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ABSTRACT: Of patients bearing unresectable tumors at
advanced stages, most undergo serious pain. For unresectable
tumors adjacent to vital organs or nerves, eliminating local %
cancer pain without adverse effects remains a formidable
challenge. Interventional ablative therapies (IATs), such as
radio frequency ablation (RFA), microwave ablation, and
irreversible electroporation, have been clinically adopted to
treat various carcinomas. In this study, we established another
palliative interventional therapy to eliminate local cancer pain,
instead of relieving nociception temporarily. Here, we
developed another interventional ablative therapy (termed
nanoparticle-mediated microknife ablation) to locoregionally
eliminate cancer pain and tumors. The IAT system was composed of self-assembled nanodrugs, infusion catheters, puncture
needles, injection pump, and an empirical tumor ablation formula. Notably, the ablation formula established in the IAT system
enables us to predict the essential nanoparticle (NP) numbers used for completely destroying tumors. In a mouse model of
cancer pain, tumor-targeted nanodrugs made of Paclitaxel and Hematoporphyrin, which have an extremely high drug-loading
efficiency (more than 60%), were infused into tumors through injection pumps under imaging guidance. In conclusion, when
compared to classic chemotherapeutic agents, IAT showed significantly higher effectiveness in cancer pain removal. It also
presented no damage to the nervous, sensory, and motor capabilities of the treated mice. All of these merits resulted from
NPs’ long-lasting retention, targeted ablation, and confined diffusion in tumor stroma. Therefore, this safe treatment modality
has great potential to eradicate local cancer pain in the clinic.
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espite improvement in pain management, 70% of

patients bearing advanced malignancies suffer from

cancer-related pain.'~ Clinical outcomes of cancer
pain control tend to be poor in many patients.* This places
unendurable physiological and psychological burdens on those
sufferers, even accelerating disease progression.” These suffer-
ings apparently weaken patients’ willingness to survive, but
attention toward the issue seems inadequate.””

One of the major types of cancer pain is deemed to be
neuropathic pain,”® which can be attributed to peripheral
nerve compression by neoplasms. When possible, the pain
sources were removed by surgical resection. Unfortunately, for
a large proportion of patients in the terminal stage of cancer,
lesions are frequently unresectable because of tumor invasion
into vital organs or nervous systems.”® Although opioid drugs
act as cornerstones of pain control in advanced cancer cases,’
cancerous neuropathic pain is often intractable.” On the other
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hand, the negative effects of opioid analgesics involve nausea,
apnea, addiction, sedation, and drug tolerance risk.'”"" These
drawbacks further impede their practical application. More-
over, palliative treatments using analgesic drugs merely give
rise to short-term action and frequently fail to produce
sufficient analgesia efficacy.'""”

Nanotechnology-based strategies have been utilized to tackle
various pain diseases; the studies about cancer pain relief using

13—18

nanocarriers are still rare. Overall, previous studies
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regarding cancer pain management always focused on
transitory ache relief but not pain eradication.””~** In addition,
interventional ablative therapies (IATs), including microwave
ablation, radiofrequency ablation (RFA), and irreversible
electroporation, have been clinically applied in treating a
wide range of carcinomas. However, insufficient ablation
produced by conventional IAT may cause tumor recurrence.
Besides, during thermal ablative therapies, tumor locations
close to vital organs likely bring about severe injuries to
surrounding healthy tissues. Hence, the application field of
IAT is indeed limited, and only a fraction of patients can
benefit from this technique. More powerful and safe IAT must
be exploited urgently.

Taken together, a nonaddictive, long-lasting, safe, and
efficient aﬂ)roach to removing advanced cancer pain is elusive
currently.” "**%*>2¢ Eradicating locoregional tumors and
cancer pain safely remains a significant challenge.”’~*’
Therefore, to surmount the above-mentioned challenges, we
developed another IAT termed nanoparticle-mediated micro-
knife (NP-MK) ablation to locoregionally eliminate cancer
pain as well as tumors. This IAT system was composed of self-
assembled nanoparticles (NPs), infusion catheters, puncture
needles, injection pump, and an empirical tumor ablation
formula. In a cancer pain model,”” high drug-loading efficiency
(DLE) of nanodrugs composed of Paclitaxel (PTX) and
Hematoporphyrin (HP) were directly infused into tumors via
puncture needles and injection pumps under imaging
guidance, which thus made intratumoral (i.t.) administration
more accurate. With the aid of targeted ligand HP, the self-
assembled nanodrugs can discriminate between cancerous and
normal cells around injection sites, safely achieving tumor-
specific ablation (Scheme 1).

Scheme 1. An Interventional Ablative Therapy (IAT)
Termed Nanoparticle-Mediated Microknife Ablation Is
Successfully Set up to Eliminate Cancer Pain and Tumors
Locoregionally under Imaging Guidance”
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“The IAT approach presents favorable therapeutic efficacy and shows
no damage to nervous, sensory, and motor functions of treated mice,
largely owing to long-term retention, targeted ablation, and confined
diffusion of nanoparticles in tumor regions.

Notably, it was found that absolute NP numbers (Nyp,)
have an approximately linear correlation with the tumor
volume reduction (V,egyction)- In virtue of the acquired function
correlation, we could predict essential NP amounts to precisely
destroy lesions. In this way, the NP-MK system was used to
eradicate local cancer pain, and it showed no detectable
toxicity to neighboring healthy tissues. This technique also
presents no obvious damage to nervous, sensory, and motor

functions of treated mice. In addition, pain-relevant symptoms
fully disappeared in mice after IAT treatments. Thus, we
successfully set up an interventional ablative therapy (IAT) to
eradicate local cancer pain at an advanced stage. This NP-MK
technique may provide an alternative avenue for expanding
application fields of nanomedicine. It can be expected that all
kinds of nanocarriers will be developed prosperously for
precise IAT by utilizing analogous patterns to NP-MK systems.

RESULTS

Synthesis and Characterization of Carrier-Free Nano-
drugs. The carrier-free nanodrugs having a high drug loading
efficiency (DLE) were prepared using a nanoprecipitation
method. Briefly, paclitaxel (PTX) and hematoporphyrin (HP)
were dissolved together in dimethyl sulfoxide (DMSO),
followed by addition of the mixture to physiological saline
containing polyvinylpyrrolidone (PVP) under the condition of
stirring vigorously. Because of the solvent variation, PTX and
HP molecules coassembled quickly to form PTX nanoparticles
(termed PTX-HP nanodrugs). Then, after dialysis and
centrifugation separation, the resulting nanoparticles (NPs)
were acquired facilely. The integration of HP into the
nanoformulation guarantees the NPs’ good dispersity.

Through attempting various ratios of formulations, we
obtained optimal PTX-HP nanodrugs after coassembly of PTX
and HP molecules at a mass ratio of 4:1, which thus possessed
a very high DLE (~63%), favorable polydispersity (0.11 to
0.15), and uniform morphologies of nanospheres (Figure
S1A). As monitored by dynamic light scattering (DLS) (Figure
S1B,C), PTX-HP nanodrugs also exhibited excellent stabilities
(in a salt solution, 0.1% NaCl) as well as a hydrodynamic
diameter of about 95 nm. By utilizing phosphate-buffered
saline (PBS) plus 10% fetal bovine serum (FBS) to imitate
physiological environments, we observed a long-lasting PTX
release from NPs in vitro over a period of three weeks.
Furthermore, the NPs could be efficiently internalized in
tumor cells, thereby eliciting strong cellular toxicities similar to
equivalent doses of PTX agents (Figure S1D,E). According to
high-sensitive Flow NanoAnalyzer measurements, the purified
PTX-HP nanoformulation (made of 1.89 mg mL™' PTX)
contained 1.61 X 10'> NPs in 1 mL of solution. Unless
otherwise specified, this nanodrug concentration was used in
subsequent experiments. A mass ratio of four (PTX/HP)
would be adopted in nanodrug fabrication in order to obtain
ideal nanoparticles (about 100 nm in diameter). Amphipathic
HP is a negatively charged dispersing agent that facilitates
hydrophobic PTX as a core to form stable nanodrugs. HP is
also considered to be located on the NPs’ outside surfaces
when it is used in nanodrug fabrication, largely resulting in its
high stabilities.

Orthotopic Tumors Are Eliminated Precisely in
Cancer Pain Models by Employing the Established
NP-MK System. Next, to ensure the accuracy and
reproducibility of intratumoral (i.t.) administration, we
adopted an injection pump device equipped with puncture
needles to conduct all drug infusions. By employing a
hyaluronate acid (HA) hydrogel to simulate tumor stroma
tissues, we found that a low injection rate (less than 10 uL s™")
contributed to the production of more regular infusion shapes
when compared to fast liquid afflux (Figure 1A). Drug
extravasation from HA hydrogel likely occurred at a high
infusion rate. Therefore, the subsequent interventional
administration would be performed through injection pumps
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Figure 1. Orthotopic tumors are cleared up precisely in cancer pain models by the use of NP-MK system under US imaging guidance. (A)
Representative images show that infusion of nanoparticles using the NP-MK system at different rates (a 100 L dose for 1, 2, 3, S, 10, or 20
s) yields various infusion shapes in HA hydrogels. (B) Tumor volume changes in mouse models of cancer pain after intratumoral (i.t.)
infusions of different doses (i.e., 0.4025 X 10", 0.805 X 10", 1.61 x 10'°, 3.22 X 10", or 4.83 X 10'° NPs) of nanodrugs by the NP-MK
system. (C) On Day 4 after interventional administration of 0.4025 X 10" (II), 0.805 x 10'° (III), 1.61 X 10" (IV), 3.22 x 10'® (V), or 4.83
X 10" (VI) NPs, representative US images show sham normal groups (I) and sarcoma (II to VI); yellow circles denote tumor regions
measured by ultrasonography. Scale bars, 4 mm. (D) Linear regression analysis between NPs’ numbers (Nyp) and tumor volume reduction
(Vieduction) on the fourth day after treatments (R* = 0.8345). (E) Tumor growth profiles of cancer pain models receiving a single
administration of PBS, free PTX + HP, or nanoparticles (0.8X, 1.0X, or 1.2X the benchmark dose of NPs). The linear regression equations
are employed to calculate NP benchmark doses (Y = 3.405e-009*X + 36.43; If the Y value is 300, NP benchmark amounts served as X values
can be obtained by using this function). (F) Mouse survival curves after various treatments. (G) Individual tumor growth graphs from E
indicating complete tumor regression rates (CR). Brown arrows represent a single interventional administration via injection pumps on the
eighth day after inoculation. *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical differences were compared with a two-way analysis of
variance (ANOVA) for (B) and (E). Mantel-Cox test was conducted for survival analysis (F). All data were exhibited as means & SD (n = §).
ns means not significant.

at a flow rate of S uL s™! under imaging guidance. After that, by
inoculation of S180 sarcoma cells to the immediate vicinity of
the sciatic nerve, we established a mouse model of cancer pain
following ultrasound (US) examination. As previously
reported, this animal model presented classic symptoms of
spontaneous cancer pain (hind paw-lifting actions) and
stimulus-elicited hyperalgesia as a result of nerve compression
by orthotopic tumors.

When the sarcoma volume approximated to 280 mm? a
puncture needle was inserted into central regions of tumors
under the direction of US imaging, followed by i.t. infusion of
nanodrugs (i.e., 0.4025 X 10'°, 0.805 X 10'°, 1.61 x 10", 3.22
X 10", and 4.83 X 10'° NPs) via injection pumps (Figure 1B).
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As shown in Figure 1B, tumor sizes gradually decreased after
interventional therapies. US images revealed that the reduction
in tumor volume reached a maximum in all treated groups on
the fourth day after treatments (Figure 1C), but tumors began
to regrow following initial regression (Figure 1B). Considering
that a lack of administration doses might lead to tumor
residues, we further analyzed the correlation between NPs’
absolute numbers (Nyp) and tumor volume reduction
(Vequctions 0N the fourth day after treatments) to predict
essential doses used for eradicating local neoplasms. US
imaging was also employed to detect neoplasm size changes.
Ultimately, a linear regression analysis was carried out between
Nyp and V,egueion (Figure 1D). The relation coefficient (R) and
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Figure 2. NP-MK system using targeted nanodrugs further eliminates cancer pain without detectable side effect. After interventional
treatments, cancer pain symptoms, such as (A) cumulative paw-lifting time, (B) mouse paw-lifting frequency, (C) hyperalgesia against
mechanical stimuli, and (D) cold hypersensitivity, are inspected, respectively. (E) Motor abilities of mice receiving interventional
administration of PBS, NPs, or free PTX plus HP are assessed in rotarod assays. (F) After interventional treatments with different
formulations, the nervous functions were further revealed by measuring sciatic function indexes in cancer pain models. Yellow arrows
suggest a single interventional administration under US imaging guidance on Day 8 after inoculation. *P < 0.05, **P < 0.01, and ***P <
0.001. P values were calculated by an unpaired two-tailed ¢ test in (A—F) (means + SD; n = 6 to 8). ns means not significant.

linear regression equations were acquired from Figure 1D.
Comfortingly, the relatively high R* values (R* = 0.8534)
suggested a good linear correlation between Nyp and V,guction-

Thereafter, in order to further investigate the applicability of
this linear regression equation, tumors (around 300 mm?®) in
cancer pain models were infused with a single dose of PBS, free
PTX + HP, or nanodrugs under US imaging guidance. The
administration doses were, respectively, 0.8, 1.0, and 1.2 X the
NP benchmark numbers (Nyp) calculated from the linear
regression equation. [ie., Y = 3.405e-009*X + 36.43; if tumor
volume reduction (Y value) is 300, benchmark NP numbers
(Nyp, X value) can be obtained from the equation. Finally, Nyp
is determined to be 7.741 X 10'°.] Tumor progression after
percutaneous injection was also assessed by applying US
imaging. At Day 20 after tumor inoculation, US measurements
proved evident tumor growth in mice treated with free PTX +
HP, or low doses (0.8 X Nyp = 6.193 x 10'° NPs) of
nanoformulation (Figure 1E). In contrast, the mice receiving
1.0 or 1.2 X the basic doses of nanoparticles ultimately showed
no detectable tumor (Figure 1E). As documented in Figure 1F,
the mice treated with a benchmark dose (1.0 X Nyp = 7.741 X
10'" NPs) of nanodrugs exhibited a long survival time (over 54
days) similar to ones receiving 1.2 X the basic dose of NPs (1.2
X Nyp = 9289 X 10'° NPs), and no tumor relapse was
observed in the two groups. On the contrary, malignancy
relapse occurred frequently in groups receiving 0.8 X the
benchmark dose of NPs (4/5) or PTX plus HP agents (5/5),
which ultimately led to significantly short survival time (Figure
1F,G). Furthermore, Figure 1G established that sufficient
administration doses, including 1.0 and 1.2 X the basic doses of
NPs, enabled lesions to be fully cleared (100% tumor
regression rate, n = S per group). Taken together, all results
substantially verified that the established IAT system was
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available in animal models of orthotropic sarcomas. Depending
on the linear regression equation (Y = 3.405e-009*X + 36.43)
from Figure 1D, we could calculate basic NPs’ numbers/doses
(INxp, defined as X values) to precisely eliminate tumors. The
slope of the linear regression equation was defined as tumor-
killing coefficients (namely, k values) to reflect NPs’ antitumor
capacities.

The NP-MK System Using Targeted Nanodrugs
Eradicates Local Cancer Pain as well as Sarcoma In
Situ. To estimate the potency of the NP-MK system in cancer
pain removal, we employed another batch of mouse models
bearing cancer pain in subsequent behavioral assays (n = 6 to 8
for each group). On the eighth day after tumor inoculation, the
mice developed signs of lifting their hind paw, which was
associated with spontaneous pain. Then, the tumors (around
300 mm?®) were percutaneously infused with PBS, free PTX +
HP, or a basic dose (1.0 X Nyp = 7.741 X 10' NPs) of
nanodrugs under ultrasonography piloting. At predesigned
time points, researchers recorded the cumulative duration and
paw-lifting frequency in each mouse during a 10 min
observation period (Figure 2A,B). Figure 2A showed that
paw-lifting actions gradually disappeared in nanodrug-treated
groups, whereas the symptom of spontaneous cancer pain
became more and more obvious (up to around 47 s on Day
14) in PTX-treated mice. No paw-lifting behavior was found in
the contralateral hind limbs.

These data documented that the NP-MK ablation can be
used for eradicating spontaneous cancer pain (Figure 2A,B).
Also, we probed the ability of the NP-MK system to alleviate
mechanical allodynia as well as hyperalgesia. Following various
treatments, mechanical hypersensitivity was assessed in von
Frey tests where hind paws were irritated with von Frey
filaments, generating a series of forces (0.04—2.00 g) so as to
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Figure 3. NP-MK system does not elicit severe side effects (nerve injuries) in cancer pain treatments, largely attributed to long-term
retention and confined diffusion of nanodrugs within tumors. (A) The penetration of ICG dyes into sciatic nerves indicates structural
integrity of epineuria in cancer pain models after interventional treatments with PBS, NPs, or free PTX + HP. (B) Representative H&E-
stained sections of sciatic nerves in mice bearing cancer pain. Blue boxes also unveil peripheral structures of sciatic nerves on Day 16 after
tumor inoculation (n = 5). The scale bar indicates 50 gm. (C, D) Detection of (C) lymphocyte counts and (D) body weights in normal mice
treated with nanodrugs or an equivalent dose of PTX plus HP. (E—G) Quantitative measurements of PTX contents in (E) sciatic nerves, (F)
orthotopic tumors, or (G) plasm using LC-MS/MS analysis after different interventional treatments (n = 3). (H, I) Quantitation of PTX
distribution in vital organs by LC-MS/MS at (H) 24 h or (I) 48 h following interventional administration, n = 3. *P < 0.05, **P < 0.01, and
*#%P < 0.001. Statistical difference was checked using a two-tailed unpaired ¢ test for (A) or with a two-way analysis of variance (ANOVA)
for (C—I). All data represent the means + SD. ns means not significant.

calculate 50% withdrawal thresholds (Figure 2C). For the PBS
group bearing cancer pain, paw withdrawal thresholds
exhibited a trend to gradually diminish, indicating the
augmented sensitivity to mechanical irritations. On Day 14
after inoculation, withdrawal thresholds of ipsilateral paws in
NP-treated mice and in PTX-treated groups were 1.26 + 0.22
and 0.20 + 0.07 g, respectively (Figure 2C). Notably, no
significant difference was found between the NP group and the
tumor-free control group.

Next, by dropping acetone to the plantar surface of the hind
paw, we further monitored the cold hypersensitivity in the
cancer pain models. Paw withdrawal frequency was recorded
following acetone stimulation (Figure 2D). For tumor groups,
paw withdrawal responses gradually became frequent. On the
contrary, the mice subjected to nanodrug treatments presented
an apparent decrease in acetone-elicited hypersensitivity, as
reflected in Figure 2D. At Day 14, paw-withdrawing responses
in PTX plus HP-treated mice were 2.5-fold higher when
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compared to ones receiving NP administration (Figure 2D),
implying its hypersensitivity to cold stimulation. All data
suggested that the IAT using NP-MK systems indeed had the
capacity to eradicate local cancer pain.

The Established IAT Shows a Negligible Injury to
Nervous, Sensory, and Motor Functions of Treated
Mice. Given its powerful potency, we further examined the
impact of the NP-MK system on nervous functions. We first
conducted rotarod assays to determine mouse retention time
on rotating rods, which denotes motor functions of the treated
mice. On Day 13 after inoculation, Figure 2E (rotarod tests)
demonstrated a full recovery of motor functions in the NP-
treated group, whereas the mice in the presence or absence of
PTX plus HP treatments obviously developed motor
dysfunction on Day 11. In footprint assays (Figure 2F), the
sciatic function index (SFI) was measured to evaluate basic
functions of sciatic nerves. Consistent with the results of
rotarod assays, PTX plus HP treatments gave rise to an evident
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reduction in SFI, which thus revealed a severely impaired
condition of sciatic nerves, while the mice receiving the
benchmark dose (1.0 X Nyp = 7.741 X 10'° NPs) of nanodrugs
presented a high score of SFI on Day 13 (Figure 2F).

Subsequently, the tumor residues were resected after various
treatments and stained with hematoxylin and eosin (H&E).
Representative histological pictures (Figure S2) confirmed that
no classic cancer cell was seen in NP-treated groups, further
proving the entire clearance of tumors by the NP-MK system.

NP-MK System Presents a Good Biosafety, Inducing
No Detectable Side Effect. When all behavioral tests were
accomplished on the 16th day after tumor inoculation, we
assessed the side effects of the NP-MK system. Eight hours
after it. injection of fluorescent dyes indocyanine green (ICG),
the sciatic nerves close to neoplasms were harvested and
subjected to quantitative detection of ICG fluorescence,
followed by staining with hematoxylin and eosin (H&E). As
illustrated in Figure 3A, the sciatic nerves in the PBS group
(PBS treatment) had 8.95-fold higher fluorescence signals than
that of NP-treated nerves. Figure 3B also documented that the
penetration of ICG dye into sciatic nerves in the PTX plus HP
group was likely due to epineurium structure impairments.
Intratumoral infusion of NPs induced no notable damage to
the treated sciatic nerves (Figure 3B). In addition, PTX plus
HP treatments seemed to be insufficient to prevent epineuria
from destruction by sarcoma cells. There were evident defects
in nervous myelin sheaths of tumor-bearing mice (PBS group,
Figure 3B) on Day 16 after tumor inoculation.

To inspect NPs’ toxicities to healthy mice, we conducted a
hematological analysis after a single intramuscular (im.)
administration and then found no marked change in key
health indicators (Figure S3A—D) such as aspartate amino-
transferase (AST), alanine aminotransferase (ALT), urea
nitrogen concentration, mean corpuscular hemoglobin con-
centration (MCHC), hemoglobin (HGB), and red blood cell
levels (RBCs). Besides, PTX plus HP administration elicited a
significant reduction in total lymphocytic numbers on the
seventh day after treatments, while the mice receiving NP-MK
therapies exhibited negligible changes in lymphocyte counts
(Figure 3C). Body weights were increased in NP-treated mice,
analogous to the control groups (Figure 3D). In summary,
these results validated that NP-MK therapies had exciting
superiorities over conventional chemotherapeutics due to its
favorable efficacy in safely eradicating local malignancies and
cancer pain.

Size-Exclusion Effects of Nanodrugs in Tumor Stroma
Play Critical Roles in NPs’ Long-Lasting Retention and
Confined Diffusion, Thus Yielding Satisfactory Ther-
apeutic Efficacy. To further explore the reasons for its
favorable biosafety and therapeutic potency, we inspected the
biodistribution of nanodrugs after NP-MK treatments. Briefly,
another batch of mice bearing cancer pain was randomly
separated into 2 groups and then received i.t. administration of
nanodrugs (1.0 X Nyp) or free PTX plus HP. At
predetermined time points, tumors and vital organs of these
mice were resected to measure PTX contents by liquid
chromatography with tandem mass spectrometry (LC-MS/
MS) analysis.

In biodistribution experiments, PTX levels were dramatically
lower in nerve tissues of NP-treated mice than in PTX plus HP
groups (Figure 3E). Figure 3E showed that when compared to
small-molecule drugs like PTX, it was more difficult for large-
sized nanoparticles to infiltrate into nervous fibers, regardless

of nerve sheath barriers. Furthermore, PTX plus HP infusion
only preserved about 23% of total PTX contents in tumors on
Day 2, followed by complete clearance within 4 days. In
contrast, NP deposits kept over 40% of payloads in neoplasms
for 8 days (Figure 3F). More importantly, on the 14th day after
nanodrug infusion (n = 3 each time point), there was still 18%
of initial injection doses in harvested tumors. Therefore, it can
be concluded that NP-MK treatments gave rise to long-term
NPs’ retention in tumors over 14 days (Figure 3F), and a high
nanodrug concentration in tumors contributed to the removal
of cancer pain. Upon it. administration, the small-molecule
drug PTX was prone to dissemination from orthotopic
neoplasms, which largely triggered tumor recurrences. Besides,
after locoregional treatments with free PTX plus HP agents,
high levels of PTX accumulated in the mouse plasma (Figure
3G), liver, spleen, lung, and kidney (Figure 3H,I). The mice
treated with free PTX + HP showed a similar drug level in
plasma between Day 1 and Day 2 (Figure 3G), which can be
attributed to intratumoral administration of free PTX in
DMSO as well as a relatively slow release of hydrophobic PTX
in tumor tissues.

Intriguingly, the injected nanodrugs tended to be retained in
tumor tissues and exhibited low levels of PTX dissemination to
mouse organs at 24 and 48 h after administration (Figure
3H,I). The NPs’ diffusion seemed confined in tumor regions,
thereby ensuring the safety of this IAT.

CONCLUSION

As locoregional tumor masses were eliminated by the use of
the NP-MK system, the signs of cancer pain had disappeared in
treated mice, which suggested that the interventional precision
treatments indeed eradicated local cancer pain at terminal
stages. Notably, the NP-MK therapies were dramatically
effective in cancer pain removal, whereas free PTX revealed
a slight potency to attenuate sufferings. We found that manual
injection manners very easily lead to drug extravasation from
injection sites and that rapid intravenous (i.t.) injection often
triggers the drug extravasation from tumors. Mechanical
injection modes enable extremely slow it. infusion, which
has better reproducibility and precision when compared to
manual injection. As a result, the use of mechanical pump-
injection is an important basis of improving administration
precision as well as the tumor ablation formula.

The advantages of this IAT system over conventional
chemotherapeutics (PTX) primarily arise from NPs’ excellent
features that enable PTX-HP nanoparticles to actualize long-
term retention and locally confined diffusion in tumors, which
are distinct from small-molecule drugs.26 Besides, size-
exclusion effects of nanoparticles in tumor stroma or around
myelinated nerves prohibit their further dissemination from
neoplasms to other important organs.”” The long-term
retention and confined diffusion of nanoparticles within
tumor regions also play critical roles in clearing up cancer
pain without a negative effect.’” It has been demonstrated that
hematoporphyrin derivative was tumor-selective and accumu-
lated specifically in malignant tissues, which was utilized as a
targeted ligand to distin§uish neoplasms from healthy organs in
the NP-MK system.’** More importantly, we found that the
absolute numbers (Ny;p) of NPs have an approximately linear
relation with tumor ablation volume by use of the NP-MK
system. The method we established was also proved to predict
the necessary NP amounts that enable the complete
elimination of local tumors and cancer pain. In conclusion,
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another IAT method using the NP-MK system was clarified to
realize precise local tumor eradication. Therefore, it can be
expected that the therapeutic approach has excellent potential
for conquering advanced cancer pain in the clinic and it will
likely benefit more cancer patients in the future.

EXPERIMENTAL SECTION

Cell Lines. Sarcoma 180 cells [S180, American Type Culture
Collection (ATCC)] from mouse ascites were expanded in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
1% (v/v) penicillin—streptomycin mixtures and 10% (v/v) fetal
bovine serum (FBS, Hyclone) in culture incubators at $% CO, and 37
°C.

Chemical Reagents. The chemical compounds, including
paclitaxel (PTX, MedChemExpress) and hematoporphyrin IX
dihydrochloride (HP, MedChemExpress), were employed for the
preparation of carrier-free nanodrugs. Indocyanine Green (ICG,
SigmaAldrich) as a fluorescent dye was used to monitor the structural
integrity of nerve fibers. Hydrogel made of sodium hyaluronate (HA,
MedChemExpress) was harnessed to simulate tumor stromal
environments in ex vivo administration experiments. The bilayer of
the HA hydrogel consisted of an upper layer of 2% (w/w) hydrogel
and a lower one [7% (w/w)] at a volume ratio of 1:4.

Characterization and Preparation of PTX-HP Nanoparticles.
Briefly, 5 mg of HP and 20 mg of PTX compounds had dissolved
together in DMSO solvent (0.5 mL), followed by the addition of
sodium hydroxide (0.9 mg). Subsequently, the mixtures were slowly
dropped into 9.5 mL of 0.9% (w/w) NaCl solution comprising 0.01%
(w/w) polyvinylpyrrolidone (PVP, Sigma Aldrich) while stirring
vigorously to facilitate NPs’ formation. Afterward, the raw NP
solution was centrifuged at 2000g for 10 min so as to exclude large-
sized NPs and then dialyzed in a condition of a cutoff molecular
weight of 14 kDa against ultrapure water overnight. Finally, the
resulting nanodrugs were stored at 4 °C after lyophilization. PTX
release from nanodrugs was inspected using dialysis bags against PBS
plus 10% FBS under cutoff molecular weight of 100 kDa. The PTX
contents outside dialysis bags and in purified nanodrugs were detected
by high-performance liquid chromatography (HPLC, Agilent).
Moreover, in accordance to the manufacturer’s experimental protocol,
we utilized a highly sensitive Flow NanoAnalyzer (NanoFCM) to
quantify the absolute amount of purified NPs. Besides, in a 96-well
plate, S180 cells were cultured at a density of S000 cells each well for
24 h. Then, the cells were incubated with different concentrations of
NPs or PTX agents for 24 h, and cellular viability was further
measured by cell counting kits (CCK-8, Abcam) under absorbance at
460 nm.

Animal Studies. The Laboratory Animal Center of Southern
Medical University provided female BALB/c mice, which were
purchased at similar weights and ages (7 to 8 weeks). BALB/c mice
were maintained in a specific pathogen-free environment with
appropriate humidity and temperature as well as light-dark cycles.
All study procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Southern Medical University
and complied with the relevant regulations of IACUC. All animal
behavioral assays were conducted in a period of the light cycle.

Mouse Models of Neuropathic Cancer Pain. As reported
elsewhere,*>™*° the female BALB/c mice that had similar weight were
selected, anesthetized with isoflurane, and subjected to surgical
operation for the exposure of sciatic nerves in right leg. Subsequently,
S180 tumor cells (5 X 10°, 20 uL) together with matrigel (BD) at a
volume ratio of 1:1 were injected to the muscles in close contact to
the sciatic nerves around mouse trochanter in hind legs. Finally, the
wounds were closed layer by layer. In contrast, a sham procedure was
carried out in other healthy mice where pure matrigel containing no
sarcoma cells was injected into muscular tissues following the
exposure of sciatic nerves.

The growth changes of orthotopic sarcomas were observed and
quantified by ultrasonic imaging (Vevo2100, Visualsonics) with
multifrequency signal transducers (MS400) under a B-mode. When

the sarcoma sizes raised up to around 300 mm?, the mice that had
similar weight were randomly distributed into specific groups (n = S
per group) and received an insertion by puncture needles (PTC, 23 G
X 100 mm) under US imaging guidance. Then, the intratumoral
infusion of nanodrugs, PBS, or free PTX plus HP was performed
through the use of injection pumps at a flow rate of S uL s~
Consequently, the maximum distances on lateral-medial (LM),
superior-inferior (SI), and anterior-posterior (AP) planes of sarcoma
masses were recorded at predetermined time points after admin-
istration using US imaging. Tumor sizes in the cancer pain model
were quantified based on the previously reported equation:*® tumor
volume = (0.5 X LM) X (0.5 X SI) x (0.5 X AP) X (1.33 X x).

Correlation Analysis between NP Doses and Tumor Volume
Reduction (V|equction): When the volume of orthotopic sarcomas
reached around 300 mm® measured by US imaging, the cancer pain
models received intratumoral infusion of various amounts of
nanodrugs (including 0.4025 X 10'%, 0.805 X 10', 1.61 x 10",
3.22 X 10", and 4.83 X 10'° NPs) by injection pumps. After the
single administration, the maximum reduction in tumor volume (V)
was recorded by echography, and linear regression analysis was also
conducted between NP amounts (Nyp) and tumor volume reduction
(Vieduction) to obtain the linear regression equation (Y = 3.405e-009*X
+ 36.43; k = 3.405e-009).

To inspect the reliability of the linear regression equation on tumor
eradication, the mice bearing cancer pain (with about 300 mm® of
tumors in situ as well as similar body weight) were i.t. administrated
with a single dose of PBS, free PTX + HP, or nanodrugs under the
navigation of US imaging at 8 days postinoculation. The injected
doses of NPs were, respectively, 0.8-fold, 1.0-fold, and 1.2-fold of the
basic NP numbers (Nyp) calculated from the linear regression
equation. [Y = 3.405e-009*X + 36.43; k = 3.405e-009; tumor volume
(Y value) is 300 and X value, namely, basic NP numbers (doses), can
be obtained as a benchmark dose through using the function. Finally,
the X value is 7.741 X 10'° NPs.] The administrated dose of free PTX
plus HP was equivalent to 1.2-fold of the basic Nyp, which was 91 ug
of PTX together with 54 ug of HP in DMSO.

Behavioral Studies in Cancer Pain Models. As described
earlier, another batch of cancer pain models that had similar weight
was established and randomly divided into three groups (n = 8 per
group) including: (1) PBS group, (2) free PTX + HP group, and (3)
NP group, followed by i.t. infusion with PBS, free PTX + HP, or basic
dose of nanodrugs (1.0X) by US imaging (when tumor size
approximated to 300 mm?®). Then, the treated mice were subjected
to diverse behavioral assays. All mice required a habituation to
experimental environments for at least 45 min prior to behavioral
tests. The researchers who conducted the behavioral tests knew
nothing about details of those studies. Double-blind behavioral
experiments were also carried out in subsequent assays.

Spontaneous pain detection was conducted in tumor-bearing mice
prior to or after it. injection of PBS, free PTX + HP, or basic dose of
NPs (1.0 X the basic dose = 7.741 X 10" NPs), as previously
described.’*3* At designed time points postinoculation, the
cumulative duration of paw-lifting behavior of mice was recorded in
an observation period of 10 min, but grooming behavior was
excluded. After that, mechanical hypersensitivity (allodynia) of
ipsilateral and contralateral paws was also evaluated in Von Frey
tests, where the mice stayed in a clear cage with wire-mesh bottoms
for acclimation before testing. Briefly, at 0, 8, 10, 12, and 14 days after
tumor inoculation, the underneath of hind paws on wire-mesh floors
was stimulated with various Von Frey filaments (Semmes-Weinstein
monofilaments, Stoelting Co.) that could produce a series of
mechanical forces ranging from 0.04 to 2.00 g*°** Fifty percent
paw withdrawal thresholds of the treated mice were calculated on the
basis of the Up&Down method according to manufacturer’s
instructions.” An interval of 3 min among all stimulations was
required for restoration of mouse conditions.

In addition, the cold hyperalgesia of the treated mice was
investigated by applying cold acetone to plantar surfaces of hind
paws. As reported elsewhere,”® mice demanded a habituation for at
least 45 min until they were fully familiar with testing environments.
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Next, approximately 25 uL of cold acetone in a syringe barrel was
dropped onto the plantar surfaces of mouse paws. Paw withdrawal
frequency during a 1 min observation period was monitored after
acetone stimulation. Syringe barrels without a needle should not be in
contact with mouse paws to prevent the impact of other mechanical
stimuli.

On Day -1, 11, and 13 following tumor inoculation, by using
rotarod assays, the cancer pain models treated with PBS, PTX plus
HP, or a basic dose of NPs were also observed to test their general
motor functions. In brief, each mouse was observed on a rotating rod
(IITC Life Sciences), and the duration spent on the rotary rod was
obtained.”” In rotarod assays, the rotary speeds of rods raised from 0
to 15 rpm during a period of 5 min.*" Footprint tests were also
harnessed to assess the basic function of the sciatic nerve in affected
legs. In this test, the plantar surfaces of affected paws were soaked in
dark ink, and then the mice walked on blank papers along a straight
line. Ultimately, walking tracks left on those papers were carefully
surveyed to calculate sciatic nerve function indexes (SFIs) as
previously described,"** which were capable of reflecting basic
motor functions of sciatic nerves after various treatments.”>~*

Biosafety Testes for the Precision Tumor Killing Treatment.
When all behavioral tests were accomplished on the 16th day after
inoculation, fluorescent dye ICG (at a dose of 2 mg kg™') dissolved in
100 4L of normal saline was injected into muscular tissues adjacent to
the affected sciatic nerves around the mouse trochanter. Eight hours
after ICG administration, five out of eight mice in the behavioral tests
were sacrificed and dissected to harvest various mouse organs, sciatic
nerves, and tumor residues following different treatments. Afterward,
parts of the resected sciatic nerves were homogenized and measured
by fluorescent spectrometers (PerkinElmer) to quantify ICG
fluorescence intensities in nerves. Other resected organs and tumors
as histological sections received a staining treatment with hematoxylin
and eosin (H&E) to compare differences among all groups.

In other biosafety studies, healthy BALB/c mice with similar body
weight were intramuscularly (im.) injected with NPs (1.0 X the basic
dose = 7.741 X 10'° NPs) or equivalent dose of PTX plus HP (76 ug
of PTX together with 45 ug of HP in DMSO). Subsequently, mouse
body weight was recorded every two days, and hematological tests
involved in AST, ALT, urea nitrogen concentration, MCHC, HGB,
lymphocyte, and RBC levels were conducted at predetermined time
points postadministration (n = S each group).

Determination of PTX Biodistribution. Another batch of
cancer pain model that had similar weight was exploited as described
above and then divided randomly into two groups (n = 21 per group)
receiving an it. infusion of nanodrugs [basic dose (1.0X)] or free
PTX plus HP (dissolved in DMSO). After the interventional
administration under sonography piloting, in vivo PTX biodistribution
was detected by LC-MS/MS analysis (Thermo Scientific, TSQ) as
previously described.” In brief, three mice from each group were
chosen and euthanized to collect requisite biosamples (i.e., blood,
sciatic nerves, mouse organs, and tumors) at designed time points.
Through employing a homogenizer device, biosamples were first
homogenized in Dulbecco’s Phosphate Buffered Saline and extracted
with aliquots of tertiary butyl methyl ether (TBME, S mL) at 4 °C.
After vortexing for over 25 min, the mixture was further centrifuged
for 30 min at 4 °C (2000g) to separate the organic layer from aqueous
phases. Next, the organic solution was placed carefully into a clear
tube and evaporated under nitrogen streaming. Finally, the residues in
tubes were redissolved in methanol (150 wuL), followed by
measurements through LC-MS/MS analysis. Notably, docetaxel was
added to the tissue homogenate as an internal standard. To confirm
extraction efficiencies, homogenate of biosamples in healthy control
mice required an addition of exogenous PTX.

Statistical Analysis. Statistical analysis was carried out utilizing
GraphPad Prism 8. For comparison of two group, an unpaired two-
tailed ¢ test was employed for assessing statistical differences. A two-
way analysis of variance (ANOVA) was also used for difference
comparison among multiple groups. We harnessed Mantel-Cox tests
to evaluate the statistical significance in survival studies. All data

presented in a form of means + standard deviation (SD), and *P <
0.05 was considered to be statistically significant.
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