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Reactive oxygen species activated by mitochondria-
specific camptothecin prodrug for enhanced
chemotherapy

Zhaopei Guo'?, Zian Wang', Ruifeng Liang', Huayu Tian?*, Xuesi Chen? Meiwan Chen'*

ABSTRACT

Camptothecin (CPT) has attracted much attention due to its potent antitumor activities. However, the undesirable physicochemical proper-
ties, including poor water solubility, unstable lactone ring, and severe adverse effects, limit its further application. In this study, two water-solu-
ble prodrugs, CPT-lysine and CPT-arginine, were designed and synthesized by conjugating lysine or arginine with CPT, improving its solubility,
pharmacokinetic properties, and tumor penetration. Importantly, the introduction of arginine into CPTR contributed to the mitochondria-spe-

cific delivery, which increased mitochondrial reactive oxygen species generation, induced mitochondria dystunction, and enhanced cell apop-

tosis and i vivo anti-cancer effect. This strategy is believed to hold great potential for organelle-specific synergistic anti-tumor therapy.
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INTRODUCTION

Camptothecin (CPT), first isolated from the Chinese tree
Camptotheca acuminata, was widely used in preclinical or clini-
cal anti-cancer therapy, including lung, colon, and breast cancer,
as the topoisomerase I inhibitor [1,2]. However, poor water solu-
bility and the instability of lactone ring in the physiological envi-
ronment limit the therapy efficacy of CPT [3-5]. Another bot-
tleneck in the application of CPT is the high-dose requirement
and systemic toxicity due to its non-specificity. Tumor-specific
delivery, including delivery to tumor tissues, tumor microenvi-
ronment, cells, and subcellular organelles (mitochondria, lyso-
some, endoplasmic reticulum, etc.), has gained much attention
and exhibits great potential for therapeutic efficacy improve [6].
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Among them, mitochondria, as the major cellular pow-
erhouse, plays an essential role in cancer cell survival, as
well as cell invasion and metastasis. Therefore, this organ-
elle has attracted wide attention in cancer therapy [7,8].
Mitochondrion showed different functions in cancer cells
compared to normal cells, including different metabolic activ-
ity, reactive oxygen species (ROS) generation, and transmem-
brane potential [9-12]. Mitochondria are the main source of
superoxide radicals, which provide the possibility of exceed-
ing cytotoxic thresholds in cancer cells [13,14]. Therefore, the
development of novel mitochondrial-targeted CPT deriva-
tives and CPT-based drug delivery systems would contrib-
ute to the powerful cancer therapy based on improved drug
stability, efficient drug delivery, mitochondrial disruption, and
associated homeostasis imbalance.

At present, various mitochondria-targeted nanosystems
are developed for improved cancer therapy [15-17]. The mol-
ecules containing positive charges were regarded as an etfi-
cient tactic in traversing mitochondria double membrane to
achieve mitochondria-targeted delivery. For example, triph-
enylphosphonium bromide was used as a classical mitochon-
dria-targeting agent [18]. Nevertheless, the extremely low
loading efficiency and instability of CPT hindered its further
applications [19]. Amino acids (lysine, glycine, arginine, etc.)
as promoieties have drawn much attention as well, since they
provide structural diversity and expanse of physicochemical
properties for optimization in drug delivery [20,21].

For instance, Vale et al. designed and synthesized new
bromothiazole derivatives with amino acids, and confirmed
the antiproliferative activities against colon cancer cells [22].

Deshmukhs team confirmed that the introduction of amino
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acids (aminobutyric acid and norvaline) to CPT was able to
stabilize the lactone form and offer the platform for further
drug delivery [23]. Etienne et al. synthesized a series of CPT-
amino acids carbamate linkers with a convenient and facile
approach, in which the intramolecular cyclization contributed
to increased stability and drug potency [21]. Azzolini et al. used
carbamate ester as a linker to introduce isoleucine, to increase
absorption, reduce metabolism, and acquire higher drug con-
centrations of pterostilbene [24]. Among these amino acids,
the positively charged amino acid arginine holds great poten-
tial in the design of both cell-penetrating and mitochondri-
al-targeted drug delivery systems [25]. On the other hand, the
amphiphilicity of water-soluble amino acid-modified CPT
prodrugs is beneficial for the construction of carrier-free drug
delivery nanosystems (nanospheres, nanotubes, nanofibers, or
nanowires) with high CPT loading content based on self-as-
sembly of drugs [26]. For example, r-1 stacking between the
heterodimeric  prodrugs — 7-ethyl-10-hydroxycamptothecin
(SN38) and taxane largely increased the stability of heterodi-
meric prodrugs and lipid carrier-based micelles, as well as the
drug loading content [27].

As shown in Scheme 1, positively charged amino
acid-modified CPT prodrugs were synthesized (CPTK and
CPTR) and assembled into nanoparticles to achieve improved
cancer therapy based on increased drug stability, mitochon-
drial-targeted delivery, and deeper tumor penetration, with
the following advantages exhibited. First, the improved water
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solubility and stability of CPTK and CPTR provided signifi-
cant advantages over CPT for in vivo applications. Second,
CPTR elevated ROS levels based on efficient drug penetra-
tion in mitochondria and induced mitochondria dysfunction.
In addition, CPTR exhibited powerful penetration ability,
contributing to in vivo cancer therapy. Thus, the novel CPT
derivatives were supposed to have great potential in clinical
anti-cancer therapy.

MATERIALS AND METHODS

Materials

Boc-Arg (Pbf)-OH and Boc-Lys (Boc)-OH were pur-
chased from GL Biochem Ltd. (Shanghai, China). CPT was
purchased from Dalian Meilun Biotechnology Co. Ltd.
(Dalian, China). Trifluoroacetic acid (TFA) was obtained
from Xiya Reagent Co., Ltd. (Linyi, China). EDC hydrochlo-
ride was provided by J&K Scientific Ltd. (Beijing, China).
N-Hydroxysuccinimide and DM AP were supplied by Aladdin
Co. Ltd. (Shanghai, China). 4™-6-diamidino-2-phenylindole
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methyl thiazolyl tetrazolium (MTT) was obtained from
Amresco (Solon, Ohio, USA). Annexin V-FITC apoptosis
detection kit, ROS Assay Kit (DCFH-DA), Mitochondrial
Membrane Potential Assay Kit with Rhodamine 123, Fluo-4
AM, and MitoTracker Red were obtained from Beyotime
(Shanghai, China). Fluorescein isothiocyanate (FITC) was
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SCHEME 1. Schematic illustration of the anticancer mechanism of CPT prodrugs. CPT: camptothecin.
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obtained from Dingguo Biotechnology Company (Beijing,
China).

Characterization of CPTR and CPTK

The fluorescence spectrum of CPTR and CPTK (50 uM
in 10 mM PBS) was measured using a fluorometer (Photon
Technology International Inc., Canada) at o hour, 24 hours, and
48 hours after being dissolved in PBS. CPTR and CPTK were dis-
solved in water or DMSO (10 uM). Then, the UV-Vis-NIR spectra
were obtained by spectrophotometer (U-4100, Hitachi, Japan).

Characterization of prodrug-based nanoparticles

To prepare prodrug-based nanoparticles, CPTKand CPTR
were dissolved in the deionized water or 10% FBS solution
(0.125, 0.25, 0.5, and 1.0 mg/mL), which would self-assemble
into nanoparticles based on their amphiphilic structure. The
size distribution and zeta potential were measured by Malvern
Zetasizer Nano-ZS9o (Malvern Instruments, Malvern, UK)
based on dynamic light scattering (DLS) method. The mor-
phology was observed by scanning electron microscopy
(SEM, Merlin, Zeiss, Germany).

Cell lines

HeLa, MCF7, B16F10, 4T1, and CT26 cells were obtained
from American Type Culture Collection, Rockville, USA,
and cultured in DMEM with 10% (v/v) heat-inactivated FBS,
100 ug/mL streptomycin, and 100 units/mL penicillin in an
incubator (37°C, 5% CO,, 95% humidity).

Flow cytometry

CPTR and CPTK were labeled with FITC for cell uptake
analysis. CPTR (100 mg) and FITC were dissolved in 30 mL
of deionized water with a molar ratio of 1.2:1, and the reac-
tion was conducted at room temperature for 24 hours.
Subsequently, insoluble solids in the water were removed by
centrifugation (8ooo rpm) after sonication. CPTK-FITC was
synthesized with similar methods (CPTK: 100 mg). CT26 cells
were cultured in 6-well plates at a density of 1.0 x 10° cells per
well. After incubation at 37°C for 24 hours, cells were treated
with different formulations with equivalent CPT concen-
tration (5 uUM), respectively, and then cultured for another
6 hours. The control group was treated with an equal volume
of serum-supplemented culture medium without drug. Then,
cells were washed with PBS and analyzed through flow cytom-
etry (FACS Caliber, Becton-Dickinson, San Jose, CA, USA).

Confocal laser scanning microscopy (CLSM)

CT26 cells were seeded on the coverslips in 6-well
plates with a density of 1.0 x 10° cells per well and cultured
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for 24 hours, then CPT, CPTK, and CPTR were added at a
concentration of 5 WM. After 6 hours incubation, cells were
treated with MitoTracker Red for another 30 minutes at
37°C, then washed and fixed with 3.7% paraformaldehyde,
followed by observation using a CLSM, Leica TCS SP2; Leica
Microsystems, Wetzlar, Germany.

Cytotoxicity assay

MTT assay was employed to assess the cytotoxicity of
CPT, CPTK, and CPTR against different cell lines, includ-
ing Hela, 4T1, Bi6F10, and CT26 cells. Briefly, cells were
seeded at a density of 1.0 x 10* cells per well in 96-well
plates and incubated for 24 hours. Then, the culture
medium was replaced with a medium containing different
concentrations of CPT, CPTK, and CPTR. The CPTK and
CPTR were dissolved in saline before use. CPT was first
dissolved in DMSO and then diluted in a culture medium.
After another 48 hours, 20 uL of MTT (5 mg/mL) was
added to each well and the cells were incubated for another
4 hours. Then, MTT-containing solution was removed
and 200 UL of DMSO was added to dissolve the MTT for-
mazan crystals. Finally, the absorbance at 490 nm of each
well was recorded by an ELISA microplate reader (Bio-Rad,
USA). The cell viability (%) was calculated according to the
following equation:

Cell viability (%) = (Asample/Acontrol) x 100%

Where, Asample and Acontrol represented the absorbance
in the drug-treated groups and control group, respectively.
Data were shown as mean + SD based on triplicate indepen-

dent experiments.

Cell apoptosis assay

CT26 cells were cultured in 6-well plates with a density of
1.0 x 10° cells per well and cultured for 24 hours. Then, CPT,
CPTK, and CPTR were added with a final concentration
of 5 WM. After 24 hours incubation, the apoptotic cells were
treated with the Annexin V-FITC apoptosis detection kit
according to the manufacturer’s instructions (BD Biosciences,
SanJose, USA) and the results were analyzed by flow cytometry.

Intracellular ROS detection

The ROS generation was accessed by ROS Assay Kit
(DCFH-DA) in different cell lines, including 4T1, Bi6F1o,
HeLa, and CT26 cells. Briefly, cells were seeded at a den-
sity of 1.0 x 10* cells per well in 24-well plates and incubated
for 24 hours. Then, the culture medium for each well was
replaced with 500 UL of DMEM containing CPT, CPTK, and
CPTR at a final drug concentration of 5 uM. After 6 hours

incubation, cells were treated with the ROS fluorescent probe
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(10 uM) for 20 minutes and washed thrice with PBS for CLSM
observation.

Mitochondrial potential assessment

CT26 cells were seeded on 24-well plates at a density of
1.0 x 10* cells per well and treated with 5 uM of CPT, CPTK,
and CPTR for 2 hours, respectively. Subsequently, the cells
were cocultured with rhodamine 123 for 30 minutes. Then, the
cells were washed with PBS and observed with a fluorescence
microscope and analyzed by flow cytometry.

Intracellular Ca*" detection

The Fluo-4 AM probe was applied to access the intracel-
lular Ca** concentration. Briefly, CT26 cells were seeded on
24-well plates at a density of 1.0 x 10* cells per well and treated
with 5 uM of CPT, CPTK, and CPTR for 24 hours, respec-
tively. After being washed with fresh mediums, the cells in dif-
ferent groups were incubated with Fluo-4 AM for 20 minutes
and evaluated with flow cytometry.

3D spheroid model (3DSM) for in vitro tumor
penetration

CT26 cells were seeded in low attachment 24-well plates at
adensity of about 4.0 x 10* cells per well and incubated at 37°C
for 5 days. Then, CPT, CPTK, and CPTR were added into the
media with the final CPT concentration of 10 ug/mL and incu-
bated for another 2 or 24 hours. Then, the 3DSMs were washed
by PBS thrice and put onto a glass slide for CLSM observation.

Pharmacokinetics

Female BALB/C mice (4-5 weeks) were bought from
Vital River Company (Beijing, China). The normal mice were
injected with CPT, CPTK, and CPTR at an equivalent CPT
dose of 1 mg/kg through tail vein. At different time intervals
(05 1, 2, 4, 6, 8, 12, and 24 hours), the blood samples were
collected through tail vein using sodium-heparinized micro-
pipettes, transferred to heparinized blood collecting tubes,
and stored at -80°C for further analysis. Then, 20 UL of blood
was transferred to a black 96-well plate and diluted to 200 uL.
by PBS. Furthermore, CPT fluorescence was measured on a
Tecan infinite M20o Microplate Readers (Tecan, Austria) at
Aex = 370 nm and Aem = 435 nm, and the fluorescence inten-
sity of untreated groups was used as a negative control. The
acquired values were normalized to CPT concentration which
was calculated based on the naked CPT calibration curves.

In vivo tumor treatment and histological analysis

CT26 cells suspended in PBS were subcutaneously injected
into BALB/C mice to establish CT26 tumor-bearing models
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for investigation of in vivo antitumor efficacy. When the tumor
size became approximately 150 mm?, the tumor-bearing mice
were divided randomly into six groups and administered with
PBS, CPTK, and CPTR through intravenous or intraperi-
toneal (for CPT) injection every 3 days, with a total 5 times
injection (10 mg/Kg of CPT). The CPTK and CPTR were dis-
solved in saline before use in vivo. CPT was first dissolved in
DMSO and then diluted in normal saline. The tumor size and
body weight were measured every other day. Tumor volume
(V) was calculated as follows: V = 0.5 ab2, where a and b rep-
resented the longest (a, mm) and the shortest (b, mm) diame-
ters of tumor measured by a Vernier caliper. After treatment,
the heart, liver, lung, spleen, kidney, and tumor were dissected
from the mice for histopathological analysis. The tissues were
paraffin embedded and sliced at 5 mm thickness. Then, the tis-
sue slices were stained with hematoxylin and eosin (H&E) to

assess histological alterations with a microscope.

Ethical statement

All animal experiments were performed under the
Guidelines for Care and Use of Laboratory Animals of
Northeast Normal University and approved by the Animal

Ethics Committee of Northeast Normal University.

Statistical analysis

All' measurements were conducted in triplicate and
expressed as mean + standard deviation. The Students t-test or
the one-way ANOVA test was performed to compare the sta-
tistical significance. “p < 0.05 was considered statistically sig-
nificant. **p < 0.01 and ***p < 0.001 were considered extremely

statistically significant.

RESULTS

Synthesis and characterization of CPTK and CPTR

Water-soluble prodrugs CPTR and CPTK were prepared
by the coupling reaction between CPT with Arg or Lys,
respectively (Figure S1A). CPTR (percentage yield: ~78.5%)
and CPTK (percentage yield: ~87.4%) were characterized by
1H-NMR, and the position of each peak was labeled, as shown
in Figure S1. Typically, the peaks from 1.2 ppm to nearly 2 ppm
and 4.5 ppm represent that arginine or lysine was successfully
conjugated to CPT (Figure S1B). The result of mass spectrom-
etry (Figure S1C) further proved the successful synthesis of
CPTR and CPTK.

Characterization of prodrug-based nanoparticles

The introduction of water-soluble amino acids increased
the water solubility of CPT. Meanwhile, their positively charged
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unit was used for mitochondrial-targeted delivery. However, a
high concentration of negatively charged proteins existing in
the serum will be absorbed on the surface of the nanosystems
based on electrostatic adsorption and affects the in vivo fate of
nanosystems [28]. Thus, it is necessary to characterize the phys-
icochemical variations of the CPTK/CPTR-based nanosystem
after coincubation with negatively charged proteins. For this,
CPTK and CPTR were incubated with 10% FBS solution at dif-
ferent drug (CPT) concentrations (0.125-1 mg/mL). As shown
in Figure 1, the size of CPTR/FBS was much smaller than
that of CPTK/FBS under different drug concentrations. This
phenomenon can be attributed to the guanidinium group of
arginine, which provides a stronger interaction with aromatic
residues in proteins to reduce protein aggregation compared
with lysine [29,30]. The zeta potential of CPTR and CPTK in
10% FBS solution was also measured, both showing a sharp
decrease after being complexed with FBS (Figure 1B).

The closed lactone form of CPT had highly efficient
anti-cancer activity, which decreased significantly in the open
lactone form. To estimate the lactone stability of CPTR and
CPTK, fluorescence emission spectral shift measurements
were performed. As displayed in Figure S2A and B, even after
the nanosystems were dissolved in PBS for 48 hours, the emis-
sion peak was only shifted from 434 nm to 437 nm for CPTR
and from 434 nm to 438 nm for CPTK, which indicated that
both CPTR and CPTK were mostly remained in closed lac-
tone form with highly efficient anti-cancer activity, rather than
open carboxylate with an emission peak at 446 nm [31,32].
MTT assay in As49, Bi6F10, and CT26 cell lines also con-
firmed that there was no obvious difference in the anti-cancer
ability of CPTR and CPTK after o, 12, 24, and 48 hours incu-
bation in PBS, which was further proved the high stability of
prodrugs (Figure S2C-E).

In water
e = SETR == CPTR
T 800 B CPTK
£ In FBS (10%)
Q 600 [ Concentration (mg/ml)
»n 1.0 0.5 0.25 0.125

1.0 1.0 0.5 0.250.125
Concentration (mg/ml)

ol %N

; e o % e 00T
FIGURE 1. Characterization of CPTK/FBS and CPTR/FBS.
(A) Particle size of CPTK and CPTR with different CPT concen-
tration in FBS (10%); (B) zeta potential; and (C and D) the SEM
picture of CPFTR/FBS and CPTK/FBS. *** p < 0.001 (Student’s

t-test).
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To study the self-assembly behavior of the prodrug, the
UV-Vis spectrum was analyzed to investigate the state of
CPTR and CPTK in water and DMSO. Figure S3A shows
that CPTK had two obvious absorption peaks at 352 nm and
368 nm in water, and 367 nm and 370 nm in DMSO, respec-
tively, indicating the existence of an aggregated state. Similar
properties can also be observed in CPTR (Figure S3B), and the
self-assembling process might be attributed to the hydropho-
bic and -1t stacking interactions based on the m-electronic
planar of CPT [33,34].

In vitro cytotoxicity and cell uptake efficiency

The fluorescence spectrum had shown that CPTK and
CPTR were able to keep closed lactone for a long time, which
was considered an active form of CPT. The anti-cancer abil-
ity of CPT, CPTK, and CPTR was measured in HeLa, MCF7,
CT26, 4T1, and Bi6F10 cells (Figure 2). CPTR showed a
higher cell proliferation inhibition rate compared with CPT
and CPTK. No significant differences in cell viability were
found among the three groups. However, the ICsos of CPTR
in different cell lines were lower than in the other two for-
mulations, as shown in Table S1. To explore the underlying
mechanism, we selected CT26 cells to study the cellular
uptake efficiency of CPTK and CPTR. CPTK and CPTR
were labeled with FITC. The result showed that CPTK and
CPTR had similar cellular uptake, which means that cellular
uptake was not the key factor that led to the difference in cell
toxicity (Figure 3).

Cell apoptosis, ROS detection, mitochondria CPT
colocalization assay, and associated membrane
potential assessment

Cell apoptosis assay was further employed to evaluate
the anti-cancer activity of CPT, CPTK, and CPTR. At an
equivalent drug concentration of 5 UM, an increase in cell
apoptosis (41.5%) was found in the CPTR group compared
with CPT (34.3%) and CPTK (27.5%) (Figure 4A and B, con-
trol group: ~9.35%), which is different from the above results
of cellular uptake. Recent studies proved that CPT inhib-
ited mitochondria oxygen consumption and increased ROS
generation, which contributed to cell apoptosis [13,14]. The
ROS detection was conducted in CT26 cells, as shown in
Figure 4C, and the CPTR group exhibited a higher ROS level
(green fluorescence signal). Similar results were obtained in
other cell lines (Figure S4).

Then, the intracellular fate of CPT, CPTK, and CPTR
was explored. As shown in Figure 5, CLSM images revealed
that CPTR showed significant mitochondrial colocalization
signal despite similar cellular uptake, which confirmed that
the efficient anti-cancer ability of CPTR was associated with
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FIGURE 3. Cellular uptake in CT26 cell, CPTK, and CPTR
labeled with FITC (6 hours, 5 uM).

CPTR-FITC

mitochondria-targeted delivery and subsequent ROS genera-
tion, except for the function of topoisomerase I inhibition for
CPT.

The membrane potential variation was also accessed
after 2 hours treatment of CPT, CPTK, and CPTR. As shown
in Figures 6Aand B, the mitochondrial membrane poten-
tial in CPTR decreased significantly when compared with
the untreated group. These results verified the prediction
that mitochondria-targeted delivery induces significantly
mitochondrial dysfunction. Furthermore, mitochondria are
involved in intracellular calcium homeostasis regulation,
which is attractive for therapeutic intervention [35]. The
changes in cellular Ca** concentration were accessed due to
its important role in tumors [36]. As shown in Figure 6C, Ca*
in the CPTR group was increased compared with the con-
trol group (p < 0.05). Although the calcium concentration in
the CPTR group was higher than that in the CPT and CPTK
groups, the data were not statistically different. This may be
related to the toxicity of CPT itself.
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In vitro tumor penetration to 3DSM

The in vitro evaluation of tumor penetration ability of CPT,
CPTK, and CPTR was carried out using a 3DSM derived from
CT26 cells. As shown in Figure 7, CPT was mostly dispersed
at the periphery of 3DSM, and the negligible fluorescence sig-
nal was detected in the center of 3DSM after 2 hours incuba-
tion. By contrast, the fluorescence signals of CPTK and CPTR
were detected much deeper inside of 3DSM. After 24 hours
coincubation, the stronger fluorescence signals for CPTK and
CPTR suggested their higher tumor penetration ability than
CPT.

Pharmacokinetics, in vivo tumor treatment, and
histological analyses

The blood concentration of CPT at fixed time intervals
was further measured to study the pharmacokinetic profiles of
different formulations (Figure 8A). Consistent with previous
reports, the detected CPT concentration in blood decreased
dramatically. However, the decrease in CPT concentration
was significantly delayed in CPTK and CPTR groups. The
improved blood concentration of CPTK and CPTR may be
attributed to the positive charge, which was combined with
negatively charged serum proteins after injecting into the
blood, thus preventing the formation of large particle embo-
lism inducing mice death.

Inspired by the in vitro experiments, in vivo anti-cancer
evaluation was carried out to further investigate the potential
use of CPTK and CPTR. As displayed in Figure 8B and D, the
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FIGURE 5. CLSM images of colocalization of mitochondria
and CPT (6 hours, 5 uM). Blue color represents CPT, CPTK, or
CPTR. Mitochondria were stained with MitoTracker Red (red).

growth rate of tumors was significantly restrained in all treat-
ment groups, and the average tumor size was no larger than
500 mm?. The groups of CPTK and CPTR showed high anti-
tumor efficacy with an average tumor size lower than 150 mm?
after treatment, which was in accordance with the cell apop-
tosis results. In addition, mice treated with CPT had a sharp
decrease in body weight compared to other groups, indicat-
ing that CPT had serious side effects on mice when injected
directly (Figure 8C).
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Further safety evaluation of CPTKand CPTR was analyzed
through H&E staining (Figure 8E and Figure Ss). Compared
with the PBS group, the CPTK and CPTR groups showed
obvious cell nuclei dissolution, especially in CPTR groups.
H&E-stained tissue sections from the heart, liver, spleen, lung,
and kidney demonstrated that the prodrug had no significant
damage or toxicity to these organs. According to in vivo antitu-
mor therapy results, CPTR and CPTK showed high efficiency
in tumor suppression, which may attribute to their deeper
tumor penetration. More importantly, the positively charged
units of CPTR and CPTK had little effect on their blood circu-

lation, which is beneficial for further application.
DISCUSSION

The clinical application of CPT is limited by poor water
solubility, undesirable adverse effects, as well as the instabil-
ity of lactone rings in the physiological environment. Self-
assembly nanocarriers based on prodrugs provided a power-
ful way for elevating therapy efficiency of CPT-based cancer
treatment due to many advantages, including high loading
capacity, precisely defined chemical structure, and convenient
preparation. For example, CPT can be conjugated with poly-
mers [37], amino acids [38], peptides [39], and polysaccha-
rides [40] to form carrier-free nanomedicine. Among them,

the introduction of amino acids to CPT has been regarded as
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FIGURE 7. In vitro tumor penetration of CPT, CPTK, and CPTR
in 3DSMs after 2 or 24 hours of incubation (with the CPT con-
centration of 10 ug/mL). Scale bar represents 200 um.

a promising method for modification and further application
of CPT due to commercial availability, fewer safety issues, and
targeting influx transporters, which have been widely applied
to improve pharmaceutical properties of marketed drugs [41].
Herein, positively charged amino acids (lysine and arginine)
were introduced to synthesized CPTK and CPTR for the
construction of CPT-based drug delivery systems with high
CPT loading content and increased stability of lactone ring.
Studies have shown that the cationic prodrugs CPTK and
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CPTR can assemble into uniform nanoparticles with the neg-
atively charged proteins in the blood. Meanwhile, both CPTK
and CPTR have excellent lactone stability even after 48 hours,
which enjoy highly efficient anti-cancer activity when com-
pared with opened carboxylate form.

In addition to the increased water solubility and stability,
due to the positive charge of lysine and arginine, the nanosys-
tems achieved the mitochondrial-targeted delivery of CPT.
Since CPT can inhibit mitochondrial oxygen consumption,
which leads to elevated ROS levels and final cell apoptosis,
the targeted delivery of CPT would contribute to enhanced
cancer cells inhibition. Although CPTK and CPTR exhibited
similar cellular uptake, CPTR induced more cell apoptosis,
which was associated with its better mitochondrial targeting
ability. It could be inferred that the topoisomerase I inhibition,
the elevated ROS level, and calcium ion concentration con-
tribute to more effective cancer cells inhibition. Upregulation
of intracellular calcium concentration to disrupt mitochon-
drial calcium homeostasis has been recognized as a potential
cancer therapy [42].

However,asanimportant regulator of intracellular homeo-
stasis, mitochondrial changes can also adversely affect intra-
cellular calcium ion concentration. CPTR effectively increases
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** p < 0.01 (one-way ANOVA).

cellular ROS levels by targeting mitochondria, which would
stimulate the release of calcium ions from the endoplasmic
reticulum [43-45]. Furthermore, the modification of amino
acids provides higher tumor penetration ability, which makes
CPTKand CPTR show higher cancer suppression ability than
CPT. Meanwhile, the side effects of CPTK and CPTR were
significantly reduced when compared with free CPT. Free
CPT has significant toxic effects due to systemic delivery and
the limited therapy efficiency associated with the unstable lac-
tone ring [46].

CPTK and CPTR self-assemble into nanoparticles in the
physiological environment, which can passively target tumors.
Invitro experiments showed that CPTK and CPTR had higher
lactone ring stability and fully penetrated tumors when com-
pared with free CPT, which enabled them to effectively inhibit
tumor progression with reduced systemic toxicity. Therefore,
the introduction of amino acid-modified CPT prodrugs can
make up for the shortcomings of current CPT drugs and pro-
mote their clinical applications. In cell experiments, it is inter-
esting that an elevated MitoTracker fluorescence level was
observed in the CPTR group, which could be associated with
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mitochondrial biogenesis. Possible reasons involve complex
regulation to maintain intracellular homeostasis. On the one
hand, oxidative stress-induced mitochondrial damage may
activate cellular self-regulation to protect mitochondrial integ-
rity and quality [47]. In this process, cells promote autophagy
of damaged mitochondria and stimulate healthy mitochon-
dria to proliferate through mitochondrial biogenesis [48,49].
On the other hand, ROS production induces endoplasmic
reticulum stress and subsequent calcium release, which dis-
rupts calcium homeostasis and activates mitochondrial bio-
genesis [43,44,50]. Since mitochondrial biogenesis plays an
important role in tumorigenesis and escape, mitochondrial
biogenesis should be considered to optimize therapeutic effi-
cacy in future studies.

CONCLUSION

In this work, CPTK and CPTR were developed and suc-
cessfully synthesized to improve both the water solubility and
stability of CPT. CPTK and CPTR were also proved to be in
closed lactone form, even when dissolved in PBS for 48 hours,
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which was crucial for keeping their anti-cancer activity.
Importantly, CPTR exhibited a significantly higher ability to
induce cell apoptosis than CPT and CPTK based on its mito-
chondria-targeted delivery to increase ROS generation. The

in vivo anti-cancer results showed that CPTR had a higher

tumor-suppressive effect than other groups. Meanwhile, none

of them caused toxicity in major organs. Therefore, CPTR can

be regarded as a promising candidate prodrug of CPT for clin-

ical antitumor treatment.

REFERENCES

(1]

[2]

[o]

(7]

(8]

[9]

[10]

(1]

[12]

(13]

(14]

Bosn | Basic Med Sci. 2022;22(6):934-948

Hertzberg RP, Caranfa MJ, Hecht SM. On the mechanism of
topoisomerase-I inhibition by Camptothecin-evidence for binding
to an enzyme DNA complex. Biochemistry 1989;28(11):4629-38.
https://doi.org/10.1021/bio04372018

Acevedo-Morantes  CY, Acevedo-Morantes MT, Suleiman-
Rosado D, Ramirez-Vick JE. Evaluation of the cytotoxic effect of
camptothecin solid lipid nanoparticles on MCF7 cells. Drug Deliv
2013;20(8):338-48.

https://doi.org/10.3109/10717544.2013.834412

Gao Y, Li LB, Zhai GX. Preparation and characterization of
Pluronic/TPGS mixed micelles for solubilization camptothecin.
Colloid Surface B 2008;64(2):194-9.
https://doi.org/10.1016/j.colsurfb.2008.01.021

Fassberg], Stella V]. A kinetic and mechanistic study of the hydroly-
sisof camptothecinand someanalogs. ] Pharm Sci1992;81(7):676-84.
https://doi.org/10.1002/jps.2600810718

Mi ZH, Burke TG. Differential interactions of camptothecin lac-
tone and carboxylate forms with human blood components.
Biochemistry 1994;33(34):10325-36.
https://doi.org/10.1021/bioo200a013

Chen BL, Dai WB, He B, Zhang H, Wang XQ, Wang YG, et al.
Current multistage drug delivery systems based on the tumor
microenvironment. Theranostics 2017;7(3):538-58.
https://doi.org/10.7150/thno.16684

Dong LF, Gopalan V, Holland O, Neuzil ]. Mitocans revisited:
Mitochondrial targeting as efficient anti-cancer therapy. Int ] Mol
Sci 2020;21(21):7941.

https://doi.org/10.3390/ijms21217941

Murphy MP, Hartley RC. Mitochondria as a therapeutic target for
common pathologies. Nat Rev Drug Discov 2018;17(12):865-86.
https://doi.org/10.1038/nrd.2018.174

Modica-Napolitano ]S, Singh KK. Mitochondrial dysfunction in
cancer. Mitochondrion 2004;4(5-6):755-62.
https://doi.org/10.1016/j.mit0.2004.07.027

Vondrusova M, Bezawork-Geleta A, Sachaphibulkij K, Truksa J,
Neuzil J. The effect of mitochondrially targeted anticancer agents
on mitochondrial (super) complexes. Methods Mol Biol
2015;1265:195-208.

https://doi.org/10.1007/978-1-4939-2288-8_15

Cui QB, Wen §J, Huang P Targeting cancer cell mitochondria
as a therapeutic approach: Recent updates. Future Med Chem
2017:9(9):929.

https://doi.org/10.4155/fmc-2017-0011

Wen SJ, Zhu DQ, Huang P. Targeting cancer cell mitochondria as a
therapeutic approach. Future Med Chem 2013;5(1):53-67.

Sen N, Das BB, Ganguly A, Mukherjee T, Tripathi G,
Bandyopadhyay S, et al. Camptothecin induced mitochondrial dys-
function leading to programmed cell death in unicellular hemofla-
gellate Leishmania donovani. Cell Death Differ 2004;11(8):924-36.
https://doi.org/10.1038/sj.cdd.4401435

Zhang W, Hu X, Shen Q, Xing D. Mitochondria-specific drug
release and reactive oxygen species burst induced by polypro-
drug nanoreactors can enhance chemotherapy. Nat Commun
2019;10(1):1704.

943

[15]

[16]

[17]

(18]

[19]

[20]

[22]

(23]

[25]

[26]

[27]

(28]

[29]

30]

https://doi.org/10.1038/541467-019-09566-3

Jiang L, Li L, He X, Yi Q He B, Cao J, et al. Overcoming
drug-resistant lung cancer by paclitaxel loaded dual-functional lipo-
somes with mitochondria targeting and pH-response. Biomaterials
2015;52:126-39.

https://doi.org/10.1016/j.biomaterials.2015.02.004

Lee C, Park HK, Jeong H, Lim ], Lee AJ, Cheon KY, et al.
Development of a mitochondria-targeted Hspgo inhibitor based
on the crystal structures of human TRAP1 ] Am Chem Soc
2015,137(13):4358-67.

https://doi.org/10.1021/jas11893n

Biasutto L, Mattarei A, La Spina M, Azzolini M, Parrasia S, Szabo
I, et al. Strategies to target bioactive molecules to subcellular com-
partments. Focus on natural compounds. Eur ] Med Chem 2019;181.
https://doi.org/10.1016/j.ejmech.2019.07.060

Zielonka J, Joseph J, Sikora A, Hardy M, Ouari O, Vasquez-Vivar
J, et al. Mitochondria-targeted triphenylphosphonium-based com-
pounds: Syntheses, mechanisms of action, and therapeutic and
diagnostic applications. Chem Rev 2017;117(15):10043-120.
https://doi.org/10.1021/acs.chemrev.7booo42

Cai KM, He X, Song ZY, Yin Q Zhang YF, Uckun FM, et al.
Dimeric drug polymeric nanoparticles with exceptionally high
drug loading and quantitative loading efficiency. ] Am Chem Soc
2015;137(10):3458-61.

https://doi.org/10.1021/jas13034€

Vig BS, Huttunen KM, Laine K, Rautio ]. Amino acids as promoi-
eties in prodrug design and development. Adv Drug Deliv Rev
2013;65(10):1370-85.

https://doi.org/10.1016/j.addr.2012.10.001

Etienne MA, Kostochka M, Fuselier JA, Coy DH. Synthesis
of camptothecin-amino acid carbamate linkers. Amino Acids
2012;42(5):1727-33.

https://doi.org/10.1007/500726-011-0884-4

Vale N, Correia-Branco A, Patricio B, Duarte D, Martel F. In vitro
studies on the inhibition of colon cancer by amino acid derivatives
of bromothiazole. Bioorg Med Chem Lett 2017;27:3507-10.
https://doi.org/10.1016/j.bmcl.2017.05.073

Deshmukh M, Chao PY, Kutscher HL, Gao DY, Sinko PJ. A series of
alpha-amino acid ester prodrugs of camptothecin: /i1 vitro hydroly-
sis and A549 human lung carcinoma cell cytotoxicity. ] Med Chem
2010;53(3):1038-47.

https://doi.org/10.1021/jmgo1029n

Azzolini M, Mattarei A, La Spina M, Fanin M, Chiodarelli G,
Romio M, et al. New natural amino acid-bearing prodrugs boost
pterostilbene’s oral pharmacokinetic and distribution profile. Eur |
Pharm Biopharm 2017;115:149-58.
https://doi.org/10.1016/j.ejpb.2017.02.017

Xiao QC, Dong X, Yang F Zhou SZ, Xiang MH, Lou L, et al.
Engineered cell-penetrating peptides for mitochondrion-targeted
drug delivery in cancer therapy. Chem Eur ] 2021;27(59):14721-9.
https://doi.org/10.1002/chem.202102523

ZhaoYY, Chen F, Pan YM, Li ZP, Xue XD, Okeke CI, et al. Nanodrug
formed by coassembly of dual anticancer drugs to inhibit cancer cell
drug resistance. Acs Appl Mater Interfaces 2015;7(34):19295-305.
https://doi.org/10.1021/acsami.5bos347

Wang HX, Chen JM, Xu C, Shi LL, Tayier M, Zhou JH, et al. Cancer
nanomedicines stabilized by pi-pi stacking between heterodimeric
prodrugs enable exceptionally high drug loading capacity and safer
delivery of drug combinations. Theranostics 2017;7(15):3638-52.
https://doi.org/10.7150/thno.20028

Zanganeh S, Spitler R, Erfanzadeh M, Alkilany AM, Mahmoudi M.
Protein corona: Opportunities and challenges. Int ] Biochem Cell
Biol 2016;75:143-7.

https://doi.org/10.1016/j.biocel.2016.01.005

Kamerzell TJ, Esfandiary R, Joshi SB, Middaugh CR, Volkin DB.
Protein-excipient interactions: Mechanisms and biophysical char-
acterization applied to protein formulation development. Adv
Drug Deliv Rev 2011;63(13):1118-59.
https://doi.org/10.1016/j.addr.2011.07.006

Ito L, Shiraki K, Matsuura T, Okumura M, Hasegawa K, Baba S,

www.bjbms.org



(31]

(32]

(33

(34]

(35]

(36]

[37]

(38]

[39]

[40]

Zhaopei Guo, et al.: Mitochondria-targeted CPT improves therapy with ROS

et al. High-resolution X-ray analysis reveals binding of arginine
to aromatic residues of lysozyme surface: implication of sup-
pression of protein aggregation by arginine. Protein Eng Des Sel
2011;24(3):269-74.

https://doi.org/10.1093/protein/gzqio1

Cheetham AG, Zhang PC, Lin YA, Lock LL, Cui HG.
Supramolecular nanostructures formed by anticancer drug assem-
bly.J Am Chem Soc 2013;135(8):2907-10.
https://doi.org/10.1021/ja3115983

Chourpa I, Millot JM, Sockalingum GD, Riou JF, Manfait M.
Kinetics of lactone hydrolysis in antitumor drugs of camptothecin
series as studied by fluorescence spectroscopy. Bba Gen Subjects
1998;1379(3):353-66.
https://doi.org/10.1016/50304-4165(97)00115-3

He DX, Zhang W, Deng HZ, Huo SD, Wang YF, Gong NQ, et al.
Self-assembling nanowires of an amphiphilic camptothecin pro-
drug derived from homologous derivative conjugation. Chem
Commun 2016;52(98):14145-8.

https://doi.org/10.1039/c6cco7595a

Kasai H, Murakami T, Ikuta Y, Koseki Y, Baba K, Oikawa H, et al.
Creation of pure nanodrugs and their anticancer properties. Angew
Chem Int Edit 2012;51(41):10315-8.
https://doi.org/10.1002/anie.201204596

Arduino DM, Perocchi F. Pharmacological modulation of mitochon-
drial calcium homeostasis. ] Physiol London 2018;596(14):2717-33.
https://doi.org/10.1113/jp274959

Danese A, Patergnani S, Bonora M, Wieckowski MR, Previati M,
Giorgi C, et al. Calcium regulates cell death in cancer: Roles of the
mitochondria and mitochondria-associated membranes (MAMs).
Bba Bioenerget 2017;1858:615-27.
https://doi.org/10.1016/j.bbabio.2017.01.003

Zhou Q, Shao SQ, Wang JQ, Xu CH, XiangJ], Piao Y, et al. Enzyme-
activatable polymer-drug conjugate augments tumour penetration
and treatment efficacy. Nat Nanotechnol 2019;14.(8):799.
https://doi.org/10.1038/541565-019-0485-2

Zhou ZH, Piao Y, Hao LQ, Wang GY, Zhou ZX, Shen YQ. Acidity-
responsive shell-sheddable camptothecin-based nanofibers for car-
rier-free cancer drug delivery. Nanoscale 2019;11(34):15907-16.
https://doi.org/10.1039/conro3872h

Wang FH, Su H, Xu DQ, Dai WB, Zhang W], Wang ZY, et al.
Tumour sensitization via the extended intratumoural release of a
STING agonist and camptothecin from a self-assembled hydrogel.
Nat Biomed Eng 2020;4(11):1090.
https://doi.org/10.1038/541551-020-0597-7

Hou CX, Ma N, Shen ZY, Chi GY, Chao S, Pei YX, et al. A GSH-
responsive nanoprodrug system based on self-assembly of lactose
modified camptothecin for targeted drug delivery and combination

[41]

[42]

[43]

[44]

[46]

[47]

(48]

[49]

(51]

chemotherapy. Int ] Nanomed 2020;15:10417-24.
https://doi.org/10.2147/ijn.5276470

Gandhi PM, Chabukswar AR, Jagdale SC. Carriers for prodrug syn-
thesis: A review. Indian | Pharm Sci 2019;81(3):406-14.

Zheng P, Ding BB, Shi R, Jiang ZY, Xu WG, Li G, et al. A multichan-
nel Ca2+ nanomodulator for multilevel mitochondrial destruc-
tion-mediated cancer therapy. Adv Mater 2021;33(15):€2007426.
https://doi.org/10.1002/adma.202007426

Farrukh MR, Nissar UA, Afnan Q, Rafig RA, Sharma L, Amin S,
et al. Oxidative stress mediated Caz2+ release manifests endoplas-
mic reticulum stress leading to unfolded protein response in UV-B
irradiated human skin cells. ] Dermatol Sci 2014;75(1):24-35.
https://doi.org/10.1016/j.jdermsci.2014.03.005

Sergi D, Luscombe-Marsh N, Naumovski N, Abeywardena M,
O'Callaghan N. Palmitic acid, but not lauric acid, induces metabolic
inflammation, mitochondrial fragmentation, and a drop in mito-
chondrial membrane potential in human primary myotubes. Front
Nutr 2021;8:663838.

https://doi.org/10.3389/fnut.2021.663838

Bourens M, Fontanesi F, Soto IC, Liu J], Barrientos A. Redox and
reactive oxygen species regulation of mitochondrial cytochrome ¢
oxidase biogenesis. Antioxid Redox Signal 2013;19(16):1940-52.
https://doi.org/10.1089/ars.2012.4847
Pizzolato JF,  Saltz LB. The
2003;361(9376):2235-4.2.
https://doi.org/10.1016/50140-6736(03)13780-4

Okamoto K, Kondo-Okamoto N. Mitochondria and autophagy:
Critical interplay between the two homeostats. Bba Gen Subjects
2012;1820(5):595-600.

https://doi.org/10.1016/j.bbagen.2011.08.001

Piantadosi CA, Suliman HB. Redox regulation of mitochondrial
biogenesis. Free Radic Biol Med 2012;53(11):2043-53.
https://doi.org/10.1016/j.freeradbiomed.2012.09.014

Geldon S, Fernandez-Vizarra E, Tokatlidis K. Redox-mediated
regulation of mitochondrial biogenesis, dynamics, and respira-
tory chain assembly in yeast and human cells. Front Cell Dev Biol
2021;9:720656.

https://doi.org/10.3389/fcell.2021.720656

LiuY, Jin MP, Wang YY, Zhu JJ, Tan R, Zhao ], et al. MCU-induced
mitochondrial calcium uptake promotes mitochondrial biogenesis
and colorectal cancer growth. Signal Transduct Tar 2020;5(1):59.
https://doi.org/10.1038/541392-020-0155-5

Guo ZP, Lin L, Hao K, Wang DW, Liu F Sun PJ, et al. Helix
self-assembly behavior of amino acid-modified camptothecin
prodrugs and its antitumor effect. ACS Appl Mater Interfaces
2020;12(6):7466-76.

https://doi.org/10.1021/acsami.gb21311

camptothecins.  Lancet

Related articles published in BJBMS

1. An insight into lung cancer: a comprehensive review exploring ALK TKI and mechanisms of resistance
Adela Patcas et al., BJBMS, 2022
2. Targeting HER2 expression in cancer: New drugs and new indications
Semir Vranic et al., BIBMS, 2021
3. Recent advances of targeted therapy in relapsed/refractory acute myeloid leukemia
Jiale Ma et al., BIBMS, 2021

Bosn | Basic Med Sci. 2022;22(6):934-948

944

www.bjbms.org



Zhaopei Guo, et al.: Mitochondria-targeted CPT improves therapy with ROS

SUPPLEMENTAL DATA

METHODS

Synthesis of CPTR and CPTK

CPTR and CPTK were synthesized using a similar method. Briefly, for the preparation of CPTR, 300 mg of CPT, 679 mg of
Boc Arg(Pbf)-OH, 496 mg of EDC-HCI, and 315 mg of DMAP were added into the reaction bulb, then 25 mL dichloromethane
(DCM) was added and the reaction was conducted at room temperature for 24 hours until the reaction solution became clean.
The solution was condensed and transferred to silica column chromatography, and DCM: methanol (95:5, v/v) was employed as
the eluent to obtain purified pale yellow powder Boc Arg(Pbf)-CPT. After that, Boc Arg(Pbf)-CPT was dissolved into TFA for
about 3 hours to get CPTR. For CPTK, Boc-Arg(Pbf)-OH was replaced with 597 of mg Boc-Lys(Boc)-OH. The other steps are
the same as those of CPTR. The structure and molecular weight of CPTR were determined by 1H-NMR spectra, recorded on
an AV-300 NMR spectrometer (Bruker, Karlsruhe, Germany) and mass spectrometer (Micromass, Waters Corp., Milford, MA,

USA).

TABLE S1. IC50 (uM) of CPT, CPTK, and CPTR in different cell lines.

Cell line CPT CPTK CPTR
HelLa 1044 10.02 8.659
MCF7 6.336 5975 5.571
CT26 2.549 2.709 1.828
4T1 8.252 7.077 4.562
B16F10 4.168 3.69 2.656
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