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Abstract Ultraviolet radiation is one of the most
dangerous sources of damage to skin and causes
sunburn, erythema, photoaging, and photocarcinogen-
esis. Some passive drug delivery systems (DDSs) have
been developed to treat skin damage. Nevertheless,
there have been few studies on the application of
intelligent DDSs to enhance the treatment of sunburn.
In this paper, thermosensitive microgels were pre-
pared by porous CaCOj infiltrated by a thermorespon-
sive polymer, which was synthesized by grafting
carboxyl-terminated  poly  (N-vinylcaprolactam)
(PVCL-COOH) onto hydrolyzed chitosan. By means
of the pad-dry-cure method, microgels were attached
to cotton fabrics to develop a medical textile for drug
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delivery. The results indicated that the microgels were
deposited both on the fiber surface and in the space
between the fibers. The loaded drug presented a
thermoresponsive release profile, and the release
mechanism also varied with temperature. After being
treated with the medical textile, human keratinocyte
HaCaT cells could be protected by inhibiting UVB-
induced lactate dehydrogenase leakage and increasing
the levels of superoxide dismutase and glutathione
peroxidase (GSH-Px). Our study suggested that this
thermosensitive microgel-finished cotton fabric can be
used as an effective device for the treatment of UVB-
induced damage.
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Introduction

The skin is the largest organ of the body, and it protects
us from infection and allergy induced by pathogens
and small particles. Skin aging is a complicated
process and may be influenced by many factors. The
most important factor is ultraviolet irradiation (Silva
et al. 2014). UV light comprises UVA (320-400 nm),
UVB (290-320 nm), and UVC (100-280 nm) radia-
tion. Excessive or frequent exposure to ultraviolet
radiation, particularly UVB radiation, is regarded as
the main reason for most sunburn and skin damage.
UVB-induced pain in sunburn tissue is mainly medi-
ated by impairing the oxidant/antioxidant balance,
which gives rise to an increase in the cellular levels of
reactive oxygen species (ROS) (Fonseca et al. 2009).
Apoptosis at high levels promoted by ROS could lead
to significant damage to cell structures (Zorov et al.
2000). Under oxidative stress, skin cells generate SOD
and GSH-Px to resist ROS-induced damage (Park
et al. 2012).

Curcumin (Cur), found in the rhizome of the plant
Curcuma longa, is a natural yellow-orange polyphenol
with a low molecular weight (Castro et al. 2018; Fang
et al. 2003). It has been widely used in Chinese
medicine and as a protective agent against chronic
diseases due to its extensive pharmacological effects,
including anti-inflammatory, antimicrobial, and
antioxidant effects (Barsela et al. 2010; Huang et al.
2017). However, applications of Cur suffer from low
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water solubility and sensitivity to alkaline conditions,
and a typical method to overcome these drawbacks is
to encapsulate Cur in surfactants, proteins, and
cyclodextrins (CD) (Adhikary et al. 2010; Aytac
et al. 2017; Mohanty et al. 2012; Yoon et al. 2017).
More recently, several studies have demonstrated the
protective effects of Cur against skin damage induced
by UVB irradiation (Gongalez et al. 2017; Li et al.
2016). The topical application of Cur prior to UV
irradiation causes a delay in tumor appearance,
multiplicity, and size (Liu et al. 2018). However, the
present photoprotective effect was achieved only by
passive drug delivery (Belgio et al. , 2018; Hong et al.
2017), and it would be more beneficial if Cur were
delivered through the control of signals from sunburn
and if the necessary amount of Cur could be modified
by stimuli such as temperature.
Poly(N-vinylcaprolactam) (PVCL) is a well-known
thermosensitive and biocompatible water-soluble
polymer that consists of hydrophilic carboxylic groups
and repeating units such as cyclic amide (Cavug et al.
2015; Cortezlemus et al. 2017; Gais et al. 2016). The
lower critical solution temperature (LCST) of PVCL
was approximately 32 °C due to the overall change in
the hydrophilic—hydrophobic balance; hence, PVCL is
suitable for drug delivery and other biomedical
applications (Ozkahraman et al. 2016; Strokov et al.
2019; Wu et al. 2014). PVCL generates a polymeric
carboxylic acid under acidic conditions because of its
higher resistance to hydrolysis. Only at concentrations
below 10 mg/mL is it nontoxic to fibroblasts (Vihola
et al. 2005). Moreover, the phase change temperature
of PVCL can be adjusted by grafting PVCL onto
backbones with different amphiphilicities (Prabaharan
et al. 2010; Rejinold et al. 2011). Chitosan is ideal for
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conjugation with PVCL through crosslinking of the
amino group and the carboxylic group, and it can
impart both LCST tunability and biocompatibility
(Srivastava et al. 2009; Wang et al. 2016).

Porous microgels prepared from thermosensitive
polymers have attracted a considerable amount of
attention due to their fast response to external
temperature, and they can also be made on a small
scale (Si et al. 2015; Wong et al. 2007). Thus,
bioactive molecules, such as aloin and coumarin 6,
could be loaded and released into the medium under
controlled conditions, which makes microgels a
desirable drug delivery system (DDS) (Sun et al.
2017). Template synthesis on a sacrificial core for
fabricating microgels is of great interest, and porous
CaCOj; microparticles have become popular templates
due to their easy preparation procedure, biocompati-
bility, mild removal conditions, and cost-effectiveness
(Liuetal. 2015; Yangetal. 2012; Zhu et al. 2013). The
inner structure of porous CaCOj; templates could be
adjusted by changing the preparation conditions, for
instance, using different crystal growth modifiers or
choosing appropriate precipitation conditions (Ser-
geeva et al. 2015).

The ideal DDS should be biocompatible, mechan-
ically strong, economical to fabricate, and easy to
sterilize. Drug-releasing textiles offer promising alter-
natives with the potential to satisfy these requirements.
Textile-based drug-loaded bioactive bandages have
been very popular and cost-effective for wound care,
transdermal delivery, antimicrobial barriers, and oph-
thalmic drug carrierste (Khan et al. 2014; Parham et al.
2016; Sadeghi-Kiakhani et al. 2018).

Thus, the present study aimed to develop a novel
thermosensitive DDS based on textiles to treat UVB-
induced skin damage. Porous CaCOj5 particles were
utilized as a hard template to prepare thermosensitive
microgels. The structure, morphology, and responses
to stimuli of the microgels were evaluated, and these
materials were further fixed onto cotton fabric by the
pad-dry-cure process. The Cur/HP-B-CD inclusion
complex was loaded into microgel-finished cotton to
prepare textile-based DDSs. The thermoresponsive
drug release and release kinetics were studied. The
effects and mechanism of microgel-finished fabric in
the protection of skin against UVB-induced damage
were also determined.

Experimental
Materials

Curcumin, hydrolyzed chitosan (HCS, 2000 Da), and
silk fibroin (SF) were supplied by Shaanxi Pioneer
Biotech. The following chemicals were provided by
Sigma Aldrich: 3-mercaptopropionic acid (MPA),
2,2'-N-hydroxy succinimiade (NHS), 2-Hydrox-
ypropyl-B-cyclodextrin (HP-B-CD), CaCl,, azoisobu-
tyronitrile (AIBN), N-vinyl caprolactam (NVCL),
1-ethyl-3-(3-dimethylamino-propyl)carbodiimide

(EDC), tripolyphosphate (TPP), 1,2,3,4-butanete-
tracarboxylic acid (BTCA), phosphotungstic acid,
NaH,PO, (SHP), and dimethylsulfoxide (DMSO).
Human keratinocyte HaCaT cells were obtained from
iCell Biotech. Scoured and bleached cotton fabrics
(36 x 24 yarns per cm?, 118 g/m? weight per unit
area) were a gift from Dayao Textile. All chemical
reagents were of analytical grade and used as supplied.

Preparation of porous CaCOj3

CaCl, (0.75 g) and SF (3 g) were dissolved in 100 mL
water. Then, 20 mL NH4HCO; aqueous solution
(0.5 M) was added, and the solution was subjected
to sonication for 1 min (Sonics Vibra Cell, 20 kHz
with a tip probe). The mixture was placed at room
temperature for 1 h. After centrifugation, CaCOj;
particles were washed with deionized water and dried
in an oven (Lab Companion, China) at 60 °C.

Synthesis of thermosensitive microgels

Microgels were prepared based on our previous work
(Sun et al. 2017). HCS-g-PVCL was synthesized by
grafting PVCL-COOH onto HCS with EDC and NHS
as the condensing agents. Then, the copolymer was
incubated with the dispersion of CaCOj particles at
30 °C for 30 min. The solvent was evaporated on a
rotor evaporator (RV3V, IKA) at 40 °C. The obtained
particles were dispersed in the TPP solution to
crosslink the copolymer (Mcopotymer:Mrpp = 3:1).
After washing with water, dried particles were subse-
quently dispersed in deionized water, and EDTA
(0.1 M, pH 7.0) was added to decompose the CaCO;
templates.
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Incorporation of microgels into cotton fabric

The microgels were incorporated into cotton fabric
using the pad-dry-cure method. Cotton fabrics were
immersed in an aqueous solution containing the
microgels, BCTA and NaH,PO, (Mpicrogel:MBTCA:-
mgyp = 6:1.8:0.8). Then, the treated fabrics were
passed through a two-roll laboratory padder (Yuan-
more Instrument, China) with a water pick-up rate of
85%, and this process was repeated twice. Then, the
samples were dried at 60 °C for 15 min and cured at
120 °C for 3 min in an electric laboratory oven.

Preparation of the Cur/HP-B-CD inclusion
complex

Cur and HP--CD in a molar concentration ratio of 1:2
were ground in a mortar for 1 h with 50% (v/v)
ethanol. The mixture was washed with methanol three
times to remove the free Cur. The inclusion complex
was obtained after drying at 45 °C for 24 h.

Loading of inclusion complex

Microgels or microgel-finished cotton were immersed
in aqueous complex solution at 25 °C for 12 h. Then,
samples were removed and thoroughly washed to
remove the molecules adsorbed on the surface.

Drug encapsulation efficiency

The Cur/HP-B-CD inclusion complex (I mg) or the
complex-loaded microgels (5 mg) was dissolved in
50 mL DMSO to extract Cur for the encapsulation
efficiency estimation. The samples in DMSO were
gently shaken in a shaking incubator (Jintan Instru-
ment, China) for 24 h at room temperature in the dark.
The Cur-extracted DMSO solution was centrifuged at
12,000 rpm for 5 min, and the supernatant DMSO
solution containing Cur was collected. The Cur
concentration was determined at a wavelength of
446 nm by a UV spectrophotometer (Unico Instru-
ment, China). The encapsulation efficiency (EE) of the
complex-loaded microgels was calculated according
to the following equation:

EE=1-(A/B)

where A is the amount of Cur in the microgels and B is
the amount of Cur in the inclusion complex.
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In vitro release study

The drug release experiment was performed for both
the complex-loaded microgels (50 mg) and the micro-
gel-finished fabric (1 g) at two different temperatures,
25 °C and 40 °C, in 200 mL of the release medium
(pH 7.4 PBS with 0.2% (v/v) Tween 80) (Sun et al.
2013). The microgels were freeze-dried in a freeze
dryer (TENLIN Instrument, China), and the microgel-
finished cotton was dried in an oven. Then, these two
samples were immersed in the release medium. The
experiment was conducted using a thermostatic shak-
ing incubator. At predetermined time intervals, 5 mL
aliquots were withdrawn for sampling and replaced by
an equal volume of the release medium to maintain a
constant volume. After certification at 12,000 rpm for
5 min, the sample solutions were analyzed at a
wavelength of 428 nm to determine the release of
Cur. Pulsatile drug release measurements of the
microgel-finished fabric were performed at 25 °C
and 40 °C under the same conditions as an on—off
switching mechanism. The amount of drug released
was plotted as the percentage released versus time. All
measurements were conducted in triplicate, and the
results are reported as the average value = S.D.

Characterization

Fourier transform infrared (FTIR) spectroscopy was
adopted to identify functional groups (Nicolet Instru-
ment, USA). The morphology was analyzed by
scanning electron microscopy (SEM) (JEOL, Japan),
transmission electron microscopy (TEM) (JEOL,
Japan) and confocal laser scanning microscopy
(CLSM) (Caikon, China). The phase transition behav-
ior was evaluated by measuring the apparent hydro-
dynamic diameter at different temperatures using a
nanoparticle size and (-potential analyzer (Malvern
Instrument, UK).

UVB irradiation and drug treatment

The microgel-finished fabric (1 g) was immersed in
20 mL of culture medium (Dulbecco’s modified
Eagle’s medium) and kept in a thermostatic shaking
incubator at 25 °C (C,s) or 40 °C (Cy4) for 6 h. Then,
the fabric was removed, and the two media (C,5 and
C40) were left at room temperature.



Cellulose (2020) 27:8329-8339

8333

Human keratinocyte HaCaT cells (CRL-2310, iCell
Biotech) were grown and maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 pg/
mL streptomycin. The cells were seeded in 96-well
plates at a density of 1 x 10*well. Before treatment,
the cells were grown to approximately 60% conflu-
ence and then treated with C,5 or C4q for 2 h. Cys—or
Cyo-treated cells with a thin cover of PBS were
exposed to UVB radiation (40 mJ/cmz) for 5 min at a
distance of 20 cm using a UV radiometer (Waldmann,
German). Immediately after irradiation, C,5 or Cyg
was added to displace PBS for a certain period.

Measurement of cell proliferation

Cells were incubated with C,5 or Cy4 for 4 h and re-
incubated in fresh medium for a certain period. At the
specified time point, 100 pL medium was removed,
and 15 pL 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT, 5 mg/mL) was added
to each well. Then, 150 pL DMSO was added to
generate the formazan product. The absorbance at
570 nm was recorded with a microplate reader
(Thermo Fisher, USA) to identify the converted dye.

Lactate dehydrogenase (LDH) assay

Cells were incubated with C,5 or C4q for 12 h and re-
incubated in fresh medium for 12 h to measure LDH
release. An LDH assay kit (Jiancheng Biotech, Chin)
was used according to the manufacturer’s protocol.
The absorbance at 450 nm was measured with a
microplate reader.

Measurement of total superoxide dismutase (SOD)
activity

Cells were incubated with C,5 or C4q for 12 h and re-
incubated in fresh medium for 12-36 h. Then, the cells
were rinsed twice with PBS and cracked by an
ultrasonic cell disruption system (SONICS&MATER-
IAL, USA) to harvest the supernatants. An SOD assay
kit (Jiancheng Biotech, China) was employed to
measure the total SOD activity in the cell lysates.
The results were expressed based on the protein
concentration in the samples.

Measurement of glutathione peroxidase (GSH-Px)
levels

GSH-Px levels were evaluated by means of a
glutathione peroxidase quantitation kit (Jiancheng
Biotech, China). Cell lysates were centrifuged at
8000 rpm for 10 min at 4 °C to obtain the supernatant
for GSH-Px level evaluation. The absorbance at
412 nm was recorded, and GSH-Px levels were
calculated according to the decrease in glutathione
per milliunits of protein.

Statistical analysis

The results were expressed as the mean + SD. All
data were analyzed by one-way or two-way analysis of
variance (ANOV A). For statistical analysis, Student’s
t-test was performed to compare individual treatments
to the controls. The differences were considered
statistically significant at P < 0.05 (Fig. 1).

Results and discussion
FTIR characterization

FTIR spectra of the samples are shown in Fig. 2 to
confirm the reaction process. The spectrum of HCS-g-
PVCL shows not only the characteristic peaks at
1628 cm™' (amide I band), 1425 cm ™" (C-N stretch-
ing vibration) and 1376 cm™ ! (CH, deformation band)

3337

1527 1161
2928

1662

—A 1628 1425
3412 S A 171
L 1 1 1 1 1

1
4000 3500 3000 2500 2000 1500 1000

Wavenumber(cm"')

Fig.1 FTIR spectrum of HCS-g-PVCL (a), a microgel (b), an
inclusion complex (c) and a microgel loaded with complexes (d)
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Fig. 2 Particle size and dispersity analysis of microgels during
the heating process

corresponding to PVCL but also bands at 3412 cm ™"

(O-H), 1662 cm ™' (amide I band) and 1171 em™ ' (C—
O stretching vibrations) corresponding to the HCS
units. The synthesis of HCS-g-PVCL was confirmed
by the newly formed amide I band at 1628 cm™" and
amide IT band at 1540 cm ™", In the microgel spectrum,
the characteristic peaks of the amide I band and amide
11 band shifted to 1619 cm ™! and 1527 cm_l, respec-
tively. These changes were attributed to the potential
interaction between protonated amine groups and the
negative TPP moiety (Rejinold et al. 2011). The peaks
attributed to C-O at 1161 cm™' and C-H at
2928 cm ™' were enhanced as well. In the spectrum
of the complex, several peaks related to HP-B-CD
shifted to higher/lower wavenumbers, including
3326 — 3337 cm™ !, 1649 — 1628 cm ™',
1362 — 1335 cm™" and 843 — 856 cm™', demon-
strating that Cur was encapsulated in the cavity of HP-
B-CD. The spectrum of the microgel-containing
complex displayed all the characteristic bands of both
the complex and the microgel. These results suggested
that the microgels were successfully loaded with the
complexes, and the EE was calculated to be 63.4%.

Phase transition studies

The thermoresponsiveness of the microgels was
evaluated by determining the apparent hydrodynamic
diameter, and the size distribution (dispersity) of the
microgels was analyzed by dynamic light scattering
(DLS), as depicted in Fig. 2. The dimensions of the
microgel decreased considerably when the tempera-
ture was increased from 25 °C to 45 °C, and the

@ Springer

microgel collapsed to 65% of the original size. Upon
the phase transition, water was squeezed out, and the
porous microgels became compact. Closure of the
pores was another reason for the decrease in particle
volume. Furthermore, small dispersity values demon-
strated that the microgel particles remained monodis-
perse during the heating process and shrank uniformly
without aggregation. The slight increase in dispersity
at 34 °C can be ascribed to the acute phase transition
of the copolymer with an LCST of 36 °C. These
results suggested that the microgels exhibited good
swelling/collapse behavior during the volume phase
transition. Furthermore, it was found that the micro-
gels can shrink completely in 8 min. The microgel
collapsed faster at a higher temperature.

Morphology

The morphology of CaCOj; in Fig. 3a indicated that
the prepared particles treated with SF had a uniform
microsphere structure with diameters of approxi-
mately 1 pm. The modifying agent SF could not only
regulate the formation of microparticles by biomi-
metic mineralization but also contribute to preserving
the biocompatibility of the microspheres (Xiang et al.
2018). More detailed information about the porous
CaCQOgj particles was obtained by TEM in Fig. 3b. The
TEM results indicated that SF and CaCO; uniformly

Fig. 3 SEM images of CaCOj; particles (a) and microgel-
finished cotton (d), TEM images of porous CaCOj; (b), CLSM
images of the microgel (c) (Scale bar = 1 pum)
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formed inorganic—organic hybrid particles, which may
have favored drug loading and sustained release
because of the porous and loose structure of the
microparticles.

The grafted HCS-g-PVCL was loaded inside the
pores of CaCOj; to prepare microgels by a solvent
evaporation method (Behra et al. 2012). The internal
volume of the porous particles was filled by the
copolymer molecules, driven by drying and diffusing.
TPP was added to produce three-dimensional poly-
mers crosslinked by ionic bonds. Porous thermosen-
sitive microgels were formed, and the CaCO;
templates were removed by EDTA.

A CLSM image of the microgels without the
CaCQO; core is shown in Fig. 3c. The size and shape of
the microgels after removal of the core are similar to
those of the eliminated CaCOj; templates. It can be
observed that the microgels had a porous structure
applicable for loading/releasing drugs, which demon-
strates that the copolymer was homogeneously dis-
tributed in the CaCOj particles (Natalia et al. 2015).

The morphology of the microgel-finished cotton
fabric is presented in Fig. 3d. Hydrated microgel
particles aggregated after attaching onto the cotton
fiber. The shape of the microgels deformed into a
pancake structure as a result of water evaporation
during drying. In addition, the microgels were
deposited not only on the fiber surface but also in the
space between the fibers. BTCA was added to
crosslink microgels and cotton, which could prevent
shedding of the microgels.

In vitro drug release

The in vitro release study of Cur in PBS at varying
temperatures is shown in Fig. 4. The amount of drug
released was expressed as the percent of drug deliv-
ered (M,) relative to the effective total dose (Mj).
From the release profiles, it appeared that more drug
was released at 40 °C than at 25 °C for all samples.
The microgels released approximately 47% of the total
dose in the case of T > LCST in 10 min; in contrast,
only 15% of the Cur was released below the LCST.
After the initial period, the release rate decreased and
almost stabilized, which indicated that swelling equi-
librium was achieved. In addition, the microgels
showed prominent release compared to the fabric
sample because some Cur released from the microgels
could be adsorbed onto the cotton surface due to van

—&— microgel, T=40°C

—e— microgel, T=25C

—A— microgel-finished fabric, T=40C
100 —w— microgel-finished fabric, T=25C

Cumulative release(%)

T T
0 50 100 150 200 250
t(min)

Fig. 4 In vitro temperature drug release profile below (25 °C)
and above (40 °C) the LCST

der Waals and hydrogen bond interactions. Moreover,
Cur molecules could also enter into the space between
the fibers.

The Korsmeyer-Peppas equation (M/M, = Kt")
was used to analyze the release kinetics (Hayashi
et al. 2005). The diffusion index (n) of the samples was
calculated to be 0.384 (25 °C, microgel), 0.328
(25 °C, fabric), 0.726 (40 °C, microgel) and 0.765
(40 °C, fabric). When n < 0.45, the release of the drug
was primarily controlled by Fick’s diffusion, whereas
when 0.45 < n < 0.89, the release was regulated by
erosion, permeation, and other mechanisms (Zhi-Peng
et al. 2012). Samples at 25 °C followed the same
release profiles observed at n < 0.45, and thus, the
drug release was mainly regulated by diffusion and
controlled by the swelling of the microgels. The
diffusivity of Cur through the network was determined
by Fick’s diffusion. When T > LCST, the diffusion
index was 0.45 <n < 0.89; therefore, non-Fick’s
diffusion accommodates the release process at this
stage. At this point, shrinking of the microgels is the
dominant factor controlling the release process,
resulting in deviation of the release profiles from
Fick’s diffusion. This release mechanism differs from
typical non-Fick diffusion mechanisms, such as
erosion.

Additionally, Fig. 5 depicts the temperature-trig-
gered release of the drug from the cotton fabric, which
presents a pulsatile release pattern. The release
followed an on—off pattern when the temperature
changed from above to below the LCST in a given
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Fig. 5 In vitro pulsatile release profile of microgel-finished
fabric below and above the LCST every 20 min

time. These results suggested that the drug release was
mainly controlled by shrinkage of the microgels above
the LCST, and Cur was removed from the microgels
by the released water. The results also confirmed that
the concentration gradient controlled the release
below the LCST.

Cell proliferation

Cell proliferation of the samples treated under differ-
ent conditions was assessed using human ker-
atinocytes, as shown in Fig. 6. The results indicated
that the HaCaT cell viability and proliferation
decreased in a time-dependent manner after UVB

0.8+

= =
S s
= 27
w
2
3
£
3
= ++
e
=]
1
-2 04 ***
= —a— Control
= = —e—UVB
—A—UVB+C,,
++
—v—UVB+C,,
0.2 -
T T T T T
1 2 3 4 5

Culture time (day)

Fig. 6 Cell viability of HaCaT cells exposed to UVB radiation
P <0.05, 7P < 0.01, P < 0.005 versus the UV irradiation
group. TP <0.05, ** P <0.01, TTtP < 0.005 versus the
control group
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irradiation. After UVB irradiation, keratinocyte cell
proliferation was suppressed and could be partly
improved by the Cur released from the finished fabric
from day 1 to day 3. The C4 sample contributed more
to the recovery of cell activity than C,5 because more
Cur was released at T > LCST. In contrast, there was
no significant difference in keratinocyte proliferation
for all samples at day 4 and day 5. Chromophore
molecules in the skin absorb UV energy to form an
excited state, and they undergo a photodynamic
reaction through oxidation, which eventually produces
ROS by various enzymes and transition metal ions.
Some researchers have reported that ROS may cause
skin aging and result in intracellular oxidative damage
to keratinocytes (Brenneisen et al. 1997; Kozina et al.
2013). These overall observations suggested that
microgel-finished fabric could provide protection
against UVB-induced ROS overproduction and oxida-
tive damage, which could be realized by the rein-
forcement of oxidative defense systems, such as SOD
and GSH-Px activities.

LDH leakage

To further explore the effect of Cur in preventing
UVB-induced cytotoxicity in cultured HaCaT cells,
we evaluated LDH release from the cytosol to the
culture medium, which was used as an index of the
loss of membrane integrity. As shown in Fig. 7, UVB
irradiation induced a twofold increase in LDH activity,
whereas treatment with C,s or Cyo significantly
reduced the LDH leakage, indicating that Cur could
protect HaCaT against UVB-induced cell damage.

3000 [—_]cControl
U luve
hig [ JuvB+Cas

/ [ uVB+Ca

2000

HH

1000

LDH activity(IU/L)

0

Fig.7 LDH leakage from HaCaT cells P < 0.05, "P < 0.01,
P < 0.005 versus the UV irradiation group. *P < 0.05,
P < 0.01, T*"P < 0.005 versus the control group
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Fig. 8 Total SOD activities in HaCaT cells P < 0.05,
P <0.01, P <0.005 versus the UV irradiation group.
TP <0.05, 7T P <0.01, TTTP < 0.005 versus the control

group

HaCaT subjected to UVB irradiation displayed
remarkably higher LDH leakage from the cytosol into
the culture medium, suggesting a substantial increase
in cell membrane permeability. Nevertheless, LDH
leakage was inhibited after drug treatment. These
results provided evidence that the release of Cur
protects HaCaT cells from UVB-induced injury.
Notably, C49 had a better protective effect on HaCaT
against UVB injury because more Cur was released at
a higher temperature.

Total SOD activity

To investigate the relationship between UVB-medi-
ated oxidative stress and antioxidant enzymes, we
used SOD to measure the antioxidant response of cells,
as shown in Fig. 8. Cytosolic SOD activity in HaCaT
cells subjected to UVB irradiation at 24-48 h was
62 £ 3% lower than that in the control group. After
treatment with Cur, the HaCaT cells displayed much
greater SOD activity than that of the UV-irradiated
sample. Therefore, samples treated with C4y showed
greater enzyme activity in HaCaT cells compared to
those treated with C,s. It is thought that the cell
antioxidative ability via enzymatic activities
responded to the generation of ROS. The Cur released
from the cotton fabric greatly increased the total SOD
activities of the cytosol under UV irradiation, which
suggests that ROS production was suppressed. The
results implied that keratinocytes could resist UVB-
induced damage by inactivating ROS.
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Fig. 9 GSH-Px levels in HaCaT cells “P < 0.05, “P < 0.01,
P < 0.005 versus the UV irradiation group. *P < 0.05, *+
P < 0.01, "t"P < 0.005 versus the control group

GSH-Px Levels

Changes in GSH-Px in the cytoplasm after UVB
irradiation were determined to detect whether the
UVB stress-regulatory antioxidant enzyme system
was accommodated by Cur. As seen in Fig. 9, UVB
exposure had a significant effect on the intracellular
GSH-Px levels in 48 h compared to that of nonirra-
diated cells due to inactivation by the increase in ROS
or lipid peroxides. After two days, Cys or Cyg
treatment effectively increased the GSH-Px levels by
38+ 1% and 67 £ 2%, respectively. GSH-Px,
mainly located in the cytoplasm and mitochondria,
could catalyze the transformation of peroxide to
aldehyde and oxidize GSH to GSSH, which would
protect the function and structure of the cytomem-
brane. GSH-Px levels are important biochemical
indexes to measure the antioxidant capability of cells.
These results indicated that the release of Cur
increased the GSH-Px activities inhibited by UVB
and protected keratinocytes against UVB-induced
oxidative damage.

Conclusions

HCS-g-PVCL was synthesized by grafting thermosen-
sitive PVCL-COOH onto HCS. The LCST of the
copolymer was larger than that of pure PVCL-COOH
due to the hydrophilicity of HCS. Porous microgels
were prepared on a CaCOj hard template using ionic
crosslinking. Phase transition studies suggested that
the microgels have transition temperatures similar to
that of pure HCS-g-PVCL. The microgels were then
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applied onto cotton fabrics to develop a drug-releasing
textile that was used to investigate the release
characteristics. When T > LCST, more Cur was
released at all predetermined time intervals, which
was caused by the shrinking and collapse of the
microgels. Studies on the kinetics and pulsatile release
also confirm this observation. UVB-induced skin cell
damage could be avoided by this phenomenon, as
confirmed by the decrease in the cell membrane
permeability and the increase in the oxidative defense
system. These results suggested that this textile-based
DDS has the potential to be developed into a flexible
smart bandage aimed at limiting UVB-induced cellu-
lar oxidative damage and maintaining the integrity of
cell membranes.
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