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Effective Photothermal Killing of Pathogenic Bacteria by
Using Spatially Tunable Colloidal Gels with Nano-Localized

Heating Sources

Chun-Wen Hsiao, Hsin-Lung Chen, Zi-Xian Liao, Radhakrishnan Sureshbabu,
Hsu-Chan Hsiao, Shu-Jyuan Lin, Yen Chang,* and Hsing-Wen Sung*

Alternative approaches to treating subcutaneous abscesses—especially those
associated with antibiotic-resistant pathogenic bacterial strains—that elimi-
nate the need for antibiotics are urgently needed. This work descibes a chi-
tosan (CS) derivative with self-doped polyaniline (PANI) side chains that can
self-assemble into micelles in an aqueous environment and be transformed
into colloidal gels in a process that is driven by a local increase in pH. These
self-doped PANI micelles can be utilized as nano-localized heat sources,
remotely controllable using near-infrared (NIR) light. To test the in vivo
efficacy of the CS derivative as a photothermal agent, an aqueous solution
thereof is directly injected at the site of infected abscesses in a mouse model.
The injected polymer solution eventually becomes distributed over the acidic
abscesses, forming colloidal gels when it meets the boundaries of healthy
tissues. After treatment with an 808 nm laser, the colloidal gels convert NIR
light into heat, causing the thermal lysis of bacteria and repairing the infected
wound without leaving residual implanted materials. This approach has
marked potential because it can provide colloidal gels with tunable spatial
stability, limiting localized heating to the infected sites, and reducing thermal

damage to the surrounding healthy tissues.

1. Introduction

Subcutaneous abscesses are localized skin infections, which are
typically caused by pathogenic bacteria native to the infected
area of skin. Recently, methicillin-resistant Staphylococcus
aureus (MRSA) has become a more common cause, presenting
as more complex forms of subcutaneous infections.! Clini-
cally, the primary therapy for abscess management is incision
and drainage, followed by systemic treatment with antibiotics.
However, a patient on whom such a method is used suffers

from the pain that is associated with the
surgical operation and, more importantly,
the evolving bacterial resistance to antibi-
otics.23! Therefore, an urgent need exists
to develop novel approaches that can
eliminate both the incision/drainage pro-
cedure and the necessity to use antibiotics
in treating subcutaneous abscesses.

The use of silver nanoparticles, which
exhibit antimicrobial activities, has been
proposed in the fight against various
pathogenic organisms.! However, the
use of these silver nanoparticles as a bac-
tericidal agent is considerably limited
by their nonspecific biological toxicity."!
Another strategy involves using photo-
thermal heat energy that is generated by
gold, carbon, or graphene nanomaterials
when exposed to near-infrared (NIR) light
to activate the lysis of bacteria.l®”! The
challenge in this method is the need of
a suitable carrier to ensure the spatial
stabilization of these nanomaterials to
restrict the generated heat to the site of
abscesses. Nonlocalized heating commonly damages the sur-
rounding healthy tissues.®!

This work reports an injectable polymer solution of a chi-
tosan (CS) derivative containing self-doped polyaniline (PANI)
side chains that can self-assemble to form nanoscale micelles
in an aqueous environment and be transformed into colloidal
gels in situ when the local pH changes. Notably, this pH-trig-
gered colloidal-gel system undergoes a nanostructural trans-
formation within a narrow pH range and can be spread over
the acidic area of an abscess (pH 6.0-6.6)1" without overflowing
onto the healthy tissues (pH 7.0-7.4).1% The self-doped PANI
micelles within colloidal gels can then convert NIR light energy

Dr. C.-W. Hsiao, Prof. H.-L. Chen, Dr. R. Sureshbabu, S.-J. Lin,
Prof. H.-W. Sung

Department of Chemical Engineering

National Tsing Hua University

Hsinchu 30013, Taiwan (ROC)

E-mail: hwsung@mx.nthu.edu.tw

Prof. Z.-X. Liao

Institute of Medical Science and Technology

National Sun Yat-sen University

Kaohsiung, Taiwan (ROC)

DOI: 10.1002/adfm.201403478

Adv. Funct. Mater. 2015, 25, 721-728

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

H.-C. Hsiao, Prof. H.-W. Sung
Institute of Biomedical Engineering
National Tsing Hua University
Hsinchu 30013, Taiwan (ROC)
Dr.Y. Chang

Division of Cardiovascular Surgery
Veterans General Hospital-Taichung, College of Medicine
National Yang-Ming University

Taipei, Taiwan (ROC)

E-mail: ychang@vghtc.gov.tw

wileyonlinelibrary.com 721

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201403478

-
™
s
[
-l
wd
=
™

722  wileyonlinelibrary.com

Makies

0.1 MHCI :D?
s

NH,),S,0,
N, (NH,),S,04

@ Graft PANI onto CS
: ;

Aniline NPA.

Injectable
Aqueous NMPA-CS

Inflamed Abscess (pH 6.0-6.6)

www.MaterlalsVIews.com

HO
2\

H H

H N

H H

. MPS-Na H

" q\/\/ﬂﬂ

" Derivatize PANI .

o with MPS

H 3 H
-cs NMPA-CS

Spatial Stabilization
of NMPA-CS Colloidal Gel NIR

@

Boundary of
Healthy Tissue (pH 7.0-7.4)

NIR Irradiation

Figure 1. Developed procedure for synthesizing in situ-forming colloidal gel (NMPA-CS) and mechanism by which it treats subcutaneous abscess.

into heat, causing the thermal lysis of pathogenic bacteria. This
approach has great potential because it can provide the tunable
spatial stabilization of colloidal gels that are formed in situ,
which limit localized heating to only the infected sites, reducing
thermal damage to the surrounding healthy tissues (Figure 1).
CS is a biodegradable and tissue-compatible material.l'!
Since the pK, of CS is 6.0-6.5, a pH-responsive hydrogelation
may occur when it enters into a physiological environment
(pH 7.0-7.4).12131 PANT is one of the best characterized conducting
polymers.* Regarded as a non-cytotoxic material with high envi-
ronmental stability, PANT has many biomedical applications.["”!
After doping by protons (i.e., protonation of the imine nitrogen
atoms of PANI), PANI can absorb NIR light energy and generate a
substantial amount of heat that can be utilized for cancer-cell abla-
tion."®17] Nevertheless, PANI loses its NIR photothermal activity
over time in physiological pH environments
owing to deprotonation or neutralization of @

The synthesized NPA-CS and NMPA-CS were character-
ized by Fourier transform infrared (FT-IR) and 'H NMR
spectroscopy. The FT-IR spectrum of NPA-CS exhibited two
characteristic peaks at 1503 cm™ and 1595 cm™!, associ-
ated with the stretching vibrations of benzenoid and quinoid
rings, respectively (Figure 2a). NMPA-CS had a strong absorp-
tion band at 1036 cm™!, corresponding to the S=O stretching
of the —SO; group that was present on the MPS substituent.
In the 'H NMR spectra (Figure 2b), a triplet was observed at
7.07 ppm (] = 51.3 Hz, characteristic of the coupling between
'H and "N atoms) from the sample of NPA-CS and at 7.08 ppm
(J = 51.0 Hz) from NMPA-CS, revealing the presence of pro-
tonated N-H groups (-N**H-) on PANL[® The above results
verify that PANI was successfully grafted onto the free amine
groups of CS (1, 2, 3, 4, 5, 6), but the degree of substitution

these adsorbed protons, drastically limiting the
range of clinical applications of PANLI®8I To
overcome this shortcoming, a self-doped PANI

Ccs

polymer is prepared and used herein. PANI

z
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pared by the in situ oxidative polymerization
of aniline hydrochloride in the presence of
(NH,),S,0g and CS (Figure 1). Then, a con-
current reduction and substitution (CRS)

T

NPA-CS

P

£ & o k£ n o3 o=

34
1T ge?| 7

f/ B o) ‘\Ju‘ A TS
5 a3 21 oppm

4
1588 cm™ K
1495 cm!

pre:

~E=

0]

.

o

5

4 NMPA-CS
1064 cm! (S=0 stretching)|

P

5
;
%

(3
1595 cmt 1503 em!

T

I

4 89
1036 cm (S-O stretching)

|
e
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substituted PANI)-CS (NMPA-CS).

4000 3500 3000 2500 2000 1500 1000 500 e
Wavenumber (cm™) 9 8

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

/

| et

5 4 3 2 1 oppm

~
o

Figure 2. Results of analyses of synthesized copolymers: a) FT-IR spectra of CS, PANI, MPS-
Na, NPA-CS, and NMPA-CS; b) "H NMR spectra of NPA-CS and NMPA-CS.
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could not be calculated from the integral of the signal that was
associated with the protonated amine groups of PANI (the tri-
plet at ~7 ppm) because the ratio of their ionized groups is not
known.'”) Additionally, the appearance of alkyl protons in the
spectrum of NMPA-CS suggests that the MPS group (8, 9, 10)
was successfully conjugated to PANI.

2.2. Optical Property and Photostability of CS Copolymers

Owing to its low absorbance by tissue chromophores, NIR
light can penetrate the skin to a depth of up to 10 mm without
causing significant damage to blood or healthy tissues.?%
Therefore, NIR light has been considered as one of the best
ranges of wavelength of light for photothermal therapy that
is focused on a targeted area of a subcutaneous tissue.?!! The
optical-absorbance peak of PANI is red-shifted toward the NIR
region upon doping by protons, generating new energy levels
between the valence and conduction bands, ultimately reducing
the excitation-energy level and causing changes in color.?Z As
presented in Figure 3a, NPA-CS (the copolymer whose PANI
side chains are not conjugated with MPS) was green (doped
form) in a strongly acidic environment, but blue (undoped
form) when its environmental pH approached the physiologic
pH as a result of the deprotonation of PANI. Conversely, the
self-doped copolymer (NMPA-CS) remained green throughout
the pH range of interest, suggesting the stability of its optical
properties. Additionally, at the physiological pH of 7.0, NMPA-
CS absorbed much more strongly in the NIR biological window
(750 to 1000 nm)!?*! than did NPA-CS (Figure 3b), making it
useful for clinical applications. Therefore, NMPA-CS was
selected for the following studies.

Owing to their “melting effect”, the NIR absorbance peak of
gold nanorods, a widely known photothermal agent, is weak-
ened by irradiating them with a laser for a certain period.?*

o

a
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To test the photostability of NMPA-CS, an aqueous solution
thereof at pH 7.0 was illuminated using a high-power NIR
laser (808 nm, 4.0 W cm™2) for particular periods. According
to Figure 3c, no significant absorption changes were observed
during a long period of exposure to the laser, suggesting the
excellent photostability of NMPA-CS.

2.3. Supramolecular Structures of Aqueous NMPA-CS

The charged state of CS, as a polyelectrolyte, is governed by
the pH of its environment.”’! Grafting MPS-PANI onto the CS
backbone (NMPA-CS) yields an amphiphilic copolymer, espe-
cially at low pH; the CS backbone is hydrophilic and its MPS-
PANI side chains are hydrophobic. Notably, aqueous NMPA-CS
thickened as its concentration was increased, forming a vis-
cous solution. The effect of environmental pH on the supra-
molecular structures of NMPA-CS in an aqueous medium was
examined by small-angle X-ray scattering (SAXS). Figures 4a,b
present the relevant results, which are schematically presented
in Figure 4c.

In Figure 4a, the two peaks in the blue curve, which was
obtained by subtracting the SAXS profile of neat CS (the
red curve) from that of NMPA-CS (the green curve), corre-
sponded to the form factor maxima of micelles. In an aqueous
medium, NMPA-CS with a high degree of substitution of
MPS-PANI self-assembled to form supramolecular aggregates
(such as micelles), in a process that was driven by the hydro-
phobic interaction of the substituted side chains. As shown by
the black solid curve that is superposed on the experimental
data, the subtracted profile was fitted closely by the form
factor model of a core-shell spherel?! with a core diameter of
around 65 nm and a shell thickness of approximately 0.6 nm.
This experimental result was further verified by transmission
electron microscopy (TEM; Figure 4d). A close examination
of the SAXS profiles in the high-q region
(g > 0.6 nm™!) also revealed free CS chains

NPA-CS
Absorbance (arb. units)

----NPA-CS with a low degree of grafting of MPS-PANI
——NMPA-CS :
(Figure 4c).
NIR Under acidic conditions, the micelles

Window

of NMPA-CS were uniformly distributed
in the aqueous medium and loosely con-
nected to each other via the free CS chains;
g the drastic increase in scattering inten-
. ] sity with the increase in the environmental
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tion of free CS chains and their associated
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micelles, owing to the deprotonation of
the CS backbone, which was responsible for
the hydrophobic character of the shells of the
micelles (Figure 4b). Therefore, the gelation
behavior of NMPA-CS can be attributed to
an immediate change in the spatial distri-

Figure 3. a) Photographs of aqueous NPA-CS and NMPA-CS solutions in environments with
various pH values; b) UV-vis absorbance spectra of aqueous NPA-CS and NMPA-CS solutions
at pH 7.0; ) changes in UV-vis absorbance spectra of aqueous NMPA-CS upon irradiation by

NIR laser (4.0 W cm™2) over time.
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bution of the micelles from a state of more
uniform dispersion to one of high aggrega-
tion, which constrains their mobility; this
process is driven by the local increase in
pH (Figure 4c). These results demonstrate
that aqueous NMPA-CS can behave as an
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Figure 4. a) SAXS profiles of aqueous NMPA-CS (green curve) and neat CS (red curve) obtained
at pH 4.0, and profile obtained from subtracting one from the other (blue curve) together
with its fitted results (black solid curve); b) SAXS profiles and c) schematic supramolecular
structures of aqueous NMPA-CS in environments with various pH values; d) TEM images of
aqueous NMPA-CS at pH 6.3 and 7.0 (scale bar =100 nm).
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were obtained using an infrared (IR) thermal
camera. Following exposure to NIR light, the
temperature of each studied agar-gel that
contained NMPA-CS micelles was increased
rapidly (Figure 5a). The increase in tempera-
ture depended strongly on the concentration
of NMPA-CS that was mixed in the agar-gels,
suggesting that NMPA-CS micelles may act
as an efficient photothermal agent.

Following laser treatment, the heat map
of the agar-gel with 200 ug mL™! NMPA-CS
showed a core central region with a max-
imum temperature of approximately 55 °C,
surrounded by zones with a large tem-
perature gradient (Figure 5b), which favors
localized heat treatment.”! Above 50 °C, the
enzymes in bacteria become denatured and
their proteins and lipids on the cell mem-
branes are damaged, eventually causing
bacterial death.”! The ZOI test was con-
ducted involved lawn cultures of MRSA at
a concentration of 10® colony forming units
(CFU) mL™, grown on the agar-gel with
200 pg mL™! NMPA-CS. The agar that con-
tained no NMPA-CS served as a control. The
tested agar-gels were separately irradiated by
the aforementioned NIR laser beam for spec-
ified periods and then placed in an incubator.
Subsequent to incubation for 24 h at 37 °C,
the test plates were photographed and then

injectable and viscous fluid at low pH, and it undergoes hydro-  analyzed using an image software system to determine the
gelation immediately when the environmental pH is increased =~ ZOIs of bacteria or the zones of clearance.

to 7.0 (see insets in Figure 4b).
The photothermal activity of NMPA-CS

involves the side chains of the copolymer, a
MPS-substituted PANI, which form the core 60 0200 ugmL™" 050 ug mL™"
of the NMPA-CS micelles. Consequently, the 55 © 100 ygmL™" 00 pg mL™!
micelles that are formed in the NMPA-CS )
colloidal gel can be used as nanoscale heat < 50
sources, which can be controlled remotely g 45
using NIR light. The transfer of heat from w
these micelles in the NMPA-CS colloidal gel 3 40
heats the surrounding medium. g’
o 35
[
. . . - 30
2.4. In Vitro Antibacterial Activity of NMPA-
CS Micelles Mediated by NIR Light Irradiation 25

The antibacterial activity of NMPA-CS
micelles, as a photothermal agent, against
MRSA was characterized by performing a
zone of inhibition (ZOI) test and a LIVE/
DEAD bacterial viability assay. In the ZOI
study, various concentrations of aqueous
NMPA-CS were mixed with Mueller-Hinton
agar and allowed to complete gelation. Each
as-prepared agar-gel was then exposed to

100 pg mL™* 200 pg mL™*

Figure 5. a) Temperature evolution curves of agar-gels that contained different concentrations

an 808 nm NIR laser (2.0 W cm™); tem-  of NMPA-CS (0, 50, 100, 200 pg mL™") when exposed to NIR laser (2.0 W cm2) and b) their
perature profiles and heat maps of the gels thermographic images at end of period of laser treatment.
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Figure 6. In vitro antibacterial activities of NMPA-CS micelles mediated by NIR light irradiation: a) photographs and b) diameters of ZOls of test
agar-gel (containing 200 pg mL™' NMPA-CS; n = 6) that was exposed to NIR laser (2.0 W cm™2) for particular periods. Agar without NMPA-CS was a
control (scale bar =10 mm); c) live (green fluorescence) and dead (red fluorescence) stained MRSA following various treatments (scale bar =10 pm).

In Figure 6a, no zone of clearance was apparent in the control
agar plate (left panel) following 20 min of exposure to the NIR
laser, suggesting that the NIR light did not have any bactericidal
effect. Conversely, in the agar plate that contained NMPA-CS
(right panel), zones of clearance were clearly observed at loca-
tions that had been exposed to the laser light. The light from
the NIR laser that was absorbed by NMPA-CS micelles was
efficiently converted into localized heat, destroying the bacteria.
The diameter of ZOIs increased along with exposure to NIR,
reaching the width of the laser light (approximately 6.5 mm)
after 20 min of exposure (Figure 6b), indicating the complete
photothermal lysis of the bacteria.

To confirm further the effectiveness of NMPA-CS micelles
as a photothermal agent, MRSA was suspended in an aqueous
solution of NMPA-CS at a concentration of 200 pg mL™! and
then irradiated by the 808 nm NIR laser. The untreated MRSA
and those exposed to the laser light alone or with treatment
with NMPA-CS only were the controls. Twenty minutes after
each treatment, test bacteria were collected via centrifugation,
and their viability was evaluated using a LIVE/DEAD BacLight
Bacterial Viability Kit. With this kit, live bacteria with intact cell
membranes were stained fluorescent green while dead bacteria
with damaged membranes were stained fluorescent red.?’!
These results were analyzed using imaging software and repre-
sented as percentage cell viability.P!

From Figure 6c¢, the test bacteria in the control groups mainly
emitted green fluorescence (>96% live cells), suggesting that
treatment with laser or NMPA-CS alone negligibly affected the
viability of bacteria. However, the exposure of MRSA to NIR
light in the presence of NMPA-CS micelles greatly increased the
number of dead or compromised cells, as indicated by the preva-
lence of “red” dead cells (<6% live cells). These results revealed
the feasibility of using NMPA-CS micelles as a photothermal
agent to reduce the viability of bacteria following exposure to NIR.

Adv. Funct. Mater. 2015, 25, 721-728
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2.5. Tunable Spatial Stabilization of NMPA-CS Colloidal Gel

One of the main challenges in thermal therapy is to local restric-
tion of heating at the diseased sites without damaging the sur-
rounding healthy tissue.8] Since subcutaneous abscesses have
reduced pH,” an agent that both is pH-responsive and has
photothermal properties, such as the developed NMPA-CS col-
loidal gel, can be used to restrict heating to sites of infection. As
demonstrated in vitro in Figure 7, a droplet of such a viscous
NMPA-CS solution (30 mg mL™) in an environment of pH
6.3 could spread gradually over the local surface in a period of
1 h, but it retained its original shape in an environment with a
pH of 7.0. Given this unique pH-responsive feature, aqueous
NMPA-CS may behave as a viscous fluid and become distributed
over acidic abscesses (pH 6.0-6.6) over time; when it encoun-
ters a boundary of a healthy tissue (pH 7.0-7.4), NMPA-CS

0 min 20 min 60 min
- [F S ——— e o
@ o A
o -

pH7.0

Figure 7. Changes in morphology of an aqueous NMPA-CS droplet on
surface of sponge that had been presoaked in a buffer of pH 6.3 or 7.0.
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may respond to the locally increased pH by changing its phys-
ical shape and by rapidly forming colloidal gels without flowing
over the neighboring healthy tissues.

2.6. In Vivo Antibacterial Activity of NMPA-CS Colloidal Gel
Mediated by NIR Light Irradiation

To test the efficacy of NMPA-CS as a photothermal agent in
vivo, a subcutaneous abscess was experimentally created in a
mouse model via the local injection of MRSA (10’ CFU mL™,
100 pL). Twenty-four hours later, an infected wound formed
subcutaneously (as indicated by the black arrow in the left panel
in Figure 8a); an aqueous NMPA-CS solution (30 mg mL™,
100 pL; pH 6.3) was then injected at the site of infection
through a 25G needle.

One hour following injection with NMPA-CS, the heating
effect of the colloidal gels that were formed in situ was exam-
ined using an IR thermal camera. During NIR irradiation
(0.5 W cm™ for 20 min), the lenses of the laser were dynam-
ically adjusted to vary the size of the laser spot such that it
covered the entire abscess. According to the obtained thermo-
graphic images (the middle panel in Figure 8a), only the region
in which NMPA-CS and NIR light were both present exhib-
ited a sharp rise in temperature to approximately 55 °C in just
5 min; this temperature was sufficiently high to kill bacteria,

a Subcutaneous Abscess i Thermographic Image

o
(]

Healthy Control

NMPA-CS+Laser

NMPA-CS

NMPA-CS+Laser

(¢}

Before Treatment

Bacterial CFU (%)
-328338

After Treatment

Figure 8. a) A mouse with a subcutaneous abscess before treatment, its thermographic image
following treatment by NMPA-CS and exposure to laser light, and its exposed skin following
treatment; b) photomicrographs of bacterial CFU, obtained from infected tissues of mice that
had been treated under various experimental conditions and c) related quantitative results
(n=6); d) photographs of infected skin of untreated mice and mice following NMPA-CS + laser
treatment; e) histological photomicrographs of skin tissue sections of infected mice before and
after NMPA-CS + laser treatment (on day 10). Mice with healthy skin tissue served as a control;
f) histological photomicrographs of NMPA-CS colloidal gel and its surrounding tissue that
were retrieved at four weeks after implantation. All sections were stained with H&E. *Statistical

significance at P < 0.05.

Exposed Skin
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as demonstrated in the in vitro study (Figure 6a). Whereas
the tissue that surrounded NMPA-CS exhibited a mild tem-
perature increase to about 40 °C, no significant temperature
change was observed on other parts of the mouse. Subse-
quent to the thermal analysis, the mice were sacrificed and
their skins were exposed. Most of the NMPA-CS colloidal gel
that formed in situ was at the site of the abscess (with a cov-
erage ratio of around 90%,; as denoted by the white arrow in
the right panel in Figure 8a), which was the region where a
significant increase in temperature had been observed in the
thermographic images.

The bactericidal effect of the NMPA-CS colloidal gels that
formed in mice (n = 6) with subcutaneous abscesses upon expo-
sure to an 808 nm laser was investigated. Each mouse received
four bacterial injections, which developed into four infected
wounds within 24 h and these were treated under one of four
experimental conditions — untreated control, exposed to laser
alone, injected with NMPA-CS only, and treated with NMPA-
CS and exposed to a laser. On day one after treatment, abscess
tissues were excised and homogenized. The bactericidal effect
in each test group of mice was then examined by determining
the number of CFUs in the homogenate using standard plate
counting methods (Figure 8b).") The CFU count for each
treatment modality was normalized by dividing by the CFU
count for the untreated wound (Figure 8c). The CFU counts in
Figures 8b and 8c revealed a strong antibacterial effect on the
infected wound associated with the subcuta-
neous abscess that received NMPA-CS and
was exposed to the NIR laser, reducing the
CFU count to approximately 18% of those of
the wounds that had been treated with the
laser or NMPA-CS alone (P < 0.05). On day
seven after treatment, the skin of the mice
that had been treated with both NMPA-CS
and the laser was healed and had formed a
scab, resulting from the biological process
of wound repair; the scab and the implanted
NMPA-CS colloidal gel flaked off within ten
days (Figure 8d). In the mice that had under-
gone no treatment, inflamed tissues were
still observed subcutaneously.

The healing of the infected wounds that
had been photothermally treated with both
NMPA-CS and the NIR laser was further ver-
ified by histological analyses of skin sections
that were stained with hematoxylin—eosin
(H&E). A comparison with the healthy con-
trol revealed signs of severe infection before
treatment, while a markedly reduced infiltra-
tion of inflammatory cells was seen following
the photothermal treatment with NMPA-CS
(Figure 8e), implying its strong bactericidal
effect. The in vivo biocompatibility of NMPA-
CS was also evaluated in the study using a
mouse model. At four weeks post-implanta-
tion, only a mild foreign-body reaction (fibro-
blasts with intermingling inflammatory cells,
indicated by the black arrow in Figure 8f) was
observed in the peri-implant tissue.

Adv. Funct. Mater. 2015, 25, 721-728
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3. Conclusion

In summary, an in situ-forming colloidal gel that can provide
tunable spatial stabilization over the acidic area of subcuta-
neous abscesses without overflowing onto the healthy tissue
was successfully prepared. The formed colloidal gel effec-
tively converted NIR light energy into localized heat, causing
the thermal lysis of bacteria and repairing the infected wound
without leaving residual implanted materials. The minimally
invasive method described here, which does not involve con-
ventional antibiotics, has great potential in the treatment of
subcutaneous infections against pathogenic bacteria, including
antibiotic-resistant strains. This treatment platform may be
extended to other clinical needs, and especially localized hyper-
thermia-based cancer therapy.

4. Experimental Section

Materials: CS (viscosity 36 mPa s, 0.5% in 0.5% acetic acid at
20 °C) with approximately 85% deacetylation was purchased from
Koyo Chemical Co. Ltd. (Tokyo, Japan). Aniline, ammonium persulfate
(APS), hydrochloric acid (HCl), sodium hydroxide (NaOH), 1-methyl-2-
pyrrolidinone (NMP), and 3-mercapto-1-propanesulfonic acid sodium
salt (MPS-Na) were obtained from Sigma-Aldrich (St Louis, MO, USA).
All other chemicals and reagents were analytical grade. The MRSA strain
used in the study was provided by the Clinical Microbiology Laboratory,
National Taiwan University Hospital, Hsinchu Branch (Taiwan).

Synthesis of NPA-CS and NMPA-CS Copolymers: An aqueous mixture
of CS (2 g) and HCI (0.1 M, 900 mL) was prepared and stirred overnight
to ensure complete dissolution. Aniline (14.5 mM) was subsequently
added to the CS solution; following solubilization, equimolar of APS
was introduced into the mixed solution. The polymerization of PANI
on CS (NPA-CS copolymer) was carried out for 3 h in an ice bath. The
as-prepared NPA-CS copolymer was then neutralized and precipitated
by adjusting its pH value to 8.0 using NaOH; free PANI was removed
with NMP. NMPA-CS (the copolymer with MPS conjugated on its PANI
side chains) was prepared by reacting NPA-CS (1 g) with 0.1 M MPS-Na
in deionized (DI) water (150 mL) in an atmosphere of N, for 14 h to
allow for the completion of the CRS reaction.P% A catalytic amount of
acetic acid (0.01 M) was added to accelerate the reaction. The resultant
copolymer (NMPA-CS) was precipitated by NaOH, washed with an
excess of DI water, and then air-dried.

Analyses of Synthesized Copolymers: The chemical structures of
the synthesized copolymers were analyzed by FT-IR (Perkin-Elmer,
Buckinghamshire, UK) and "H NMR (Varian Unity Inova 500, Missouri,
USA) spectroscopy. The "TH NMR spectra of test samples were recorded
at 25 °C in DMSO-dg to which a few drops of acid had been added.["!
The UV-vis optical properties of the copolymers in phosphate-buffered
saline were studied using a SpectraMax M5 Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA).

Supramolecular Structures of Aqueous NMPA-CS: SAXS was utilized
to probe the transformation of the supramolecular structures that were
associated with the hydrogelation of aqueous NMPA-CS (30 mg mL™)
in environments with various pH values. The experiments were
performed using the BL23A1 beamline at the National Synchrotron
Radiation Research Center (NSRRC), Hsinchu, Taiwan. The energy of
the beam source was 15 keV, and the sample-to-detector distance was
3060.3 mm. The scattering signals were collected by a MarCCD detector
with a pixel resolution of 512 x 512. The scattering intensity profile was
obtained as a plot of scattering intensity /(q) as a function of scattering
vector, q = (4m/A)sin(6/2) (6 = scattering angle), after corrections for
sample transmission, empty cell transmission, empty cell scattering,
and the sensitivity of the detector.' The SAXS profile determined by
the form factor of the micelles that were assembled by NMPA-CS was
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fitted by the core-shell sphere model,? using the program that was
provided by the Center for Neutron Research at the National Institute
of Standards and Technology, Gaithersburg, Maryland. The model
considers the polydispersity of the core radius, given a size distribution
that is described by the Schultz distribution function. Owing to the
presence of residual free CS, both NMPA-CS micelles and free CS chains
contributed to the SAXS profile of the experimentally obtained solution.
The scattering contributed by the micelles was obtained by subtracting
the SAXS profile of neat CS from that of NMPA-CS with the application
of an appropriate weighting factor. For TEM observation, NMPA-CS
micelles were stained using OsOy to give the dark contrast of PANI and
CS.12311 TEM images were then obtained under a JEOL-1010 microscope
(Akishima, Tokyo, Japan) with an accelerating voltage of 100 kV.

Antibacterial Activity of NMPA-CS: The in vitro antibacterial activity
of NMPA-CS was evaluated based on the principle of the Kirby—Bauer
assay.) MRSA suspensions (108 CFU mL™") were swabbed onto the
agar-gel (NMPA-CS) plates and then exposed to NIR laser light (808 nm,
Tanyu Tech., Taiwan) for varying periods, before being incubated for 24 h
at 37 °C to allow lawn growth. Immediately following incubation, the
diameters of the ZOls were determined in mm using Image-Pro Plus
software (Version 4.5, Media Cybernetics, Bethesda, MD, USA). In the
LIVE/DEAD bacterial viability assay, test samples were stained with a
0.85% NaCl solution that contained 5 uM of green-fluorescing SYTO
9 and 30 pM of red-fluorescing propidium iodide (Invitrogen, Carlsbad,
CA, USA) for 20 min at room temperature. Samples were visualized
under a fluorescence microscope (Axio Observer Z1, Zeiss, Géttingen,
Germany).

Animal Studies: ICR mice (eight weeks old) were used in the animal
study. Animal care and use complied with the “Guide for the Care and
Use of Laboratory Animals”, prepared by the Institute of Laboratory
Animal Resources, National Research Council, and published by the
National Academy Press (1996). The Institutional Animal Care and
Use Committee of National Tsing Hua University (Hsinchu, Taiwan)
approved the study protocol (#10258). To evaluate the efficacy of the
NMPA-CS colloidal gel as a photothermal agent, a subcutaneous abscess
was experimentally created in each test mouse. Briefly, the mice were
firstly anesthetized using 2% isoflurane with oxygen. After shaving and
disinfection, a subcutaneous injection of MRSA (107 CFU mL™", 100 pL)
was given on the shaved back of the test animals. Six mice were used in
this study. At 24 h following the injection of bacteria, an infected abscess
had formed subcutaneously in each test mouse; a polymer solution
of NMPA-CS (30 mg mL™", pH 6.3) was then directly injected into the
infected wound. An 808 nm laser (0.5 W cm~2) was used to illuminate
the NMPA-CS colloidal gel that was formed in situ. During the 20 min of
laser irradiation, the animals were under anesthesia. The thermographic
images of each test animal were then recorded by an IR thermal
camera (IC17320, Infrared Camera, Beaumont, TX, USA). Following the
thermographic analysis, the mice were euthanized by CO, inhalation,
and their skins were exposed and photographed. To investigate their
bactericidal effects, each test mouse received four MRSA infections, and
these were then treated under one of the following four experimental
conditions; no treatment; exposed to the laser alone; injected with only
NMPA-CS; and treated with NMPA-CS and exposed to the laser (n = 6).
Following treatments, the mice were sacrificed and the infected tissues
were harvested and analyzed by histological and standard plate count
methods.

Statistical Analysis: All results are presented as mean £ SD. The
Student t test was performed to compare the means of pairs of groups.
One-way ANOVA was followed by the Bonferroni post hoc test to
compare three or more groups. Differences were regarded as statistically
significant at P < 0.05.
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