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ABSTRACT: The composites of pH-responsive poly(vi-
nyl alcohol)/poly(acrylic acid) hydrogel and activated car-
bon fibers (ACFs) were prepared as sustained drug release
system with excellent mechanical properties. The mechani-
cal properties of hydrogels were improved greatly by
addition of ACFs. The thinner ACFs were more effective
in increasing the mechanical properties of composite
hydrogels. The cumulative amount of release and the
release period were dependent on the surface area and the
pore volume of ACFs. The drug release was maximized at
basic condition due to the pH-sensitive hydrogel matrices

and the initial bust phenomenon was alleviated by incor-
porating ACFs in the hydrogels. The drug release was sus-
tained about four times longer and the mechanical
property was increased about 2.6 times higher because
ACFs worked as drug reservoir and reinforcement. Cyto-
toxicity evaluation confirmed the biocompatible character-
istics of the ACFs-containing hydrogels. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 120: 1050-1056, 2011
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INTRODUCTION

Controlled release systems (CRS), which are
intended to deliver drugs at predetermined rates for
the expected periods, have been used to overcome
the drawbacks of conventional drug formulations. In
some occasions, it is more beneficial if the drugs are
released by the signals from an underlying disease
and the necessary amount of drug could be con-
trolled upon the stimulation of such signals. Many
researchers have investigated on the stimuli-respon-
sive hydrogels according to the surrounding envi-
ronment.'™

As a promising candidate material for CRS, hydro-
gels have been used in the development of the intelli-
gent drug delivery systems.®” Hydrogel has a three
dimensional network which is formed by crosslinking
polymeric chain of hydrophilic polymers that can
swell in water and hold a large amount of water.
Hydrogels can not only protect the drug from various
hostile environments but also control the release of
drug by swelling/deswelling in response to the envi-
ronmental stimuli. Thus, hydrogels have also been
used in various applications such as artificial muscles,
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drug delivery system, and tissue engineering.®'?

However, two major drawbacks should be solved for
the practical use of hydrogel. First, the poor mechani-
cal properties limit their applications. Even though
the mechanical property could be improved by form-
ing the network structure with higher amount of
crosslinking agent, the swelling ability would be
deteriorated due to the strongly networked polymer
structure.”> As the other drawback, drugs loaded
directly into the swollen hydrogels were found to
release quickly from the swollen networks.'*"” Some
improvement was also needed in the sustained drug
release characteristics for the practical application.

Although the carbon nanotubes (CNTs) were
applied for solving above problems, the aggregation
of CNTs deteriorated the mechanical properties de-
spite of using surfactant. The high cost of CNTs also
limited the extensive application of CNTs.'*™

In this study, the activated carbon fibers (ACFs)
composite hydrogels were prepared to improve both
mechanical properties and sustained release charac-
teristics of hydrogels. ACFs were used as the rein-
forcing material due to their mechanical and eco-
nomic advantages.’>?' ACFs have larger surface
area and higher total pore volume for efficient
absorption of drugs.”**® The effect of ACFs on the
controlled release behavior of pH-responsive hydro-
gel was investigated in terms of sustained release
characteristics and mechanical properties.
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EXPERIMENTAL
Materials

ACFs (Adol 10, 15, and 20) were purchased from
Osaka Co. (Japan). Poly(vinyl alcohol) (PVA, M,, =
31,000-50,000), acrylic acid (AAc), glutaraldehyde
(GA), ethylene glycol dimethacrylate (EGDMA),
vitamin B12 (VB12), and potassium persulfate
(KPS) were obtained from Sigma Chemical
Company.

Drug loading in ACFs

2.0 g of ACFs were immersed in VB12, a model
drug, solution (100 ppm, 100 mL) at room temper-
ature for 2 days. VB12-contained ACFs were dried
in a vacuum oven for a day at 50°C. 0.5 g of
drug-loaded ACFs were put into 100 mL of dis-
tilled water to measure the VB12 loading capacity
of ACFs.

Preparation of ACFs-contained PVA/PAAc
hydrogels

PVA/PAAc hydrogels were synthesized by the free
radical polymerization. The polymerization was car-
ried out in de-ionized water using GA and EGDMA
as crosslinker of PVA and AAc, respectively. KPS
was used as an initiator. The reaction mixture of
PVA, AAc, crosslinkers, initiator, and water was
stirred for 30 min at room temperature under nitro-
gen atmosphere. After the reaction mixture was
stirred for 2 h at 70°C, various kinds of ACFs (Adol
10, 15, and 20) were added into the reaction mixture.
ACFs-contained PVA/PAAc hydrogel (ACH) was
prepared after the reaction for additional 2 h. These
ACH samples were washed with distilled water at
room temperature by replacing with fresh distilled
water every few hours. All the ACHs were cut into
disc-like pieces having ~ 10 mm in diameter and 10
mm in thickness for the following studies. Swollen
hydrogels were completely dried after overnight at
60°C under vacuum. The feed composition of ACHs
is summarized in Table I.

Characterization
Swelling behavior

Three different kinds of pH buffers (2, 7, and 10)
were used as swelling media and the swelling
behaviors were determined by gravimetric method.
The dried samples were immersed into the various
pH buffer solutions for a certain period until the
swelling equilibrium was reached and then these
hydrogels were taken out for wiping with tissue pa-
per to remove excess buffer solution on the surface.
They were weighed immediately. The equilibrium

TABLE I
Feed Compositions of ACFs-Containing PVA/PAAc
Hydrogel (ACH)

ACH 0 ACH 10 ACH 15 ACH 20
PVA (g) 15 15 15 15
AAc (g) 4 4 4 4
GA (g) 3 3 3 3
EGDMA (g) 1 1 1 1
KPS (g) 0.2 0.2 0.2 0.2
Adol 10 (g) - 2.0 - -
Adol 15 (g) - - 2.0 -
Adol 20 (g) - - - 2.0

swelling ratio (%) of the hydrogels was calculated as
follows:

Swelling (%) = (Ws; — W)/ W, x 100

where W; and W; are the weights of dry and swol-
len samples, respectively.

Morphology

The morphologies of samples were investigated
using field emission scanning electron microscopy
(FE-SEM) apparatus (JEOL, JSM-7000F). As a pre-
treatment, the samples were vacuumed up to 10>
Pa and sputtered with Pt.

Pore structure of ACFs

To investigate the pore structures such as specific
surface area, pore volume, and micropore fraction,
BET apparatus (ASAP 2020) was used. ACFs were
degassed up to 107> Pa and then, nitrogen gas
(99.9999%) adsorption was carried out at 77 K. Spe-
cific surface area was calculated by using BET equa-
tion and micropore volume was measured by HK
(Horvath-Kawazoe) method.

Mechanical properties

The mechanical properties of ACHs were measured by
an Instron tester model 5583 at 25°C and 50% relative
humidity with a compression load cell, having a full-
scale range of 1.0 KN. All the samples were immersed
in water at room temperature for 3 days to reach the
equilibrium state of swelling. Swollen samples were
then placed on the top plate of a compression load cell
and compressed by a cylindrical metal rod probe (di-
ameter 10 mm) at a constant crosshead speed of 2
mm/min until the fragmentation of the sample
occurred. Initial compression modulus was calculated
from the initial slope of the stress—strain curve.

Release behavior

VB12 release from ACHs was carried out in pH 2, 7,
and 10 buffer solutions. The amount of VB12 was

Journal of Applied Polymer Science DOI 10.1002/app



1052

'S8

/ ~ —
/ _~X%100  100m

YUN ET AL.

"~ 18.67m

X 1,000 To.m

.
10m —

X 1,000

Figure 1 SEM images of various ACHs. (a) ACH 10, (b) ACH 15, and (c) ACH 20.

measured at various time periods using a UV spec-
trometer (Optizen 2120 UV, Mecasys, Korea). The
buffer solution was refreshed after sampling. All the
experiments were carried out in triplicate.

The cumulative release of VB12 was calculated as
follows:

Cumulative release (%) = (M;/M) x 100,

where Mt is the cumulative amount of VBI12
released from the ACH at time t and M is the total
amount of VB12 preloaded in ACFs.

Indirect cytotoxicity evaluation

The indirect cytotoxicity evaluation of samples was
carried out by using Cell Counting Kit-8 (CCK-8),
which was purchased from Dojindo Laboratory,

Journal of Applied Polymer Science DOI 10.1002/app

Japan. Experimental design was conducted accord-
ing to the ISO10993-1, 5, and 12 standard test meth-
ods.** The samples were taken to 0.1 g. The extrac-
tion media were prepared by immersing the samples
in a 96-well microtiter plate at 5 x 10° cells/well
and incubated for 24 h. Mouse fibroblasts (L 929,
KCLB No 10001) were seeded in a 96-well plate at a
density of 5 x 10° cells/well and incubated at 37°C
under a 5% CO, humidified atmosphere in DMEM
(Dulbecco’s Modified Eagle’s Medium) containing
10% FBS (Fetal Bovine Serum) and penicillin (5000
U/mL)/streptomycin (50 pg/mL). The culture me-
dium was removed after 24 h and then the prepared
extraction media was added to the 96-well. The cells
were incubated for 24 h and the number of viable
cells was quantified with the CCK-8 (Cell Counting
Kit-8). The absorbance of CCK-8 was measured at
450 nm using an automated ELISA (enzyme linked
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Figure 2 Nitrogen isotherms of various ACFs. (a) Adol
10, (b) Adol 15, and (c) Adol 20.

immunosorbent assay) microplate reader (Bio-Tek
Instruments, Winooski). The analysis was carried
out in triplicate.

RESULTS AND DISCUSSION
Morphology investigation

The SEM images of ACHs are presented in Fig-
ure 1. ACFs were found in the PVA/PAAc
hydrogel matrix to form a new system: fibers in
hydrogel, although some ACFs were aggregated.
The measured diameters of Adol 10, 15, and 20
were 18.67, 16.54, and 15.89 pm, respectively.
Some of carbons on the surface of fiber were
removed as CO or CO, during activation process
resulting in decreased diameter of fiber.”> Thus,
the fiber having the higher pore structure usually
showed the smaller diameter of fiber. ACFs were
uniformly distributed without noticeable variation
in surface morphology. ACFs were incorporated
physically into PVA/PAAc hydrogel matrix with-
out strong interactions between ACFs and PVA/
PAAc matrix.

Pore structure

Nitrogen isotherms of ACFs were obtained to inves-
tigate the pore structure as shown in Figure 2. Gen-
erally, the isotherm curves in the relative pressure of

TABLE II
Structural Characteristics of ACFs (Adol 10, 15, and 20)
Adol 10 Adol 15 Adol 20
SS.A. (m?/g) 9.26 x 10° 1.63 x 10° 1.92 x 10°
T.P. (cm®/g) 437 x 107! 823 x 10°* 8.74 x 107"
M.P. (cm®/g) 426 x 107! 7.46 x 107! 8.48 x 107!

S.S.A., specific surface area; T.P., total pore volume;
M.P., micro pore volume.
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Figure 3 Swelling behavior of ACH 20 in various pH
buffers.

less than 0.1 indicates the adsorption in the micro
pore and the isotherm curve in the relative pressure
over 0.1 is related to the adsorption in the meso and
macro pores.”® All the ACFs had mainly the micro
pore structures based on the significant changes in
the relative pressure range of less than 0.1 as shown
in Figure 2. The amount of adsorbed nitrogen
increased in the order of Adol 10, 15, and 20 reach-
ing 12.5, 17.5, and 25.0 cc/g, respectively. Less sig-
nificant changes in the relative pressure over 0.1
indicated that ACFs had negligible contents of meso
and macro pores.

The structural characteristics of Adol 10, 15, and
20 were summarized in Table II. The specific surface
areas and total pore volumes varied depending on
the kinds of ACFs. All the ACFs had micro pore vol-
ume fraction of over 90%. These micro pores seemed
to play important role in the sustained release of
VB12 which was loaded in ACFs.

80

Compression modulus (KPa)

- - - v T
200 250 300 350

Time (sec)
Figure 4 Compression moduli of various ACHs depend-
ing on time. (a) ACH 0, (b) ACH 10, (c) ACH 15, and (d)
ACH 20.
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Figure 5 Drug release behavior of ACHs in various pH buffers. (a) ACH 0 and (b) ACH 20.

Swelling behavior

The pH-sensitive swelling behavior of ACHs is pre-
sented in Figure 3. The swelling of ACHs increased
greatly as the pH of buffer solution increased. PVA/
PAAc hydrogels have pendant carboxylic acid
groups which can be ionized into carboxylate anion
above its pKa of 4.7. The amount of carboxylate
anion increased as the pH increased. The carboxylate
anions cause more electrostatic repulsion and hydro-
philicity to the polymer chains. Therefore, PVA/
PAAc hydrogels show the pH-sensitive swelling
behavior. The drug release can be accelerated by the
swelling characteristics of PVA/PAAc hydrogel
especially at higher pH.

Mechanical properties

The mechanical properties of ACHs were evaluated
by the compression modulus as shown in Figure 4.
The mechanical strength of ACHs increased greatly
by incorporation of ACFs into the hydrogel matrix.
The mechanical strength of ACHs increased notice-
ably as the ACFs had the lower diameter due to the
increased ACFs concentration effect. This is well
matched with the previous result that fibers with
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smaller diameter and higher concentration can
increase the mechanical property of matrix more
effectively than using thicker fiber with lower
concentration.”

Sustained release behavior

The sustained release behavior was studied for both
PVA/PAAc hydrogel matrix (ACH 0) containing
VB12 inside and ACH 20 containing VB12 in the
ACFs. The pH-sensitive release behavior of both
samples is well presented in Figure 5. The cumula-
tive amount of released VB12 increased in a basic
buffer solution due to the higher swelling of PVA/
PAAc hydrogel matrix. The surface morphology of
the freeze-dried PVA/PAAc hydrogel matrix was
observed by SEM as shown in Figure 6. The
expanded surface texture was detected for the
hydrogel swollen in the buffer solution of pH 10
due to the extensive swelling of hydrogel matrix.
These morphological changes are believed to result
in the variation of both release rate and cumulative
amount of release from the hydrogel. The significant
difference between ACH 0 and ACH 20 in VB12re-
lease behavior is found in Figure 5. The release of
VB12 was completed only in 5 h for ACH 0.

1 m

10.0 KV

X 5,000

Figure 6 SEM images of freeze-dried ACH 20 swollen in different buffers. (a) pH 2 and (b) pH 10.
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However, VB12 was released in a sustained manner
to 30 h for ACH 20 because ACFs controlled the
release of VB12 which was loaded in the micro
pores.

The cumulative amounts of released VB12 are
shown in Figure 7. The total amount of VB12 load-
ing was less in PVA/PAAc hydrogels containing
ACFs because VB12 was loaded not in the hydrogel
matrix but in the micro pores of ACFs, whereas
VB12 was loaded only in the hydrogel matrix for
ACH 0. The improvement in sustained release
behavior is clearly noticed in the ACFs-contained
PVA/PAAc hydrogels regardless of the kind of
ACFs. The release of VB12 depended on not only
the swelling of PVA/PAAc hydrogel matrix but also
the type of ACF reservoir. The incorporation of
ACFs, which was used as a reservoir for the drug
loading, worked successfully for the sustained
release behavior in addition to the pH-responsive
properties of hydrogel matrix. Although the sus-
tained drug release was reported by using special
treatments such as graft-polymerization and ionic or
hydrophobic interaction between drug and poly-
mers,”® ! the excessive reaction time and cost were
needed. On the other hand, the incorporation of
ACFs in the drug release matrices provides easy
way to control the release of drug. The improvement
in the sustained release of drug could be achieved
by releasing the drug through two kinds of interfa-
ces, ACF/drug and hydrogel/drug, having different
drug release thresholds.

Cytotoxicity test

The cytotoxicity test was carried out to investigate
the biocompatibility of ACHs as shown in Figure 8.
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Figure 7 Cumulative amount of released VB12 from vari-
ous ACHs at pH 10. (a) ACH 10, (b) ACH 15, (c) ACH 20,
and (d) ACH 0.
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Figure 8 Variation of viability of mouse fibroblast 1.929
cells in various ACHs depending on the content of extract
from ACHSs in saline solution. Powder stands for ACHs
before extraction in saline solution.

All the ACHs showed the high viability over 80%.
Therefore, all ACHs samples are nontoxic with high
cell viability and ACHs could be applied to the
sustained drug delivery system without causing any
cytotoxic problem.

CONCLUSIONS

The hydrogels, having interpenetrating network of
PVA, pH-responsive PAAc, and ACFs, were pre-
pared by a radical polymerization. The mechanical
properties of PVA/PAAc hydrogel increased signifi-
cantly by incorporation of ACFs. The VB12-loading
capacity and releasing characteristics of ACFs varied
depending on the surface area and micro pore vol-
ume of ACFs. PVA/PAAc hydrogels showed the re-
versible swelling behavior depending on the pH var-
iations. PVA/PAAc hydrogels swelled rapidly in the
basic buffer solution. The extensively swollen hydro-
gel was responsible for the faster release rate and
the larger release amount of VB12 in the basic condi-
tion. Controlled release of VB12 from ACFs, which
were distributed in the PVA/PAAc hydrogel matrix,
resulted in the sustained release system. ACFs
played important role in maintaining the constant
release rate for 30 h. The release of VB12 could be
controlled easily both by the pH-responsive hydro-
gel matrix and the ACF reservoir.
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