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Introduction: To enhance photothermal treatment (PTT) efficiency, a delivery method that uses cell vec-
tor for nanoparticles (NPs) delivery has drawn attention and studied widely in recent years.
Objectives: In this study, we demonstrated the feasibility of M1 activated macrophage as a live vector for
delivering NPs and investigated the effect of NPs loaded M1 stimulated by Lipopolysaccharide on PTT effi-
ciency in vivo.
Methods: M1 was used as a live vector for delivering NPs and further to investigate the effect of NPs
loaded M1 on PTT efficiency. Non-activated macrophage (MU) was stimulated by lipopolysaccharide
(LPS) into M1 and assessed for tumor cell phagocytic capacity towards NPs
Results: We found M1 exhibited a 20-fold higher uptake capacity of NPs per cell volume and 2.9-fold
more active infiltration into the tumor site, compared with non-activated macrophage MU. We injected
M1 cells peritumorally and observed that these cells penetrated into the tumor mass within 12 h. Then,
we conducted PTT using irradiation of a near-infrared laser for 1 min at 1 W/cm2. As a result, we con-
firmed that using M1 as an active live vector led to a more rapid reduction in tumor size within 1 day
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indicating that the efficacy of PTT with NPs-loaded M1 is higher than that with NPs-loaded MU.
Conclusion: Our study demonstrated the potential role of M1 as a live vector for enhancing the feasibility
of PTT in cancer treatment.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction ment. In addition, M1 has exhibited a higher phagocytic ability
Many different methods have been used for treating cancer
patients in clinics, from surgical approach of direct tumor resection
to targeted therapies such as chemotherapy and radiotherapy [1,2].
To enhance cancer treatment efficacy such as progression free
recover and high survival rates, combined therapy with two or
three of the conventional methods is often used, depending on
the type and stage of cancer [3,4]. However, while combined ther-
apy moderately increases efficacy, this strategy is accompanied by
toxicity and low specificity posing a significant hindrance to effec-
tive therapy. Recent studies focusing on photothermal therapy
(PTT) have shown promising results in tumor removal with
reduced toxicity [5–11]. PTT induces cancer cell death in locally
targeted tumor sites using heat generated from nanoparticles
(NPs) in the tumor tissue after being exposed to near-infrared
(NIR). Here, NIR can be penetrated non-invasively or minimally-
invasively, which allows sufficient depth for a desirable optical
window in biological tissues. As a photosensitizer, NPs is excited
by NIR and then releases vibration energy converted to thermal
energy. That NPs can be modulated by the relative core size and
shell-thickness which determines the thermal efficiency and speci-
fic absorption wavelength. Therefore, the efficiency of PTT relies
intensively on heat energy generated from NPs activated by irradi-
ation of NIR light. A target-specific delivery of NPs plays a crucial
role in not only generating intensive heat energy but also minimiz-
ing thermal damage of the surrounding tissues and molecular tox-
icity of other systemic organs such as liver and spleen, which
results in high efficiency and improved safety. Therefore, it is
important to improve the target specificity of NPs in delivery.

Several strategies have been employed to enhance target speci-
ficity. Tumor-specific materials such as chains of polyethylene gly-
col (PEG) and the epidermal growth factor receptor (EGFR) were
conjugated on the surface of NPs [12,13] to improve the enhanced
permeability and retention (EPR) effect for immature tumor vascu-
lature [14,15], subsequently, increased circulation times [16] and
accumulation of nanoparticles in the tumor sites. However, high
concentrations of NPs were still observed in the liver and spleen,
and only a small fraction of the injected dose of NPs reached the
tumor site [17]. To improve this low target specificity, a different
method using macrophages as a live cell vector was recently intro-
duced [6,9–11]. Macrophages being immune cells, engulf NPs and
carry them to target sites as part of immune response where they
are irradiated by NIR laser. These studies demonstrated that peri-
toneal macrophages (non-activated) as a live vector for delivering
NPs through peritumoral injections, improves the effectiveness of
PTT without target specificity [9–11]. As a result, the tumor mass
could be destructed by photothermal effect of NPs that were deliv-
ered by macrophages. After PTT, NPs aggregate into coarse parti-
cles which cannot diffuse to the other organs. However, since
non-activated macrophages do not have specificity towards tumor
cells, activated macrophages would be an excellent alternative due
to their enhanced accumulation of NPs and high specificity
enabling them to directly penetrate into tumor mass.

Classical-activated macrophage, M1, suppresses proliferation,
reduces angiogenesis and induces the apoptosis of cancer cells
[18,19]. More importantly, it responds to the signals released by
the tumor microenvironment such as cytokines, chemokines, and
growth factors, and directly infiltrates the tumor microenviron-
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and a larger cell size than the non-activated macrophage, there-
fore, it has a potentially enhanced NPs uptake capacity and the
migration capability [20,21].

In this study, we demonstrated the feasibility of M1 as a live
vector for delivering NPs and investigated the effect of NPs loaded
M1 on PTT efficiency. Non-activated macrophage (MU) was stimu-
lated by Lipopolysaccharide (LPS) into M1 which showed a higher
uptake capacity of NPs per cell with higher phagocytotic activity
and more active infiltration into the tumor site due to tumor-
associated activity. With M1 as an active live vector, we estab-
lished the optimal NPs concentration and PTT administration time
after M1 injection. Our study serves as a baseline for further
enhancing the feasibility of PTT with M1 as a live vector.

Materials and methods

The animal experiments in this study were approved and con-
firmed by our institutional review board for animal research, the
Korea University Institutional Animal Care and Use Committee
(KUIACUC-2016-0214), and performed in accordance with relevant
guidelines and regulations.

Preparation of gold nanoparticles

The core silica particles of gold-nanoshell (gold-NS) were syn-
thesized following a modified Stöber method [22]. The surface of
the silica particles (50 mL in aqueous solution) was amine-
activated using 3 -amino propyl trimethoxy silane (APTMS,
20 lL) for 6 h. The tiny gold nanoparticles were separately synthe-
sized by rapidly combining an aqueous HAuCl4 solution (2 mL,
27 mM) with an aqueous Tetrakis hydroxymethyl phosphonium
chloride (THPC) solution (47 mL, 0.02% THPC, 0.011 M NaOH).
About 100 lL of the amine-functionalized silica nanoparticle solu-
tion was gently added to a 1 mL of the tiny gold nanoparticle solu-
tion and shaken for about 1 h. The silica-gold nanoparticle
composite solution (20 lL) was combined with a growth solution
(1.5 mL of 27 mM HAuCl4 and 100 mL of 1.81 mM K2CO3) and
27 lL of formaldehyde to promote the gold shell growth. For more
information on the preparation of the gold-NS, refer to the refer-
ence number 10.

Preparation of cancer cells and xenotransplantation

Head and neck squamous cancer cell line (SNU-1041) derived
from human pharyngeal cancer was cultured in a mixture of
Roswell Park Memorial Institute (RPMI) 1640 (Gibco BRL, USA)
containing L-glutamine, 10% fetal bovine serum (FBS; Gibco BRL,
USA) and 1% penicillin/streptomycin solution (PS; Welgene, Korea)
and incubated in a 5% CO2 incubator. For the in vitro experiments,
the cancer cells (1 � 106 cells/mL) were cultured in a 35-mm cul-
ture dish and maintained in a 5% CO2 incubator at 37 �C for 3 days.
For the xenotransplantation, the cancer cells were prepared to
1 � 106 cells/mL, then injected subcutaneously into the flanks of
nude mice (BALB/c-nu/nu, female, aged 6 weeks) using an insulin
syringe [10]. Body weights of the mice and growing tumor size
were monitored and measured three times per week. Then PTT
was performed when the diameter of the tumor became greater
than 10 mm.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Activation of M1 macrophage and qPCR analysis

The murine macrophage cell line RAW 264.7 was obtained from
the Korean cell line bank. The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) solution (Welgene, Korea) con-
tained with 10% FBS and 1% PS in a 100-mm culture dish. Cultured
cells were maintained in a 5% CO2 incubator at 37 �C, and the med-
ium was changed every 2 days. The murine macrophage cell line
RAW 264.7 cells were seeded in culture dishes for 24 h and then
incubated at 37 �C, 5% CO2 with 100 ng/mL LPS (PeproTech, Korea)
for 24 h. These cells were analyzed by a quantitative real-time
polymerase chain reaction (qPCR). Gene expression in the
epithelial cell was measured by qPCR. Total RNA was extracted
from approximately 5 � 105 cells using TRIzol (Qiazen, USA) and
RNase-free DNase I (Qiagen, USA). The 1 ug RNA were reverse tran-
scribed to cDNA using amfiRivert cDNA synthesis platinum master
mix (GenDEPOT, USA). The prepared cDNA was amplified and
quantified using SYBR green master mix (Qiagen, USA) with the
following primers.

To confirm activated M1 of macrophage, the gene expression in
the macrophage cells was measured by qPCR. The prepared cDNA
was amplified and quantified using SYBR green master mix (Qia-
gen, USA) with the following primers: Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), forward 50-T TGT CGT GGA
GTC TAC TGG T- 30 and reverse 50-GA GTT GTC ATA TTT CTC GT-
30; Inducible nitric oxide synthase (iNOS), forward 50-TT TGC TTC
CAT GCT AAT GCG AAA G-30 and reverse 50-GC TCT GTT GAG GTC
TAA AGG CTC CG-30. The qPCR was performed using a quantitative
thermal cycler system (TP800/TP860, Japan) with 40 cycles of a 2-
step reaction consisting of denaturation at 95 �C for 15 s, followed
by annealing/extension at 60 �C for 45 s. Data were analyzed using
the 4Ct method.

Flow cytometry (FACS) analysis

After LPS stimulation, cells were scraped and resuspended in
ice-cold PBS containing 5% bovine serum albumin (BSA). For the
flow cytometry, cells were stained using intracellular staining pro-
tocol with fixation/permeabilization buffer solution (BD Bio-
sciences, USA) for 30 min at 4 �C, then incubated with 0.06 lg/
mL of iNOS-PE antibody (Invitrogen, USA) in the darkroom for
30 min before sorting. FACS analysis was performed using FACS
Canto II (BD Biosciences, USA) then MU and M1 were defined
and collected F4/80-positive and iNOS-positive cells.

Preparation of gold nanoparticles loaded macrophages

The NPs of 3 pM and suspended M1 of 2 � 104 cells/mL were co-
incubated and gently shaken on the orbital shaker for 2 h [10].
Then approximately 1 � 104 cells/mL of NPs-loaded M1 was used.
The mixture containing the NPs and macrophages were seeded
onto a 35 mm2 cell culture dish and incubated for 2 h to allow
the cells to settle down and adhere to the bottom of the dish. We
then collected using a cell scraper, and made the cell suspension
with 1 � 104 cells/mL. Finally, approximately 1 � 104 cells/mL of
NPs-loaded macrophages were used.

Quantitative phase microscopy

The quantitative phase imaging (QPI) system was based on a
synthetic aperture microscope employing Mach-Zehnder interfer-
ometry [23,24]. A He-Ne laser with a wavelength of 632.8 nm
was used as a light source. The cells were prepared between two
slide glasses and then placed on a live cell chamber for observation.
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For high-resolution and high-speed imaging, a high numerical
aperture (NA) objective lens (100�, 1.4 NA, oil immersion) and a
2-D Galvanometer scanning mirrors were used. The 200 interfero-
grams were acquired at 150 frames per second while varying the
illumination angle from 0 to 1.4 NA, one at a time. All the images
were converted into complex field maps using the Fast Fourier
Transformation (FFT) method and then synthesized in an extended
single aperture to enhance the spatial resolution and the image
quality [22]. With this method, the phase information of samples
was obtained with a spatial resolution of 276 nm and an improved
signal-to-noise ratio.
In vivo bioluminescence measurements

To assess the movement of macrophages toward the tumor site,
MU and M1 were transfected with the luciferase gene. RAW 264.7
cells were seeded (5 � 104 cells/well) into 12-well flat bottom cul-
ture plates and incubated in a 5% CO2, at 37 �C. When the cells
reached about 70% confluence of the well, the gene transfection
was performed by adding 1 mg vector of pGL4.51[luc2/CMV/Neo]
(Promega, USA), lipofectamine 2000 (Thermo Fisher Scientific,
USA) reagent 5 mL with opti-MEM medium 50 mL (Gibco, USA),
and the cells were placed in an incubator for 48 h in 5% CO2 at
37 �C. Then the medium was replaced with fresh DMEM medium
containing 10% FBS, 1% P/S, and 1% L-glutamine. Immediately, neo-
mycin antibiotics (500 mg/ml, Sigma Aldrich, USA) added for the
selecting the transfected cells and then incubated for 48 h in a
5% CO2, at 37 �C. Luciferase activity was measured using a multi
plate reader Envision XCITE (PerkinElmer Life & Analytical
Sciences, USA). Transfected cells were injected into four locations
around the xenograft tumor mass. To image the transfected cell,
a PBS buffer with 100 lL of 15 mg/ml D-luciferin (Promega, USA)
was injected subcutaneously 30 min before imaging. For evaluat-
ing of cell penetration in the tumor site, in vivo bioluminescence
imaging was carried out using NightOWL II LB 983 (Berthold Tech-
nologies, Germany) every 12 h for 72 h and analyzed by photome-
try software, indiGOTM (Ver. 2.0.5.0).
Immunofluorescence analysis

For the immunofluorescent study, the mice were sacrificed 12 h
after macrophages injection, and the tumor tissues were dissected
and fixed by 4% paraformaldehyde. To permeabilize the mem-
branes, the frozen sections (10 lm) of tumor tissues were cut
and treated with 0.3% Triton X-100 in PBS for 10 min. After wash-
ing in PBS, the tissue sections were incubated overnight at 4 �C
with F4/80 antibody (1:100, Abcam, UK) or iNOS antibody (1:50,
Invitrogen, USA) for 24 h, then treated with secondary antibodies
Alexa Fluor� 488 goat anti-rabbit (Abcam, USA) or Alexa Fluor�

594 goat anti-rat (Abcam, USA) for 2 h. And 40,6-diamidino-2-phe
nylindole (DAPI; Sigma-Aldrich, USA) at a concentration of
0.1 lg/mL in PBS was used to counterstain nuclei. F4/80, iNOS,
and DAPI were represented as red, green, and blue colors, respec-
tively. The fluorescent cell images were captured with a Slide scan-
ner Axio Scan Z1 (ZEISS, Germany).
Statistical analysis

The statistical results are denoted as mean value ± standard
deviation (SD) measured after each experiment (N). The data were
based on one-way analysis of variance (ANOVA) and the p-value
of<0.05 was considered statistically significant.



Table 1
Summary of the characteristic values of MU and M1.

N = 5 MU M1 p-
value

Sphericity 0.187 ± 0.004 0.077 ± 0.003 <0.001
Particle volume per cell

[mm3/cell]
0.250 ± 0.085 5.111 ± 2.733 <0.01
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Results

Evaluation of M1 activated macrophages and uptake capacity of NPs

The murine macrophage RAW 264.7 cell line was activated into
M1 by LPS (see Material and Methods). To confirm M1 activation,
we analyzed the mRNA expression with iNOS, a known classical
marker of M1, using qPCR as shown in Fig. 1(a). iNOS expression
ratio of LPS (100 ng/mL) was 13.99 ± 0.21 (p < 0.05) that is about
14-fold higher than normal control MU (N = 4). To select M1 cells,
we used FACS as shown in Fig. 1(b). We set the gate with an
unstimulated level at 1.7% and the LPS stimulated M1 collected
was 14% out of the whole population.

In addition, macrophages showed morphological differences
between MU and M1 polarized [25,26] when cells were observed
by QPI in 3-D as shown in Fig. 1(c). MU appeared as small and
round-shaped with an average size of 15.45 ± 1.23 lm in diameter
(N = 5). M1 appeared as large and heterogeneous bipolar shaped
characterized by an elongated cell body with a cytoplasmic exten-
sion with an average length of 38.71 ± 7.39 lm (N = 5). Sphericity
for MU and M1 were measured as 0.187 ± 0.004 and 0.077 ± 0.003
(p < 0.001), respectively (see Table 1). Importantly, NPs volume per
Fig. 1. LPS stimulated macrophage (M1) and uptake capacity of NPs. (a) M1 showed a 14
collected were 14% of the whole population using FACS. (c) MU and M1 imaged with QP
measured with changing NPs concentration, 0, 1.5 and 3.0 pM within the NPs-mixed m
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cell (VPC) indicating the uptake capacity was clearly distinguished
from QPI images between the two macrophage groups. From the
phase images of the cells uptaking the NPs, the phase contribution
only by the NPs can be separated with the morphology of a living
cell. This is because the NPs show peculiarly high phase values
compared to the remaining cellular regions. The separated phase
values of NPs are converted into a thickness map, then the total
volume of NPs is determined by selectively integrating the thick-
ness map with respect to the NPs. MU was 0.25 ± 0.09, whereas
M1was 5.11 ± 2.73 (p < 0.01), 20-fold significantly higher than
MU [27]. Since we used 27.5 pM as the concentration of NPs from
the previous study [9–11], the appropriate concentration of NPs for
this study would be approximately 1.5 pM based on 20-fold higher
-fold mRNA gene expression in iNOS using qPCR analysis. (b) iNOS stained M1 cells
I method showing the uptake capacity of NPs. (d) The medium temperatures were
edium. Scale bar is 20 mm.
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VPC for M1 over MU, as shown in Table 1. To evaluate the heat effi-
ciency of NIR irradiated NPs, we tested the NPs at a concentration
of 0, 1.5, and 3.0 pM within the NPs-mixed medium.

The concentration of 1.5 pM showed a 20-fold increase in
uptake capacity of NPs in M1, however, the target temperature of
44 �C with irradiation of 1 W/cm2 for 5 min could not be achieved
at 1.5 pM as shown in Fig. 1(d) red line [9]. Therefore, we set the
optimal concentration of NPs at 3.0 pM of M1, which means a 2-
fold increase in NPs uptake capacity compared to 27.5 pM of MU.

Uptake capacity of NPs and in vitro photothermal effect

We prepared two squamous cancer monolayer models with
NPs-loaded MU and M1 (1 � 104 cells/mL) with NPs concentration
of 3.0 pM. They were exposed to NIR laser at 960 nm with 1 W/cm2

for 5 min. In the MU monolayer model, the cancer cell area
decreased in proportion, shrank, and detached from the bottom
of the culture dish (N = 5) as shown in Fig. 2(a). After PTT, the aver-
age detached area fraction for MU was 58.21 ± 4.96%. The average
detached area fraction for M1 was higher, 65.71 ± 3.19% as shown
in Fig. 2(b). Although the cellular damage rate increased slightly
(1.13-fold, p < 0.05), this increase confirmed the relatively
enhanced uptake capacity of NPs for M1, which could ultimately
improve the effectiveness of PTT.

Identification of M1 macrophage actively penetrating into tumor site

To investigate the migration of both MU and M1 into the tumor
xenograft, we traced the movement of cells transfected with the
luciferase. Bioluminescence intensity was measured by a red circle
every 12 h for 72 h as shown in Fig. 3(a). After peritumoral injec-
tion, the bioluminescence intensity (1 � 103) of MU decreased
gradually from 1.41 ± 0.03 to 0.48 ± 0.02, within the 72 h. On the
other hand, M1 infiltrated towards the tumor site as represented
by luciferase expression intensity, and its intensity increased
rapidly from 0.51 ± 0.05 to 7.12 ± 0.08 within 12 h as shown in
Fig. 3(b). These results imply that M1 actively penetrated into
the tumor site as a 2.9-fold because M1 macrophages were
involved in tumor-associated inflammation.

To further validate the active migration of M1, we performed
immunofluorescence assay with F4/80 and iNOS representative
of all macrophages and M1-specific markers. Tissues were dis-
sected into pieces of 10 mm thickness at 12 h after the subcuta-
neous injection of macrophages. A total of five tissues (N = 5)
Fig. 2. In vitro evaluation of a heat efficiency with NPs-loaded macrophages. (a) Phase
macrophages. (b) The histogram showed the area fraction after PTT. Scale bar is 500 mm
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were stained for each group. The M1 group showed a higher inten-
sity for both F4/80 (as a red color) and iNOS (as a green color) and
bigger stained areas of macrophages than the MU group as shown
in Fig. 3(c). Cancer and macrophage cell nuclei were stained with
DAPI (as a blue color) to show cell distributions of the whole dis-
sected tissue. And the ‘Merge’ showed F4/80, iNOS and DAPI
merged into a single image, here, an orange color represented qual-
itatively the portion of M1 among all macrophages. For the quan-
titative comparison of cell penetration between M1 and MU, we
calculated a normalized intensity and a stained area fraction as
shown in Fig. 3(d). For F4/80, the normalized intensity values of
the MU and the M1 groups were 48.08 ± 2.46 and 58.42 ± 8.16,
respectively. The stained area fraction values were 22.48 ± 2.90
and 38.65 ± 3.68, respectively. Similarly, for iNOS, the normalized
intensity and stained area fraction of the MU and M1 groups were
17.57 ± 2.28 and 25.75 ± 6.72, 8.54 ± 1.08 and 21.54 ± 0.79, respec-
tively. Based on these results, M1 showed relatively fast penetra-
tion to the tumor site, implying that the NPs delivery by M1 is
more efficient than that of MU.

In-vivo photothermal treatment effect with M1 as an active live cell
vector

To examine the M1 effect on PTT, we prepared a total of 24 mice
and divided them into 3 groups: control, MU, and M1. For the con-
trol group, we illuminated the tumor mass using a NIR laser with
1 W/cm2 for 1 min without any injection of NPs. The tumor mass
did not show change with NIR laser irradiation as shown in Fig. 4
(a), the tumor volume showed a gradual increase (a black line) to
404.01 ± 71.20 mm3 during a 4-day observation period as shown
in Fig. 4(b), and the mice body weights were well preserved as
shown in Fig. 4(c).

For MU and M1 groups (N = 8), the NPs-loaded macrophages
were injected to peritumoral region subcutaneously, and PTT using
a NIR laser with 1W/cm2 for 1 min was administered 12 h after the
injection. Both groups showed a reduction in tumor volume to 13.
91 ± 10.81 mm3 and 0.52 ± 0.01 mm3 in 4 days after the NIR laser
irradiation as shown in Fig. 4(b). The M1 group showed a rapid
decrease of the tumor mass (10.01 ± 6.37 mm3) in 1 day, whereas
the MU group showed a slow reduction (118.27 ± 45.48) in 1 day,
and gradually diminished until 4 days. The MU group showed
approximately 40.7% shrinkage of the tumor mass 1 day after
PTT whereas that of the M1 group was 94.9%. After 4 days, the
MU group and M1 group showed 93.0% and 99.7% shrinkage of
contrast image showed before and after PTT using cancer cells with NPs-loaded
.



Fig. 3. The evaluation of macrophage penetration into the tumor mass. (a) The bioluminescence intensity showed the penetration of MU and M1 into the tumor mass (in the
red circle) for 72 h. Scale bar is 2 cm. (b) The graph represented the bioluminescence intensity for 72 h. (c) The images of multi-stained immunofluorescence assay with F4/80,
iNOS, and DPI showed in the tumor tissue sections at 12 h. Scale bar is 200 mm. (d) The intensity and stained area fraction measured by the immunofluorescence assay.
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the tumor mass. There was no significant difference in body weight
was between groups MU and M1 groups, and the control group.
Further, in the M1 group, we observed indurated tissues with a
crust caused by heat damage after PTT treatment which healed
2 weeks after PTT. This implied that PTT using NPs loaded with
M1 is more efficient than with MU.

For immunohistology (H&E) assay, the mice were sacrificed, and
the tumor mass was dissected 4 days after PTT. The control group
showed densely grown cancer cells. In the MU and M1 groups,
extensive cellular destructions were observed within the stained
tissue sections. The tissue sections for M1 had only fibrotic tissues
present without any tumor cell, whereas cancer cells were still pre-
sent in the tissue sections of MU as shown in Fig. 4(d). These
results confirm that the efficiency of PTT positively correlates with
the rate of active penetration of MU and M1 into the tumor site as
shown in Fig. 3.

Discussion

The delivery method of NPs to the target region is considered as
one of the key factors affecting therapy efficiency. Since the deliv-
ery method determines the density of NPs in the target region, it
also affects the heat energy generated by PTT. To enhance NPs
160
delivery, the macrophages as live vectors have been studied in
in vivo models for several years. Further, several research groups
have investigated the surface modification of NPs as a technique
to increase NPs uptake capacity of macrophages including coating
NPs with phosphatidylserine, polyethylene glycol, clathrin, and
caveolin [28–34]. However, these coating techniques could often
be challenging due to NPs heterogeneity.

In the present study, we demonstrated activated macrophages
M1 with LPS stimulation as an efficient alternative to increase
NPs uptake capacity. First, one of the M1 characteristics is high
phagocytic activity for MU [35,36]. Owing to this, M1 has a
20-fold increase in uptake capacity of NPs, we confirmed this
by applying QPI technique which provides a high-resolution 3-D
tomography of phase-based information that measures particles
per volume as shown in Fig. 1(c) and Table 1. With the 20-fold
increase, NPs density was lower, approximately 1.4 pM, as com-
pared to a previous study [9], 27.5 pM. However, NPs’ density
of 1.4 pM could not achieve an adequate temperature of 44 �C
within 5 min, therefore, 3.0 pM was chosen as the optimum den-
sity of NPs in the present study, indicating a 9-fold decrease from
the previous study. Although there was a decrease in the NPs
concentration, it led to enhanced heat efficiency with laser
irradiation.



Fig. 4. The effect of PTT using NPs-loaded MU and M1. (a) The pictures of mice before and after PTT for 4 days. Red arrows indicate the indurated tissues with a crust caused
by heat damage after PTT. Scale bar is 2 cm. (b) and (c) The reduction of tumor size and body weight were measured before and after PTT for 4 days. (d) The immunohistology
(H&E) showed the image of a tissue section from the tumor site 12 h after PTT. Insets are the enlarged red boxes area in (d). Scale bar is 50 mm.
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Second, another characteristic of M1 is fostering inflammatory
response against invading pathogens and tumor cells, therefore
M1 can easily infiltrate into the tumor microenvironment. On the
other hand, while non-activated MU is a phagocytic scavenger cell
and can recognize the signals released by cells undergoing necro-
sis, it has no direct specificity for cancer cells. Additionally,
although MU responds to signals released by cancer cells such as
hypoxic, apoptotic, and necrotic signals, it may not lead to active
migration toward tumor mass.

In the present study, we conducted in vivo study which showed
enhanced infiltration of peritumorally-injected M1 into the sur-
rounding tumor mass, unlike in the previous study that used MU
[10]. To evaluate the difference in migration capability between
MU and M1, bioluminescence imaging with the luciferase gene
transfected macrophages (MU and M1) was used. Although the
bioluminescence imaging is not a quantitative assay and provides
2-D projection only, it offers a non-invasive, real-time analysis of
longitudinal intact observation of the tumor mass inside. This bio-
luminescence imaging showed M1 with high luciferase expression
intensity actively moved from four injection points to the tumor
mass 12 h after injection, while MU seemed to have less active
161
penetration with its intensity gradually diminishing in 72 h. The
luciferase expression intensity of M1 in the center of tumor mass
was 2.9-fold higher than that of MU at 12 h. Additionally, the
tumor size reduction for MU and M1 groups in 4 days after PTT
was 93.0% and 99.7%. However, the gap between these two groups
was much larger in 1 day after PTT, 40.7% and 94.9% for MU and M1
group respectively, a 2.3-fold higher reduction in tumor size imply-
ing that the PTT efficiency was more apparent for M1. Overall,
combining the effect of a 2-fold increase in NPs uptake capacity
for and a 2.9-fold increase in penetrating capability for M1 over
MU is likely to achieve an approximately 6-fold increase in PTT
efficiency. We believe that M1 showing a 2.3-fold higher tumor
mass size reduction could imply this 6-fold increase in PTT
efficiency.

Furthermore, we administered PTT using a NIR laser with 1 W/
cm2 for 1 min in an animal model, the laser irradiation time was
shorter than the previous study (1 W/cm2 for 2 min) [10]. The
M1 group showed more crust formations compared to the MU
group in the irradiation region in 4 days after PTT, indicating that
stronger photothermal energy was generated which caused more
thermal damage to the surrounding tissues even with the shorter
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irradiation time. Considering such risk, we may apply shorter irra-
diation time or lower power for M1 loaded NPs. Most of the crust
formations healed 2 weeks after PTT, although not applied in this
study, reducing either the NIR laser power or the irradiation time
could be considered for minimizing the normal tissue damage.

Despite the supportive research findings, the incorporation of
macrophages in cancer treatment is faced with some limitations.
Activated macrophages are classified as M1 and M2 phenotypes
[37–39]. M1 elicits inflammation response against invading patho-
gens and tumor cells, whereas M2 has immunoregulatory func-
tions, angiogenesis, remodeling the tumor extracellular matrix to
aid invasion, and tumor progression. However, recently, the classi-
fication of macrophage immune-activated states such as M1 and
M2 is currently challenging because their functional phenotypes
could lead to changes of the macrophage polarized activation
states in the tumor microenvironment. It means that the repolar-
ization between M1 and M2 could occur depending on the
microenvironment they are embedded in [40,41]. The accumula-
tion of M2 in the tumor microenvironment could lead to worse
prognosis shown in previous clinical observations [42,43]. With
iNOS immunohistochemical staining as a classical M1 marker, we
confirmed M1 in the present study, a pro-inflammatory phenotype
known to have anti-tumorigenic effects. Since the NPs-loaded M1
were destroyed by PTT at 12 h after injection, they would not be
possible to play a role as M2 tumor-associated macrophages and
lead to the accumulation of M2 in the tumor microenvironment.
Conclusion

In conclusion, the present study demonstrated an in vivo study
that utilized the tumor-associated active migration feature of M1
macrophages. As a live vector, NPs-loaded M1 were injected peri-
tumorally and actively infiltrated into the tumor mass in xenograft
mice. In addition, M1 showed significant increases in the NPs
uptake capacity and the penetrating capability into the tumor
mass. Consequently, PTT with NPs-loaded M1 was more effective
in tumor destruction compared to that with NPs-loaded MU. By
utilizing this concept to make the improvement of PTT efficiency
feasible, we believe PTT can be combined with other conventional
methods to enhance tumor treatment for better overall prognosis.
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