Heliyon 10 (2024) e27408

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Intervaginal space injection of photothermal chemotherapy
nanoparticles for facilitating tumor targeting and improving
outcomes in mice

Yuling Liu’, Meng Su', Yinghan Wang, Yilong Du, Yan Wang, Nan Hu

Key Laboratory of Traditional Chinese Medicine Research and Development, Chengde Medical University, Chengde, 067000, China

ARTICLE INFO ABSTRACT
Keywords: Although numerous photothermal nanoparticles have been designed to improve the enhanced
Nanoparticles and permeability and retention (EPR) effect, the delivery of nanoparticles to the tumor site re-
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Photothermal chemotherapy

mains a major obstacle in cancer treatment. The interstital structure and its internal fluid that
play an important role in material transmission, intercellular signal transduction, tissue
morphology, immunity, tumor development, and disease diagnosis and treatment may be
considered as a new route for drug delivery. Here, we prepared a nanoplatform composed of
polydopamine (PDA), indocyanine green (ICG) as a photothermal agent, and paclitaxel (PTX) as a
chemotherapeutic drug. The designed PDA-ICG nanoparticles displayed excellent photothermal
conversion ability, with the synergistic effect of PTX, the growth of MDA-MB-231 cells was
significantly suppressed with the cell viability of 6.19% in vitro. Taking advantage of bioimaging
ability of ICG, tumor-targeting of the nanoparticles injected into the interstitial space was study,
Compared with intravenous injection, nanoparticles better targeted the tumor based on the
interstitial fluid flow in MBA-MD-231 bearing mice. Furthermore, the antitumor efficacy was
studied in vivo. With the improved accumulation of PDA-ICG-PTX nanoparticles injected into the
interstitial space and the synergistic effect of photothermal therapy and chemotherapy, tumor
growth was inhibited without obvious side effects. These results demonstrated that interstitial
space injection may be a superior administration route for tumor-targeting nanoparticles. The
PDA-ICG-PTX nanoparticles delivered via the interstitial space exhibit great potential in the
photothermal chemotherapy of cancers.

1. Introduction

In antitumor treatment, hyperthermia has become an attractive effective physical therapy and is mainly used as an adjuvant for
chemotherapy and radiotherapy [1,2]. When the temperature inside the tumor exceeds 41.5 °C, cytotoxicity occurs, and a temperature
above 43 °C severely damages tumor cells [3]. Combined with chemotherapy, the antitumor effect is greatly enhanced, while un-
wanted chemotherapy effects will be reduced. With the development of nanotechnology, nanomaterials are increasingly and suc-
cessfully used in biological application and antitumor treatments [4-7]. The properties of nanomaterials such as easy modification,
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large surface-to-volume ratio, and controllable size and shape enable them to increase the solubility of drugs, improve their stability,
and enhance their bioavailability. In addition, the strong absorption of infrared light and the photothermal conversion efficiency of
nanomaterials make them ideal agents for the photothermal therapy of tumors. Locally accumulated nanomaterials can convert lu-
minous energy into heat, resulting in an increased temperature in the tumor tissue. Thus, tumor cells are killed, whereas healthy
surrounding tissue is not impacted. Therefore, nanomaterial-mediated photothermal therapy is considered “green therapy” and is
increasingly combined with chemotherapy.

Nanomaterial delivery is a crucial factor in antitumor treatment. The commonly used administration route is intravenous injection
(IVI). Injected nanomaterials reach the tumor vessels with the systemic blood circulation and then leak into the tumor interstitium
through diffusion and convection. Subsequently, nanomaterials in the tumor interstitium are transported to the target cells. The tumor
microenvironment including structural and functional abnormalities of tumor vessels and the elevated interstitial fluid pressure
substantially impede nanomaterial transport [8,9]. How to enhance permeability and improve retention of nanomaterials in tumors
after systemic administration remains a difficult hot topic [10]. Although satisfactory results have been reported, the tumor micro-
environment is still an obstacle to drug delivery. According to preclinical data, only 0.7% of IVI-administered nanomaterials accu-
mulate in tumor tissues, and EPR effect are disputed [11-13]. This largely limits the biological application of nanomaterials in cancer
treatment, and the development of novel administration routes to improve the delivery of nanoparticles (NPs) is vital.

So far, interstitial structures have been largely ignored, and only half a century ago, the physiological and pathological significance
of interstitial structures has been recognized. Recent studies suggest that interstitial structures distributed throughout the entire body
should be regarded as an organ. The interstitial spaces are composed of a continuous fibrous network that may be connected within
tissues and organs, as well as between different tissues and organs. The interstitium with its interstitial fluid has been likened to a
“highway” that may facilitate the spreading of tumor cells under pathological conditions [14-16]. Moreover, long-distance trans-
portation via interstitial fluid occurs throughout the interstitial space of the body along with that via the blood vessels. It should be
considered a novel systemic circulation distinct from blood circulation and can be a novel route for organ-targeted extravascular drug
delivery [17-19].

In this study, we prepared NPs for photothermal chemotherapy composed of three agents: (1) polydopamine (PDA) with its
adjustable diameter, biocompatibility, biodegradability, and photothermal conversion properties is commonly utilized as a photo-
thermal agent in photothermal therapy; (2) indocyanine green (ICG) is also a popular photothermal agent to increase photothermal
efficacy and is used for near-infrared (NIR) bioimaging; and (3) paclitaxel (PTX) is a chemotherapeutic drug widely used in the
treatment of solid tumors. These PDA-ICG-PTX NPs were administered via IVI or intervaginal space injection (ISI). By comparing
intratumoral NP accumulation, we confirmed ISI as an NPs delivery route that can target tumors with minimal systemic toxicity. Our
work presents a reliable strategy to improve cancer treatment based on the synergistic effect of photothermal therapy and chemo-
therapy of PDA-ICG-PTX NPs injected via ISI and expends the delivery route of NPs.

2. Method details
2.1. Materials

Dopamine hydrochloride was purchased from J&K Scientific Co., Ltd. (Beijing China). Ammonium hydroxide and anhydrous
ethanol were purchased from Beijing Chemical Reagent Company (Beijing, China). ICG and PTX were purchased from Sigma-Aldrich
(St. Louis, USA). DAPI Staining Solution was provided by Invitrogen (USA). Phosphate-buffered saline (PBS), 4% paraformaldehyde,
Roswell Park Memorial Institute (RPMI-1640), and penicillin-streptomycin were purchased from Solebao Biotechnology Co., Ltd.
(Beijing, China). Fetal bovine serum was purchased from Zhejiang Tianhang Biotechnology Co., Ltd (Hangzhou, China). Cell Counting
Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies (Kumamoto Techno, Japan). The MDA-MB-231 cell line was
obtained from the American Type Culture Collection (ATCC, Manassas, USA).

2.2. Synthesis of PDA-ICG NPs

A total of 1.5 mL ammonium hydroxide (28-30%) was added to a mixture of 40 mL anhydrous ethanol and 90 mL deionized water,
then placed in a water bath with a temperature of 37 °C, and magnetic stirring (300 r/min) was performed for 30 h. Subsequently, 0.5 g
of dopamine hydrochloride dissolved in 10 mL of deionized water was added to the aforementioned solution. After 30 h, the solution
was centrifuged at 11,000 r/min for 15 min, followed by washing with deionized water three times, and PDA NPs were obtained after
lyophilization. Next, 4 mg of ICG were mixed with 4 mL PDA NPs (1.9 mg/mL) and suspended in a mixture of water and DMSO (10:1,
v/v). This solution was incubated at room temperature for 12 h with magnetic stirring (300 r/min), followed by centrifugation at
11,000 r/min and 38,000 r/min for 10 and 60 min, respectively. Finally, the supernatant was removed, and the sediment was washed
with deionized water three times to obtain PDA-ICG NPs.

2.3. Synthesis of PDA-ICG-PTX NPs

In total, 10 mg of PDA-ICG NPs and 3 mg of PTX were dispersed in 3 mL acetone at room temperature. After 2/3 of the acetone
volume had evaporated, PTX-coated PDA-ICG NPs were collected by centrifugation and washed three times with deionized water to
remove PTX adsorbed on the surface and obtain PDA-ICG-PTX NPs.
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2.4. Morphology

NP-containing solutions were dripped on 40-mesh copper grids. After evaporation, the samples were scanned using a transmission
electron microscope (TEM; Ht-7700, Hitachi, Japan), and the fluorescence spectra were recorded using a fluorescence and absorbance
spectrophotometer (HITACHI 7100, Hitachi).

2.5. Photothermal effect and stability

Solutions containing free ICG, PDA-ICG, or PDA-ICG-PTX were irradiated with an 808 nm laser at a power density of 1.4 W/cm? for
10 min. The temperature was monitored using an infrared thermal imaging camera (FLIR S60, USA). To further investigate the stability
of PDA-ICG-PTX NPs after irradiation, NPs dispersion (500 pg/mL) was irradiated with 808 nm laser (1.4 W/ cmz) for 4 min and then
turn off the laser, temperature was recorded every 20 s until cooled to room temperature, the operation cycle was repeated four times.
Additionally, photothermal conversion efficiency () was calculated as per the references reported [20].

2.6. Drug release rate

PDA-ICG-PTX solutions (500 pg/mL) were irradiated with 808 nm laser (1.4 W/cm?) for 5 min and then added to the dialysis bags
(MWCO: 3500Da), the bags were placed in the shakers containing PBS (pH 6.5 or pH 7.4) with a stirring speed of 120 rpm at 37 °C. At
the designed time point, 1 mL medium was taken out and the same volume PBS was added, the concentration of PTX released was
measured by HPLC [21].

2.7. Cellular uptake

MDA-MB-231 cells were seeded into a 20 mm glass bottom cell culture dish, cultured in RPMI-1640 containing 10% fetal bovine
serum and 1% penicillin-streptomycin for 12 h, and then incubated with PDA-ICG-PTX NPs in the dark at 37 °C for another 12 h. After
removal of the medium, cells were washed with PBS three times and fixed with 4% paraformaldehyde for 20 min at room temperature.
Residual paraformaldehyde was washed out using PBS, 1 mL 4’,6-diamidino-2-phenylindole (DAPI) was added, and the cells were
incubated in the dark at room temperature for 7 min. The dyed cells were kept in PBS and imaged using a confocal fluorescence
microscope (Olympus FV 1000) with an excitation wavelength of 640 nm.

2.8. Photothermal chemotherapy effect in vitro

MAD-MB-231 cells at a density of 3 x 10*/mL were seeded into 96-well plates and cultured for 6 h in the dark at 37 °C. Then PDA-
ICG or PDA-ICG-PTX NPs were added to the medium. After co-incubation for 12 h, the cells were irradiated with an 808 nm laser at a
power density of 1.4 W/cm? for 1, 2, or 5 min. After irradiation, the cells were cultured for another 24 h. Cytotoxicity was tested using
the CCK-8 assay.
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Fig. 1. Characterization of the nanoparticles. (A) Schematic illustration of the PDA-ICG-PTX NP preparation and their administration via inter-
vaginal space injection. (B) TEM image of PDA NPs and (C) PDA-ICG-PTX NPs. Scale bar = 500 nm. (D) Particle size of PDA NPs and (E) PDA-ICG-
PTX NPs. (F) Fluorescence spectra of free ICG, PDA-ICG NPs, and PDA-ICG-PTX NPs. ICG, indocyanine green; NP, nanoparticle; PDA, polydopamine;
PTX, paclitaxel; TEM, transmission electron microscopy. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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2.9. Tumor xenografts and tumor-target imaging

The animal experiments were reviewed and approved by the Animal Ethics Committee of Chengde Medical University. Female
BALB/c nude mice (4-6 weeks) were purchased from Beijing Huafukang Biotechnology Co., Ltd (Beijing, China). A total of 2 x 105
MDA-MB-231 cells were injected into the mammary pads of these mice to establish an orthotopic breast tumor xenograft model. When
tumor diameters reached 3-4 mm, NPs were injected into the interstitial space of the carpal canal as per Fig. 1A indicated in the ISI
group or into the tail vein in the IVI group. Before and after injection, the in vivo spectrum imaging system IVIS Lumina III (Perki-
nElmer, USA) was used to record real-time NIR fluorescent images at the respective time points. Mice were sacrificed 24 h after the
injection. and the tumors, hearts, livers, spleens, lungs, and kidneys were removed to analyze fluorescence intensity ex vivo. Tumor-
bearing nude mice received PDA-ICG-PTX NPs via ISI, and photoacoustic signals (PAs) were obtained by fast multispectral opto-
acoustic tomography (MSOT; inVision 128, iThera medical, Germany).

2.10. In vivo photothermal chemotherapy

Tumor-bearing mice were divided into PDA-ICG-PTX + IVI, PDA-ICG + ISI, and PDA-ICG-PTX + ISI groups (n = 5 each). After NPs
administration, laser treatment was carried out twice at a power density of 1.7 W/cm? for 5 min each with a 1 min interval. Infrared
thermal images of the tumor were obtained. Treatment was performed once a week, and tumor sizes were measured every 2 days. The
tumor volume was calculated using the following formula: volume = (tumor length) x (tumor width)%/2. On day 21, mice were
sacrificed, and tumors were dissected and weighed. Tissue samples from the tumor and visceral organs (heart, liver, spleen, lung, and
kidney) were stained with hematoxylin and eosin (H&E) for histological analysis.

2.11. Statistical analysis

All experimental data were expressed as means + standard deviation using SPSS 26.0 sofeware. One-way analysis of variane
(ANOVA) or two-way ANOVA was used to compare differences among groups after normal distribution test, and followed by the
Bonferroni or Games-Howell test for multiple comparisons. Graphs were plotted with OriginPro 8.5 software. p < 0.05 was considered
statistically significant.

3. Results
3.1. Characterization of the nanoparticles

PDA, a kind of artificial melanin material that is obtained from dopamine self-polymerization under alkaline conditions, is widely
used in photothermal therapy [22-26]. The NIR fluorescent dye ICG is approved by the United States (US) Food and Drug Admin-
istration (FDA) for clinical bioimaging use such as in laparoscopic cholecystectomy [27,28] and angiography [29,30]. Moreover, ICG is
utilized as a photosensitizer in photothermal therapy [31,32]. As a traditional chemotherapeutic agent, PTX is often used in the
treatment of breast cancer [33], ovarian cancer [34], and lung cancer [35]. In the present study, PDA-ICG-PTX NPs were synthesized
for the expected synergistic effects of photothermal therapy and chemotherapy. TEM (Fig. 1B) showed that PDA NPs were regular
spheres with smooth surface and an average diameter was 196.05 + 13.67 nm (Fig. 1D), when ICG was conjugated, the diameter
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Fig. 2. Photothermal performance and drug release of PDA-ICG-PTX NPs. (A) Heating curves of free ICG, PDA-ICG NPs, and PDA-ICG-PTX NPs after
laser irradiation. (B) Linear fitting of time data versus -In(0) from the cooling period of PDA-ICG-PTX NPs (808 nm, 1.4 W/em?). (C) Temperature
change of PDA-ICG-PTX NPs during 4 cold and hot cycles. (D) Cumulative release curves of PTX at different pH (6.5, 7.4) after irradiation (808 nm,
1.4 W/em?).
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changed to 200.66 + 6.94 nm, after PTX loaded, the surface was rough with spiny granules on it (Fig. 1B) and the average diameter
increased to of 224.36 + 23.86 nm (Fig. 1E), both of which confirmed PTX was loaded. The fluorescence spectra of ICG, PDA-ICG, and
PDA-ICG-PTX NPs in aqueous dispersion were obtained by fluorospectrophotometry. The spectrum of free ICG displayed a maximum
peak at 838 nm, whereas the peaks of PDA-ICG and PDA-ICG-PTX were slightly shifted to 846 nm due to the interaction of the n-x
conjugate between PDA and ICG (Fig. 1F) [36]. These results also indicated that ICG was successfully loaded onto PDA NPs.

3.2. Photothermal performance and drug release rate

Photothermal agents must have outstanding properties regarding NIR absorption and photothermal effect. The photothermal
conversion by free ICG, PDA-ICG, and PDA-ICG-PTX was monitored by Infrared thermal imaging, using the same concentration (50 pg/
mL) under 808 nm laser irradiation (1.4 W/ cm2) over 10 min. As shown in Fig. 2A, the temperatures of PDA-ICG and PDA-ICG-PTX NPs
increased rapidly to almost 70 °C, whereas the temperature of free ICG remained below 40 °C. The enhanced photothermal ability
results from the synergistic effect of PDA and ICG. To further estimate the photothermal performance of PDA-ICG-PTX NPs (Fig. 2B),
the photothermal conversion efffciency () was calculated and the value was 22.28%.

Then the photostability of PDA-ICG-PTX NPs was evaluated, during 4 cold thermal cycle, there was no significant changes of the
temperature obtained, which showed excellent photostability (Fig. 2C). Moreover, PTX release rates after irradiation in pH 6.5 and pH
7.4 were investigated, respectively. The cumulative release reached to 50.05% by 24 h in PBS of pH 6.5, which was higher than that of
pH 7.4 (Fig. 2D), this results may due to the weak acidic condition facilitated the release of PTX.

It has been reported that a locally higher temperature (40-43 °C) in the tumor may destroy malignant cells [37]. Our results
indicated that PDA-ICG-PTX NPs can be used as an excellent photothermal agent for photothermal therapy in further in vitro and in vivo
experiments.

3.3. Cellular uptake

To explore the cellular uptake of the NPs, MDA-MB-231 cells were incubated with PDA-ICG-PTX NPs for 12 h. Laser scanning
confocal microscopy was used to assess the internalization of NPs. The blue fluorescence was the DAPI signal after laser light excitation
at 405 nm, and the red fluorescence indicated PDA-ICG-PTX NPs after laser light excitation with a wavelength of 640 nm (Fig. 3A). The
results illustrated that PDA-ICG-PTX NPs were effectively taken up into the cytoplasm.

3.4. Photothermal chemotherapy effect in vitro

Next, we investigated the antitumor effect of the NPs in vitro. When PDA-ICG NPs were incubated with MDA-MB-231 cells for 24 h,
cell cytotoxicity was not observed for concentrations up to 100 pg/mL, demonstrating the biosafety of PDA-ICG NPs. However, when
PDA-ICG-PTX NPs were added to the cells, dose-dependent cytotoxicity occurred due to chemotherapeutic PTX effects. As shown in
Fig. 3B, cell viability decreased from 72.5% at 20 pg/mL PDA-ICG-PTX NPs to 53.3% at 100 pg/mL. Then, we evaluated the synergistic
effect of photothermal therapy and chemotherapy for the PDA-ICG-PTX NPs at concentration of 50 pg/mL. After incubation with NPs
for 12 h, cells were irradiated with 808 nm laser light (1.4 W/ em?) for 1, 2, or 5 min. Compared to the same time point, cell viability in
the PDA-ICG-PTX group was lower than that in the PDA-ICG group, when irradiated for 5 min, cell viability was 6.19%, which was 3.57
times decreased than that in PDA-ICG group (Fig. 3C). This enhanced cytotoxicity demonstrated the synergistic effect of photothermal
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Fig. 3. Cellular uptake and anti-tumor effects in vitro. (A) Laser scanning confocal microscopy of MDA-MB-231 cells incubated with PDA-ICG-PTX
NPs (Blue: DAPI, red: ICG). Scale bar = 30 pm. (B) Cell viability of MDA-MB-231 cells incubated with different concentrations of PDA-ICG NPs or
PDA-ICG-PTX NPs. (C) Cell viability of MDA-MB-231 cells incubated with PDA-ICG NPs or PDA-ICG-PTX NPs followed by 808 nm laser irradiation at
an intensity of 1.4 W/cm? for the specified time. Data were presented as means + s.d. (n = 3 per group; two-way ANOVA followed by Bonferroni test
for multiple comparisons). *p < 0.05, **p < 0.01. ICG, indocyanine green; NP, nanoparticle; PDA, polydopamine; PTX, paclitaxel. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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therapy and chemotherapy. Moreover, cell viability in the PDA-ICG-PTX group was time-dependented. These findings suggested that
PDA-ICG-PTX NPs with laser irradiation exert a synergistic antitumor effect in vitro.

3.5. Tumor targeting after ISI

To assess the tumor-targeting efficacy of PDA-ICG-PTX NPs administered by ISI (the injection point was displayed in Fig. 1A,
briefly, nanoparticles were injected into the interstitial space of the wrist canal that wraped around nerves and blood vessels. In the
interstitial space, the nanoparticles was transported to the tumor with the interstitial fluid flow [38]). orthotopic MDA-MB-231
tumor-bearing mice were divided into two groups, i.e., the ISI group and the IVI group. After the injection of 0.1 mL PDA-CG-PTX
NPs (500 pg/mL), the ICG fluorescence signal was obtained by NIR fluorescence imaging. In the ISI group (Fig. 4A), the fluores-
cence signal was detected only at the injection site of the forearm 1 h after administration, then the signal was obtained at the tumor
site over time. At 24 h, the signal extended to the left chest of the mice. Tumor and vital organs were excised after 24 h. A prominent
signal was observed in the tumor, whereas the liver showed a weak signal. By contrast, the fluorescence signal in the IVI group was
detected in the abdominal region. After 24 h, signals were found in vitro in the lung and liver but not in the tumor (Fig. 4B).

To further confirm the PDA-ICG-PTX NPs accumulation in tumor tissue, deep-tissue high-resolution MSOT was used to validate the
tumor-targeting efficacy after ISI. Fig. 4C demonstrated definite MSOT signals inside the tumor, and with progressing time, the signal
proportion increased. Thus, the optoacoustic signals of PDA-ICG-PTX NPs evidenced the superior tumor-targeting ability of ISI.

3.6. In vivo photothermal effect of PDA-ICG-PTX NPs after ISI

To investigate the differences in photothermal effects between ISI and IVI, orthotopic MDA-MB-231 breast tumor-bearing nude
mice were divided into three groups: a control group without treatment, an IVI group, and an ISI group. In the ISI and IVI groups,
animals were 3 h after NPs injection exposed to 808 nm laser treatment (1.7 W/cm?) for 5 min. Infrared thermal imaging was used to
monitor the temperature (Fig. 5A) reaching 36.4 °C in the control group, 40.0 °C in the IVI group, and 45.7 °C in the ISI group. The
temperature difference between the IVI and ISI groups may be due to the superior accumulation of PDA-ICG-PTX NPs after ISI, which
was consistent with the NIR fluorescence and PA imaging results.

In this study, the laser intensity was set to 1.7 W/cm?, and the intratumoral temperature reached up to 45.7 °C, which did not fully
inhibit tumor growth. However, when the laser intensity was set to 2.0 W/cm?, the intratumoral temperature reached up to 50 °C, the
tumors disappeared, but skin lesions occurred (Supplementary Fig. 1). Thus, a temperature below 45 °C is suitable without damaging
the surrounding healthy tissue [39].

3.7. In vivo photothermal chemotherapy effect and safety evaluation

Based on the excellent accumulation of NPs at the tumor site after ISI, the chemophotothermal effect of PDA-ICG-PTX NPs was
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Fig. 4. Detection of PDA-ICG-PTX NPs following their intervaginal space injection (ISI) into tumor-bearing mice. (A, B) Real-time NIR fluorescence
images of tumor-bearing mice in vivo and tumor tissue and organs ex vivo after ISI (A) and IVI (B) of PDA-ICG-PTX NPs. (C) MSOT of PDA-ICG-PTX
NPs on transections of tumor regions at different time points. The white arrow indicates the tumor. ICG, indocyanine green; ISI, intervaginal space
injection; IVI, intravenous injection; MSOT, multispectral optoacoustic tomography; NIR, near-infrared; NP, nanoparticle; PDA, polydopamine; PTX,
paclitaxel. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Antitumor effects of photothermal chemotherapy in vivo. (A) Infrared thermal images of tumor-bearing mice after 808 nm laser irradiation
(1.7 W/cm?, 5 min) in different groups. (B) Tumor growth over 21 days after the first treatment. (C) Tumor weight in the study groups on day 21.
(D) Tumor morphology at different time points after the first ISI treatment with PDA-ICG-PTX NPs in vivo. (E) Images of excised tumors on day 21.
(F) H&E-stained tumor sections after the respective treatment. (Scale bars = 20 pm). Data were presented as means =+ s.d. (n = 5 per group; one-way
ANOVA followed by Games-Howell for multiple comparisons).*p < 0.05, **p < 0.01. H&E, hematoxylin and eosin; ICG, indocyanine green; ISI,
intervaginal space injection; NP, nanoparticle; PDA, polydopamine; PTX, paclitaxel. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

investigated. Animals were divided into three groups: PDA-ICG-PTX + IVI, PDA-ICG + ISI, and PDA-ICG-PTX + ISI. The tumor sites
were laser-irradiated 3 h after NPs injection. As shown in Fig. 5B, the tumor volume in the PDA-ICG-PTX + IVI group grew rapidly
possibly due to insufficient number of photothermal agents at the tumor site. Although enough NPs accumulated at the tumor site after
ISI, tumor growth in the PDA-ICG + ISI group was only controlled to a certain extent. In the PDA-ICG-PTX -+ ISI group, tumor growth
was strongly suppressed. Furthermore, tumors in the PDA-ICG-PTX + ISI group were ablated after the first treatment (Fig. 5D). On day
21, animals were sacrificed by intraperitoneal injection of an anesthetic overdose, and the tumors were excised and weighed. The
average tumor weight of the PDA-ICG + ISI group was significantly lower than those of the PDA-ICG-PTX + IVI and PDA-ICG + ISI
groups, decreased by 13 times and 4 times, respectively (Fig. 5C and E). In H&E-stained tumor sections, more necrosis was observed in
the PDA-ICG-PTX + ISI group than that in the other two groups (Fig. 5F). These results indicated that photothermal therapy alone was
not sufficient to prevent tumor growth, whereas photothermal therapy with chemotherapy displayed excellent synergistic antitumor
effects.

Finally, the biosafety of PDA-ICG and PDA-ICG-PTX NPs was investigated after IVI and ISI. Major organs were histologically
analyzed. In the PDA-ICG-PTX + IVI group, hepatic edema (Fig. 6) was observed in addition to skin lesions (Supplementary Fig. 2). The
potential accumulation of NPs in the liver may cause these unwanted chemotherapy effects. No structural damage was found in the
PDA-ICG + ISI and PDA-ICG-PTX + ISI groups. These results suggested that NPs administered by ISI may decrease the systemic toxicity
of chemotherapeutic drugs. ISI-administered PDA-ICG-PTX NPs may serve as a safe and efficient nanoplatform for photothermal
chemotherapy.

PDA-ICG-PTX+IVI

PDA-ICGHISI

PDA-ICG-PTX+ISI

Fig. 6. Biosafety of nanoparticles after IVI and ISI. H&E staining of vital organs in the different study groups. The black arrow points to edema of the
liver in the PDA-ICG-PTX + IVI group (Scale bars = 100 pm). H&E, hematoxylin and eosin; ICG, indocyanine green; IS, intervaginal space injection;
IV, intravenous injection; PDA, polydopamine; PTX, paclitaxel. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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4. Discussion

One of the primary challenge in the photothermal chemotherapy of cancer treatment is to increase the delivery of NPs to the tumor
site. Most of the recent researches have focus on the improvement of EPR effect, but NPs delivery remains insufficient in a meta-
analysis of cancer-targeting nanomedicine [40]. The most common administration route for NPs is IVI. Compared with normal
blood vessels, blood vessels in tumors are irregularly twisted, with high blood flow resistance, low flow velocity, and uneven distri-
bution. Additionally, the blood vessel density in the tumor core is much lower than that in its periphery, and the ratio of avascular areas
to blood-filled areas is higher. These changes lead to insufficient blood supply to tumor tissue, which affects NPs delivery. Moreover,
due to extracellular matrix proliferation in the tumor stroma, the interstitial pressure increases substantially which further reduces NPs
translocation from blood vessels to the tumor tissue [41,42]. In addition, the size of NPs is a key factor in their delivery after IVI;
particle sizes below 20 nm can efficiently penetrate the extracellular matrix from the blood vessels, whereas particles with sizes of 100
and 200 nm barely extravasate (<5%) [9,43]. Our results are consistent with these reports. In the IVI group, PDA-ICG-PTX NPs with a
size of 200 nm are not detected in tumor tissue.

On account of the limitations of IVI, we exert another type of administration way named intervaginal space injection (ISI). Prior
studies have demonstrated that ISI is a new type of drug administration that is based on the interstitium distributed over the entire
body. Within its hierarchical multiphase porous medium (a micrometer-scale hydrophobic fiber network filled with a nanometer-scale
hydrophilic porous medium), interstitial fluid transported inside takes action on the delivery of matter and messages [44-46]. In our
previous research, liquid metal is injected into the interstitial space of the carpal canal in B1¢F;¢-bearing mice, the metal is transported
inside the perivascular interstitial space, which is always accompanied by nerves and blood vessels, from the fingertip to the axillary
region and TEM results indicate that the injected liquid metal circulates through the tumor-penetrating fiber network in the stroma and
transports into the tumor [38].

According to these investigations, we deduce that PDA-ICG-PTX NPs injected by ISI transport in the interstitial space to the tumor
site, then tumor interstitium may facilitate the delivery of NPs: the proliferative tumor stroma increases the transportation of nano-
particles along the interstitial fiber network and the increased interstitial fluid and slowed lymphatic reflux prolong the retention time
of NPs in the tumor stroma. As a result, we detect the accumulation of NPs inside the tumor ISI group. Then the interstitial fluid
containing NPs will exchange substances with lymphatic fluid, and the exchanged NPs will return to blood circle at last. So the
fluorescence signals are obtained in liver at 24 h in ISI group.

5. Conclusion

To improve antitumor efficacy, we designed PDA-ICG-PTX NPs that exerted synergistic photothermal therapy and chemotherapy
effects. In vitro, the NPs displayed excellent cytotoxicity. When injected into the interstitial space, these NPs quickly accumulated in the
tumor tissue. After irradiation with an 808 nm laser, tumor growth was effectively inhibited due to the synergism of photothermal
therapy and chemotherapy with minimal toxicity to other organs. Our study findings indicated that ISI had superior tumor-targeting
ability and that the delivered PDA-ICG-PTX NPs have the potential for cancer treatment. This expanded the biological application of
NPs.
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