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Introduction: Paclitaxel (PTX) is a conventional chemotherapeutic drug that effectively
treats various cancers. The cellular uptake and therapeutic potential of PTX are limited by its
slow penetration and low solubility in water. The development of cancer chemotherapy
methods is currently facing considerable challenges with respect to the delivery of the
drugs, particularly in targeting the tumor site without exerting detrimental effects on the
healthy surrounding cells. One possibility for improving the therapeutic potential is through
the development of tumor-targeted delivery methods.

Methods: We successfully synthesized paclitaxel-MHI-148 conjugates (PTX-MHI) by
coupling PTX with the tumor-targeting heptamethine cyanine dye MHI-148. Synthesis and
purification were characterized using the absorbance spectrum and the results of time-of-
flight mass spectrometry. Cellular uptake and cytotoxicity studies were conducted in vitro
and in vivo.

Results: PTX-MHI accumulates in tumor cells but not in normal cells, as observed by in vitro
near-infrared fluorescent (NIRF) imaging along with in vivo NIRF imaging and organ biodis-
tribution studies. We observed that MHI-148-conjugated PTX shows greater efficiency in cancer
cells than PTX alone, even in the absence of light treatment. PTX-MHI could also be used for
specific drug delivery to intracellular compartments, such as the mitochondria and lysosomes of
cancer cells, to improve the outcomes of tumor-targeting therapy.

Conclusion: The results indicated that PTX-MHI-mediated cancer therapy exerts an excel-
lent inhibitory effect on colon carcinoma (HT-29) cell growth with low toxicity in normal
fibroblasts (NIH3T3).
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Introduction

The therapeutic potential of several drugs used for cancer therapy is restricted
owing to their poor targeting and low penetration in tumors.' The inability of
anticancer drugs to selectively target tumors increases the adverse effects on
healthy tissues and surrounding organs, thus limiting the dosage of the drugs that
can be safely administered in patients with cancer and ultimately reducing the
treatment efficiency.” Targeted cancer therapy is a useful approach for overcoming
this issue and is currently the prime focus of anticancer drug advancement research.
Targeted drug delivery involves the conjugation of a tumor-targeting carrier that can
deliver anticancer drugs to tumors. For instance, antibodies, peptides, and nanopar-
ticles have been identified as suitable delivery vehicles.Targeted carrier-mediated
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cancer treatment enhances the accumulation of anticancer
drugs in tumor cells with minimal damage to normal
tissues, thereby reducing the side effects and considerably
improving the therapeutic potential of anticancer drugs.’
Paclitaxel (PTX) is a chemotherapeutic drug* that has
been widely used for many years to treat breast cancer,
head cancer, lung cancer, ovarian cancer, Kaposi’s
sarcoma,” and colon cancer.® The mechanism underlying
the anticancer activity of PTX is well-recognized and has
been reported in several studies; the activity of this drug
involves the breakdown of microtubules during cell division
and cell cycle arrest in the G2/M phase. Consequently, the
cells are unable to proceed with the regular cell cycle.”®
Microtubule-stabilizing agents such as PTX can act on the

mitochondria to trigger apoptosis® !

and also via cathepsin
B-dependent lysosomal pathways, thereby leading to cancer
cell death.'? Therefore, PTX may exhibit a cytotoxic effect
via the induction of apoptosis, apart from exerting effects on
microtubules that lead to cell cycle arrest. However, PTX
application in anticancer therapy faces challenges because of
its low solubility, hydrophobic nature, and the development
of drug resistance.'® These factors substantially limit the
bioavailability of PTX in tumor cells because of the low
tumor targeting potential of the drug. Additionally, PTX
can exhibit some side effects, including myelosuppression,
peripheral neuropathy, and hypersensitivity, because of non-
specific drug distribution.'*'®> Considering the side effects
caused by PTX, it is necessary to design novel methods for
the effective target-specific delivery of PTX to tumors while
limiting its impact on healthy tissues. In recent years, several
approaches have been reported to improve the delivery of
paclitaxel to the tumor site.'®'® Findings from studies indi-
cate that drugs delivered via nanoparticle, peptide, and fluor-
escent dye carriers are retained for extended periods in the
tumors, causing a higher suppression rate of the tumor.'® This
type of a drug delivery system can efficiently deliver the drug
to the targeted tissue without blocking the capillaries while
preserving the bioactivity and stability of the drug.>°
MHI-148 is a near-infrared heptamethine cyanine dye
that possesses tumor-targeting properties.”’ Its dual ima-
ging and dual-targeting characteristics make this dye
a unique and efficient agent for cancer detection, diagno-
sis, and therapy. MHI-148 is immediately taken up and
accumulated in the lysosomes and mitochondria of tumor
cells, but not in those of normal cells.** > Considering
these qualities, in this study, we selected MHI-148 as
a promising tumor-targeting candidate and conjugated it
with the anticancer drug PTX for successfully synthesizing

PTX-MHI-148 conjugates (PTX-MHI). A group of cell
membrane-bound solute carriers called organic anion-
transporting polypeptides (OATPs) play a vital role in
facilitating the tumor-specific delivery of near-infrared
fluorescent (NIRF) dyes.?**” The tumor-specific accumu-
lation of MHI-148 is associated with the upregulated
expression of OATPs in various types of tumors, including
lung, brain, bladder,28 and colon calrcinornas,29 and in the
hypoxic microenvironment of cancer cells.*”

We aimed to couple PTX with the tumor-specific dye
MHI-148 and enhance the bioavailability of PTX inside
tumors, thereby improving the therapeutic effect of PTX
while decreasing toxicity to normal cells. This study
demonstrated the conjugation of PTX with the hepta-
methine cyanine dye MHI-148 in the synthesis of PTX-
MHI and the anticancer effects of PTX-MHI in colon
cancer cells and normal fibroblasts. The fluorescent dye
MHI-148 used here did not cause noticeable cytotoxicity.
PTX has already been studied for its anticancer effects.
Nevertheless, PTX exhibits disadvantages such as low
tumor specificity, thereby causing side effects in healthy
tissues,”! which are commonly accountable for failures in
cancer therapy. Because of these reasons, novel drug deliv-
ery systems with better targeting ability are required for
cancer treatment. Here, we focused on minimizing the side
effects of PTX in healthy tissues by tumor-targeted deliv-
ery with PTX-MHI conjugates. We used the tumor-
targeting property of MHI-148 along with the anticancer
property of paclitaxel to destroy colon cancer cells selec-
tively. The method did not involve light irradiation treat-
ments, but the efficiency of the treatment was high, and the
treatment may be of significance in the field of cancer-
targeting therapies. Our results show that PTX-MHI effec-
tively suppresses the proliferation of colon cancer cells,
while exerting minimal effects on normal fibroblasts, even
in the absence of light treatment.

Materials and Methods

HT-29 colorectal adenocarcinoma cells and NIH3T3 mouse
embryonic fibroblasts were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
The following kits and reagents were used in the experi-
mental protocols: McCoy’s SA Medium Modified (Welgene
Co., No. LM 005-02), RPMI1640 (Welgene), MHI-148
(2-[2-[2-chloro-3-[2-[1,3-dihydro-3,3-dimethyl-1-(5-carbox-
ypentyl)-2H-indol-2-ylidene]-ethylidene]-1-cyclohexene-
1-yl]-ethyl]-3,3-dimethyl-1-(5-carboxypentyl)-3H-indolium
bromide) [purchased from Bioacts (DKC corporation,
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Incheon, South Korea)], PTX (Taxol) (purchased from
Sigma-Aldrich, South Korea), fetal bovine serum (Thermo
Fisher Scientific, No. 16000044), DMSO anhydrous (Life
Co, No. LOT. 0305C186),
streptomycin (Life Technologies, No. 15140122), trypsin-
EDTA (Welgene Co, No. LS 015-10), Dulbecco’s PBS
(DPBS) and LysoTracker Green (Thermo Fisher Scientific,
No. L7526), N,N’-diisopropyl carbodiimide (DIC),
4-dimethylaminopyridine (DMAP), and rhodamine 123
mitochondria specific dye (Sigma-Aldrich, St Louis, USA).
For the cell cytotoxicity assay, MTT was obtained from Life
Technologies (Carlsbad, CA, USA). To purify the conju-
gates, a Mini Dialysis Membrane (MWCO cutoff 1k) was
obtained from Thermo Scientific. Female BALB/c-Nu/Nu
mice (six weeks old) were obtained from Orient Bio

Technologies penicillin-

(Seongnam, South Korea) and maintained under specific
pathogen-free conditions.

Synthesis and Purification of PTX-MHI

PTX-MHI was synthesized by the ester formation reaction
between PTX and MHI-148 using a previously published
method.*? The 2'-OH group of PTX was coupled with the
carboxylic group of MHI-148 in the presence of DIC and
DMAP as activating agents. Briefly, 500 uL of PTX (5 mM
in DMSO) was first mixed with an equal concentration of
MHI-148 (5 mM in DMSO) and an additional 500 pL of 1X
PBS in the presence of DIC and DMAP. The ratio of PTX-
MHI was 1:1. The pH was adjusted to 9 using sodium
hydroxide buffer with magnetic stirring. The reaction was
carried out in a vial at 27°C for 4 h. For the purification and
effective removal of unconjugated MHI-148 and the bypro-
ducts, dialysis was performed using the Mini Dialysis mem-
brane (MWCO cutoff 1k) in triple-distilled water for 2 days.
After the purification process, the conjugation and purifica-
tion of PTX-MHI were confirmed via time-of-flight mass
spectrometry (MALDI-TOF-MS).

Cellular Uptake Studies of MHI-148 and
PTX-MHI

To compare the intracellular uptake of MHI-148 in cancer
and normal cells, cellular uptake assays of MHI-148 and
PTX-MHI were conducted using fluorescence microscopy.
HT-29 colon carcinoma cells and NIH3T3 fibroblasts were
seeded in a confocal dish and incubated at 37°C for 1 day
before treating with MHI-148 and PTX-MHI. Next, 10
uM PTX-MHI and MHI-148 were added to the culture
dish and culture medium; after 1 h, the cells were washed

multiple times with DPBS to remove excess dye and were
resuspended in fresh media. Images were captured using
a Nikon inverted microscope eclipse DSRi2, Qi2 (Ex/Em,
633/780 nm: exposure time, 30 s).

Intracellular Localization Studies in the

Lysosomes and Mitochondria

To determine the intracellular distribution of PTX-MHI in
HT-29 and NIH3T3 cells, a co-staining experiment was
conducted using commercially available LysoTracker (a
green fluorescent dye that stains lysosomes) and rhoda-
mine 123 (a cationic fluorescent dye that labels mitochon-
dria). To conduct localization imaging with LysoTracker
and MitoTracker, HT-29 colon carcinoma cells and
NIH3T3 fibroblasts were seeded in a confocal dish and
incubated at 37°C for 1 day before treating with PTX-
MHI. Next, 10 uM PTX-MHI was added to the culture
dish and the culture medium and incubated for 1 h. Next,
cells were stained with rhodamine 123 (2 puM) and
LysoTracker Green (50 nM) at 37°C. After incubation,
the cells were washed multiple times with DPBS and
resuspended in fresh media. Images were captured using
the Nikon inverted microscope eclipse DSRi2, Qi2.

In vitro Cytotoxicity Assay of MHI-148,
PTX-MHI, and PTX

To compare the cytotoxicity of PTX-MHI in cancer cells
and normal cells, the HT-29 and NIH3T3 cells were har-
vested by trypsinization and resuspended in 96-well plates
at a concentration of 10,000 cells/well in a fresh culture
medium and incubated for 1 day at 37°C under 5% CO,.
After 24 h of incubation, both cell types were treated with
MHI-148, PTX-MHI, and PTX at concentrations of 0.01,
0.05, 0.1, 0.5, and 1.5 uM, along with the controls. The
cell death activities after MHI-148, PTX-MHI, and PTX
treatment were evaluated using MTT assays for 3 conse-
cutive days. Cell viability was measured after an interval
of 24 h. The MTT assay was carried out by adding 10 uL
of 5 mg/mL MTT to each well and incubating for 2
h. Afterward, culture media containing the drugs were
removed, and the resulting purple-colored formazan crys-
tals were dissolved in DMSO. The plates were shaken well
using a digital orbital shaker for 5 min (Scilab Instruments
Co, No. SSO-2D) at 200 rpm before measuring the relative
color intensity. The absorbance of individual wells was
estimated at 590 nm on a microplate reader (Thermo
Scientific, Varioskan™ LUX multimode).
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Animal Tumor Model

All animal experiments were carried out according to
the regulations of the National Institutes of Health
guide for the care and use of Laboratory Animals,
which is approved by the Chonnam National
University Medical School
Animal Care and Use Committee (CNUHH 2014—

148). For the biodistribution studies and in vivo

Research Institutional

tumor reduction study, female BALB/c nude mice
(18-20 g, 5 weeks old) were acquired from Jungang
Lab Animal Inc.,
tumors in mice were established by injecting 3x10°

Korea. HT-29 colon carcinoma
HT-29 cells subcutaneously near the hind limb of
mice. The mice were kept in filter-topped cages and
fed sterile food and water in a specific pathogen-free
facility. We used the following formula to calculate

tumor volume:

Tumor volume =L x B x H/2

where L is the tumor length (major axis), B is the tumor
breadth (minor axis), and H is the height or thickness of
the tumor.

In vivo Biodistribution of PTX-MHI

When HT-29 tumors reached approximately 5-7 mm in
size (after 15 days), PTX-MHI (in PBS, 150 pL) was
intravenously administered at 2 pg/mouse through the
tail vein of tumor-bearing mice. In vivo and ex vivo
imaging was also performed in HT-29 tumor-induced
BALB/c nude mice administered 2 ug/kg PTX-MHI at
different time points. Imaging was conducted using the
FOBI in vivo imaging system (Neuroscience, Korea),
with 825-nm emission filters at an exposure time of 1
s to analyze the biodistribution.

In vivo Tumor Growth Inhibition Study

For the PTX-MHI-mediated tumor reduction study, an HT-
29 colon cancer tumor model was developed, and when
the tumor reached a size of 200 mm?>, the mice were
separated into four groups (n = 5). The mice in the differ-
ent groups were intravenously injected with 200 pL of
PBS, 200 pL of PTX-MHI (2 mg/kg PTX), 200 puL of
PTX (2 mg/kg), or 200 pL of MHI-148 (2 mg/kg) at three
intervals (day 0, 7, and 14). The tumor size and mouse

whole body weights were measured every alternate day.

Results

Conjugation and Characterization of

PTX-MHI

The conjugation of MHI-148 and PTX is based on a solution-
phase reaction carried out between the 2'-OH group of PTX
and the carboxylic group of MHI-148, in the presence of DIC

33,34 ester

and DMAP as activating agents, forming a stable
linkage (Figure 1A). The purification and effectual removal of
unconjugated MHI-148 and PTX were performed via dialysis
using the Mini Dialysis membrane (MWCO cut off 1k) in
triple-distilled water for 2 days. PTX-MHI, which had the
highest molecular mass, was retained in the dialysis tube,
whereas PTX (MW: 853.90614 g/mol) and MHI-148 (MW:
684.33 g/mol) were eluted from the dialysis membrane.
Figure 1B shows the absorbance spectra of PTX-MHI, MHI-
148, and PTX, using which the conjugation and purification of
PTX-MHI was confirmed. The absorbance peaks of PTX-MHI
represent a combination of the absorbance peaks of pure PTX
and pure MHI-148. MALDI-TOF-MS confirmed the efficient
conjugation of MHI-148 and PTX and indicated the successful
synthesis of PTX-MHI (MW =~ 1538.2 Da; Figure 1C).

Assessment of PTX-MHI and MHI-148
Uptake in HT-29 and NIH3T3 Cell Lines

In vitro cellular uptake experiments were performed to com-
pare the uptake of MHI-148 and PTX-MHI in colon carcinoma
(HT-29) cells and fibroblasts (NIH3T3). The NIRF signal was
exclusively observed in HT-29 cells (Figure 2A), and low
uptake was observed in NIH3T3 cells (Figure 2B) in both
MHI-148- and PTX-MHI-treated groups. This experiment
showed that the uptake of MHI-148 and PTX-MHI in colon
cancer cells is markedly greater than that in normal cells. Using
human colon cancer cells and normal fibroblasts to study dye
uptake, we confirmed that MHI-148 and PTX-MHI possess
tumor imaging and targeting properties. The fluorescent spots
observed in the cancer cells suggested that the dye accumulated
in the mitochondria and lysosomes of the tumor cells.*’

Intracellular Localization Studies in

Lysosomes and Mitochondria

We evaluated the targeting property of PTX-MHI in HT-29
and NIH3T3 cells through co-localization experiments
using lysosomal and mitochondrial markers. The NIR
signal appeared to condense on the mitochondria and
lysosomes of HT-29 cells only, as observed by fluorescent
imaging (Figure 3A). Merged images show a considerable
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Figure | Synthesis and purification of PTX-MHI. (A) The hydroxyl group of PTX reacted with the carboxylic group of MHI-148 to yield PTX-MHI. (B) Absorption spectra
of PTX, MHI-148, and purified PTX-MHI. (C) MALDI-TOF-MS data confirmed conjugation, as indicated by the peak of PTX-MHI after purification.

overlap of the PTX-MHI signal in the lysosomes and
mitochondria of cancer cells, indicating that PTX-MHI
selectively targets cancer cells and accumulates in colon
cancer cell lysosomes and mitochondria. However, only
a weak NIRF signal was detected in NIH3T3 fibroblasts
(Figure 3B) owing to the non-specific staining of the dye.

In vitro Cytotoxic Effects of PTX-MHI,
MHI-148, and PTX

A cell viability test was carried out for up to 3 days after the
HT-29 cells and NIH3T3 cells were treated with PTX-MHI,
MHI-148, and PTX. We evaluated the effects of PTX-MHI,

MHI-148, and PTX administered at different concentrations in
HT-29 colon cancer cells and NIH3T3 normal fibroblasts to
compare the cytotoxicity of the conjugates in these cells.
Figure 4A—C show the cytotoxic effect of PTX-MHI in HT-
29 and NIH3T3 cells from day 1, day 2, and day 3. Figure 4D—
F show the cytotoxic effect of PTX in HT-29 and NIH3T3
cells from day 1, day 2, and day 3. Figure 4G—I show the effect
of MHI-148 in HT-29 and NIH3T3 cells after day 1, day 2,
and day 3 of treatment.

The PTX-MHI treatment groups exhibited a greater reduc-
tion in the number of HT-29 cancer cells than in that of
NIH3T3 normal fibroblasts. The PTX-MHI treatment group
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Figure 2 Uptake and intracellular endosomal localization of MHI-148 and PTX-MHI in HT-29 and NIH3T3 cells. (A) HT-29 cells treated with MHI-148 and PTX-MHI. (B)
NIH3T3 cells treated with MHI-148 and PTX-MHI. MHI-148 and PTX-MHI appear to be internalized in HT-29 cells, but in NIH3T3 cells, the dye’s internalization is
significantly lower. All images were acquired via fluorescence microscopy (exposure time of 10 s).

on day 1 (Figure 4A), day 2 (Figure 4B), and day 3 (Figure 4C)
showed a gradual and significant reduction in the HT-29
cancer cell population. However, NIH3T3 cells treated with
PTX-MHI showed no toxicity on day 1, and only showed
toxicity on days 2 and 3. The tumor reduction rate in HT-29
cells increased upon treatment with 0.1 to 1.5 uM of PTX-
MHI. Treatment after days 2 and 3 caused a greater decline in
the tumor cell population compared to that after day 1 in all
concentration groups. After 3 days of treatment of HT-29 cells,
the cell viability decreased considerably. The cytotoxicity of
PTX-MHI in HT-29 cells increased from 37.5% to 78.4%
between the first and third day of treatment, but the cytotoxi-
city observed in the NIH3T3 fibroblasts treated with PTX-
MHI led to an increase in cell death from 8% to only 39.4%.

When comparing the cytotoxicities in the PTX and
PTX-MHI treatment groups, HT-29 cells from the PTX-
MHI treatment group showed a greater reduction in cell
population than those from the PTX treatment group. The

PTX-MHI group showed toxicity toward cancer cells at
0.1, 0.5, and 1.5 pM concentrations from day 1, but only
1.5 uM PTX showed slight toxicity in cancer cells on day
1. Additionally, on day 2, 0.1 pM PTX-MHI showed
a further reduction of approximately 40%; on the
third day, 32% additional reduction was observed in the
cancer cell population compared to that in the PTX treat-
ment group. In HT-29 cells, the cytotoxicity observed after
treatment was greater in the PTX-MHI-treated group than
in the PTX groups at all concentrations.

In NIH3T3 fibroblasts, PTX-MHI treatment showed
lower cytotoxicity compared to PTX treatment. On day 1,
PTX treatment showed cytotoxicity, but PTX-MHI treat-
ment did not show considerable cytotoxicity in normal
cells. On day 2, the NIH3T3 cell population in the PTX-
treated group decreased by 61.9% compared to that in the
control group. Concurrently, there was only 37.1% reduction
in the PTX-MHI group. On day 3, the NIH3T3 cell
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Figure 3 Co-localization study using LysoTracker Green and rhodamine 123 as the standard lysosomal and mitochondrial markers, respectively. HT-29 (A) and NIH3T3 (B)
cells were treated with PTX-MHI and stained with LysoTracker Green and rhodamine 123 for 30 min. PTX-MHI was localized to the lysosomes and mitochondria of HT-29
cells, whereas only a weak fluorescent signal was observed in NIH3T3 fibroblasts. Images were acquired via fluorescence microscopy (exposure time of 10 s).

population in the PTX treatment group decreased to 75.9%
compared to that in the control group, but the cell death rate
in the PTX-MHI treatment group was only 39.4% compared
to that in the control group. The results showed that the PTX
treatment group exhibited greater NIH3T3 cell death than
the PTX-MHI groups at all concentrations. When comparing
the cytotoxicity of PTX-MHI and MHI-148, MHI-148
caused only negligible toxicity in HT-29 and NIH3T3 cells.

Biodistribution of PTX-MHI in the HT-29

Tumor Model

To evaluate the tumor accumulation and biodistribution of
PTX-MHI, we administered PTX-MHI to HT-29 tumor-
induced BALB/c nude mice. Whole-body imaging was
performed after 2, 4, 6, 12, 24, and 48 h of injection
(Figure 5A). Maximum accumulation was found 12
h after injection, and the signal was sustained until day
3. The ex vivo imaging results also showed maximum
accumulation of PTX-MHI in the
h (Figure 5B). The quantification of fluorescence signals

tumor at 12

in organs showed that the dye uptake in tumor tissues was
significantly higher than that in other vital organs
(Figure 5C). The biodistribution results indicated the abil-
ity of PTX-MHI to precisely target tumors as well as to be
retained in tumor tissues rather than in other organs.

Tumor Growth Inhibition Study in the
HT-29 Tumor Model

To confirm our hypothesis that PTX-MHI exerts a stronger
therapeutic effect than PTX, we tested the in vivo anti-
tumor efficacy of PTX-MHI, MHI-148, and PTX. For the
antitumor study, an HT-29 colon cancer tumor model was
established using female BALB/c nude mice. The mice
were intravenously injected with 200 pL of PBS, 200 uL
of PTX-MHI (2 mg/kg PTX), 200 pL of PTX (2 mg/kg),
or 200 uL of MHI-148 (2 mg/kg). The intravenous treat-
ment was conducted in three intervals (day 0, 7, and 14) to
a total dose of 6 mg/kg. All mice were weighed during the
experimental period, and tumor volumes were measured
every alternate day for up to 30 days. A significant rate of
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Figure 4 Cytotoxicity analysis of PTX-MHI, MHI-148, and PTX (n = 5). (A—C) HT-29 and NIH3T3 cells were treated with various concentrations of PTX-MHI, and cell
viability was assessed after day | (A), 2 (B), and 3 (C). (D-F) HT-29 and NIH3T3 cells were treated with various concentrations of PTX, and cell viability was assessed
after day | (D), 2 (E), and 3 (F). (G-1) HT-29 and NIH3T3 cells were treated with various concentrations of MHI-148, and cell viability was assessed after day | (G), 2 (H),
and 3 (I). Cells were treated with 0, 0.01, 0.05, 0.1, 0.5, and 1.5 yM PTX-MHI, MHI-148, or PTX, and then incubated for 3 days. Cell viability assays were conducted using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Significant differences are shown as ***P < 0.001.

tumor growth inhibition was observed in mice treated with
PTX-MHI compared with that in mice treated with PTX,
MHI-148, and PBS (Figure 6A). The PTX-MHI-treated
group showed relatively slower tumor growth after 15
days of treatment than the other groups. To further confirm
that PTX-MHI did not induce weight changes, the body
weights of mice were measured every other day for 30
days. No weight loss was observed in the PTX-MHI-
that the control
(Figure 6B). The body weights of the mice remained
almost the same in all treatment groups.

treated group compared to in

Discussion

In this study, we synthesized PTX-MHI by coupling the
anticancer drug PTX and heptamethine cyanine dye MHI-
148. We significantly improved the solubility of PTX and
increased the bioavailability of PTX inside tumor cells.
The tumor-specific targeting property of MHI-148 assisted

in the effective delivery of PTX into the tumor without
accumulation in normal cells. The higher accumulation of
MHI-148 in cancer cells than in normal cells occurs
because of the hypoxic tumor microenvironment and
OATP signaling.**%37 Previous studies have reported
that HT-29 colon carcinoma cells overexpress OATPs.?
OATPs are a superfamily of solute carrier transporters that
facilitate the transport of multiple substrates, including
drugs, organic acids, and hormones, to specific
organelles.*® The uptake of some NIR dyes, including
MHI-148, is mediated by OATP channel proteins whose
expression is regulated by HIF-1a, which is regulated by
hypoxia, a standard condition that accompanies tumor
growth.>® Hypoxia is frequently observed in many solid
tumors and affects gene expression and cell behavior,
primarily through HIF-10.%° In the presence of oxygen,
the HIF-la protein undergoes degradation, which may

contribute to the relatively low level of OATPs in normal
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Figure 5 In vivo and ex vivo biodistribution study. (A) Biodistribution of PTX-MHI in HT-29 tumor-induced BALB/c nude mice (n = 3). In vivo fluorescence analysis of PTX-
MHI in HT-29 cells was carried out after the intravenous administration of PTX-MHI (2 pg/mouse). Maximum tumor accumulation was achieved after 12 h of administration.
(B) Ex vivo imaging of organs (heart, spleen, tumor, liver, kidneys, and lungs) harvested after euthanizing the mice after 12 h of intravenous PTX-MHI injection. (C) The
fluorescence intensities in the organs were quantified and plotted as mean intensity values + SD (n=3).
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Figure 6 In vivo tumor growth inhibition and weight studies in HT-29 subcutaneous tumor-induced BALB/c nude mice treated with PTX-MHI-148. Tumor volume
measurement (A) and body weight change (B) in different groups. Data are presented as mean * SD (n = 5, ***P < 0.001, **P < 0.01).

cells, leading to the reduced uptake of MHI-148.%°
Considering the characteristics of MHI-148, such as
tumor hypoxia and OATP-mediated cancer cell targeting,
we suggest that PTX-MHI uses a similar mechanism for
cancer-specific uptake signaling. MHI-148 can selectively

accumulate in the lysosomes and mitochondria of tumor
cells by OATP signaling, making it a suitable candidate for
dual imaging and targeted therapy.”**® Thus, this delivery
system could help overcome low PTX bioavailability in
cancer cells and improve PTX-mediated cancer therapy
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Figure 7 Mechanism of action of PTX-MHI in cancer cells and normal cells. PTX-MHI accumulates inside the mitochondria and lysosomes of cancer cells with the help of
a group of transport proteins, organic anion-transporting polypeptides (OATPs), which are overexpressed in cancer cells, and promotes cancer cell death. Conversely, in
normal cells, owing to a low level or absence of OATPs, PTX-MHI cannot accumulate sufficiently, and causes low levels of cell death. Created with BioRender.com.

without causing considerable side effects in adjacent
healthy cells. The results of the in vitro fluorescent ima-
ging of PTX-MHI and co-localization experiments with
LysoTracker and MitoTracker showed that PTX-MHI effi-
ciently accumulates in the lysosomes and mitochondria of
cancer cells.

Several studies have investigated the mechanism
underlying PTX-mediated anticancer therapy. Some stu-
dies have shown that the primary means of PTX-
mediated cytotoxicity is microtubule stabilization,
which leads to cell cycle arrest at the G2/M phase and
termination of cell proliferation.*®*' Several studies have
that PTX

mitochondrial®*"*** and lysosomal®® cell death pathways.

shown can cause cytotoxicity via
A study on mitochondria-mediated cell death reported
that PTX acts on Bcl-2 phosphorylation, accelerating
the release of mitochondrial cytochrome c. The associa-
tion of cytochrome c¢ with pro-caspase-9 and Apaf-1
converts procaspase-9 to its active form, thereby trigger-
ing the intrinsic pathway of apoptosis. Pro-caspase-3 is

cleaved and forms caspase-9 and caspase-8, eventually

leading to apoptosis.*' Some studies have shown that
microtubule-stabilizing agents, such as PTX, can induce
cell death in cancer cells via cathepsin B-mediated lyso-
somal pathways. Briefly, PTX triggers lysosome disrup-
tion, followed by cathepsin B release and activation; this
may lead to cathepsin B-dependent cell death.** The
findings from our in vitro imaging studies showed that
PTX-MHI specifically accumulates inside the mitochon-
dria and lysosomes of cancer cells. Thus, we suggest that
PTX-MHI causes cell death via both lysosomal and
mitochondrial pathways, as the dye seems to accumulate
in both organelles (Figure 7). The accumulation of PTX-
MHI was greater in tumors than in normal organs,
including the liver, kidneys, spleen, lungs, and heart, in
both in vivo and ex vivo studies. Since PTX alone has no
tumor-targeting properties, the conjugation with the
tumor-targeting MHI-148 dye could likely provide sig-
nificant advantages over conventional PTX-mediated
cancer therapy.

In vitro, NIRF imaging in HT-29 and NIH3T3 cells
indicated that PTX-MHI could assist with the tumor-
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targeted delivery of PTX to cancer cells only. Hence, we
successfully increased PTX accumulation in the tumor site
by preventing its non-specific accumulation in healthy
cells. We believe that the mechanism by which PTX-
MHI causes selective cytotoxicity in colon cancer tissues
involves the specific accumulation of the drug in the lyso-
somes and mitochondria, which leads to mitochondria- and

lysosome-mediated cell death.

Conclusion

Traditional chemotherapy is frequently inefficient because
of the poor targeting capabilities and off-target effects of
drugs. It is critical to develop innovative methods to
increase the selectivity of anticancer medication while
minimizing the harmful effects on healthy cells.

In this study, we show that PTX-MHI can be
employed to treat cancer successfully, with considerable
tumor shrinkage in colon cancer cells and minimal
cytotoxicity in normal fibroblasts. Our modification of
PTX-MHI demonstrated the efficacy of the hepta-
methine dye MHI-148 as a tumor-targeting and optical
imaging agent for successful cancer therapy without the
light This

approach can possibly serve as an innovative and cost-

compulsion for irradiation treatments.
effective method of cancer treatment in the absence of
light assistance and can help advance research in the
field of non-irradiation treatments.

PTX-MHI can be used as an efficient delivery system
for the effective tumor-targeted delivery of the anticancer
agent PTX and holds great promise in cancer imaging and

therapy.
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