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Transforming Weakness into Strength: Photothermal-
Therapy-Induced Inflammation Enhanced
Cytopharmaceutical Chemotherapy as a Combination

Anticancer Treatment

Lei Zhang, Ying Zhang, Yanan Xue, Yue Wu, Qiangian Wang, Lingjing Xue, Zhigui Su,*

and Can Zhang*

A new synergistic treatment that combines photothermal therapy (PTT) and
inflammation-mediated active targeting (IMAT) chemotherapy based on cyto-
pharmaceuticals is developed. During PTT, the photothermal tumor ablation is
accompanied by an inflammatory effect and upregulation of inflammatory
factors at the tumor site, which may accelerate tumor regeneration. Moreover,
PTT-induced inflammation can also recruit neutrophils (NEs) to the tumor site.
To convert the disadvantages of PTT-induced inflammation into strengths,
NEs are investigated as cytopharmaceuticals for IMAT chemotherapy to
further inhibit the tumor recurrence after PTT due to the chemotaxis of NEs

to the inflammatory sites. In this study, PEGylated gold nanorods (PEG-GNRs)
are explored as the photothermal agent and paclitaxel-loaded cytopharma-
ceuticals of NEs as the IMAT chemotherapeutic agent. PTT is conducted at

72 h postinjection of PEG-GNRs, followed by cytopharmaceuticals for IMAT
chemotherapy. It is demonstrated that the cytopharmaceuticals effectively
accumulate in the tumor sites after PTT, which leads to a significant enhance-
ment of antitumor efficacy and a reduction in systemic toxicity. These studies
suggest that PTT-induced inflammation further enhances the chemotherapy
of cytopharmaceuticals, and the combination of PTT and IMAT chemotherapy
may be a promising synergistic strategy for targeted cancer therapy.

Recent evidence has emerged suggesting that the combina-
tion of different treatments for anticancer therapy displayed
favorable prospects compared to the individual therapeutic
model.!l' These combination strategies could improve the
overall efficacy, particularly in elevating the survival rate,
restraining cancer recurrence and metastasis, reducing
drug side effects, and overcoming drug resistance, in cancer
patients. Photothermal therapy (PTT) in combination with
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chemotherapy has attracted substan-
tial attention as an effective approach
for cancer treatment.”l During PTT, the
energy of near-infrared (NIR) light was
converted to heat by photothermal agents
after irradiation at target sites, which could
provide a spatiotemporally thermal effect
to ablate the cancer tissues within the
light-irradiated region, resulting in spe-
cific therapeutic effects with no damage
to normal tissues.?“?l However, the use of
PTT alone is virtually impossible to elimi-
nate cancer cells due to the heterogeneous
distribution of heat within the cancer
tissue.! The surviving cancer cells from
PTT will further lead to cancer relapse
and metastasis.”! Moreover, it has been
shown that the cancer ablation process of
PTT could lead to serious cell necrosis and
produce an inflammatory response, <52
followed by the release of inflammatory
factors, such as TNF-¢, IL-1f, IL-6, IL-8,
and 11-10,"! which can prime neutrophils
(NEs) to migrate to the inflamed tumor
area.l’! In addition, another case reported
that PTT-induced inflammation might accelerate tumor regen-
eration.”! Given that both primary and metastatic cancer cells
could be suppressed by chemotherapy, the combination of
PTT and chemotherapy may be a superior strategy for cancer
treatment.

Recently, our group demonstrated that cytopharmaceuticals
based on NEs loaded with nanomedicine for chemotherapy
could be recruited into the brain after cancer resection through
inflammation-mediated active targeting (IMAT) and signifi-
cantly suppressed the recurrence of glioma in mice.') IMAT
chemotherapy based on cyto-pharmaceuticals loaded with nano-
medicine was attributed to the gradient of chemoattractants
between the injection site and the inflammatory tumor site,
which was completely different from the conventional cancer-
active delivery nanomedicine based on the recognition and
binding of the targeting moieties to cell-surface markers.!011]
In addition, the interactions between cytopharmaceuticals and
inflammatory factors would be effective and specific as a result
of their intact biological activities. Furthermore, the interactions
between targeting moieties and cell-surface markers would be
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hindered by the distribution, density, or spatial conformation of
targeting moieties on the surface of nanomedicine because the
cell-surface markers were dynamic rather than static.'”! There-
fore, IMAT chemotherapy based on cytopharmaceuticals could
overcome the limitations of conventional cancer-active delivery
nanomedicine.

Inflammation plays an essential role in IMAT chemotherapy.
To turn the weakness of PTT-induced inflammation into advan-
tages, we sought to explore PTT-induced inflammation for the
recruitment of cytopharmaceuticals based on NEs into tumor
sites to inhibit tumor reoccurrence after PPT. Moreover, the
upregulation of TNF-¢t in tumor sites after PTT could stimulate
NEs to form neutrophil extracellular traps (NETs),'*l leading
to the release of cargo from NEs. With the active recruitment
and stimulated drug release of PTT-induced inflammation,
combining PTT and cytopharmaceuticals based on NEs would
provide an advantageous, synergistic cancer therapy with min-
imal systemic side effects. To this end, we herein report a new
synergetic anticancer system that combined PTT and IMAT
chemotherapy utilizing PEGylated gold nanorods (PEG-GNRs)
as photothermal agents'" and paclitaxel (PTX)-loaded cytop-
harmaceuticals (PTX-CL/NEs) as the IMAT chemotherapeutic
agent. The PTT was conducted with laser irradiation after
the accumulation of PEG-GNRs in cancer for cancer ablation
accompanied by proinflammatory responses.'’! PTX-CL/NEs
were subsequently administered by intravenous injection and
actively recruited to cancer sites by the chemotactic effect of
PTT-induced inflammation. The highly activated PTX-CL/NEs
in cancer sites were expected to release intact PTX-CL along
with NET formation. The cationic charges of PTX-CL enhanced
the uptake by residual cancer cells for a further boosted cancer
expunge (Figure 1).

The PEG-GNRs were prepared as synthesized gold nanorods
with methoxy-PEG-thiol (MW 5 kDa), which has a unitary mor-
phology with an aspect ratio of 4/1 and a UV absorbance at
=808 nm (Figure S1A,B, Supporting Information). PEG-GNRs
were highly stable in vitro within 72 h when incubated in H,O,
phosphate buffered saline (PBS), or 50% serum (Figure S2,
Supporting Information), and there were no plasmon resonance

www.advmat.de

peak shifts in the UV-vis absorption spectrum of the PEG-GNRs
before incubation (0 h) and after incubation (72 h) with dif-
ferent media (Figure S3, Supporting Information). Further-
more, PEG-GNRs exhibited distinct photothermal effects after
laser irradiation compared with saline; stronger photothermal
effects occurred using 2 W cm™ as the hyperthermic condition
compared to 1 W cm™ (Figure S4, Supporting Information).
These results indicated that PEG-GNRs used for PTT could
have satisfactory stability and photothermal effects in vitro,
which would be beneficial to its biological performance in vivo.
The pharmacokinetic profile and biodistribution of PEG-GNRs
in mice were also investigated. Due mainly to the PEG coating,
PEG-GNRs presented a satisfactory plasma stability with a
plasma half-life of =17 h (Table S1, Supporting Information).
72 h postinjection, =95% of the PEG-GNRs were eliminated
from the blood, and most of the PEG-GNRs distributed into tis-
sues. This long circulation property also ensured the efficient
accumulation of PEG-GNRs in cancer at 72 h postinjection
through an enhanced permeability and retention (EPR) effect,
and =7%ID of PEG-GNRs could be found in cancer tissues as
determined by inductively coupled plasma—mass spectrometry
(ICP-MS) (Figure S1C,D, Supporting Information).[!°!

To evaluate the PTT of PEG-GNRs in vivo, HepS tumor-
bearing mice were intravenously injected with PEG-GNRs
(10 mg kg! calculated by Au), and the tumor region was
exposed to 1 or 2 W cm™ laser irradiation for different time
periods after 72 h postinjection and monitored with an infrared
thermal camera. As shown in Figure 2A, the PEG-GNRs group
showed a more significant increase in temperature than the
saline group under the same conditions. The temperature
increase at the tumor sites of the PEG-GNRs group was also
more conspicuous compared to the saline group (Figure 2B,C).
The plateau temperature in the PEG-GNRs group was =42 and
46 °C after exposure to 1 or 2 W cm™? laser irradiation, respec-
tively, for 5 min. In addition, the photothermal ablation of PEG-
GNRs was visualized by 2,3,5-triphenyltetrazolium chloride
(TTC) staining.'”] A more serious necrosis was observed after
exposure to 2 W cm™ laser irradiation for 5 min (Figure 2D),
which confirmed the PTT efficacy of PEG-GNRs.
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Figure 1. Schematic illustration of synergetic anticancer system combining PTT and inflammation-mediated active targeting chemotherapy. A) Sche-
matic illustration of PTX-CL/NE preparation and the procedure of administration, including intravenous injection of PEG-GNRs, conduction of PTT,
and reintroduction of PTX-CL/NEs. B) Schematic illustration of the chemotactic effect of PTT-induced inflammation to recruit PTX-CL/NEs to tumor
sites (i) and stimulated drug release of PTX-CL from PTX-CL/NEs along with NET formation (ii).
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Figure 2. The PTT and inflammation stimulation of PEG-GNRs. A) Infrared thermal images of HepS-tumor-bearing mice at 1 or 2 W cm™2 for different
times. B,C) The change of temperature at the tumor site under 1 or 2 W cm~2 irradiation monitored with an infrared thermal camera. The data are
shown as the mean £ s.d. (n=3). D) The photothermal effect induced tumor cell necrosis after 5 min irradiation, visualized by TTC staining. PEG-GNRs
injected tumor-bearing mice without irradiation were dedicated as the control. E-G) The ELISA analysis of inflammatory factor (TNF-¢, IL-8, and IL-10)

expression in tumor tissues (n = 2 independent experiments).

The expression levels of inflammatory factors (INF-q,
IL-8, and IL-10) associated with the chemotactic migration of
NEs after PTT at various time points were evaluated using
enzyme-linked immunosorbent assay (ELISA). As shown in
Figure 2E-G, the inflammatory factors in the tumor tissues
significantly increased after PTT compared to without laser
irradiation. The upregulation of inflammatory factors was
attributed to the PEG-GNRs-mediated hyperthermic ablation,
which caused necrosis of tumor cells and the release of necrotic
debris, ultimately leading to the proinflammatory response.[?d
Taken together, these results illustrated that the tumor cells
were expunged through PTT after PEG-GNRs accumulation
at tumor sites and upregulated inflammatory factors, which
could induce the chemotactic migration of drug-loaded NEs
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toward the residual cancer cells. To obtain the maximal ther-
motherapeutic effects, the hyperthermic condition in this study
was fixed at 2 W cm™ for 5 min post 72 h administration of
PEG-GNRs. Furthermore, the PTT-induced inflammation in
this hyperthermic condition could be exploited to recruit NEs
to tumor sites.

For IMAT chemotherapy, the cytopharmaceuticals based on
NEs were prepared and confirmed as previously reported by our
group.!% Briefly, the PTX-loaded cationic liposome (PTX-CL)
was prepared by a standard thin film/extrusion method and then
incubated with freshly harvested NEs to obtain PTX-CL/NEs.
As shown in Figure S5 (Supporting Information), compared
to Taxol (commercial PTX formulation) that exhibited a greater
cytotoxicity at a high concentration of PTX, PTX-CL had no
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cytotoxicity toward NEs at all assessed concentrations within 8 h
incubation, which could facilitate NEs to load with PTX-CL. The
intact physiological functions of NEs after loading with PTX-CL
were evaluated, including the specific protein expression, chem-
otaxis, and superoxide-generating ability. Both of them were
similar to the blank NEs. Moreover, the PTX-CL/NEs showed
satisfactory stability in a normal physiological environment and
the chemotactic process while displaying a burst release under
inflammatory simulation.l'” To investigate whether PTX-CL
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loading would affect the in vivo behaviors of NEs, NEs, or
PTX-CL/NEs were labeled with the fluorescence dye of DiR to
prepare DiR-NEs and PTX-CL/DiR-NEs. After intravenous injec-
tion in BALB/C mice, the fluorescence intensity of DiR in the
blood was determined. Both the in vivo fluorescence images and
the overtime curve of the mean fluorescence intensity (MFI)
indicated that DiR-NEs and PTX-CL/DiR-NEs exhibited similar
pharmacokinetic behaviors within 48 h (Figures S6 and S7,
Supporting Information). The halflife of the DiR-NEs and
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Figure 3. Inflammation-mediated active targeting of PTX-CL/NEs. A) Fluorescence image of HepS-tumor-bearing mice. DiR-CL, cationic liposome
loaded with DiR (1,1’-dioctadecyl-3,3,3’,3"-tetramethylindotricarbocyanine iodide); DiR-CL/NEs, NEs loaded with DiR-CL; DiR-Taxol, DiR-labeled Taxol.

B) Biodistribution profiles of PTX-CL/NEs, PTX-CL, and Taxol in HepS-tumor-bearing mice. All mice were administered PEG-GNRs and treated with (+)
or without (—) 808 nm laser irradiation at 72 h postinjection of PEG-GNRs. Tissue samples were harvested at 1, 2, 4, 8, 12, and 24 h after intravenous
injection. PTX/tissue was the ratio of the amount of PTX in the tissue (lg) to the weight of the tissue (g). The data are shown as the mean +s.d. (n=3).
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PTX-CL/DiR-NEs was =20.37 £ 0.5 and 20.06 + 0.23 h, respec-
tively, which indicates that PTX-CL loading would not affect
the physiological functions of NEs in vivo. To investigate the
IMAT of drug-loaded NEs, the fluorescence dye of DiR was
loaded into the cationic liposomes (DiR-CL) for constructing
DiR-CL/NEs. PEG-GNRs were first intravenously injected into
HepS-tumor-bearing mice, and the tumor lesion was exposed to
2 W cm™ 808 nm laser irradiation for 5 min at 72 h postin-
jection. DiR-CL/NEs were then intravenously injected, and
in vivo fluorescence imaging was applied to trace the chemot-
actic migration of DiR-CL/NEs. As shown in Figure 3A, after 1 h
postinjection, a strong fluorescence signal of DiR-CL/NEs was
observed at the tumor site and could remain for 24 h. In con-
trast, a negligible fluorescence signal was detected at the tumor
sites of the mice after intravenous injection of DiR-CL/NEs
without laser irradiation (Figure 3A, second row). In addition,
the mice treated with DiR-CL or DiR-Taxol after photothermal
therapy (Figure 3A, third and fourth rows) did not show a tumor
targeting capability. These findings suggested that NEs have the
advantage of carrying cargoes toward the inflammatory tumor
site induced by PTT. Moreover, the biodistribution of PTX-CL/
NEs at different time points after intravenous injection was also
detected (Figure 3B). Similar results were obtained as the in vivo
fluorescence imaging, and PTX-CL/NEs exhibited a maximum
accumulation of PTX at cancer tissues after PTT, which further
confirmed the IMAT of PTX-CL/NEs in vivo.

To investigate the duration of IMAT for drug-loaded NEs after
one-time PTT, HepS-tumor-bearing mice received DiR-CL/NEs

A

0 day

2 day
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at different time points and were monitored by in vivo fluores-
cence images. The results confirmed that the accumulation of
DiR-CL/NEs in the tumor sites was time-dependent (Figure 4).
Both the in vivo fluorescence image and the analysis of the MFI
within the tumor sites indicated that the highest fluorescence
signal occurred on the 2nd d and became weak as time pro-
longed to the 8th d; after the 10th d post-PTT, the fluorescence
signal of the DiR-CL/NEs in the tumor was too weak to detect
(Figure 4A,B). The hold duration suggested that the chemot-
actic effect of one-time PTT could sustain for =8 d for recruiting
DiR-CL/NEs toward tumor sites. IL-8 was considered to be the
primary chemokine for NE chemotaxis.'® The duration of IL-8
expression after one-time PTT in the tumor, liver, and spleen
was determined by ELISA assay (Figure 4C). A higher level of
IL-8 was found at the tumor tissues than in the liver or spleen
at all time points, which would enhance the recruitment of
DiR-CL/NEs to the tumor and efficiently avoid the nonspecific
distribution of DiR-CL/NEs in the liver or spleen. The highest
level of IL-8 in the tumor occurred from day 2 to day 3 post
PTT, and the amount of IL-8 then gradually decreased. The ten-
dency of the IL-8 expression in the tumor sites was similar to
the in vivo fluorescence imaging of the duration of IMAT for
DiR-CL/NEs after PTT. Taken together, these data illustrated
that the hold IMAT of drug-loaded NEs should be within the
8th d post one-time PTT, and the maximal IMAT of drug-loaded
NEs would occur at =2 d post one-time PTT.

Given that drug-loaded NEs could accumulate in cancer sites
by IMAT, the cargoes transferred from drug-loaded NEs to cancer
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Figure 4. The duration of IMAT for drug-loaded NEs after treatment with one-time PTT. A) In vivo images of DiR-CL/NEs at different time points after
one-time PTT. B) The mean fluorescence intensity of tumor site after DiR-CL/NE administration at different time points. C) The duration of IL-8 expres-
sion in tumor, liver, and spleen after one-time PTT. The data are shown as the mean + s.d. (n = 3).

Adv. Mater. 2018, 1805936

1805936 (5 of 8)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A B
3\/ 808 nm @ %1000 -@- Saline -4 Saline(+)
O . £ 8004 PTX-CL(+)® Taol(+)
@« / .? / ‘t‘i _ @ /. ? 3 as6]™ PTX-CL/NEs(-)
g ( Eﬁi g - PTX-CL/NEs(+) *
PEG-GNRs(i.v.) Laserirridiation ~ Administration £ 4001 |: *
1 1 1 » 5 200-
0 Day 3 Day After irridiation & 0
" -~ B M. . S—
- ¥ o 3 4 5 6 8 10 12 14
=~ u u Time (da
c - O - % z D (day)
- ® ®) 1S 40 r
o < S 5 - > -+ Saline  * PTX-CL/NEs(-)
= = o X ol ol 5  |* Saline(+) ® PTX-CL/NEs(+)
%) %) o = o o = 30]® PTX-CL®)
°3 > 57 |* Taxo®(+)
g W 1 3 L S
>
"3 B 201
169 @ &4 & o ¢
&E .
@ » L ' 1
| ? & -

HE m i

Caspase-3

Figure 5. The synergistic therapeutic efficiency of PTT and IMAT chemotherapy. A) Schematic illustration of the procedure of administration in vivo.
All mice were administered PEG-GNRs and treated with (+) or without (-) laser irradiation. Mice subsequently received different treatments of saline,
PTX-CL, Taxol, or PTX-CL/NEs. B) The growth profiles of HepS tumors in mice that received different treatments. The tumor sizes were monitored by
a digital caliper, and the tumor volume was calculated according to the following formula: width? x length x 0.5. C) Representative pictures of HepS
tumors that received different treatments (n = 3). D) Body weight changes in mice that received different treatments. E) The HE staining (top row) and
immunohistochemical staining (caspase-3, bottom row) of tumor sections at day 14 after administration of different treatments. Scale bar: 200 um.

cells were also evaluated. The fluorescence dye of coumarin 6
(C6) was loaded into cationic liposomes (C6-CL) to construct
C6-CL/NEs. As shown in Figure S8A (Supporting Informa-
tion), after being cocultured with the human hepatoma cell
line HepG2 for 4 h, the fluorescent dyes of C6 could transfer
from C6-CL/NEs to HepG2. A stronger fluorescence signal of
C6 in the cytoplasm of HepG2 was detected when treated with
phorbol myristate acetate (PMA). The enhanced cargo transfer
should be due to the acceleration of C6-CL released from
C6-CL/NEs along with the NET formation after PMA stimula-
tion because the DNA content in the supernatant of the release
medium significantly increased (Figure S8B,C, Supporting
Information).'”! Moreover, the cellular apoptosis study was con-
ducted to evaluate the in vitro synergistic therapy. The results
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demonstrated that combining PTT with PTX-CL/NEs [PTX-CL/
NEs (+)] could induce more tumor cell apoptosis compared to
PTT alone [Saline (+)] and chemotherapy alone [PTX-CL/NEs
(-)] (Figure S9, Supporting Information). The enhanced cellular
inhibition of PTX-CL/NEs (+) would be due to PTT ablation of
HepG2 and chemotherapy after PTX transferring into HepG2.
Finally, the in vivo synergistic therapy of PTT with
PTX-CL/NEs was also evaluated. PEG-GNRs were first intra-
venously injected into HepS-tumor-bearing mice, and the
tumor was exposed to 2 W cm™2 808 nm laser irradiation for
5 min at 72 h postinjection. After irradiation, saline, PTX-CL,
Taxol, or PTX-CL/NEs were intravenously injected, and the
tumor volume and body weight of the mice were monitored
(Figure 5A). As shown in Figure 5B,C, the PTT effect alone

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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[Saline (+)] suppressed tumor growth only in the first 3 d.
Tumor regeneration was observed afterward as the plateau tem-
perature at the tumor sites after one-time PTT was not sufficient
for penetration into the deep tumor tissue and only induced
part of the tumor to undergo apoptosis and necrosis.’#°" Tt
has been reported that the surviving cancer cells from PTT
would further lead to cancer relapse or even accelerate tumor
regeneration.>?) In contrast, PTT with PTX-CL/NEs [PTX-CL/
NEs (+)] displayed a potent tumor inhibition capability com-
pared to PTT alone (Saline (+)) and chemotherapy alone
[PTX-CL/NEs (-)], even to PTT with PTX-CL [PTX-CL(+)] or
Taxol [Taxol (+)]. The enhanced chemotherapy for PTX-CL/
NEs (+) would be the result of the IMAT effect of PTX-CL/
NEs, resulting in an increasing recruitment of PTX-CL/NEs
into the tumor site. Under the upregulation of inflammatory
factors induced by photothermal therapy, PTX-CL/NEs would
be intent to break down their nuclear contents and release
NETs,3! which facilitated the release of PTX-CL from NEs for
effective chemotherapy. These NETs might undergo degrada-
tion by the nuclease, and the dead NEs would likely be elimi-
nated by macrophages in the tumor tissue.l®?% The HE staining
of the tumor section showed serious cell death in the PTX-CL/
NEs (+) group. Furthermore, caspase-3 immunohistochemical
staining of the tumor section also suggested apparent caspase-3
activation in the PTX-CL/NEs (+) group compared to the other
groups, which was commensurate with the observations from
HE staining (Figure S5E). These findings indicated a potent
tumor inhibition efficacy of our synergistic strategy by com-
bining PEG-GNRs for PTT with PTX-CL/NEs for IMAT chem-
otherapy. Moreover, the systemic toxicity of this synergistic
strategy was evaluated by monitoring the body weight of the
mice and a blood biochemical assay after treatment. As shown
in Figure 5D, no body weight loss was identified following
treatment with PTX-CL/NEs (+); moreover, the liver-enzyme
levels of PTX-CL/NEs (+) in the serum were similar to those
of saline (Figure S10, Supporting Information), which suggests
that PTX-CL/NEs (+) have no serious systematic toxicity.

In summary, we have developed a synergistic anticancer
system that combines PTT of PEG-GNRs and the following
IMAT chemotherapy of cytopharmaceuticals. Accompanied by
hyperthermia to ablate cancer cells, PTT-induced inflamma-
tion could facilitate cytopharmaceuticals to migrate toward the
tumor area along the chemotactic gradient. This IMAT strategy
enhanced the specific accumulation of chemotherapy drugs
in the cancer site and broke through the limitation of other
active targeting strategies that rely on the recognition between
targeting moieties and cell-surface markers. The synergistic
anticancer system maximized the anticancer effects by taking
advantage of both methods, as well as overcoming the weak-
ness of PTT and chemotherapy. We believe this work further
broadens the repertoire of therapy-induced inflammation,
which is typically suppressed at clinical treatments. We antici-
pate the generalization of this method to additional disease
treatments in which inflammation is inevitable.

Supporting Information

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