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ABSTRACT: A freeze-thawing process was employed to
produce both rose bengal (RB)/polyvinyl alcohol (PVA)
and benzophenone (BP)/PVA hydrogels, respectively.
Results indicated that only RB incorporated PVA (RB/
PVA) could form hydrogel after undergoing three cycles
of freeze-thawing process; One of the cycles should be
conducted by freezing at —15°C = 3°C for 18 h followed
by thawing at 25°C for 6 h. The structural features and
functional properties of the RB/PVA hydrogel were inves-
tigated by FTIR, XRD, SEM evaluations, and photo-

induced antimicrobial functions were examined as well.
Release of RB from the RB/PVA hydrogel was examined
by UV-Vis spectroscopy. The freeze-thawed RB/PVA
hydrogel showed antimicrobial abilities against both E. coli
and S. aureus under the exposure to fluorescence light as
well as UVA (365 nm) light. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 2418-2424, 2010
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INTRODUCTION

Different wound dressings, such as wet and dry, are
currently used for patients who have wounds
caused by burns, split grafts, chronic ulcers, and
decubitus ulcers."™ However, it has been reported
that wet environments promote faster healing than
dry conditions.” As such, in recent years, hydrogels
have received considerable attention because of their
potential to be used as specific absorbents in wound
dressing. Furthermore, a number of polymer materi-
als with superabsorbent properties have been devel-
oped for clinical applications, such as liquefaction
and removal of scars, treatment of leg ulcers, allevia-
tion of sores, and prevention of tissue deterioration
in patients with restricted mobility.*”

Polyvinyl alcohol (PVA) has several useful proper-
ties, including nontoxicity, biocompatibility, high
hydrophilicity, fiber/film-forming capabilities, and
chemical and mechanical resistance. Because of these
properties, PVA is now widely used in products
such as temporary skin covers, cosmetics, pharma-
ceuticals, and burn dressings.*® Additionally, insolu-
bilized PVA hydrogels have more special applica-
tions. However, PVA has generally not been
considered for use as a load bearing biomaterial, pri-
marily because of its low modulus and poor wear
characteristics.'’ Hydrogels are commonly known as
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hydrophilic three-dimensional networks held to-
gether by either chemical or physical bonds. Intersti-
tial spaces existing within the network allow water
molecules to become trapped and immobilized, fill-
ing the available free volume. Therefore, these
hydrogels have been used to make artificial skin,
contact lenses, interfaces between bones and
implants, and matrices in drug delivery systems.'’
In particular, hydrogels from PVA aqueous solutions
prepared by the freeze-thawing process have shown
many interesting properties, including proper me-
chanical strength and stability at room temperature,
and no involvement of any toxic initiator or cross-
linker. Most importantly, however, these gels are
nontoxic, noncarcinogenic, biocompable, and have
desirable physical properties such as a rubbery na-
ture and a high degree of swelling in water."?

In this study we prepared and investigated
freeze-thawed PVA hydrogels incorporated with
photoactive antimicrobial agents to produce func-
tional composite materials with favorable mechani-
cal performance and bio-friendly properties. Two
photoactive antimicrobial agents, benzophenone
(BP) and rose bengal (RB), were used in the formu-
lations. BP is a good photosensitizer and has been
used as a photoinitiator for reactions under ultravio-
let radiation. Additionally, BP chromophoric groups
were recently found to easily produce radicals
under both UVA (365 nm) and fluorescent light irra-
diation."* ' RB is a xanthene photosensitizer with a
high absorption coefficient in the visible region of
the spectrum and a tendency to transfer electrons
from its excited triplet state, producing long-lived
radicals.'®"”
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EXPERIMENTAL
Materials

PVA (atactic, 87-89% hydrolyzed, average M,
85,000-124,000) was purchased from Aldrich (Mil-
waukee, WI). BP (99% pure), RB (60% pure), and ac-
etone were purchased from Acros Co. (NJ). All
reagents were used as received without any further
purification.

Preparation

PVA hydrogels were prepared by fully dissolving
10.0 g of polymer powder without further purifica-
tion in 100 mL of distilled water, under magnetic stir-
ring, at a temperature of 80°C * 5°C. The 10% PVA
(wt %) solution was cooled down to room tempera-
ture and 25 g of it were poured into each of three
vials. Then, 1.5 g of BP/acetone solution (5 wt %)
and 1.5 g of RB/water solution (5 wt %) were added
into each of the vials containing 25 g of the PVA so-
lution. The mixtures in vials were vigorous agitated.
Subsequently, the vials, each of which containing
pure PVA solution, BP/PVA solution, and RB/PVA
solution, were frozen at —15°C = 3°C for 18 h and
thawed at 25°C for 6 h, for three consecutive cycles.
Each of the samples was then placed under differ-
ent lamps for photoactivation. The lamps used were:
five 8W (12") ultra-violet (UV) lamp [BLE-8 T365
(bandwidth: ~ 365 nm); sample to bulb distance:
15.8 cm, and five 8W (12”) fluorescent lamp (light
output: 400 Im); sample to bulb distance: 15.8 cm].

Characterization

Fourier transform infrared (FTIR) spectroscopy was
performed with a Nicolet 6700 FTIR spectrometer
(Thermo Electron, Madison, WI) with a resolution of
4 cm™!, and the measurements were carried out
with an attenuated total reflectance (ATR) technique.
UV-VIS absorption spectra were taken with an Evo-
lution 600 UV-Visible spectrophotometer (Thermo
Scientific, Waltham, MA) in a wavelength range of
200-800 nm with a 1-cm quartz cell. X-ray diffraction
(XRD) measurements were performed at room tem-
perature with Cu Ko X-rays (o = 1.5418 A) with a
D8 Advance (Bruker, Germany). A theta-theta wide
angle goniometer was used, and the ultimate peak
resolution was 20 = 0.025°. The surface morpholo-
gies of hydrogels were examined using a scanning
electron microscope (SEM; Philips XL30, Salem,
MA). Thermogravimetric analysis (TGA) was carried
out with a ShimadzuTGA-50apparatus (Shimadzu
Scientific Instruments, Columbia, MD) at a heating
rate of 10°C/min from 30 to 600°C under a nitrogen
atmosphere. And differential scanning calorimetry
(DSC), performed on a Shimadzu DSC-60 (Shi-

2419

madzu) under nitrogen atmosphere with pro-
grammed heating of 10°C/min.

To obtain initial morphologies of the hydrogels,
the samples were prepared by using the follow pro-
cedure: Immediately following the three cycles of
freeze-thawing described in "Preparation" section,
the hydrogels were immersed in 25°C distilled
water, then rapidly frozen with liquid nitrogen, and
dried in a vacuum at —50°C for 10 days. After the
freeze-dry process, the samples were gold sputtered
for 3 min to measure the swelling behaviors of the
hydrogels. The hydrogels were subjected to the fol-
lowing process: first, the hydrogel samples were
dried at 25°C in atmospheric conditions for 10 days,
and their dry weights (W;) were measured immedi-
ately. Then, the dried samples were soaked in 30°C
distilled water for 2 days, and their weights (W)
were measured again. The swelling ratio was calcu-
lated using the following formula (1):

Wy — W,y
d

Swelling ratio (%) = x 100 (1)

Antimicrobial properties of the hydrogels were
evaluated against Staphylococcus aureus (S. aureus)
(ATCC 12,600, a gram-positive bacterium) and Esche-
richia coli (E. coli) (K-12, a gram-negative bacterium),
according to a modified testing method for antibac-
terial activity of films.”>® The diluted microbial
aqueous solutions containing the hydrogels were
illuminated under UVA light for 2 h. After a
selected contact time, 0.1 mL of microbial suspension
was taken from the container and then was diluted
to 10%, 10%, 103, and 10* in series with distilled water.
One hundred microliter of the dilution was placed
onto agar plates and incubated at 37°C for 18 h. The
same testing procedure was employed for a bacterial
solution without hydrogel inside, serving as a con-
trol. The reduction of bacteria was calculated accord-
ing to the following eq. (2):

(B - 4)

Reduction of bacteria (%) = B

x 100 (2)

Where, A and B are the surviving cells (colony form-
ing unit mL ') on the agar plates corresponding to
the hydrogel sample and the control, respectively.

RESULTS AND DISCUSSION

Preparation and observation of freeze-thawed
RB/PVA hydrogel

Only pure PVA solution and RB/PVA solution were
successfully converted into gel state by the freeze-
thawing process, as shown in Figure 1. BP/PVA so-
lution did not form a gel structure because BP/

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Surface morphologies of freeze-thawed PVA hydrogel (left) and freeze-thawed RB/PVA hydrogel (right). [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

acetone solution dispersed in PVA aqueous solution
prevented PVA from physical crosslinking. There-
fore, here, only the freeze-thawed RB/PVA hydrogel
was further investigated and discussed as the photo-
activated functional dressing material. Figure 2
shows the surface morphologies of pure PVA film,
freeze-thawed PVA hydrogel, and freeze-thawed
RB/PVA hydrogel, respectively. Both PVA hydrogel
and RB/PVA hydrogel definitely have a porous
structure. And it was observed that fine particles
evenly distributed on the surface of the RB/PVA
hydrogel, possibly RB moieties. On the other hand,
the swelling percentage of the PVA and RB/PVA
hydrogels were 351.76 and 398.90%, respectively.
These values are quite higher than those of PVA
hydrogels that were chemically crosslinked by glu-
taraldehyde prepared in the previous study.'®

Internal structures of freeze-thawed RB/PVA
hydrogel

The physical gelation capability of the atactic and
syndiotactic forms of PVA have been known for a
long time,"” when they are subjected to a series of
freeze-thawing cycles. This is because upon the sol-
vent frozen, crystals grow until they meet the facets
of other crystals, and the effect of these crystals is
the formation of a porous system upon thawing.*’
These physically crosslinked PVA gels, called cryo-
gels, are reported to display various properties
depending on the molecular weight of the polymer,
the concentration of the aqueous PVA solution, the
temperature and time of freezing and thawing, the
number of freeze-thawing cycles, etc.!” However, we
observed that the crystalline C—O stretching vibra-
tion at 1142 cm ™! in the FTIR spectrum of PVA film,
strongly depending on the degree and rate of crys-
tallization of the PVA matrix,?"** decreased in the
spectra of PVA hydrogel and RB/PVA hydrogel, as
shown in Figure 3. This result indicates that the
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crystallinity of PVA reduced after forming the
hydrogel by freeze-thawing process, and this trend
is similar to that of chemically crosslinked PVA
hydrogels.””> Also, it was observed that the pattern
of the stretching vibrations associated to alkane
(2850-3000 cm™') of the PVA film and the PVA
hydrogels prepared by the freeze-thawing process
exhibited significant difference. Therefore, it seems
that the PVA polymer chains have undergone a
chemical crosslinking reaction during the freeze-
thawing process rather than a physical process. This
idea has a thread of connection with an earlier
study,” which presented experimental results sug-
gesting reconsideration of the origin of the gelation
phenomenon in PVA during the freeze-thawing
cycles. They found that the freeze-thawing proce-
dure could simultaneously lead to breaking up PVA
chains and increasing polymer molecular weight. In
addition, growing water crystals in the gels during
the freeze-thawing could induce a shearing effect
within the polymer solution which may break up
polymer chains and correspondingly create free radi-
cals. And these free radicals are liable to react with
other chains, leading to chemical crosslinks and high
molecular weight material. This explanation reveals
that the gelation through the freeze-thawing proce-
dure was caused by chemical interactions, which
was proven by the results of XRD and TGA ana-
lyzes. Figure 4 shows XRD patterns of PVA film,
freeze-thawed PVA hydrogel, and freeze-thawed
RB/PVA hydrogel, respectively. The PVA amor-
phous peak in the pattern of PVA film slightly
shifted from 19.89 to 19.49 in the patterns of the
freeze-thawed PVA hydrogel and RB/PVA hydro-
gel. Since d oc 1/sin 0 (Bragg’s law: A = 2d sin 0),
shifting left in the peak position indicates an
increase in the lattice plane spacing of the hydrogel
structures occurred during the freeze-thawing pro-
cess.”* The d-spacing increase in the hydrogels could
be due to the fact that the breakage of PVA main
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Figure 2 SEM images of the surface of PVA film (a),
freeze-thawed PVA hydrogel (b), and freeze-thawed RB/
PVA hydrogel (c); hydrogels are frozen dried before
observation.

polymer chains lead to new crosslinkages and for-
mation of a 3D networking structure of hydrogel
during the freeze-thawing process. Figure 5 shows
TGA curves of PVA film and the freeze-thawed
PVA hydrogel. The amount of weight loss of the
first stage on the curve increased from 6.5 to 13.9%
after forming the hydrogel, indicating lower molecu-
lar weight portion and/or amorphous region in the
PVA increased during the freeze-thawing process.
The decomposition temperature of the freeze-thawed
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Figure 3 FTIR spectra of PVA film (a), freeze-thawed PVA
hydrogel (b), and freeze-thawed RB/PVA hydrogel (c).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

PVA hydrogel (285°C) was slightly higher than that
of PVA film (278°C), showing the crosslinked por-
tion may increase in the hydrogel. On the other
hand, no significant difference was observed in both
FTIR and XRD spectra between the freeze-thawed
PVA hydrogel and the freeze-thawed RB/PVA
hydrogel. Thus, it was assumed that the amount of
RB incorporated in PVA hydrogel (ca. 0.299 wt %)
did not affect the formation of PVA hydrogel during
the freeze-thawing process.

Figure 6 shows the DSC thermograms of PVA
film, freeze-thawed PVA hydrogel, and freeze-
thawed RB/PVA hydrogel, respectively. Melting
endothermic peak (T,,) of PVA normally appears at
around 228°C.>> However it was observed that the
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Figure 4 XRD patterns of PVA film (a), freeze-thawed PVA
hydrogel (b), and freeze-thawed RB/PVA hydrogel (c).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5 TGA curves of PVA film (a) and freeze-thawed
PVA hydrogel (b). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

peak showed up at around 210°C, and the enthalpy
was 36.04 ] /g for pure PVA film [Fig. 6(a)]. Different
morphologies of PVA polymers could be developed
by different crystallization processes. On the basis of
the Heat of Fusion Rule of Burger and Rarnberger,26
more stable hydrogel should have higher enthalpy
of fusion. Thus, the hydrogels appear to be mono-
tropically related under normal pressure. Therefore,
we believe that PVA polymer structure has gone
through an irreversible transition formed from a
metastable form (unstable form) to a stable structure
during the freeze-thawing process.

Photo-activated antimicrobial ability

Photo-activated antimicrobial functions of the freeze-
thawed RB/PVA hydrogel under different light
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Figure 6 DSC thermograms of PVA film (a), freeze-
thawed PVA hydrogel (b), and freeze-thawed RB/PVA
hydrogel (c). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

sources were evaluated against S. aureus and E. coli,
shown in Table L. It was known that the UVA light
with 365 nm wavelength could not affect microbial
growth.”> The freeze-thawed RB/PVA hydrogel
showed certain photo-induced antimicrobial activ-
ities against both S. aureus and E. coli under both
UVA and fluorescent lights. RB is well known to
effectively generate singlet oxygen (‘O,, Reactive ox-
ygen species) under UV light.”” The singlet oxygen
generated from the RB/PVA hydrogel under UVA
light could be biocidal in the RB/PVA system, or it
could produce H,O, in existence of oxygen as pro-
posed in Scheme 1, which is another biocide.?83Y

RB release behavior of freeze-thawed
RB/PVA hydrogel

Since RB was only blended into PVA system, the
release of RB into water could occur, which may
affect antimicrobial properties of the system. To

TABLE I
Antimicrobial Abilities of Freeze-Thawed RB/PVA Hydrogel Against E. coli and S.
aureus. (Photo-Exposure to All of the Following Samples for 2 Hours)

Dilution ratio of bacteria
solution after contact time

10 10? 10° 10*

Reduction of
bacteria (%)

E. coli

Under UVA light Blank

PVA hydrogel
RB/PVA hydrogel
Blank

PVA hydrogel

RB/PVA hydrogel

Under fluorescent light

S. aureus

Under UVA light Blank

PVA hydrogel
RB/PVA hydrogel
Blank

PVA hydrogel

RB/PVA hydrogel

Under fluorescent light

0 o9 121 16 -
00 00 37 1 69.42
3 1 0 0 >99.92
o0 00 167 21 -
00 00 64 3 61.68
8 5 1 0 >99.40
0 o) 110 4 -
00 134 36 0 67.28
2 0 0 0 >99.85
0 o9 183 7 -
00 00 47 2 74.32
3 0 0 0 >99.98
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Scheme 1 Schematic diagram of reaction of RB/PVA hydrogel under photo-irradiation. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Figure 7 Absorption peak intensity at 550 nm of freeze-
thawed RB/PVA hydrogel immersed water for first 120 h
(a) and for second 120 h with new water (b). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 8 Antimicrobial abilities of freeze-thawed RB/PVA
hydrogel immersed waters as a function of immersing time
against E. coli. (UVA exposure to all of the following sam-
ples for 2 hours). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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investigate the RB release behavior of the freeze-
thawed RB/PVA hydrogel, the hydrogel was
immersed in 30°C *= 5°C distilled water for 120 h,
and then the water samples were analyzed by a
UV-Vis spectrometer at time intervals. Also, to
study the durability of the RB release behavior of
the RB/PVA hydrogels, the same measurement was
repeated with the hydrogel after the first measure-
ment. Through the analyzes, it was observed that
initially the amount of RB moiety (Aap= 550 nm)
released from the freeze-thawed RB/PVA hydrogel
increased with immersion time as shown in Figure
7(a). However, the release rate of RB reached equi-
librium state at around 48 h after immersion. Fur-
thermore, this release behavior repeatedly occurred
when water was changed even though the concen-
tration of released RB somewhat decreased as
shown in Figure 7(b). Therefore, it was thought
that the freeze-thawed RB/PVA hydrogel system
could release the photoactive antimicrobial agent
and control the concentration well under the wet
scar condition. And, as expected, the RB/PVA
water sample showed antimicrobial ability, as
shown in Figure 8.

CONCLUSION

RB incorporated PVA hydrogel was successfully pre-
pared by a process consisting of three cycles of
freezing at —15°C = 3°C for 18 h and followed by
thawing at 25°C for 6 h. Through structural investi-
gation of the hydrogels, it was assumed that PVA
polymers became chemically crosslinked each other,
and formed a hydrogel structure during the freez-
ing-thawing process. And the freeze-thawed RB/
PVA hydrogel showed excellent antimicrobial abil-
ities under fluorescent light and UVA (365 nm) light,
and the RB release behavior from the hydrogel to
water was controlled by the environmental
condition.

Journal of Applied Polymer Science DOI 10.1002/app
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