajai, พ ., 2012. Effect o f  
crosslinking ratio, model drugs, and electric field strength on electrically 
controlled release for alginate-based hydrogel. J Mater Sci Mater Med. 
23(4), 999-1010.

Peppas, N .A ., Wright, S.L., 1996. Solute diffusion in poly(vinyl alcohol)/ 
poly(acrylic acid) interpenetrating networks. M acromolecules 29, 8798- 
8804.

Peppas, N .A ., Wright, S.L., 1998. Drug diffusion and binding in ionizable 
interpenetrating networks from poly(vinyl alcohol) and poly(acrylic acid). 
Eur. J. Pharm. Biopharm. 46, 15-29.

Peppas, N .A ., Wood, K.M., and Blanchette, J.O., 2004. Hydrogels for oral delivery 
o f  therapeutic proteins. Expert Opin Biol Ther. , 4(6), 881-887.

Sage, B.H., Riviere, J.E., 1992. Model systems in iontophoresis transport efficacy. 
Adv. Drug. Deliv. Rev. 9, 265-287.



56

Sanden, M.C.M., 1997. Counter-ion induced processibility o f  conducting polymers 
1. Acid-assisted oxidative doping and solubilization. Synth. Met. 87, 137- 
MO.

Serra, L., Domenech, J., Peppas, N .A ., 2006. Drug transport mechanisms and release 
kinetics from molecularly designed poly(acrylic acid-g-ethylene glycol) 
hydrogels. Biomaterials 27, 5440-5451.

Sittiwong, J., Niamlang, ร., Paradee, N., and Sirivat, A., 2012 Electric field- 
controlled benzoic acid and sulphanilamide delivery from poly (vinyl 
alcohol) hydrogel. AAPS PharmSciTech 13(4), 1407-1415.

Stevenson, G., Moulton, S.E., Innis, P.C., and Wallace, G.G., 2010. Polyterthiophene 
as an electrostimulated controlled drug release material o f  therapeutic levels 
o f  dexamethasone. Synth. Met. 160, 1107-1114.

Sugimoto, R., Taketa, ร., Gu, H.B., and Yoshino, K., 1986. Preparation o f  soluble 
polyxhiophene derivatives utilizing transition metal halides as catalysts and 
their property. Chem. Express 1(11), 635-638.

Tao, Y., Zhao, J., พน, c . ,  2005. Polyacrylamide hydrogels with trapped sulfonated 
polyaniline. Eur. Polym. J. 41, 1342-1349.

Wang, X., and Ziegler, G.R., 2009. Phase Behavior o f  the I-
carrageenan/maltodextrin/water system at different potassium chloride 
concentrations and temperatures. Food Biophys. 4, 119-125.

Wells, L.A., and Sheardown, H., 2011. Photosensitive controlled release with 
polyethylene glycol-anthracene modified alginate. Eur J Pharm Biopharm  
79(2), 304-313.

Zhai, M. L., Yi, M., Shu, J., Wei, J. ร., and Ha, H. F„ 1998. Radiation preparation 
and diffusion behavior o f  thermally reversible hydrogels. Radiat. Phys. 
Chem. 52 ,313-316.



57

Figure 1 Degree o f  swelling (%) o f  carrageenan hydrogels at various crosslinking 
ratios o f  E = 0 and 2 V, at 37 ๐c  after 5 days.
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Figure 2 The morphology o f  Ba-CAR hydrogel after swelling: (a) Ba-CAR_0.4; (b) 
CAR_1.0; and (c) CAR_2.0 at 120x magnification.

Figure 3 The morphology o f  Ba-CAR (CAR J  .4) after sw elling under electric field 
strengths of: (a) 0 V; (b) 2.0 V; and (c) 5.0 V at 120x magnification.
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Figure 4 Amounts o f  ASA released from Ba-CAR hydrogels o f  various crosslinking 
ratios versus: (a) time; and (b) tim e172.
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Figure 5 Amounts o f  A SA  released from ASA-loaded carrageenan hydrogels 
versus tim e172 at various crosslinking ratios o f  3 crosslinking agent, E = 0 V ,  
pH 5.5, and at 37 ๐c .
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Figure 6  Amounts o f  ASA released from ASA-loaded Ba-CAR hydrogels versus 
tim e1/2 at crosslinking ratio = 1.4 and at various electric field strengths, pH 5.5, and
at 37 ° c .
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Figure 7 Amounts o f  ASA released from Ba-CAR hydrogels versus tim e172 with the 
hydrogel samples attached to the anode or cathode, Ba-CAR_1.4 hydrogels.
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Figure 8 Diffusion coefficients o f  A SA  from carrageenan hydrogels and PTh/ 
carrageenan blend films versus mesh size and crosslinking ratio, E = 2 V, pH 5.5, 
37 ° c .
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Figure 9 Diffusion coefficients o f  drug-loaded alginate and carrageenan hydrogels 
in relation to drug size/m esh size at the electric field strength between 0 and 2 V, at 
pH 5.5, and 3 7 °c .



6 5

T able 1 The molecular weight between crosslinks, the mesh size, and the crosslinking density o f  carrageenan hydrogels o f  various 
crosslinking ratios with and without an applied electric field

Sam ple C rosslink  
ing ra tio

N u m b er-ave rag e  m olecu lar 
w eight betw een crosslinks, M c (g/inol)

M esh size, 
ç ( A )

C rosslin k ing  density , p x 
(m ol/cm 3 X 104)

E = 0 V E =  2 V E =  0 V E =  2 V E =  0 V E = 2 V
B a-C A R _0 .4 0.4 (1 .99  ±  0 .65 ) X 104 (3 .64  ±  0 .21 ) X 104 1229 ± 2 8 9 1710 ±  112 1.03 ± 0 .0 1 0.96 ± 0 .1 5
B a -C A R _0 .6 0.6 (1 .52  ±  0 .68 ) X 104 (2.41 ±  0 .16 ) X  104 713 ±  162 9 7 2 ±  164 1.34 ± 0 .2 0 1.21 ± 0 .1 3
B a -C A R _1 .0 1.0 (0 .93 ±  0 .10 ) X  104 (1 .86  ±  0 .09 ) X 104 656 ± 4 9 794 ±  104 2 .19  ±  0.05 2 .05 ± 0 .0 5
B a -C A R J .4 1.4 (0 .84  ±  0 .02 ) X 104 (1 .72  ±  0 .15 ) X  104 451 ±  121 634 ±  79 2.43 ± 0 .1 2 2.31 ± 0 .2 1
B a -C A R _2 .0 2.0 (0 .33  ±  0 .05 ) X !0 4 (0 .96  ±  0 .07 ) X 104 265 ±  10 356 ± 3 4 6.18 ±  0.09 6 .04 ± 0 .1 1
C a -C A R _1 .0 1.0 (7 .89  ±  0 .12 ) X  103 (8 .96  ±  0 .04 ) X 103 99 ±  7 154 ±  16 9.42 ± 0 .0 3 9.15 ±  0.31
M g -C A R _ 1 .0 1.0 (6 .39  ±  0 .09 ) X 103 (7 .59  ±  0 .1 1 )X  103 90 ±  4 113 ± 2 1 15.01 ± 0 .3 1 14.81 ±  0.08
C a -C A R _2 .0 2.0 (3 .32  ±  0 .13 ) X  103 (4 .73 ± 0 .1 5 )  X 103 57 ±  11 78 ±  17 23 .15 ±  0.21 21.03 ±  1.21
M g -C A R _3 .0 3.0 (1 .33  ±  0 .04 ) X 103 (2 .12  ±  0 .05 ) X 103 25 ± 4 42 ±  11 44.21 ±  8.76 29 .26  ± 5 .1 2
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Table 2(a) Release kinetic parameters and linear regression values obtained from 
fitting drug release experimental data to the Ritger-Peppas model without electric 
field

Sample Diffusional 
exponent(ท)

Kinetic constant 
(K)(h")

2r

Ba-CAR_0.4 0.33 1.21 0.98
Ba-CAR_0.6 0.34 1.15 0.99
Ba-C A R J.O 0.36 0.99 0.98
Ba-CAR_1.4 0.52 0.83 0.99
Ba-CAR_2.0 0.57 0.80 0.99
Ca-CAR_1.0 0.60 0.84 0.96
M g-CAR_1.0 0.56 0.87 0.97
Ca-CAR 2.0 0.59 0.72 0.95
M g-CAR_3.0 0.54 0.76 0.94
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Table 2(b) Release kinetic parameters and linear regression values obtained from 
fitting drug release experimental data to the Ritger-Peppas model with electric field 
o f  2 V

Sample Diffusional 
exponent(ท)

Kinetic constant
(K)(hn) r2

Ba-CAR_0.4+E 0.46 1.06 0.92
Ba-CAR_0.6+E 0.47 0.96 0.94
Ba-C A R J.O +E 0.48 0.92 0.95
Ba-CAR_1.4+E 0.44 0.85 0.98
Ba-CAR_2.0+E 0.54 0.81 0.97
Ca-CAR_1,0+E 0.60 0.83 0.94
Mg-CAR 1.0+E 0.60 0.65 0.95
Ca-CAR_2.0+E 0.56 0.49 0.96
M g-CAR_3.0+E 0.74 0.35 0.95
Ba-CAR_0.6+PTh+E 0.23 1.31 0.92
B a-C A R J .0+PTh+E 0.43 1.23 0.94
Ba-CAR_1,4+PTh+E 0.45 1.03 0.98
Ba-CAR_2.0+PTh+E 0.49 0.94 0.99
C a-C A R J .0+PTh+E 0.39 1.47 0.98
Mg-CAR_1.0+PTh+E 0.40 1.06 0.98
Ca-CAR_2.0+PTh+E 0.40 0.79 0.98
Mg-CAR_3.0+PTh+E 0.39 0.67 0.96
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T able 3 The diffusion coefficient o f  the drug on carrageenan and Ca-Alg hydrogels at temperature o f  37 °c and pH 5.5

S am p le D ru g M » D ru g  size
( A)

M esh  size
( Â ) D  (c m 2/s) E (V ) R e m a rk s

B a -C A R A c e ty ls a lic y lic  acid 180 6.6 1,229 2.04  X  10‘4 - C ro ss lin k  ra tio  =  ช.4
656 7.83 X 10'5 - C ro ss lin k  ra tio  =  1.0
256 2.48  X  10'5 - C ro ss lin k  ra tio  =  2 .0

C a -C A R 99 1.82 X  10'5 - C ro ss lin k  ra tio  =  1.0
27 1.50 X  10'5 - C ro ss lin k  ra tio  =  2.0

M g -C A R 90 8.09 X  10'6 - C ro ss lin k  ra tio  =  1.0
25 3.66  X  10‘6 - C ro ss lin k  ra tio  =  3.0

B a -C A R A ce ty ls a lic y lic  acid 180 6.6 1,710 2 .60  X  10-4 2 C ro ss lin k  ra tio  =  0.4
794 1.29 X  10'4 2 C ro ss lin k  ra tio  =  1.0
356 5.20 X  10'5 2 C ro ss lin k  ra tio  =  2.0

C a -C A R 154 3.24 X  10'5 2 C ro ss lin k  ra tio  =  1.0
78 2.50  X  10‘5 2 C ro ss lin k  ra tio  =  2.0

M g -C A R 113 1.08 X  10'5 2 C ro ss lin k  ra tio  =  1.0
42 5.32 X  10’6 2 C ro ss lin k  ra tio  =  3.0

B a -C A R  +  PTh A ce ty ls a lic y lic  acid 180 6.6 1,710 7.12 X  10-4 2 C ro ss lin k  ra tio  =  0.4
794 4 .28  X  10-4 2 C ro ss lin k  ra tio  =  1.0
356 1.59 X  10-4 2 C ro ss lin k  ra tio  =  2 .0

C a -C A R  +  PTh 154 9.80  X  10'5 2 C ro ss lin k  ra tio  =  1.0
78 3.70  X 10 5 2 C ro ss lin k  ra tio  =  2.0

M g -C A R  + PTh 113 6.92  X  10'5 2 C ro ss lin k  ra tio  =  1.0
42 2 .14  X  10'5 2 C ro ss lin k  ra tio  =  3.0



6 9

S am p le D ru g M w D ru g  size
( A )

M esh  size
( Â )

D  (c m 2/s) E (V ) R e m a rk s

C a -A lg B enzo ic  a c id3 122 5.58 3,313 1.64 X  10'5 - C a -A lg _ c ro s s lin k  ra tio  =  0.3
2 ,289 8.63 X  10'6 - C a -A lg _ c ro s s lin k  ra t io  =  0.5
1,545 6.31 X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  0.7
1,174 3.72  X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  1.0
641 3.01 X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  1.3

3 ,887 3.04  X  10'5 1 C a -A lg _ c ro s s lin k  ra tio  =  0.3
2 ,657 2.44 X  10'5 1 C a -A lg _ c ro s s lin k  ra tio  =  0.5
2 ,236 1.48 X  10'5 1 C a -A lg _ c ro s s lin k  ra tio  =  0.7
1,689 1.19 X  10'5 1 C a -A lg _ c ro s s lin k  ra tio  =  1.0
1,277 7.53 X  10'5 1 C a -A lg _ c ro s s lin k  ra tio  =  1.3

Tann ic  a c id3 8.31 3,313 2.61 X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  0.3
2 ,289 2.25 X  1(T6 - C a -A lg _ c ro s s lin k  ra tio  =  0.5
1,545 1.81 X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  0.7
1,174 1.25 X  10'6 - C a -A lg _ c ro s s lin k  ra tio  =  1.0
641 7.64 X  10'7 - C a -A lg _ c ro s s lin k  ra tio  =  1.3

3 ,887 4.02  X  10'6 1 C a -A lg _ c ro s s lin k  ra tio  =  0.3
2 ,657 3.13 X  10'6 1 C a -A lg _ c ro s s lin k  ra t io  =  0.5
2 ,236 2.65 X  10'6 1 C a -A lg _ c ro s s lin k  ra t io  =  0.7
1,689 2 .29  X  10'6 1 C a -A lg _ c ro s s lin k  ra tio  =  1.0
1,277 1.78 X  10"6 1 C a -A lg _ c ro s s lin k  ra tio  =  1.3
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S am p le D ru g M w D ru g  size
( A )

M esh  size
( A )

D (c m 2/s) E (V ) R e m a rk s

C a_A lg F o lic  a c id3 122 36.84 3,313 1.10 X 10’5 - C a -A lg _ c ro s s lin k  ra tio  =  0.3
2 ,289 6.57 X 10'6 - C a -A lg _ c ro s s lin k  ra tio  =  0.5
1,545 4 .28  X 10'6 - C a -A lg  c ro s s lin k  ra tio  =  0.7
1,174 3.08 X 10'6 - C a -A lg  c ro s s lin k  ra tio  = 1.0
641 2.40 X 10‘6 - C a -A lg _ c ro s s lin k  ra tio  =  1.3

3,887 7.45 X 10'6 1 C a -A lg _ c ro s s lin k  ra tio  =  0.3
2,657 5.87 X 10'6 1 C a -A lg _ c ro s s lin k  ra tio  =  0.5
2 ,236 3.14 X 10‘6 1 C a -A lg _ c ro s s lin k  ra tio  =  0.7
1,689 2.51 X 10'6 1 C a -A lg _ c ro s s lin k  ra tio  =  1.0
1,277 1.89 X 10‘6 1 C a -A lg  c ro s s lin k  ra tio  =  1.3

a Paradee e t  a l ,  2012
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