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Highly Selective Photothermal Therapy by a Phenoxylated-
Dextran-Functionalized Smart Carbon Nanotube Platform

Seungmin Han, Taeyun Kwon, Jo-Eun Um, Seungjoo Haam,*

Near-infrared (NIR) photothermal therapy using biocompatible single-walled
carbon nanotubes (SWNTs) is advantageous because as-produced SWNTs,
without additional size control, both efficiently absorb NIR light and demon-
strate high photothermal conversion efficiency. In addition, covalent attach-
ment of receptor molecules to SWNTs can be used to specifically target
infected cells. However, this technique interrupts SWNT optical properties
and inevitably lowers photothermal conversion efficiency and thus remains
major hurdle for SWNT applications. This paper presents a smart-targeting
photothermal therapy platform for inflammatory disease using newly devel-
oped phenoxylated-dextran-functionalized SWNTs. Phenoxylated dextran is
biocompatible and efficiently suspends SWNTs by noncovalent 77 stacking,
thereby minimizing SWNT bundle formations and maintaining original SWNT
optical properties. Furthermore, it selectively targets inflammatory mac-
rophages by scavenger-receptor binding without any additional receptor mol-
ecules; therefore, its preparation is a simple one-step process. Herein, it is
experimentally demonstrated that phenoxylated dextran-SWNTs (pD-SWNTs)
are also biocompatible, selectively penetrate inflammatory macrophages over
normal cells, and exhibit high photothermal conversion efficiency. Conse-
quently, NIR laser-triggered macrophage treatment can be achieved with high
accuracy by pD-SWNT without damaging receptor-free cells. These smart
targeting materials can be a novel photothermal agent candidate for inflam-
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inflammation process.!'?] Therefore, mac-
rophages have been important targets for
the detection and treatment of inflamma-
tory diseases.®l These inflammatory dis-
eases can be cured using antibiotics or
chemotherapy. However, long-term use
of these chronic inflammation therapies
can cause side effects, including resist-
ance, nausea, abdominal pain, and rashes.
To control the use of antibiotics or handle
chemotherapy resistant-diseases, two alter-
native treatment methods might be recom-
mended. One is a surgical method, and the
other is photothermal therapy. Although
surgery can directly remove disease, it is
not an effective technique against diseases
such as chronic otitis media or paranasal
sinus cancer, which exist in areas of the
body that are difficult to access surgically.
Additionally, surgical methods are inva-
sive and present risks for bacterial infec-
tion. In contrast, photothermal therapy is
a noninvasive and straightforward method
that can be used to manage the aforemen-
tioned diseases.

matory disease.

1. Introduction

Macrophages are major contributors to chronic inflammation
and are commonly found in diseases such as arteriosclerosis,
asthma, arthritis, and otitis media.l!. In particular, inflamma-
tory macrophages are capable of inherently aggravating the

S. Han, Prof. S. Haam

Department of Chemical and Biomolecular
Engineering

Yonsei University

Seoul 120-749, Republic of Korea

E-mail: haam@yonsei.ac.kr

Dr. T. Kwon

SKKU Advanced Institute of Nano Technology
Sungkyunkwan University (SKKU)

Suwon 16419, Republic of Korea

J.-E. Um, Prof. W.-J. Kim

Department of Chemical and Biological Engineering
Gachon University

Seongnam, Gyeonggi-do 461-701, Republic of Korea
E-mail: wikim@gachon.ac.kr

DOI: 10.1002/adhm.201600015

Adv. Healthcare Mater. 2016, 5, 1147-1156

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Photothermal therapy utilizes heat gen-
erated by an adopted platform using light
absorbed from the near-infrared (NIR)
region.! A NIR laser irradiates photo-
thermal agents delivered to an affected area; therefore, it allows
the selective destruction of targets in the affected area without
damaging adjacent normal cells. NIR is also known to be able
to penetrate as deep as 10-30 mm into the skin, which is
deeper than far-infrared light penetration, because the absorp-
tion of NIR by normal organs is relatively low. Therefore, NIR
photothermal therapy can be used for a wide range of thera-
peutic applications.

For efficient photothermal therapy, it is necessary for a
substance to have a high NIR absorption efficiency as well as
a high photothermal conversion rate.’l Most substances that
are currently studied for photothermal therapy are nanopar-
ticles 20-300 nm in size, which exhibit high treatment effica-
cies.l! Gold nanostructures are generally used for photothermal
therapy because they are soluble in water, biocompatible, and
easily functionalized.”7# Single-walled carbon nanotubes
(SWNT5) have been extensively studied for biosensor and bio-
medical applications. In addition, SWNTs have also received
much attention as novel photothermal therapy candidates
because of their unique optical, physical, and electrical proper-
ties.>1% SWNTs demonstrate photothermal conversion when
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irradiated by lasers of wavelengths ranging from 700-1100 nm.
SWNTs have also been reported to have the highest in vivo
tumor uptake and binding affinity among various other intrave-
nously injected nanomaterials; these results may be due to the
high SWNT aspect ratio, which may allow them to extravasate
through gaps of leaky blood vessels and penetrate tumors more
easily than nanoparticles of other shapes.['!

Robinson et al. showed that, compared with gold nanorods,
SWNTs eliminated cancer cells with higher sensitivity to a NIR
laser at both lower dosages and lower laser intensities.'?] At
equal concentrations of SWNTs and gold nanorods with 808-nm
laser excitation, the SWNT absorbance coefficient was 328%
higher, and its photon-to-heat conversion efficiency was three
times higher than those of the gold nanorods due to its 1D
electronic structure.'2! Gold nanostructures have low thermal
stability, and this leads gold nanostructures to be rapidly deac-
tivated during heat generation under NIR irradiation.'¥l How-
ever, SWNTs have thermal stability, strong optical absorption,
and high photothermal energy conversion efficiency in the NIR
region.['¥

Although SWNTs have been shown to be promising for
photothermal therapy, they cannot be easily applied in clinical
studies because of several disadvantageous characteristics.
(1) SWNT water insolubility leads to agglomeration and bun-
dling, which cause cytotoxicity,'! low target cell permeability,'*!
and irregular absorption wavelength changes!!® that result in
low photothermal conversion efficiency. (2) Pristine-SWNT
nonspecific targeting leads to unintended normal cell damage
in addition to intended target cell damage.l'”l The latter is
related to the enhanced permeability and retention effect (EPR
effect), which allows nanoparticles, including SWNTS, to escape
from leaky vasculature and accumulate to a greater extent in
cancerous or inflamed regions.l'¥l However, EPR effect-based
nanoparticle targeting is a passive targeting mechanism, as
opposed to an active one. Passive targeting methods can have
undesirable results, such as damage to normal cells adjacent
to cancer or inflammatory cells.'”) As with other nanostruc-
tures, it is difficult to actively target SWNTs against regions of
cancer or inflammation without using specific receptor mol-
ecules. To selectively target cells, SWNT surface modification
with receptor molecules (i.e., DNA, antibodies, or polymers)
has been studied.l'”) However, DNA or antibody surface modi-
fications tend to be cost-ineffective and induce SWNT surface
defects that result in destruction of the unique SWNT optical
properties and thus in a decrease of SWNT photoconversion
efficiency.

To overcome these underlying issues, we devised novel phe-
noxylated dextran-SWNTs (pD-SWNTs), which are self-enabled
without specific receptors to actively target macrophages, and
applied them in a photothermal therapy of inflammatory mac-
rophages. We have previously shown that phenoxylated dextran,
synthesized by attachment of phenoxy groups onto dextran
and used as a biocompatible SWNT suspension agent, could
be used to create individually exfoliated dense aqueous SWNT
dispersions while maintaining genuine SWNT optical proper-
ties.2 Phenoxylated dextran has aromatic groups leading to a
noncovalent 77 stacking with the carbon nanotube surface.
The phenoxylated dextran aromatic groups are stacked along
the m-electron orbitals of the SWNT surface, which results in
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the winding of dextran around the SWNTs. This winding of the
hydrophilic dextran enables both SWNT water solubility and
high colloidal stability by sterically preventing SWNTs from
contacting each other. Moreover, pD-SWNT do not exhibit the
bundling behavior that can cause limited medical application,
as mentioned above.'% In addition, the specific binding of dex-
tran to scavenger receptors leads to the selective uptake of pD-
SWNT by macrophages, which results in targeted treatment
without any assistance from other receptor molecules.®2! This
dextran-scavenger receptor binding phenomena occurs by pat-
tern recognition of the scavenger receptor. In particular, scav-
enger receptors recognize carbohydrates, lipids, and proteins
that are unique to microorganisms and are not produced by the
host.[2223]

Based on these advantages of pD-SWNT, we have shown that
the synthesized pD-SWNT only treat macrophages, which are a
major cause of the progressive plaque lesions of arteriosclerosis
and chronic inflammatory disease, by photothermal ablation
without damaging other cells. Herein, we report that pD-SWNT
are promising for photothermal therapy specifically targeting
arteriosclerosis and chronic inflammatory disease.

2. Results and Discussion

2.1. Characterization of pD-SWNT

In this work, we synthesized pD-SWNT for targeted delivery
and photothermal ablation of inflammatory macrophages
under NIR laser irradiation. Figure 1 provides a schematic
illustration of the mechanism of our phenoxylated-dextran-
functionalized SWNT platform for highly selective photo-
thermal therapy. To use SWNTs for promising photothermal
therapy, pristine-SWNTs are wrapped by phenoxylated dextran
through n-r interactions of the phenoxy groups in the phe-
noxylated dextran. pD-SWNTs are able to target macrophage
cells by a dextran-scavenger receptor binding process. However,
pD-SWNT do not react with scavenger receptor-free cells, such
as fibroblasts; during photothermal ablation, NIR irradiation
should pass through these cells. Therefore, pD-SWNTs act as
biocompatible photothermal therapeutic agents that selectively
target macrophage cells.

We first characterized pD-SWNT using atomic force micros-
copy (AFM), UV-vis-NIR spectroscopy, and photolumines-
cence (PL) (Figure 2), and compared its properties with those
of sodium dodecyl sulfate conjugated SWNTs (SDS-SWNT) to
investigate the changes in the SWNT properties upon phenoxy-
lated dextran-functionalization. Figure 2a,b shows AFM images
of the SDS-SWNT and pD-SWNT, respectively. Both SWNT
solutions were dropped on substrates and washed with copious
amount of water to remove SWNT suspension agents, i.e., SDS
and phenoxylated dextran. As shown in Figure 2a, the diameter
of SDS-SWNT, measured by the height of the AFM image, is
~1.2 nm, and is well matched to the diameter of HiPco SWNT
reported in the literature.?* This result indicates that SDS is
removed from SWNT surface and the AFM image represents
pristine SWNT. The diameter of pD-SWNT, shown in Figure 2D,
is =3.4 nm and this value is much larger than that of pristine
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Figure 1. Schematic illustration of a) synthesis of pD-SWNT and b) photothermal therapy specifically targeted against macrophages using pD-SWNT.
Phenoxy groups, attached to the dextran molecules by adding EPP, strongly bind to the hydrophobic SWNTs. Phenoxylated dextran is wrapped around
SWNT surfaces by m—7 stacking, which is noncovalent bonding. The phenoxylated dextran contributes to not only the formation of individually exfoliated
SWNTs but also scavenger receptor targeting. Therefore, pD-SWNT only bind macrophages, and they enable photothermal ablation.

SWNT, indicating that the phenoxylated dextran is not removed
from SWNT surface and evenly wrapped around SWNT with
=1.1 nm in height. This value is in good agreement with the
height of phenoxylated dextran loop on SWNT, reported in the
simulation study by Jeng et. al.l?! These results indicate that
phenoxylated dextran strongly binds to the SWNT surface due
to the phenoxylated dextran aromatic groups and not easily
detach from SWNT surfaces, enabling high colloidal stability of
pD-SWNT even in the blood stream of human body, which will
be discussed in the later part of this study. Figure 2d represents
UV-vis—NIR absorption spectra of pD-SWNT dispersed in
water together with those of SDS-SWNT (Figure 2c) as a refer-
ence. Initial SWNT dispersions were purified to remove unexfo-
liated SWNT5s and other impurities using a centrifugation pro-
cess with two different speeds. Interestingly, the quantity and
quality of individually dispersed pD-SWNT were similar for pD-
SWNT purified by both high-speed (110,527 g) and low-speed
centrifugation (16,250 g), as indicated by the similar peak inten-
sities and peak broadening. As a comparison, for SDS-SWNT
(Figure 2c), which have been commonly used as a SWNT dis-
persion agent in various applications, the quality and quantity
of individually suspended SWNTs purified by high-speed cen-
trifugation are much better than those of SWNTs purified by
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low-speed centrifugation. For SDS-SWNT, this is because initial
raw material SWNT bundles were not effectively removed or
exfoliated by low-speed centrifugation. The fact that the quality
of individually suspended pD-SWNT is high irrespective of cen-
trifugation speed indicates that phenoxylated dextran effectively
isolates and wraps SWNTs in large quantities, leaving only
trace amounts of bundled SWNTs. To utilize SWNTs as photo-
thermal therapy agents, the degree of SWNT individualization
is critical because the NIR-absorption efficiency of SWNTs is
strongly affected by the degree of bundling; SWNT absorption
wavelength red-shifts due to bundling, resulting in a mismatch
between the SWNT optimum absorption wavelength and the
wavelength of the laser. This mismatch will decrease SWNT
photothermal conversion efficiency. In this sense, pD-SWNTs
are good candidates for photothermal therapy applications.
Figure 2e,f shows the PL spectra of various semiconducting
SWNTs in solution-phase for SDS-SWNT and pD-SWNT,
respectively. As shown, PL features of both samples are similar,
except for a red-shift in the PL peaks for pD-SWNT compared
to those of SDS-SWNT. This shift is due to the change in the
dielectric constant of the media, rather than the SWNT bundle
formation, as demonstrated in our previous study.*”! The above
results indicate that the pD-SWNTs are not SWNT bundles, but
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Figure 2. Characterization of SDS-SWNT and pD-SWNT. Left rows (a, ¢, e, g): SDS-SWNT and right rows (b, d, f, h): pD-SWNT. a,b) AFM tapping
mode images, and the scale bar is 1 ym. Inset graphs are the height profiles of pristine SWNT and pD-SWNT measured along the white dotted line
of (a) and (b). c,d) UV-vis—NIR absorption spectra of SDS-SWNT and pD-SWNT using ultracentrifuge (110,527 g) and microcentrifuge (16,250 g).
e,f) PL data of SWNTs in solution phase and g,h) Temperature profile for various concentration with an NIR laser (808 nm, 20W cm™2). The laser was
turned off after 10 min.

instead they are individualized pD-SWNTs. If the SWNTs were  results suggest that the pD-SWNTs are individually separated
actually bundled, the PL spectra would be quenched by metallic  tubes, where individual SWNTs are effectively wrapped in phe-
SWNTs, which coexist with semiconducting SWNTs. These  noxylated dextran.
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To utilize pD-SWNT for photothermal ablation, the photon-
to-heat conversion property needs to be verified. Various
concentrations of pD-SWNT (0.001, 0.01, 0.025, 0.05, and
0.1 mg mL™) were placed into individual wells of a 96-well plate
and irradiated by a laser (A = 808 nm, d = 2 mm, 20 W cm™2).
When the laser irradiation lasted for 600 s, both the SDS-
SWNT and pD-SWNT suspensions showed rapid temperature
increases up to 24.9, 34.3, 42.8, 47.9, 61.8 °C (Figure 2g) and 27,
34.7, 42, 45, 61 °C, respectively (Figure 2h). In general, apop-
tosis by photothermal ablation occurs when the temperature
has risen to =41-48 °C. In this case, a hyperthermia phenom-
enon leads to protein unfolding and aggregation that induces
the death of only target cells without affecting surrounding
cells.! Therefore, it was identified that pD-SWNT concentra-
tions exceeding ~0.025 mg mL~! can generate sufficient heat to
induce cell ablation.

Furthermore, stability of pD-SWNT was confirmed to apply
pD-SWNT in vitro photothermal therapy (Figure SI3, Sup-
porting Information). pD-SWNT did not show any precipitation
after post-24 h incubation in 10% fetal bovine serum (FBS) con-
tained cell culture media condition. UV-vis—NIR absorbance in
Figure SI3 (Supporting Information) also suggests that serum
condition does not affect pD-SWNT. Altogether, pD-SWNT is
appropriate for photothermal therapy without agglomeration in
serum condition.

2.2. Intracellular pD-SWNT Interactions

Prior to in vitro photothermal ablation experimentation to uti-
lize pD-SWNT for the treatment of inflammation, intracellular
pD-SWNT interactions should be investigated. We assessed
pD-SWNT cytotoxicity using an 3-(4,5-dimethylthiazoly-2)-2,5-
diphenyltetrazolium bromide (MTT) assay, which showed
insignificant cytotoxicity; this result is likely due to the biocom-
patible phenoxylated dextran wrapped around the pD-SWNT
(Figure 3a). Similar to the results of the photon-to-heat conver-
sion analysis, these results suggest that pD-SWNT do not affect
cell death without laser irradiation.

To perform successful photothermal therapy using pD-
SWNT, the agent not only needs to exhibit high photon-to-heat
conversion efficiency but also excellent selectivity to specifically
target inflammatory macrophages. Scavenger receptors are

www.advhealthmat.de

highly expressed on macrophage (RAW 264.7 cells), especially
on the surface of inflammatory macrophages, and usually less
expressed on fibroblast (NuFF1 cells).?¥! Scavenger receptors
are known to bind the basic glucose monomer structure of
high molecular weight polysaccharides, such as dextran sulfate,
carrageenan, lipopolysaccharide (LPS), lipoteichoic acid, and
polyphosphates.[?223] Therefore, the pD-SWNT of this study are
also expected to have specific targeting for scavenger receptors
on macrophage.?’] This specific targeting does not affect fibro-
blasts, which do not have dextran binding sites; during photo-
thermal therapy, NIR irradiation should simply pass through
them.?3l We assessed pD-SWNT targeting capability using
RAW 264.7 macrophage cells and NuFF1 dextran binding site-
free cells with both UV-vis—NIR absorption and cross-sectional
cellular transmission electron microscopy (TEM) analysis.
Because SWNTs absorb visible and infrared light, cells that have
taken up pD-SWNT should have unique UV-vis—NIR absorb-
ance. The UV-vis—NIR absorbance of the untreated cells was
deducted from that of the pD-SWNT-treated cells. Figure 3b
shows that the absorbance spectrum of the RAW 264.7 cells
has a peak at the same point as that of the pD-SWNT; this peak
is not present in the NuFF1 cell spectrum. These results sug-
gest that pD-SWNTs were taken up only by the RAW 264.7
cells. Furthermore, pD-SWNT-treated RAW 264.7 cells were
examined using cross-sectional cellular TEM (Figure 3c). The
pD-SWNT observed within the RAW 264.7 cells exhibited diam-
eters and shapes similar to those of the original pD-SWNT
(Figure SI3, Supporting Information). This result clearly cor-
roborates the evidence that pD-SWNTs were taken up only by
the RAW 264.7 cells and not by the NuFF1 cells. These UV-vis—
NIR absorbance and cellular TEM results indicate that dextran
triggers pD-SWNT uptake through interactions with the RAW
264.7 scavenger receptors. Moreover, with no scavenger recep-
tors, the NuFF1 cells did not exhibit any cellular uptake of the
pD-SWNT (Figure SI4, Supporting Information).

2.3. Determination of Optimal Conditions for Photothermal
Ablation

To determine the optimal photothermal ablation condition, var-
ious pD-SWNT concentrations, laser power levels, and exposure
times were screened on the RAW 264.7 cells. The RAW 264.7

RAW 264.7 treated
4 \—/\
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Figure 3. Intracellular interaction and selective targeting of pD-SWNT. a) Cell viability test of RAW 264.7 cells treated with pD-SWNT (n = 6, error bars
represent a standard deviation). b) Normalized absorption spectra of RAW 264.7 and NuFF1 cells treated with pD-SWNT. Spectra of cells treated with
nanotubes were normalized to the spectra of nontreated cells. c) Cross-sectional TEM images of RAW 264.7 cells incubated with pD-SWNT. The scale
bar is 5 pm. The scale bar in the inset image is 500 nm.
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Figure 4. Determination of optimal photothermal ablation conditions. a) Fluorescence images and Calcein AM stained cell counting graph of optimal
pD-SWNT concentration for RAW 264.7 cell photothermal therapy. Fluorescence microscopy images of RAW 264.7 cells stained with Calcein AM after
treatment with pD-SWNT for 24 h and NIR laser (20 W cm™2, 15 min) irradiation. Calcein AM is labeled with green and stains viable cells. The white
dotted curves represent the location of the laser beam. From a graph, dark cyan and gray bars represent alive cells from outside and inside of the laser
spot, respectively. 0.1 mg mL™" shows harsh cell death even outside of the laser spot. It indicates that 0.05 mg mL™" is the optimal concentration for
photothermal ablation in these conditions. b) Fluorescent images and graph of cells stained with Calcein AM after different NIR laser power exposures.
RAW 264.7 cells were incubated with 0.05 mg mL™" of pD-SWNT for 24 h and were subsequently irradiated with different laser powers. A laser power
of 20 W cm~ resulted in a higher photothermal ablation effect than a laser power of 10 W cm™2. c) Fluroscence images and Calcein AM stained cell
counting graph of photothermal ablation effect depends on laser exposure time. RAW 264.7 cells were irradiated with a laser power of 20 W cm™2
for different exposure times after treatment with pD-SWNT (0.05 mg mL™") for 24 h. When cells were irradiated for 25 min, excessive cell death was
observed outside the laser spot. Altogether, the results showed that effective photothermal ablation occurred when 20 W cm~2 of NIR laser was irradi-
ated for 15 min after treatment with pD-SWNT (0.05 mg mL™"). All scale bars are 500 pm.
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cells were incubated with various concentrations of pD-SWNT
(0, 0.0125, 0.025, 0.05, and 0.1 mg mL™Y) for 24 h to deter-
mine the appropriate treatment concentration (Figure 4a). The
cells were washed with Dulbecco’s phosphate-buffered saline
(DPBS) solution and the pD-SWNT solution was replaced with
fresh media. Subsequently, the RAW 264.7 cells were stained
with Calcein AM after laser irradiation (20 W cm™, 15 min).
Calcein AM emits green fluorescence while it is decomposed
by esterase of live cells. We counted Calcein AM stained cells
inside (green bar in the Figure 4 graph) and outside (dark cyan
bar in the Figure 4 graph) of the laser spot from the fluorescence
images using Image ] software. As images and graph shown in
Figure 4a, the 0.05 mg mL™! of pD-SWNT concentration exhib-
ited the ideal photothermal ablation effect of cell death only
occurring inside the laser spot, while 0.1 mg mL™ concentra-
tion shows harsh cell death even outside of the laser spot. After
determination of the optimal pD-SWNT concentration, laser
exposure power and time were investigated (Figure 4b,c). Using
estimated laser exposure powers, 20 W cm™ laser power was
observed to yield a higher cell ablation effect than lower laser
power (e.g., 10 W cm™2). The stronger laser power resulted in
pD-SWNT actively emitting thermal energy. Then, RAW 264.7
cells were irradiated for 5, 15, and 25 min with 20 W cm™ of
laser power after treatment with pD-SWNT at 0.05 mg mL™
(Figure 4c). Exposure times shorter than 15 min were not suf-
ficient to generate the heat required for ablation. However,
harsh cell death was observed even outside the laser spot for
exposure times longer than 15 min; these treatments resulted
in complete cell death, which is not a localized therapy. From all
these results, the most effective photothermal ablation occurred
using a NIR laser irradiation power of 20 W cm™ for 15 min
after a treatment of 0.05 mg mL™! pD-SWNT for 24 h.

We confirmed the photothermal ablation effects by testing
the optimal conditions first without the NIR laser irradiation
and then without the pD-SWNT (Figure 5). The photothermal
ablation of the RAW 264.7 cells was compared with two other
conditions: (1) incubation without pD-SWNT followed by NIR
irradiation with 20 W cm™ power; and (2) incubation with

Calcein AM

(@

PD-SWNT (-)
I Laser (+)

(b)

PD-SWNT (+)
I Laser (-)

Merged

www.advhealthmat.de

0.05 mg mL™ of pD-SWNT without NIR irradiation. Subse-
quently, the cells were stained with Calcein AM and Ethidium
homodimer-1 (EthD-1). EthD-1 stains dead cells by binding
to DNA after penetrating damaged cell membranes. We also
counted Calcein AM and EthD-1 stained cells to numerically
confirm photothermal effect. Green and dark cyan bars repre-
sent same parts as Figure 4, additionally red and dark gray bars
in Figure 5 represent photothermally affected cell inside and
outside of the laser spot, respectively. As shown in Figure 5,
because of insignificant cell death inside of the laser spot, the
red bar is not shown in the graph when either the pD-SWNT
or the NIR laser irradiation was lacking, which means photo-
thermal ablation was not apparent. These results suggest that
NIR irradiation does not inherently induce cell death; therefore,
it would not affect fibroblasts, which do not have scavenger
receptors. In line with the previously discussed MTT assay
results, the pD-SWNT have negligible inherent cytotoxicity at
a concentration of 0.05 mg mL™. However, when exposed to
NIR laser irradiation, they can emit heat for the targeted treat-
ment of inflammatory macrophages. These results indicate that
pD-SWNT show promise to be used as photothermal agents for
localized treatment.

2.4. Selective Photothermal Therapy on Inflammatory
Macrophages

To further assess the feasibility of using pD-SWNT as thera-
peutic agents against inflammatory macrophages, we examined
the localized thermal ablation of NuFF1, RAW 264.7 cells, and
activated RAW 264.7 cells. When RAW 264.7 cells were acti-
vated by LPS, it is polarized to inflammatory macrophage which
continuously releases inflammatory mediators.”® Inflamma-
tory macrophage is deeply related with scavenger receptor.?82’)
There are references that nonstimulated macrophage and
inflammatory macrophage are composed of inflammation
lesion, such as atherosclerosis.?®! On the other hand, NuFF1
cells are fibroblasts which have fewer scavenger receptors

(a) Calcein AM

(a) EthD-1

(b) Calcein AM

=3 EthD-1 Outside of the laser spot
@ EthD-1 Inside of the laser spot
@ Calcein AM Outside of the laser spot
=3 Calcein AM Inside of the laser spot

(b) EthD-1

0 2000 4000 6000 8000
Stained cell number / ea.

10000

Figure 5. Individual photothermal ablation effects of a) only pD-SWNT or b) NIR irradiation. Fluorescence microscopy images of RAW 264.7 cells
stained with Calcein AM and ethidium homodimer-1 (EthD-1). NIR laser was irradiated for 15 min (1 = 808 nm, 20 W cm~2) as the only control for
(a). pD-SWNT was treated (0.05 mg mL™") for 24 h without NIR laser irradiation for (b). The white dotted curves represent the location of the laser
beam. Also, the graph shows Calcein AM and EthD-1 stained cells from (a) and (b). Dark gray and dark red represent dead cells from outside and
inside of the laser spot, respectively. Dark cyan and gray bars represent alive cells from outside and inside of the laser spot, respectively. Because of
insignificant cell death from inside of the laser spot, the dark red bar is not shown in the graph. Individually, NIR irradiation and pD-SWNT do not
affect cell damage. The scale bar is 500 pm.
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than macrophages.?!l Therefore, it is able to treat inflamma-
tion with photothermal therapy by scavenger receptor targeting
with pD-SWNT. The cells were incubated with 0.05 mg mL™ of
pD-SWNT for 24 h, and they were exposed to an 808-nm laser
in vitro (20 W cm™2, 15 min), according to the optimal treatment
condition. Subsequently, fluorescence microscopy was used
to image Calcein AM and EthD-1 staining (Figure 6). The left
side of white dotted curve shown is inside the laser spot, and
the right side is outside the laser spot. As shown in Figure 6a,
a large amount of Calcein AM staining was observed in the
NuFF1 cells, while very few cells exhibiting EthD-1 staining
were observed, regardless of laser irradiation. In contrast,
few RAW 264.7 and activated RAW264.7 cells showed Calcein
AM staining, but many cells in the irradiated areas exhibited
EthD-1 staining. Additionally, fewer RAW 264.7 and activated
RAW 264.7 cells exhibited EthD-1 staining outside the laser
spot, which is a demonstration of localized treatment. The data
shown in Figure 6b were obtained by counting the number of
cells with EthD-1 staining in Figure 6a using Image J. The red
and gray bars represent affected cells inside and outside of the
laser spot, respectively. In accord with the fluorescent images,
Figure 6b also shows the number of RAW 264.7 and activated
RAW 264.7 cells with EthD-1 staining to be much larger com-
pared with that of the NuFF1 cells. These results are related
with Figure 3b,c, which demonstrated the selective uptake of
pD-SWNT by macrophages in situ. This phenomenon occurs
by scavenger receptor binding with dextran. Because NuFF1
cells have fewer scavenger receptors, hardly any pD-SWNT
uptake occurs, resulting in an imperceptible photothermal abla-
tion effect. To verify that pD-SWNT is delivered to macrophage
by scavenger receptor-dextran binding, we confirmed reduction
of photothermal cell death and intracellular pD-SWNT uptake
when scavenger receptor is blocked by incubation with excess
amount of dextran (Figure SI6, Supporting Information). Raw

Calcein AM EthD-1

(@

NuFF1

RAW 264.7

Activated
RAW 264.7

Laser -

Laser +

Laser + Laser -

Laser +
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264.7 cells were incubated with pD-SWNT and Nile Red loaded
pD-SWNT in excess amount of dextran contained condition for
24 h at 37 °C. The dextran cotreated cells showed insignificant
photothermal ablation, and also low efficiency of pD-SWNT
uptake. It implies that pD-SWNT targets scavenger receptor of
macrophage. Also, the red bar in Figure 6b is longer than the
gray bar, which illustrates the localized pD-SWNT treatment in
RAW 264.7 and activated RAW 264.7 cells. Overall, pD-SWNT
have been shown to act as photothermal therapy agents that
specifically target inflammatory cells, and they could serve
to selectively treat only inflammation with localized laser
irradiation.

3. Conclusion

In conclusion, we have overcome the problem of nonspe-
cific SWNT targeting, which has been a persistent problem in
previous studies, by a simple surface modification with phe-
noxylated dextran. pD-SWNT can be easily obtained in large
quantities using short durations of low-energy centrifuging.
Our novel method enables a SWNT application that is both
high quality and cost effective. pD-SWNT do not lose their orig-
inal photon-to-heat conversion ability, even with phenoxylated
dextran wrapped around the SWNTs. Moreover, our prepared
pD-SWNT showed excellent performance as photothermal
therapy agents highly selective for macrophage cells. These pD-
SWNT did not harm fibroblasts, even when the fibroblasts were
exposed to both pD-SWNT and NIR laser irradiation. Future
work should focus on the further development of this method
as well as in vivo pD-SWNT photothermal therapeutic effects.
Ultimately, this work demonstrates the therapeutic potential of
pD-SWNT for many diseases influenced by inflammatory mac-
rophages, including arteriosclerosis and arthritis, among others.

Merged

(b)

NuFF1

RAW 264.7

Activated
RAW 264.7

0 500 1000 1500 2000 2500

Laser -
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Figure 6. Specifically targeted photothermal therapy effect of pD-SWNT. a) Fluorescence microscopy images of NuFF1, RAW 264.7, and activated RAW
264.7 cells stained with Calcein AM and ethidium homodimer-1 (EthD-1) after treatment with pD-SWNT (0.05 mg mL™") for 24 h. The NIR laser was
subsequently used for durations of 15 min (808 nm, 20 W cm™2) because of the results of the optimal photothermal ablation condition test. Calcein
AM and EthD-1 stained viable cells and dead cells, respectively. The white dotted curves represent the location of the laser beam. The scale bar is
500 pm. b) The comparison between NuFF1 and RAW 264.7 cells stained with EthD-1. The graph was based on the results of (a). pD-SWNT clearly
demonstrate a photothermal therapy effect on the RAW 264.7 and activated RAW 264.7 cells, but not on the NuFF1 cells.
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For future photothermal therapy applications, our phenoxy-
lated-dextran-functionalized smart carbon nanotube platform
will be investigated using more realistic samples, including
various cells of different diseases.

4. Experimental Section

Materials Synthesis: Commercial SWNTs (Nanolntegris Co. Ltd.,
USA) were used as a starting material without any purification process
and dispersed in aqueous solution with phenoxylated dextran and SDS
(Sigma-Aldrich) as a reference. The biocompatible SWNT dispersion
agent, phenoxylated dextran, was synthesized using dextran (40 kDa in
molecular weight) and 1,2-epoxy-3-phenoxy propane (EPP), which were
both purchased from Sigma-Aldrich, following the procedure reported
in our previous study.?% The phenoxy groups on dextran strongly bind
to the hydrophobic SWNTs and thus enable stable SWNT suspensions
in biological environments; these groups were attached to the dextran
molecules by adding EPP in a dextran-dissolved T M NaOH solution. The
phenoxy content of phenoxylated dextran was adjusted by controlling
the injected amounts of EPP. The reaction was performed for 15 h at
45 °C, and the produced phenoxylated dextran was washed with copious
amounts of methanol and water to eliminate any unreacted EPP. The
phenoxy content of the produced phenoxylated dextran was determined
by absorption at 269 nm (¢ = 1372 L mol™' cm™) with a UV-vis-nIR
spectrophotometer (Perkin Elmer),? and was adjusted to 14 wt%,
which was reported to be the optimum composition for the production
of high quality SWNT suspensions in our previous study.??l When
equimolar amounts of both reagents were used (8 g of 40 kD dextran and
7.42 g of EPP) under the above experimental conditions, phenoxylated
dextran, having =14 wt% phenoxy content, was obtained. The SWNTs
were dissolved in deionized water (1 mg mL™' concentration) with
1 wt% of phenoxylated dextran or SDS and sonicated for 1 h at a power
of 10 W (Sonics); sonication was followed by centrifugation either at 16
250 g for 30 min or 110 527 g for 4 h to obtain individually suspended
phenoxylated dextran-SWNTs and SDS-SWNTs.

SWNT Characterizations: The phenoxy content of the synthesized
phenoxylated dextran was determined by its absorption intensity at
269 nm using a UV-vis—NIR spectrophotometer (Perkin Elmer); the
prepared pD-SWNT were also characterized using a UV-vis—NIR
spectrometer. SWNT morphology was confirmed by scanning probe
microscopy (SPM) and TEM analysis. The SPM-based measurements
were performed using an Innova (Veeco Inc., Santa Barbara, CA, USA)
with a Nanocontroller V (Veeco Inc.) under an ambient condition at
room temperature. All SWNT images were acquired using a tapping
mode at the scanned location. We utilized a TESP-V2 tip (Veeco Inc.) as a
scanning probe. Here, the TESP-V2 tip has a normal resonant frequency
of 320 kHz and tip radius of =8 nm. The tapping mode atomic-force
microscopy (tmAFM) images were acquired using a scanning speed
of 1 pm s, which is a suitable speed to yield high-quality images. We
obtained the tmAFM images using a scan size of 5 x 5 pm, which is a
scan size suitable for imaging a few SWNTs on the substrate. All SPM
images were generated by Nanoscope software V7.2. The pD-SWNT
TEM images were obtained using cross-sectional TEM (JEOL-1100).
Cross-sectional cube samples were composed of pD-SWNT-treated cell
suspension solution. For stability test of pD-SWNT, 0.05 mg mL™" of
pD-SWNT was incubated in 10% FBS contained Dulbecco’s Modified
Eagle Medium (DMEM) cell culture media for 24 h at 37 °C.

In Vitro Cell Viability Assay: pD-SWNT cytotoxicity against RAW 264.7
cells was evaluated by measuring the inhibition of cell growth using
the 3-(4,5-dimethylthiazoly-2)-2,5-diphenyltetrazolium bromide (MTT)
assay, which is based on the reduction of 3-(4,5-dimethylthiazoly-2)-
2,5-diphenyltetrazolium bromide in metabolically active cells. The RAW
264.7 cells (2 x 10* cells per well) were seeded onto 96-well plates and
incubated at 37 °C for 24 h. Then, the cells were treated with 100 pL
of DMEM (3% FBS) containing pD-SWNT at various concentrations
and were subsequently incubated for an additional 24 h. The cells were
washed three times with DPBS and were then treated with a yellow
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MTT solution, where formazan crystals were solubilized with 10%
SDS in 0.01 m HCl. The absorbance of purple solution, which results
from formazan, was measured at 575 and 650 nm as a reference using
a hybrid multimode microplate reader. Consequently, cell viability was
determined by the intensity ratio of the treated to nontreated cells and is
represented as the average + standard deviation (n = 6).

Photothermal Conversion Efficacy of pD-SWNT: The photothermal
conversion efficiency of the pD-SWNT was confirmed by measuring
temperature increases upon laser irradiation. Various concentrations
(distilled water, 0.001, 0.01, 0.025, 0.05, and 0.1 mg mL™") were placed in
individual wells of a 96-well plate and treated with an 808-nm NIR laser
for 10 min at a density of 20 W cm™2. The temperature of each pD-SWNT
solution was monitored by a thermocouple (187 True RMA Multimeter,
Fluke).

Cellular Internalization of pD-SWNT: RAW 264.7 cells (4 X 10° cells per
well) and NuFF1 cells (2 x 10° cells per well) were seeded onto 6-well
plates for cellular internalization assessment by both UV absorbance
and cellular transmission electron microscopy (Cell TEM). After
24 h of incubation, the cells were treated with cell media containing
0.05 mg mL™" of pD-SWNT and were incubated for another 24 h.
Subsequently, the cells were washed three times with DPBS, which was
followed by cell harvesting using TrypLE solution (Gibco). For the UV
absorbance assay, the treated and nontreated cells were fixed with 4%
paraformaldehyde solution. The UV absorbance value of the nontreated
cells was subtracted from that of the treated cells. pD-SWNT cellular
internalization was determined by absorbance value comparisons
between the treated and nontreated cells. To prepare cell TEM sample,
the harvested cells were fixed with fixation buffer (2% Glutaraldehyde
and 2% Paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) solution)
for 12 h, and fixation buffer was washed by 0.1 m phosphate buffer. In
subsequent, the fixed cells were postfixed with 1% osmium tetroxide
(Os0O4) contained 0.1 m phosphate buffer for 2 h and dehydrated in
ascending gradual series (50%-100%) of ethanol. The dehydrated
sample was infiltrated with propylene oxide. The specimens were
embedded in Poly/Bed 812 kit (Polysciences) and incubated in electron
microscope oven (TD-700, DOSAKA, Japan) at 65 °C for 24 h. After
that, section of 200-250 nm thick was cut from resin block and stained
with toluidine blue (Sigma, T3260) for light microscope. Observed
section was decided from light microscope and resection of ultrathin
70 nm thick was double stained with 6% uranyl acetate (EMS, 22400
for 20 min) and lead citrate (Fisher for 10 min) for contrast staining.
The stained ultrathin section was transferred on copper and nickel TEM
grids, and observed by TEM (JEOL-1100).

Determination of Optimal pD-SWNT Photothermal Ablation Conditions:
The optimal pD-SWNT concentration was first determined. RAW 264.7
cells (1 x 10° cells per well) were seeded onto a 48-well plate and
incubated for 24 h; they were then exposed to and incubated with various
pD-SWNT concentrations (0, 0.0125, 0.025, 0.05, and 0.1 mg mL™") for
an additional 24 h. The cells were irradiated with an NIR laser (808 nm,
20 W cm™) for 15 min and subsequently washed three times. Then,
Calcein AM was used for staining live cells to confirm the appropriate
pD-SWNT concentration for photothermal ablation. After determination
of the optimal pD-SWNT treatment concentration, NIR laser power
and exposure time were optimized for efficient photothermal ablation.
The cells were prepared in the manner described above and were then
irradiated with different NIR laser powers and exposure times. These
factors were assessed by comparison of Calcein AM stained area over
laser irradiated area.

In Vitro Photothermal Therapeutic Efficacy of pD-SWNT: RAW 264.7
cells (1 x 10° cells per well) and NuFF1 cells (0.5 x 10° cells per well)
were seeded onto a 48-well plate and incubated for 24 h; they were then
incubated with 200 pL of pD-SWNT (0.05 mg mL™") in cell media at
37 °C for a day. For activated RAW 264.7 cells, RAW 264.7 cells (2 x 10°
cells per well) were incubated for 24 h in a 48-well plate. After that, the
cells were activated by incubation with LPS chemical (1 pg pL™") for 24 h.
Subsequently, activated RAW 264.7 cells (inflammatory macrophage)
were treated with 0.5 mg mL™" of pD-SWNT for 24 h. After treatment
of pD-SWNT, the cells were rinsed three times with DPBS, and 500 pL
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of DMEM was added into each well. For the NIR laser irradiation assay,
the cells were exposed to an 808-nm optical diode NIR laser for 15 min
at 20 W cm™2. The irradiated cells were washed and stained with Calcein
AM and Ethidium homodimer-1 for 30 min to assess cell viability and
cytotoxicity. Viable cells were stained by Calcein AM, which has excitation
and emission at 494 and 517 nm. However, EthD-1 stains dead cells,
and it has excitation and emission at 528 and 617 nm, respectively. The
fluorescent images were collected using an optical microscope system
(Olympus BX5T).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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