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Abstract

The tumor penetration and accumulation of nanoparticle-based drug delivery systems are highly
dependent on the particle size. Nanomedicines in the sub-100 nm range have been suggested by
previous studies to have superior antitumor efficacy on various solid tumors. SN-38 is a very
important and highly potent drug for several cancers including colon cancer. However, due to the
ultra-flat aromatic structure of SN-38, it is typically very difficult to produce sub-100 nm, SN-38-
encapsulated nanoparticles without modification of the chemical structure. Here, we report on the
successful production of 20-30 nm, SN-38-encapsulated photonic micelles for effectively trimodal
cancer therapy. Taking advantages of the supramolecular “r -w” stacking and hydrophobicity
interaction between SN-38, and a unique class of photonic nanoporphyrin micelles (NPM), the
extremely hydrophobic SN-38 was successfully encapsulated into NPM with significantly
increased water solubility (up to 500 times). At equivalent dose of drug photosensitizer and light
irradiation, combination therapy with SN-38-encapsulated nanoporphyrin micelles (SN-NPM)
enhanced the /n vitro antitumor activity by 78 and 350 times over single treatment with SN-38 and
phototherapy alone, respectively. Due to the relatively small size, SN-NPM possessed superior
long tumor retention time (> 5 days) and much higher accumulation in tumors than in normal
organs, as shown by near-infrared fluorescence (NIRF) imaging. Furthermore, the trimodal
therapy (photothermal-, photodynamic- and chemo-therapy) with SN-NPM demonstrated
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dramatically enhanced /n vivo antitumor efficacy over single treatment on nude mice bearing
HT-29 colon cancer xenograft. Therefore, these sub-100 nm, SN-38-encapsulated photonic
micelles show great promise for multimodal cancer therapy.
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1. Introduction

Multimodal combination therapy that utilizes synergistic strategies to treat tumors has great
potential to achieve enhanced treatment outcomes and minimize systemic toxicities!—>.
Light-based therapeutic modalities such as photodynamic therapy (PDT) and photothermal
therapy (PTT) hold great promise for cancer treatment5-15. PDT is a minimally invasive
therapeutic modality by using reactive oxygen species (ROS) to trigger a cascade of
molecular events that lead to cell death upon irradiation of photosensitizers with light.
Unlike radiotherapy, the mechanism of cell killing by PDT is not dependent on DNA
damage or cell cycle effects, and thus reducing the possibilities of therapy cross-resistance.
PTT involves the administration of photosensitizers to generate significant local
hyperthermia under light irradiation for the destruction of cancer cells or tissues6-11.16-19,
which does not require oxygen to interact with the target cells or tissues.

As both PDT and PTT have been proven to be effective treatment strategies for cancer, the
approach of using nanoparticles to combine them into a single treatment modality may offer
even better treatment efficacy20. There have been studies showing that PTT has synergistic
effect with PDT and could further enhance the outcome of PDT by increasing local
permeability of the sensitizers’~10.16-17.19.21 'A few photosensitizer-inorganic nanoparticle
complexes, such as chlorin e6 loaded graphene oxide and photosensitizers conjugated
carbon nanotubes, silica-coated Pd/Ag nanoparticles and gold-based nanoparticles, have
been developed for applications in PTT/PDT dual therapy’~10.16-17.19.21-23 'However, to
achieve dual PTT/PDT function, these nanoparticles were required to be activated under
multiple-wavelength lasers (e.g. 675 nm and 808 nm), separately. Moreover, those inorganic
nano-complexes were typically with less biocompatibility and ma y cause concerns of the
long-term toxicity. Most recently, several organic nanoparticles, such as micelles, liposomes,
and diketopyrrolopyrrole-triphenylamine nanoparticles contained near infrared (NIR) dye
(e.g. IR780, IR820, Indocyanine green), were reported to possess excellent dual-modal
PTT/PDT function?427.
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Although dual-modal PTT/PDT appear to be very attractive conceptually, the light
penetration limits its antitumor efficacy, and therefore make phototherapy could not be used
to treat large tumor and metastasis, which is the major cause of cancer-related death. One
promising approach is to combine phototherapy with chemotherapy, so that primary tumor
and metastasis can both be adequately treated?8-2%. SN-38 (7-ethyl-10-
hydroxycamptothecin) is a highly potent chemotherapy drug, and even effective in hypoxic
tumor micro-environments39-31, It has been reported that SN-38 had synergistic effect with
phototherapy28-29. SN-38 is the active metabolite of irinotecan hydrochloride (CPT-11),
which is 100- to 1000-fold more cytotoxic than CPT-1130:32-35_ The conversion rate from
CPT-11 to SN-38 by carboxylesterases after administration is typically inefficient and
usually yields only 2-89430:36-38  Dijrect administration of SN-38 instead of CPT-11 would
bypass the inefficient enzymatic activation, and therefore improve anticancer efficacy of this
drug. However, SN-38 is virtually insoluble in all pharmaceutically acceptable solvents and
is unable to be used directly to treat patients3’. Furthermore, it is typically very challenging
to physically encapsulate SN-38 into biocompatible nanoparticles such as polymeric
micelles due to the unfavorable physicochemical properties of this drug, which are likely
attributed to its moderate polarity and ultra-flat aromatic structure3’. A few micelle-based
drug delivery systems have been reported to solve the formulation problem of
SN-3828:30.37.39 geveral groups reported the production of SN38-encapsulated photonic
nanoparticles such as chlorin-core star block copolymer micelles?® and poly-(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) nanoparticles*0 with a particle size larger
than 100 nm, attempting to use these nanoparticles to combine phototherapy with
chemotherapy. However, these relatively large nanoparticles (>100nm) tend to high liver and
spleen accumulation, resulting in non-specific clearance by the reticuloendothelial system
(RES), obviating the enhanced permeability retention (EPR) effect for tumor
targeting3941-43, Smaller nanoparticles in the sub-100 nm range, such as 30 nm micelles,
have been reported to be able to penetrate poorly permeable tumor, resulting in a better anti-
tumor effect in animal models39: 4142,

We have previously demonstrated the biocompatible organic nanoporphyrin micelles (NPM)
which could be activated to produce heat and ROS simultaneously at tumor site for dual-
modal PTT/PDT with irradiation of a portable, single wavelength NIR light. In the present
study, we describe the development of sub-100 nm SN-38 encapsulated photonic micelles
for effectively tri-modal cancer therapy (PTT, PDT and chemotherapy). SN-38 was
physically encapsulated in NPM by supramolecular “rc-w” stacking and hydrophobicity
interaction between SN-38 and porphyrins (Fig. 1). The chemical structure of SN-38 was not
modified during the encapsulation, therefore avoiding the inefficient enzymatic activation
step. To the best of knowledge, this is the first example of utilizing sub-100 nm SN-38
physically loaded photonic micelles for tri-modal cancer therapy. We hypothesized that these
SN-38 loaded nanoporphyrin micelles (SN-NPM) may be able to improve the treatment
outcomes of colon cancer in animal models.
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2. Material and methods

2.1. Materials

Irinotecan hydrochloride (CPT-11) and SN-38 (7-thyl-10-hydroxy-camptothecin) were
purchased from Sigma-Aldrich (St. Louis, MO). SensoLyte® Kit was obtained from
AnaSpec, Inc. (Fremont, CA). Tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl) -5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS] and phenazine
methosulfate (PMS) were purchased from Promega (Madison, WI1). 3,3"-
dihexadecyloxacarbocyanine perchlorate (DiOCg(3)) was purchased from Thermo Fisher
Scientific. All other chemicals and solvents were obtained from Sigma-Aldrich.

2.2. Preparation of SN-NPM

The building block of NPM, porphyrin-based telodendrimer, was synthesized via solution
phase condensation reaction according to our published methods2°. The SN-NPM were
prepared by film hydration method as described in our previous studies?’. Briefly, SN-38
and porphyrin-telodendrimer were dissolved in 1mL mixed chloroform and methanol
(chloroform: methanol = 5:2, v/v) followed by sonication until the formation of a clear
solution. The drug to telodendrimer ratios (D/T ratio=weight of SN-38/telodendrimer) were
tested from 1:10 to 1:30. The resulting homogeneous solution was evaporated on rotavapor
to obtain a homogeneous dry film. The film was then reconstituted in 1 mL phosphate
buffered solution (PBS), followed by sonication for 20 min, allowing the film to be
rehydrated to form SN-NPM. The micellar solution was filtered through a 0.22 um cellulose
acetate filter membrane to remove non-incorporated drug precipitations and big
telodendrimer aggregates as well as sterilize the nanoparticles.

2.3. Characterization of SN-NPM

A Waters HPLC system equipped with a diode array UV detector was used to analyze the
SN-38 that encapsulated in NPM. The mobile phase consisted of a mixture of water and
acetonitrile (50:50, v/v%). C18 analytical column (150 mm 4.6 mm, 5 um, Waters) was
employed to separate the samples, and the flow speed was set to 1 mL/min, the whole
eluting procedure lasted for 10 min. SN-38 was detected at 360 nm and quantitatively
determined by an external calibration curve. The calibration curve was obtained using a
series of drug/DMSO standard solutions with different concentrations. The SN-NPM were
diluted with DMSO (SN-NPM solution/DMS0=1:9, v/v) to dissociate nanoparticles. The
encapsulation efficiency (EE%) and loading content of SN-38 in NPM were calculated by
using the following equations: EE%= [(SN-38 added - Free “unencapsulated SN-38")/SN-38
added] *100, while the drug content (%) = [encapsulated SN-38/weight of SN-NPM] * 100.

The mean diameter and polydispersity of micelles were measured by dynamic light
scattering (DLS) instruments (Microtrac), and data was analyzed by Microtrac FLEX
Software 10.5.3. The concentration was kept at 1.0 mg/mL for DLS measurements. All
measurements were performed at 25 °C. The morphology of the micelles was observed by
TEM (Philips CM-120).
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2.4, Stability of SN-NPM

SN-NPM were diluted to 50 pg/mL (SN-38 concentration) by PBS and 10% FBS (in PBS)
respectively then stored at ambient temperature. The time-dependent size distributions were
monitored by DLS to evaluate the stabilities of SN-NPM.

2.5. Accumulated drug release

2.6. Cellular

SN-NPM solution was prepared to determine the accumulated drug release profile. The
initial SN-38 concentration in SN-NPM was set as 100 pg/mL. SN-NPM was first loaded
into dialysis cartridges (Pierce Chemical Inc.) with a MWCO of 3,500 Da, the cartridges
were then submerged into 1,000 mL PBS at ambient temperature under moderate-speed
stirring. The light-triggered drug release was conducted by introducing a 45 J/cm? laser
exposure after 4 hrs dialysis. The SN-38 remained in the dialysis cartridge was drawn with a
micro-syringe at various time points, and quantitatively measured by HPLC. Each value was
reported as the means for each triplicate sample.

uptake study

The quantitative cellular uptake of SN-NPM by HT-29 cells was analyzed by flow
cytometry. In time-dependent cellular uptake analysis, 3x10° HT-29 cells were incubated
with SN-NPM (0.5 pg/mL SN-38 in 10 ug/mL NPM) at different time (5, 15, 60, 120, 300,
600, 1440 min) at 37 °C. For dose-dependent uptake experiments, 3x10° HT-29 cells were
incubated with different concentrations (0, 2, 10, 20, 100, 200, 1000 ug/mL NPM in SN-
NPM) of SN-NPM for 5 min. After the treatments, the cells were washed with cold PBS
three times and re-suspended in PBS for the flow cytometry analysis using the FACScan
(Becton Dickinson, San Jose, CA).

2.7. ROS production and cell death analysis

To evaluate the /n vitro ROS production, HT-29 cells were treated with or without SN-NPM
(0.5 pug/mL SN-38 in 10 pg/mL NPM) for 24 hours, prior to the 30 min 2,7’-
Dichlorofluorescin diacetate (DCF) incubation in 96 well plate. The medium was then
washed off with PBS for three times, and replaced with fresh medium. The cells in each well
were illuminated with NIR light and cell imaging was acquired under a fluorescence
microscope (Olympus) by using Metamorph program. Next, to evaluate the SN-NPM caused
mitochondria membrane potential (A'Y'm) loss on HT-29 cells, we incubated the cells with
40 nM DIOCg(3) for 20 min, and exposed the cells under the illumination of 690 nm NIR
light. Twenty-four hours later, cells were stained with propidium iodide (dead cells) and
Hoechst 33342 (nucleus) for confocal microscopy analysis.

2.8. In vitro cytotoxicity

The HT-29 human colon cancer cell line was incubated in a humidified 5% CO, incubator at
37 °C in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin G, and 100 ug/mL streptomycin. HT-29 cells were
first seeded into 96-well plates at a density of 10,000 cells per well and cultured. After 24
hrs, cells were incubated in medium containing different concentrations of SN-38, SN-NPM
and the equivalent doses of empty NPM for 72 hrs, and washed off with PBS. The cells were
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then exposed under NIR light for a given amount of time. Growth inhibition was measured
after another 72 hrs by using MTS assay. CellTiter 96® Aqueous Cell Proliferation Reagent,
which is composed of MTS and an electron coupling reagent PMS, was added to each well
per the manufacturer’s instructions. The cell viability was determined by measuring the
absorbance at 490 nm with a microplate reader (SpectraMax M2, Molecular Devices, USA).
Untreated cells served as a control. Results were shown as the average cell viability
[(ODyrear—ODpjank)/(OD¢ontrol—ODp1ank) X 100%] of triplicate wells.

2.9. Apoptosis analysis

10 ug/mL of SN-NPM (contains 0.5 ug/mL SN-38) were incubated with HT-29 cell for 24
hours. Cells were washed with PBS and replaced with fresh cell culture medium. The SN-
NPM treated cells were illuminated with NIR light for 60 s, and incubated for another 24
hrs. Before analyzed with flow cytometry, cells were stained with Annexin V/Propidium
iodide (Biolegend) per manufactory’s manual. The data was analyzed by flowjo.

2.10. Animal model

All animals were kept under pathogen-free conditions according to AAALAC guidelines and
were allowed to acclimatize for at least 4 days prior to any experiments. All animal
experiments were performed in compliance with institutional guidelines and according to
protocol NO.07-13119 and NO.09-15584 approved by the Animal Use and Care
Administrative Advisory Committee at the University of California, Davis. Male athymic
nude mice (Nu/Nu strain, 6-8 weeks old) were purchased from the Harlan (Livermore, CA).
HT-29 tumor was initially established by a subcutaneous injection of 10° cells in a 100 pL
mixture of PBS and Matrigel (1:1, v/v). Tumor sizes and body weight were measured every
3 days for the duration of the experiment. Tumor volumes were calculated by the formula
(LxW?)/2, where L is the longest, and W is the shortest in tumor diameters (mm).

2.11. Pharmacokinet ics analysis

Male Sprague—-Dawley rats with jugular vein catheters were purchased from Harland
(Indianapolis, IN, USA). 5 mg/kg SN-NPM (calculated by concentrations of SN-38) and
CPT-11 were i. v. administrated into rats (n = 3 for each group). Whole blood samples (~100
uL) were collected via jugular vein catheter before dosing and at predetermined time points
post-injection. Ten microliters of serum were further incubated with 90 microliters of
DMSO to further break down the micelles and completely release SN-38. The kinetics of
encapsulated SN-38 and free CPT-11 were measured through testing the fluorescence
(excitation/emission, 330/460 nm). The values were plotted versus time after the subtraction
of blood background.

2.12. Biodist ribution

PBS dispersed SN-NPM (10 mg/kg SN-38) was i.v. administrated into HT-29 tumor bearing
nude mice via tail vein. At pre-determined time points (5 min, 16 hrs, 22 hrs, 72 hrs, 120
hrs) of post-injection, the mice were anesthetized by intraperitoneal injection of
pentobarbital (60 mg/kg) prior to NIRF imaging. Mice were euthanized by CO, overdose at
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22 hrs after injection. Tumors and major organs were excised and imaged. Mice and major
organs were scanned on a Kodak imaging system (1S2000MM) by using the NIR channel.

2.13. Photothermal transduction of nanoporphyrins

The temperature of HT-29 tumor-bearing mice with or without injection of SN-NPM was
monitored by a FLIR thermal camera after irradiation with NIR laser (690 nm) at 45 J/cm?
and 90 J/cm? for 2 min, respectively.

2.14. Antitumor efficacy of SN-NPM

HT-29 tumors bearing mice were randomly divided into different groups (n=5) for the
treatments with PBS, CPT-11 (in 10% glucose), NMP and SN-NPM. Treatments were
started (designated as day 0) when HT-29 tumors reached a volume of 100-150 mm3.
Distinct formulations were administered via tail vein injections at multiple doses on day 0,
4, and 8 (10 mg/kg SN-38, 200 mg/kg NPM). After 24 hrs, tumors were exposed under the
diode laser (A =690 nm) with doses of 45 J/cm? or 90 J/cm? for 2 min. For humane reasons,
animals were sacrificed when the implanted tumor volume reached 2000 mm3, which was
considered as the end point of survival data. Tumors and major organs were harvested 24 hrs
after the light treatment from both PBS and SN-NPM treated groups for histopathology
evaluation.

2.15. Histologic analysis

Histologic sections were collected from HT-29 tumor tissues and normal organs. After
extirpation, tissues were fixed in 3.9% formalin in PBS (pH 7.4). The paraffin-embedded
tumor and normal organs tissues were then sectioned to 4-um thickness for hematoxylin and
eosin (H&E) stain and microscopic evaluation.

2.16. Hematology and serum chemistry

Assessments on possible side effects were performed on mice of each group. At day 7 after
the last dose, blood samples were collected for complete blood count (CBC) and liver (ALT,
AST, Total Bilirubin) and kidney (BUN, Cre) functions. All assessments were performed at
the Comparative Pathology Laboratory, University of California, Davis.

2.17. Statistical analysis

All statistic data were represented as mean + standard deviation (s.d.). Statistical analysis
was performed by Student’s t-test for comparison of two relevant groups, and one-way
analysis of variance (ANOVA) for multiple groups, followed by Newman-Keuls test if
overall p < 0.05. p<0.05 was considered as significant difference.

3. Results & Discussion

3.1. Synthesis and characterization of SN-NPM

As illustrated in Fig. 1, SN-38 was physically encapsulated in NPM by supramolecular “rw -
n”” stacking and hydrophobicity interaction between SN-38 and porphyrins. As shown in
Table 1, the encapsulation efficiency (EE%) of SN-38 in NPM was around 85.12% when a
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D/T ratio of 1:20 was employed, and the micelle solution was clear. When the D/T ratio
reached 1:10, the EE% became lower (63.21%). The loading capacity of NPM for SN-38
was 5.45% (1.09 mg/mL), which increased the solubility of SN-38 in aqueous solution up to
500 times38. The morphology and size distribution of the nanoparticles were characterized
by TEM and DLS, respectively. TEM showed that the empty NPM and SN-NPM (D/T
ratio=1 20) were both in spherical morphology, and with a size of 20~30 nm (Fig. 2A, B).
The size of empty NPM was approximately 25 nm in diameter as determined by DLS, which
was consistent with the TEM result (Fig. 2C). After loading SN-38 into NPM with various
D/T ratios, the size of micelles ranged from 20+4.5 nm to 68+5.9 nm as determined by DLS
(Fig. 2C). It was reported that drug encapsulation efficiency is a crucial factor in the
development of micelles or other drug delivery vesicles?*. Therefore, the NPM, with
efficient drug encapsulation and ideal size (20-30 nm) that was able to take full advantage of
EPR effect for tumor targeting39, was chosen as the drug carrier in this study. Specifically,
SN-NPM with a D/T ratio of 120 possessed highest EE%, smaller particle size (23.21+8.23
nm) and lowest PDI (0.198) was selected among these three D/T ratios for the following /n
vitro and in vivo studies.

3.2. Stability evaluations of SN-NPM

The stability of SN-NPM was tested prior to the biological investigation. SN-NPM were
incubated with or without the presence of FBS (10%) under ambient temperature. The size
distributions were measured by DLS at different timepoints. As shown in Fig. S1, the size
distributions of SN-NPM without FBS did not exhibit large size variations within a half
month. When FBS was added, the size distributions of SN-NPM exhibited a very slight
increment, from 21 nm to 22 nm, and kept stable in size. The stability indicated that SN-
NPM could maintain high stability in presence of serum, and may be a benefit for long-time
blood circulations.

3.3. Accumulated drug releasing behaviors of SN-NPM

The accumulated drug releasing behaviors of SN-NPM were evaluated. As shown in Fig. S2,
the SN-NPM could keep stable in PBS solution, and didn’t show large amounts of payloads
releasing pattern in 36 hrs, the accumulated drug releasing rate was below 20 %. On the
contrary, the SN-NPM performed strong laser stimulus-responsive drug releasing behavior,
since the presence of photosensitizer (porphyrin) could generate heat, and ma y further break
the micelles. As shown in the drug releasing curve (Fig. S2), the drug releasing rate quickly
reached to nearly 80% within 7 hrs after the laser treatment. The drug releasing profile
indicated that the SN-NPM was stable under normal conditions, but exhibited controllable
drug releasing behaviors under laser illumination.

3.4. Cellular uptake of SN-NPM

SN-NPM were incubated with HT-29 cells at 37 °C for pre-determined time, and the uptake
by the cells was quantitatively measured by flow cytometry. As shown in Fig. S3, the
cellular uptake of SN-NPM occurred quickly at 5 min and was in a time-dependent manner.
Additionally, when incubated with different concentrations of SN-NPM for 5 minutes, cells
had a dose-dependent cell uptake behavior (Fig. S4). These results provided a strong
evidence of efficient cellular uptake of SN-NPM by HT-29 cells.
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3.5. ROS production and cell death mechanisms

The ROS regulates many signal transduction pathways that control cell growth and redox
status?®. Excess ROS production could induce oxidative damage to many biomolecules and
disrupt cellular integrity*6. Accordingly, this study examined that the SN-NPM elevated
ROS levels in HT-29 cells, and thus resulted in cell death following PDT treatments. We
employed DCF as an indicator for intracellular ROS production. Cells were incubated with
SN-NPM followed by light treatment, and showed strong diffused cytoplasmic green signals
indicating massive ROS production (Fig. 3A). Conversely, cells incubated with PBS and
PBS+L showed minimal fluorescence signal, indicating that either PBS or light alone did
not produce ROS (Fig. 3B). ROS production stayed low when treated with SN-NPM until
after illumination, suggesting that the ROS production was a light triggered process.

Moreover, we further characterized the effect of ROS production in the SN-NPM mediated
photodynamic treatment in HT-29 human colon cancer cells. Consistent with the findings in
Fig. 3, only the cells treated with SN-NPM associated ROS production upon illumination
cause the loss of mitochondrial membrane potential (DiOCg(3)!°%) and cell death (PI*) (Fig.
4). In other groups with low ROS production (Fig. 3), cells remained high mitochondrial
membrane potential (DiOCg(3)M9M and cell membrane integrity (Pl-stained) (Fig. 4 and
S5). In summary, human colon cancer cells could uptake SN-NPM and then ROS could be
efficiently produced upon light treatment, and resulting in cellular damage and death.
Without light treatment, lower ROS were produced and implied that we could well-
controlled the light treatment areas that only treating the tumors but avoid undesirable
toxicities.

3.6. Apoptosis of cells SN-NPM treated colon cancer cells

To further evaluate the mechanism of the decreased cell viability, we performed apoptosis
analysis on HT-29 cells upon SN-NPM mediated light treatment. HT-29 cells were treated
with PBS, SN-NPM or SN-NPM followed by light illumination. As shown in Fig. 5, the
control (PBS plus light) and SN-NPM without light groups had around 2% and 6% of cells
undergoing apoptosis. In contrast, there were 37.2% of cells in both early (26.4% annexin
+/P1-) and late (10.8%, annexin+/Pl+) apoptosis upon SP-NPM mediated photo-therapy
These results suggested that SP-NPM mediated light treatment caused cell apoptosis and
death.

3.7. In vitro photo-chemotherapeutic effects of SN-NPM against colon cancer cells

After characterized the properties and functions of SN-NPM, we intended to evaluate the
anti-cancer efficacy on the HT-29 human colon cancer cell line. Cells were treated with
SN-38, NPM, and SN-NPM followed with or without illumination as indicated. Cell
viability was determined after 72 hrs post-illumination by MTS assay. As shown in Fig. 6A,
NPM treated cells showed minimal toxicity without light activation. A dose-dependent loss
of cell viabilities was shown in SN-38, NPM plus light and SN-NPM plus light treated
groups. Importantly, the SN-NPM plus light groups exhibited strong cytotoxicity, which
could be ascribe to the synergistic effects caused by SN-38 and NPM mediated light
treatment. As shown in Fig. 6B, the combination index (CI) of all concentrations were
showed strong synergistic effect (CI1<0.3 indicates strong synergy). The ICgq values of
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SN-38, NPM plus light, SN-NPM plus light in the HT-29 cell line were 267, 1193, and 3.4
ng/mL, respectively. This result indicated that at equivalent dose of drug, photosensitizer and
light irradiation, combination therapy v/ia SN-NPM enhanced the /n vitro antitumor activity
by 78 and 350 times over single treatment with SN-38 and phototherapy, respectively. The
superior anti-cancer effects of SN-NPM ma y be contributed by the photochemical
internalization (PCI) effect, a specific branch of PDT technology for the site-specific release
of macromolecules or toxicants within cells based on the breakdown of endosomal/
lysosomal membranes by photoactivation of photo-sensitizers. The micellar photosensitizing
agent could be taken by cells via endocytosis and entrapped into the endosome/lysosome.
After irradiation, PCI could disrupt the endocytic vehicles and enhance drug release to the
cytosol#’. Combination of photo-chemotherapeutic effects via SN-NPM showed great
promising /n vitro anti-colon cancer efficacy.

3.8. Pharmacokinetics of SN-NPM

The pharmacokinetic profile of SN-NPM was assessed in jugular vein catheterized rats,
while an equal dose of CPT-11 was served as control. Fig 7 revealed SN-NPM exhibited 2
times higher C max and nearly 3 times higher area under the serum concentration time curve
(AUC) to CPT-11. These results confirmed that NPM formulation offered SN-38 a longer
circulation time allowing larger interaction window with cancers through EPR effects.

3.9. The biodistribution of SN-NPM in HT-29 bearing mice

3.10. In vivo

By taking advantages of EPR effect, we previously showed that NPM could efficiently and
effectively accumulate at several solid tumor types2C. In this study, we also employed the
intrinsic near-infrared fluorescence of SN-NPM to evaluate the biodistribution and tumor
targeting properties in a mouse model bearing HT-29 colon cancer xenograft. After the
establishment of tumors, SN-NPM were given intravenously and whole-body imaging was
acquired at different time points. The accumulation of SN-NPM was firstly evident at 16 hrs
gradually increased to peak at 22 hrs. The fluorescence signals remained high through 22—-72
hrs post- injection and could still be well-detected even 120 hrs (=5 days) post-injection
(Fig. 8), indicating relatively longer tumor retention of the SN-NPM.#8-51 Since the
fluorescence appeared to peak at 22 hrs (Fig. S6), we sacrificed mice and harvested tumors
and other major organs for ex vivo imaging. HT-29 xenograft tumor exhibited highest
fluorescence signals comparing to other major organs, including liver, spleen, and lung (Fig.
8). These results showed that due to their unique size range (20~30 nm), these micelles were
able to largely mitigate renal clearance (typically less than 10 nm) and RES (liver and
spleen) retention (particles greater than 150 nm). Obvious NIRF signals indicated that SN-
NPM could be specifically uptake by the colon cancers and be dissociated at the tumor sites,
and thus allowing real-time NIRF detection. The SN-NPM could accumulate at tumor site at
least 120 hrs post-injection, providing a very long-time window for the animals to receive
light treatment. In the other words, this unique feature may offer more flexibility for both
clinicians and patients for their treatment schedule.

heat production effect of SN-NPM

Besides ROS production and fluorescence emitting upon light activation, NPM could further
generate significant heat for photothermal therapy2°. We tested the SN-NPM mediated
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photothermal effects on the mouse model bearing HT-29 colon cancer xenograft. After
confirming the tumor accumulation of SN-NPM at 24 hrs (Fig 8), tumors were treated with
45 J/em? and 90 J/cm? light at 690 nm for 2 minutes, respectively. The tumor temperature
was monitored with a near-infrared thermal camera in real-time. The tumor temperature d id
not change much in the PBS control group even treated with a high dose of light (90 J/cm?).
On the contrary, we showed a light dose-dependent tumor temperature increase in the SN-
NPM treated mice. Specifically, a low dose of light (45 J/cm?) treatment could cause ~10°C
tumor temperature increase, while high dose of light (90 J/cm?) triggered even more obvious
heat escalation up and increase tumor temperature 19.1 °C(AT). The photothermal effects of
SN-NPM (both in lo w and high light dose) were sufficient enough to cause irreversible
damage on tumor cells?C. The rapid temperature increase suggested SN-NPM as
photothermal agents that could be used for selective photothermal therapy to induce cancer
cell death via hyperthermia attained®2.

anti-tumor effects of SN-NPM mediated tri-modality therapy

The promising /n vitro efficacy results urged us to explore the anti-tumor efficiency of SN-
NPM in xenograft mouse model. HT-29 human colon cancer xenografts were established in
nude mice; the treatments were then initiated when the tumor volume reached 100-150 mm3.
Light treatment was applied after 24 hrs of the i. v. administration. Mice were closely
monitored for clinical signs of toxicity, body weights and tumor size. We activated NPM
with two doses (45 and 90 J/cm?) of 690 nm NIR light. Both CPT-11 (10 mg/kg) and NPM
+45 J/cm? light showed slight tumor growth delay, while NPM+90 J/cm? exhibited moderate
tumor growth inhibition (Fig. 10A and Table 2). Additionally, SN-NPM+45 J/cm? and SN-
NPM-+90 J/cm? treated groups achieve 71.96% and 84.86% of tumor growth inhibition
(Table 2). Overall, SN-NPM+45 J/cm? and SN-NPM+90 J/cm? treated mice had stable
tumor development tendency (no tumor size changes) or even partial remission (tumor size
decreased), at the first 24 days of treatments (Fig. 10A). Some mice with SN-NPM mediated
trimodal therapy even achieved initial complete remission with no palpable tumors.
Although there were no significance differences in survival times between the most treated
groups (ranging from 25 to 28 days), SN-NPM+90 J/cm? treated groups had significantly
longer survival time (35 days, p<0.05) (Fig. 10B). Compared to PBS control group, SN-
NPM treatment followed by 90 J/cm? light treatment caused massive tumor cell and
microenvironment destruction (Fig. 11). The tumor cells shirked and nucleus became
pyknotic and fragmented eventually resulting in cell death (Fig. 11). In summary, SN-NPM
mediated trimodal therapy significantly inhibited tumor growth and prolonged survival time
comparing to CPT-11, NPM/light treatment or PBS control groups, and thus a synergistic
inhibitory effect of SN-NPM on colon cancer growth was demonstrated (Fig. 10A & B).

toxicity evaluations

Moreover, there was no significant systemic toxicity observed in the NPM or SN-NPM+
light treated groups evidenced by comparing the body weight changes with the PBS control
group. However, CPT-11 treated mice exhibited slight retarded body weight increase
indicating possible systemic toxicity (Fig. 10C). The complete blood count (CBC) and
biochemistry studies (including hepatic and renal function panels) were performed at 7 days
after the last dose in the same set of animals for systemic toxicity evaluations. There were no
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significant differences in WBC, RBC, and platelet counts between the treated groups (CPT
-11, NPM+90 J/cm?, and SN-NPM+90 J/cm?2) and PBS control group (Table S1). All liver
enzymes (ALT/AST), total bilirubin, and renal biomarkers (BUN and creatinine) were
within normal limits (Table S2). In the SN-NPM treated animals, there was no significant
pathological change in major organs, including those with rapid turnover rates, such as small
intestine and livers (Fig. S7). Therefore, we concluded that SN-NPM can decrease the
overall toxicity of CPT-11 based on the results on overall body weight change. SN-NPM
exhibited superior safety profile and may facilitate its translation into a clinical setting.

4. Conclusions

In this study, the highly potent drug SN-38 was successfully encapsulated into
nanoporphyrin micelles without modifying its chemical structure, leading to ~500 times
solubility increments of this hydrophobic drug in aqueous solution. The nanoporphyrin
micelles exhibited high drug encapsulation efficiency with an ideal size, which is suitable for
tumor targeted drug delivery. SN-NPM exhibited significantly higher accumulation in tumor
than that in normal organs, and possessed superior long retention time at the tumor site (> 5
days). SN-NPM not only served as a nano-formulated photosensitizer for PTT and PDT, but
also acted a highly potent chemotherapeutic agent for effective chemotherapy. The triple
modality therapy (PTT, PDT and chemotherapy) of SN-NPM significantly enhanced the /n
vitro antitumor activity over single treatment against HT-29 colon cancer cells. /n vivo
antitumor efficacy data clearly established that the micellar SN-38 formulation was
therapeutically more effective than free CPT-11 in HT-29 human colon cancer xenograft
model. Furthermore, the most significant improvement in tumor response was achieved by
the tri-modality therapy group of SN-NPM. SN-NPM has the great potential to integrate
PTT/PDT/chemotherapy with synergistic effects for effective cancer treatment.
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Fig. 1.

The schematic illustration of porphyrin-based telodendrimer (PEG®K-Por,-CA4)%0 and the
resulting multifunctional SN-38-encapsulated nanoporphyrin micelles (SN-NPM).
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Fig. 2. The particle size and morphology of SN-NPM
The morphology of the as-prepared A) NPM and B) SN-NPM were determined by TEM

(scale bar=20nm). C) Size distributions of NPM and SN-NPM with D/T ratios ranging from
1:10 to 1:30.
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Fig. 3.
Intracellular ROS production in colon cancer cell line upon SN-NPM and light activation. A)

CLSM images of ROS production on SN-NPM treated HT-29 cells B) Quantitative analysis
of ROS production. The quantitative analysis was processed by ImageJ. Intracellular ROS
production was monitored with 1 uM of DCF for 30 min. L: light treatment. Images were
acquired by fluorescence microscope. Phase images were taken to show the cell outlines.
(Scale bar=100 pm)
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Fig. 4. The changes of mitochondria membrane potential and membrane integrity of HT-29
human colon cancer cells upon SN-NPM mediated light treatment

Cells were incubated with SN-NPM (0.5 pg/mL SN-38 in 10 pg/mL NPM) or PBS for 24
hrs in 96-well black-wall plate, and treated with or without light. Mitochondria membrane
potential and cell membrane integrity were stained with 40 nM of DiOCg(3) (Green, A¥m)
and propridium iodide (PI, Red) at 24 hrs later post-light treatment, respectively. Nucleus
was counterstained with Hoechst 33342. (L, light treatment; PI, propridium iodide; the sacle
bar is 100 pm).
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Fig. 5.

Apoptosis analysis on HT-29 colon cancer cells treated with SN-NPM with or without laser

exposure.
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Fig. 6. The in vitro synergistic anti-cancer effects of SN-NPM mediated photo-chemotherapy
A) Cell viability changes upon SN-38, NPM, SN-NPM with or without light. The HT-29

human colon cancer cells were incubated with different concentrations of SN38, SN-NPM,
and comparable amounts of NPM as SN-NPM for 24 hours. Cells were treated with LED
panel light (635 nm) for 2 minutes, and cell viability was measured 72 hours later with MTS
assay. (*p<0.05) B) Combination index (ClI) versus Fraction affected (Fa) plot.
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Fig. 7.
Pharmacokinetic profile of SN-NPM versus CPT-11 in rats. Blood were collected at

different time points and serum was obtained to measure the fluorescence of SN-38 and
CPT-11, respectively. The areas under the serum concentration curve (AUC) were
calculated.

J Control Release. Author manuscript; available in PMC 2018 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 23

120 h —Heart
&— Liver 100

— Spleen
— Lung

+— Kidney
- Intestine
«— Muscle

®_ Tumor
(HT-29) 1200

Fig. 8.
Biodistribution of SN-NPM in nude mice bearing HT-29 human colon cancer. Mice were

given SN-NPM (NPM at 25 mg/kg) via tail vein and near-infrared fluorescence (NIRF)
imaging was acquired at 1, 16, 22, 48, 72, and 120 hrs post-injection. (Right) £x vivo NIRF
imaging for tumors and major organs were performed at 22 hrs post-injection. WL, white
light; Red circle and white arrows pointed out the position of tumor.
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Fig. 9. SN-NPM mediated photothermal effect on nude mice bearing HT-29 human colon cancer
Representative thermal imaging of tumors treated by A) PBS, 90 J/cm?2, B) SN-NPM, 45

Jlem? and C) SN-NPM, 90 J/cm?, the images were taken by the FLIR near-infrared camera.
SN-NPM (25 mg/kg NPM) were injected via tail vein in the colon cancer bearing mice.
Tumor sites were treated with 690 nm laser for two minutes after 24 hrs post-injection. The
tumor temperature in the central spot was expressed at the left top corner. D) Temperature
changes of tumors throughout the laser illumination in PBS (90 J/cm? laser), SN-NPM (45
Jlem? laser) and SN-NPM (90 J/cm? laser) pre-treated mice (**P<0.001, n=3).
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Fig. 10. The in vivo anti-tumor efficacy of SN-NPM against colon cancer in nude mice
PBS, CPT-11 (10 mg/kg), NPM, and SN-NPM (10 mg/kg) were i. v. injected on day 0, 4,

and 8 in nude mice bearing HT-29 xenografts. Light treatments (690nm) were given on the
tumors at 24 hrs post-injection. A). The tumor growth curve upon 45 J/cm? (left) and 90
Jlem? (right) laser light treatment (690nm). Of note, two Figs shared the same PBS and
CPT-11 treated groups the treatment groups significantly inhibited the growth of tumor as
compared with the controls **p < 0.001 (n=5). The survival curve B) and body weight
changes C) for nude mice bearing colon cancer with the treatments as indicated. SN-NPM
+90 J/cm? therapy led to significantly longer survival time. *p<0.05
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Fig. 11.
Microscopic evaluation of HT-29 xenograft after PBS and SN-NPM mediated tri-modality

therapy (90 J/cm?). (H&E, 40x)
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Table 1

Drug loading, encapsulation efficiency, particle sizes and surface charges of SN-NPM.

D/T ratio® Encapsulation Efficiency (%)b Drug content (%)¢  Mean size/nm (PDI)d

Zeta potential (mV)d

1/10 63.21+10.23 5.45 68.23+10.11 (0.412) —7.34+0.55
1/20 85.12+6.53 4.05 23.21+8.23 (0.198) -7.53+0.35
1/30 80.14+5.29 2.58 19.34+7.98 (0.201) —-7.77£0.17

aD/T ratio=weight of SN-38/weight of telodendrimer.
bEncapsuIation efficiency (%)= [(Drug added - Free “unencapsulated drug”)/Drug added] *100
cDrug content (%)= [Encapsulated Drug/weight of whole nanoparticle] * 100

dDetermined by dynamic light scattering (DLS)
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Summary of experimental design and tumor growth inhibition index for SN-NPM mediated tri-modality
therapy on nude mice bearing HT-29 human colon cancer xenograft.

Treatment CPT Dose (mg/kg)  Equivalent porphyrin dose (mg/kg)  Light total dose (J/cm?)  9%TGI&
Control - - - -
CPT-11 10 - - 22.56
NPM +45 J/cm? - 17.9 45 28.36
SN-NPM +45 J/cm? 10 17.9 45 71.96
NPM +90 J/cm? - 17.9 90 59.81
SN-NPM +90 J/cm? 10 17.9 90 84.86~

*
P<0.01, as compared with SN-NPM

a S Lo . . . .
TGI (tumor growth inhibition) is presented as percent reduction in the mean tumor volume in experimental groups compared with saline-treated

control groups.
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