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Abstract

Irinotecan (IRN) is a semisynthetic derivative of camptothecin that acts as a topoisomerase |
inhibitor. IRN is used worldwide for the treatment of several types of cancer, including colorectal
cancer, however its use can lead to serious adverse effects, as diarrhea and myelosuppression.
Liposomes are widely used as drug delivery systems that can improve chemotherapeutic activity
and decrease side effects. Liposomes can also be pH-sensitive to release its content preferentially
in acidic environments, like tumors, and be surface-functionalized for targeting purposes. Herein,
we developed a folate-coated pH-sensitive liposome as a drug delivery system for IRN to reach
improved tumor therapy without potential adverse events. Liposomes were prepared containing
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IRN and characterized for particle size, polydispersity index, zeta potential, concentration,
encapsulation, cellular uptake, and release profile. Antitumor activity was investigated in a murine
model of colorectal cancer, and its toxicity was evaluated by hematological/biochemical tests and
histological analysis of main organs. The results showed vesicles smaller than 200 nm with little
dispersion, a surface charge close to neutral, and high encapsulation rate of over 90%. The system
demonstrated prolonged and sustained release in pH-dependent manner with high intracellular
drug delivery capacity. Importantly, the folate-coated pH-sensitive formulation had significantly
better antitumor activity than the pH-dependent system only or the free drug. Tumor tissue of
IRN-containing groups presented large areas of necrosis. Furthermore, no evidence of systemic
toxicity was found for the groups investigated. Thus, our developed nanodrug IRN delivery system
can potentially be an alternative to conventional colorectal cancer treatment.

Keywords

Liposomes; Irinotecan; polyethylene glycol; Antitumor activity; Folate-coated

Introduction

Camptothecins are efficient antineoplastic alkaloid-derived compounds that belong to

the family of the topoisomerase | interactive substances [1]. Topotecan and irinotecan

(IRN) are two camptothecins that have already been approved by the US Food

and Drug Administration (FDA) [1,2]. IRN (7-Ethyl-10-(4-[1-piperidino]-1-piperidino)
carbonyloxycamptothecin) is a first-line drug approved for the treatment of a variety of
cancer types, including colorectal, lung, and gynecological cancers [3]. While it can be used
as a monotherapy, it is usually administered in combination with cytotoxic agents, including
oxaliplatin and 5-fluorouracil (5-FU) and as a rescue therapy in 5-FU-refractory disease
[4,5]. The primary target, Topol is ubiquitously expressed and consequently the drug has
been shown to have serious side effect with large inter-individual variability. The toxicities
associated with IRN include myelosuppression (neutropenia) and gastrointestinal disorders
(mainly diarrhea), which are recognized as constituting dose-limiting toxicity for this drug
[4,6].

IRN is a prodrug which has a complex pharmacologic profile and is extensively metabolized
in vivo. Metabolism in the gastrointestinal tract occurs in three major steps starting with

the conversion of water-soluble IRN to generate the potent metabolite SN-38 (7-ethyl-10-
hydroxycamptothecin). In the second step, SN-38 is metabolized to a glucuronide which can
be exported to the intestine and reactivated to its toxic form by bacterial B-glucuronidase
where it can be reabsorbed. The local reactivation of the drug in the intestinal tract is
attributed to its toxicity [7].

Efforts to identify biomarkers to determine which patient population will be more impacted
has not been successful. Consequently, alternative platforms for delivery are a viable option
that can incorporate precision medicine into the drug delivery system. This notion is

further supported by the complex pharmacokinetic profile of the drug following intravenous
administration [8]. SN-38 has 100- to 1000-fold more potent antitumor effects, however,
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after intravenous administration of free IRN, only less than 5% of IRN is converted to
SN-38, mainly in the liver. The most active form of camptothecin contains an open lactone
configuration, which is formed through an esterification reaction in the presence of the
enzyme carboxyl esterase. Carboxyl esterase is present in all tissues, including tumors [3,9]
and it is more prominent in acidic environments. In this context, IRN pharmacokinetic
profile would greatly benefit from a tool that can protect and stabilize IRN and enable its
conversion to the most active metabolite more specifically in the tumor tissue.

Nanoparticle-based drug delivery systems have emerged as promising tools to alter
pharmacokinetic profile of drugs [8-10]. More specifically, drug delivery strategies focused
on the stabilization of the lactone ring of IRN to avoid its inactivation have been previously
reported. Liposomes are considered to be one of the most promising drug delivery systems
designed to encapsulate a wide range of drugs and provide suitable strategies to improve
the efficacy of chemotherapeutics in cancer treatment [11-13]. Encapsulating a drug into
liposomes is highly advantageous as it can improve its pharmacokinetics, promote its
intracellular uptake, and allow selective delivery to tumor cells, often resulting in decreased
undesirable side effects and increased maximum tolerated dose [14,15].

Several strategies have been explored to improve the pharmacokinetics and targeting of
liposomal formulations to further optimize the activity/toxicity of encapsulated drugs [4].
Our research group has successfully employed long-circulating pH-sensitive liposomes
(SpHL) for treatment of several types of solid tumors [16—20]. To the best of our knowledge,
we will describe, for the first time, the use of pH-sensitive liposomes encapsulated with

IRN for treatment of colorectal cancer. Our approach is founded in knowledge that the
tumor environment normally has a lower pH than normal tissues. Such acidic conditions
will promote cellular uptake of SpHL via endosome formation and allow local targeted drug
release in the tumor [16,21].

Furthermore, the use of nanoparticles such as liposomes can leverage tumor specificity
through the addition of surface molecular markers for tumor targeting and accumulation
[22-25]. Folate, for example, is a molecule used in different metabolic cycles during amino
acid synthesis to support and promote cell growth. Folate receptor is overexpressed in

the tumor environment while only minimally distributed in normal tissues, resulting in an
optimal targeting approach. Functionalization of liposomes with folate is a great tumor
targeting strategy that can further improve its pharmacokinetic profile and potential drug
antitumor activity [26,27].

Herein, we have developed a novel liposome-based targeted drug delivery system as a tool
to improve IRN tumor therapy efficiency with low toxicity profile. The development and
characterization of controlled release pH-sensitive liposomes encapsulated with IRN was
carried out and investigated as a promising anti-tumor agent in a murine model of colorectal
cancer.
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2. Material and methods

2.1. Materials

Trihydrated irinotecan hydrochloride (IRN) was donated from EUROFARMA

Laboratdrios SA (Sédo Paulo, Brazil). The dioleoylphosphatidylethanolamine (DOPE), and
distearoylphosphatidylethanolamine polyethyleneglycol2000 (DSPE-PEG2000/DSPE-PEG-
FOL) were supplied by Lipoid GmbH (USA). Cholesteryl hemisuccinate (CHEMS) and
cholesterol (CHOL) were purchased from Sigma-Aldrich Chemical Company (St Louis,
USA). Glucose was purchased from Vetec Quimica Fina Ltda (Sao Paulo, Brazil). All
solvents (high-performance liquid chromatography analytical grade) and other reagents were
purchased from Sigma-Aldrich (Sao Paulo, Brazil). The subcutaneous tumor model was
established in 8-10- week-old female BALB/c mice purchased from CEBIO-UFMG (Belo
Horizonte, Brazil). Animals were kept under SPF condition with free access to standard
food and water. All animal studies were approved by the local Ethics Committee for Animal
Experiments of Federal University of Minas Gerais, Brazil (protocol # 102/2020).

2.2. Methods

2.2.1. Liposome preparation—Liposomes were prepared according to the lipid film
hydration method [28], followed by size calibration. Briefly, chloroform aliquots of DOPE,
CHEMS, DSPE-PEG2000 (5.8:3.7:0.5 molar ratio, respectively; total lipid concentration
was equal to 40 mM) or DOPE, CHEMS, DSPE-PEG2000, and DSPE-PEG2000-Fol
(5.8:3.7:0.45:0.05 molar ratio, respectively; total lipid concentration was equal to 40 mM)
were transferred to a flask and the solvent was removed at low pressure to prepare SpHL
and SpHL-Fol, respectively. Aliquots of 0.1 M NaOH solution were added to lipid film to
promote complete ionization of CHEMS molecules, and subsequently, the formation of a
lamelar structure. Then, lipid film was hydrated with 300 mM ammonium sulfate solution,
at room temperature, under vigorous stirring [29]. The liposomes obtained were calibrated
by extrusion using polycarbonate membranes of 0.4 pm, 0.2 um, and 0.1 um, 5 cycles per
membrane, using the Lipex Biomembranes extruder, Model T001 (Vancouver, Canada).
After, ammonium sulfate in the external medium was removed by ultracentrifugation
(Ultracentrifuge Optima® L-80XP, Beckman Coulter, Brea, USA) at 150,000g, 4 °C, for
120 min. The pellet was resuspended with 0.9% (w/v) NaCl solution. Afterward, 10 mg/mL
solution of IRN was incubated with SpHL or SpHL-Fol dispersion during 2 h at 4 °C. The
non-encapsulated IRN was removed by ultracentrifugation using the same method described
above.

2.2.2. Liposomes physicochemical characterization

2.2.2.1. Size distribution, zeta potential and encapsulation efficiency (% EE).: The
mean diameter of liposomes was determined by dynamic light scattering at 25 °C at an
angle of 90°. The zeta potential was evaluated by electrophoretic mobility determination at
an angle of 90°. Size and zeta potential measurements were performed in triplicate using
the nano ZS90 Zetasizer equipment (Malvern Instruments, England). The samples were
diluted using a 0.9% (w/v) NaCl solution. The encapsulation efficiency (EE) of IRN in
liposomes was determined by HPLC, using phosphate buffer: acenonitrile (70:30 v/v) +
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0.2% triethylamine (pH 2.5, adjusted with phosphoric acid) as the mobile phase, and a
reversed-phase C18 column with fluorescence detection [30].

2.2.2.2. Nanoparticle tracking analysis.: The measurements were performed using the
Nanosight NS300 equipment (Malvern Instruments, England). The samples were prepared
after dilution in ultrapure water (same external phase as the formulations) and introduced
into the Nanosight sample chamber with a disposable syringe. The samples were measured
at room temperature for 60 s with automatic detection. The suspension was irradiated by a
laser source and light scattering. Images were captured by a charge-coupled device camera.

2.2.3. pH-sensitive drug release study—Drug release was carried out through
dialysis with cellulose membranes (MWCO12000 Da) in HEPES-saline buffer at two
different pHs (pH 5 and 7.4). Dialysis bags containing 500 uL of SpHL-IRN or free drug
were added to vials containing 50 mL of the buffer and kept under agitation at 37 °C. At
30 min, 1, 2, 4, 8, and 24 h, aliquots of 1 mL of the buffer were collected and the same
volume was replaced so that the concentration of the solution did not vary the amount of
drug released was then calculated by HPLC.

2.2.4. Confocal microscopy—CT26 murine colon cancer tumor cells were seeded in
6-well plates with sterile coverslips (2.5 x 10° cells/well) at 24 h before treatment. Cells
were exposed to a solution of IRN, SpHL-IRN, or SpHL-IRN-Fol, at a drug concentration
of 5 uM, for 12 h. After washing with PBS, cells were fixed with 3.7% (v/v) formaldehyde
solution, slides were assembled using Prolong Gold Antifade Reagent (Thermo Fisher
Scientific - Waltham, USA). Cells were analyzed in “Centro de Aquisi¢do e Processamento
de Imagens da UFMG (CAPI/UFMG)” using the LSM 880 microscope with Airyscan
detector (ZEISS - Oberkochen, Germany). For image acquisition, a 63x objective lens and
a Diode 370 nm (excitation of IRN) laser were used. The images were processed using the
ZEN Blue Edition software version 2.3 lite (ZEISS -Oberkochen, Germany).

2.2.5. Invivo studies

2.2.5.1. Cell culture.: CT26 cells were grown in RPMI-1640 medium (Gibco, USA),
supplemented by 10% (v/v) fetal bovine serum, penicillin (100 IU/mL) and streptomycin
(100 mg/mL). Cells were kept in humidified air (95%) containing 5% CO», at 37 °C. After
3-5 days of culture the cells were trypsinized and cell viability was assessed after staining
with Trypan Blue. After centrifugation (5 min at 330 g), cells were resuspended in culture
medium for inoculation into the BALB/c mice.

2.2.5.2.  Tumor inoculation.: Aliquots (100 puL) with 1.0 x 10° of CT26 cells were
subcutaneously injected into the right flank of female BALB/c mice. Tumor cells were
allowed to grow in vivo for 10 days until tumors reached, approximately, 100 mm3.

2.2.5.3. Antitumor activity.: After tumor development, mice were randomly split into
4 groups (n = 6 for each group): saline (control group); free IRN; SpHL-IRN; and SpHL-
IRN-FOL. The total dose of IRN in all treatment groups was 120 mg/kg, divided into 4
administrations (30 mg/kg), every 2 days. Throughout the study, mice were weighed, and
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tumors were measured with caliper every 2 days, until the end of the experiment (Day 8)
when mice were sacrificed. Tumor volumes were calculated from the formula:

V=(dp?xdyx0.5

Where dq and dy, represent the smallest and largest diameter, respectively. The inhibition
ratio IR) was calculated on day 8 (Dg), as follows:

IR = 1 — (Mean RTV of drug-treated group/Mean RTV of control group) X 100.

Where, RTV = Tumor volume Dg/Tumor volume Dy

2.2.5.4. Hematological and biochemical study.: At the end of the study, the animals
were euthanized immediately after whole blood was collected by puncture of the brachial
plexus into tubes containing anticoagulant (EDTA). The hematological parameters evaluated
included hemoglobin, number of red blood cells, hematocrit, hematimetric indices, red
blood cell distribution width (RDW), global and differential leukocyte count and number of
platelets, as described in our laboratory previously [31].

Plasma was obtained through centrifugation (3000 rpm, 15 min) and biochemical parameters
were quantified. Renal function was evaluated through blood urea nitrogen and creatinine
parameters and liver function through amino transferase (ALT) and aspartate amino
transferase (AST) analysis [32].

2.2.5.5. Histological analysis.: At the end of the study, the main organs (primary tumor,
lungs, large intestine, liver and kidneys) were excised, embedded in paraffin and submitted
to hematoxylin-eosin (H&E) staining for toxicity analysis [32].

2.2.6. Statistical analysis—All data are expressed as mean + SD. Means among the
various groups were compared by an analysis of variance (ANOVA), followed by Tukey’s
test (GraphPad PRISM, version 6.0). A P-value of < 0.05 was considered be statistically
significant.

3. Results

3.1. Size distribution, zeta potential and encapsulation efficiency (% EE)

The mean diameter, polydispersity index, zeta potential, % EE, and the drug loading of the
liposomal formulations are described in Table 1.

Liposomes were homogeneous (low PDI) with a diameter smaller than 200 nm. The

zeta potential was close to neutrality for all formulations, which can be beneficial for

its pharmacokinetic properties [33]. DLS results were further validated by nanoparticulate
tracking studies (Fig. S1), in which a monodispersed population was found with the majority
(90%) of particles having 155 nm in diameter.

Biomed Pharmacother. Author manuscript; available in PMC 2022 April 29.
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3.2. pH-sensitive drug release studies

In vitro pH sensitivity was evaluated for SpHL-IRN and free IRN at different pHs (7.4 and
5.0) and the results are shown in Fig. 1.

In vitro pH-sensitivity of SpHL-IRN was evaluated as a function of time at different pHs
(7.4 and 5.0), Fig. 1. No statistical changes were observed with free drug. However, the
IRN encapsulated in liposomes presented a pH and time- dependent release demonstrating
a greater stability and retention capability of the nanoparticle [34]. As seen in Fig. 1, up to
the 30 min timepoint, the release pattern of IRN encapsulated in SpHL is similar at both
pHs. However, at timepoints of 1, 2 and 4 h a more pronounced release of the drug is found
at pH 5 when compared to pH 7.4 (p < 0.05), which corroborates the hypothesis that a pH
reduction promotes a destabilization of the nanosystem, culminating in greater drug release.
These finding confirm the pH sensitivity for SpHL, which might be beneficial for the drug
delivery in the tumor microenvironment [16].

3.3. Confocal microscopy

To validate drug release and uptake in colon cancer cells we performed confocal microscopy,
Fig. 2. IRN was visualized intracellularly, localized mostly in the cytoplasmatic and peri-
nuclear regions. A small uptake in the nuclei can be observed for all groups (Free IRN,
SpHL-IRN, SpHL-IRN-Fol) investigated. These results suggest the efficient IRN delivery
inside the cell for all formulations at the evaluated time [35].

3.4. Anti-tumor activity

The antitumor activity of free-IRN and liposomal preparations (SpHL-IRN and SpHLIRN-
Fol) were evaluated in CT26 tumor-bearing BALB/c mice. Tumor volume growth curves
(Fig. 3A) had drastically different profiles among the groups. Animals that received
liposomal formulations had significantly smaller tumor volumes when compared to control
groups (saline and free IRN groups), p < 0.05. In addition, the animals that received
liposomal formulation functionalized with folate (SpHLIRN-Fol) had significantly smaller
tumor volumes than any other group, including non-functionalized SpHL-IRN. These data
support that folate was advantageous in tumor targeting and anti-tumor activity. Fig. 3B
shows the tumor volumes at the end of the experiment for all the groups, confirming the
higher efficiency of SpHL-IRN-Fol in controlling tumor growth.

The tumor volume inhibition ratio (TV-IR), shown in Table 2, corroborates the data
presented in tumor growth curves. Overall, liposomal formulations were more effective at
inhibiting tumor growth than free IRN or saline. Treatment with SpHL-IRN-Fol resulted in
an even more extensive tumor growth inhibition when compared to SpHL-IRN (57.8% and
41.5%, respectively).

3.5. Hematological and biochemical study

Hematological parameters of control and mice treated with Free-IRN, SpHL-IRN and
SpHL-IRN-Fol are shown in Table 3. RBC and platelets counts, HGB concentrations, and
HCT values were similar in all groups and presented no significant difference (p > 0.05)
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when compared to those of the control group. In addition, there was no change in the
leukocyte series for all groups.

Biochemical parameters indicative of renal (blood urea nitrogen and serum creatinine) and
hepatic (ALT and AST) toxicity did not show significant changes among groups. These
results are consistent with the lack of histological alteration that was observed in the renal
and hepatic tissue of the mice treated with different formulations containing IRN, which
confirms that the treatment at the doses used, as expected, did not cause high toxicity (Fig.
4A-D). Additionally, body weight measurements were taken to evaluate overall toxicity of
administered formulations. No significant body weight changes were found after therapeutic
administration in any of the groups investigated (p > 0.05) (Fig. 4E).

3.6. Histological analysis

Both tumor and normal tissues were evaluated by histology for necrosis and metastasis.
Histological analysis of colorectal cancer tumors is presented in Fig. 5. Treatment with

free IRN, SpHL-IRN or SpHL-IRN-Fol, showed extensive necrosis due to IRN-induced cell
death (Fig. 5F; 5G and 5H, respectively). Liver and large intestine tissues were evaluated for
the appearance of metastases (Fig. 6) however no metastatic foci were found in the tissues
evaluated.

4. Discussion

Conventional systemic therapies for the treatment of cancer consist mostly of antineoplastic
drugs that, in general, have low specificity and high toxicity, which limits the either the
dose that can be administered or the number of cycles a patient can undergo. In the last

few decades, with new understandings of the molecular characteristics of tumors and its
microenvironment, anticancer therapy research focus has shifted to include more specialized
and targeted approaches [36,37]. Among these strategies, the use of nanostructured drug
delivery systems has had a profound impact on cancer therapeutics research. A wide

range of nanomaterials have emerged as alternative tools that can deliver otherwise toxic
chemotherapeutics to tumor sites with improved therapeutic efficacy. Among the available
versatile materials, liposomes have been extensively employed as smart carriers able to
modify biodistribution, metabolism, and in vivo elimination of drugs [16,38—40].

It is well known that antitumor activity is directly proportional to the intracellular
concentration of the active drugs/metabolites [16,21] and its toxicity is correlated with

the amount of drug distributed to off-target tissues. Thus, an ideal drug carrier should be
specifically taken up by the tumor and allow internalization of the drug into tumor cells
while reducing drug uptake by healthy tissue. The ability to design liposomes to both

be pH sensitive and promote active tumor targeting makes it an attractive candidate as a
drug nanocarrier. The pH responsiveness of liposomes may be attributed to the presence of
dioleoylphosphatidylethanolamine (DOPE) in the liposome bilayer. Since DOPE by itself is
uncapable of forming a lamellar structure, the use of stabilizing agents such as cholesteryl
hemisuccinate (CHEMS) is required for a liposome structure formation. At physiological
pH, CHEMS is ionized and inserted between the DOPE molecules resulting in electrostatic
repulsions between the CHEMS ionized carboxyl groups and DOPE phosphate groups,
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resulting in the formation of a liposomal bilayer. In contrast, at a lower pH, CHEMS

is protonated promoting destabilization of the liposomal structure and consequently drug
release. Since the tumor microenvironment is more acidic than surrounding healthy tissue,
a targeted and optimized drug released is obtained resulting in optimized chemotherapeutic
drug action [11,16,41,42]. In addition to their optimal fusogenic properties, the inclusion of
targeting moieties on the liposomal surface, such as folic acid, can lead to increased tumor
targeting capabilities and chemotherapeutic efficacy [27]. With all that in mind, we have
constructed pH-sensitive liposomes with tumor targeting capabilities, encapsulated with a
chemotherapeutic drug IRN, for improved therapeutic response in colorectal cancer.

In the present study, the liposomes (SpHL-IRN-Fol and SpHL-IRN) were successfully
synthesized with similar and monodisperse vesicle diameter in all formulations. Liposomes
were obtained with a diameter of less than 200 nm, which allows its extravasation to the
tumor tissue by EPR effect [43]. SpHL-IRN-Fol and SpHL-IRN presented slightly negative
zeta potential due to the presence of phosphate groups of the phospholipids in the liposome
composition. However, the presence of PEG chains on the surface of the liposome produces
a hydrophilic layer and reduces its electrophoretic mobility resulting in a zeta potential
close to neutrality [40]. This is important because, once in the blood stream, conventional
nanoparticles and negatively charged particles can be opsonized and massively cleared by
phagocytosis by immune cells and removed from systemic circulation, and consequently,
avoid the effective delivery of the nano drug to organs [44].

Cytotoxic drugs encapsulated in liposomes are normally unable to act on their therapeutic
targets or cause toxicity until they are released from the confines of the carrier, and thus
liposomal drug delivery can itself be regarded as a prodrug strategy [34]. Although local
activation of IRN to SN-38 has yet to be shown, carboxylesterases have a widespread
distribution in different tumor types and are active in macrophages, where liposomes are
primarily captured [45-47]. Thus, the ability of liposomal-mediated drug release at the
desired tissue is extremely important. The pH-sensitive liposomes showed a greater release
of liposomal content in acidic pH when compared to physiological pH. This is advantageous
to achieve optimal balance between tumor uptake and protection of off-target tissue,
especially when the encapsulated drug is considered a prodrug. pH sensitivity allowed IRN
to be released only after it reached tumor sites where it can be activated locally [48].

Since IRN is a prodrug and is usually activated once inside the cells, its internalization is
extremely important. However, only a few studies have reported the subcellular localization
of camptothecin derivatives and the published results are somewhat heterogeneous [35].
Herein, confocal microscopy images demonstrated the presence of IRN in the intracellular
environment in all groups evaluated, which confirms that encapsulation into liposomal
formulations did not compromise the capacity of IRN to be internalized by tumor cells.

The CT26 colorectal tumor-bearing BALB/c mouse model is a commonly used experimental
animal model to study angiogenesis and antitumor activity of several pharmaceutical
formulations [49]. Heterotopic implantation models such as subcutaneous tumor implants

in mice have been traditionally used to evaluate antitumor treatment because of their
reproducibility and monitoring of tumor formation [49, 50]. Our results demonstrated
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fast tumor growth in the control group. Even though IRN treatment is potentially highly
active against CT26 colorectal tumor cells in vivo, a very high tumor growth rate was still
observed in animals that received free IRN [51]. However, drug encapsulation in liposomes
enhanced its antitumor activity. More importantly, active targeting of liposomes with the
presence of acid folate contributed positively for anti-tumor effects. Significantly lower
tumor volumes were found for animals administered with SpHL-IRN-Fol when compared
to all other groups investigated. That group had the highest inhibition rate (57.8%), which
had around 3.4 times higher anti-tumor efficiency than the free drug. Comparable tumor
growth inhibition was previously reported to folate-coated liposomes highlighting the
efficiency of using folate-targeting [52]. Histological analysis of tumor tissue presented
similar morphological characteristics among groups with central areas of necrosis and
proliferation of pleomorphic cells at the periphery infiltrated by leukocytes (Fig. 4) [25].
However, the histological analysis of the primary tumor showed greater necrosis areas in
the SpHL-IRN-Fol treated group when compared to all other groups investigated. These
data make it clear that not only drug encapsulation but also pH sensitiveness and active
targeting the greatly enhanced the antitumor activity. In fact, some studies have shown that
folate-targeted liposomes had a potential role in overcoming drug resistance because of

the bypass of the P-glycoprotein efflux pump [53, 54]. Gabizon et al. also described that
FR-targeted liposomal delivery could reverse multidrug resistance to doxorubicin [53]. Since
heterotopic tumor models lack fully developed tumor microenvironments, further studies in
more clinically relevant tumor models such as orthotopic models are necessary for better
assessment of positive impact of active targeting in anti-tumor efficacy.

Noteworthy, no apparent systemic toxicity was found in any of the groups investigated.
Body weight measurements as well as hematological and biochemical tests (hepatic and
renal) revealed no acute toxicity to liposome formulations. Altogether, our results indicate
the potential of our formulated IRN encapsulated liposome as an alternative drug delivery
system for colorectal cancer [55,56].

5. Conclusion

In this study, we developed and characterized a folate-coated and pH-sensitive liposome
drug delivery system containing irinotecan (SpHL-IRN-Fol) for the treatment of colorectal
cancer. This novel multifunctional formulation demonstrated to have significantly improved
antitumor activity than IRN alone with no evidence of toxicity. These data support further
preclinical development of SpHL-IRN-Fol as a promising drug delivery system for the
treatment of colorectal cancer.
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Fig. 1. pH dependent release of IRN.
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The percent release profile of SpHL-IRN at pH 7.4 (red lines) and pH 5.0 (blue lines) is

shown over 24 h. Note: *P < 0.05 as compared with free-IRN (pH 5 and pH 7); +P <

0.05 between the SpHL-IRN pH 7.4. Data are expressed by the mean (n = 3) + S.D. of the
mean. All data were analyzed by one-way ANOVA analysis of variance followed by Tukey’s

post-test.
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Fig. 2. Liposomal encapsulated IRN is efficiently taken up in colon cancer cells.
Confocal microscopy images of CT26 murine colon cancer tumor cells after 24 h-incubation

with A = free IRN, B = SpHL-IRN or C = SpHLIRN-Fol treatments (IRN concentration 5
uM). Amplification of 63 x. Diode 370 nm (excitation of IRN).
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Fig. 3. Liposomes containing IRN are more effective than free drug.
(A) Antitumor effect of SpHL (control group), IRN, SpHL-IRN, and SpHL-IRN-Fol

on the growth of CT26 colon tumor-bearing female BALB/c mice. Each treatment was
intravenously administered 3 times, every 2 days, at dose of 30 mg/kg. (B) Volume tumoral
at the end of the experiments, day 8, after treatments. Note: Data are expressed by the mean
+ standard deviation of the mean (n = 6). Growth curves were analyzed by regression. a
Represents statistical differences (P < 0.05) as compared with control group. b Represents
statistical differences (P < 0.05) as compared with free-IRN. All data were analyzed by
one-way ANOVA analysis of variance followed by Tukey’s post-test.
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AST

40 1

—— CTL

IRN
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- SPHL-IRN-Fol

Biochemical parameters of control mice treated with 3 doses of IRN formulations were
evaluated for kidneys toxicity (A and B), liver toxicity (C and D) and body weight (E).
Data expressed as mean + S.D. of the mean (n = 6). Note: Evaluation of the biochemical
parameters was carried out 10 days after treatment of mice with the IRN formulations.
Results were expressed as the mean * standard deviation. Abbreviations: ALT (alanine
aminotransferase), and AST (aspartate aminotransferase). All data were analyzed by one-
way ANOVA analysis of variance followed by Tukey’s post-test (P > 0.05).
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Fig. 5. Histopathological analysis of tumor necrosis.
Histological sections of primary tumor from CT26 colorectal tumor-bearing female BALB/c

mice treated with free IRN, SpHL-IRN or SpHL-IRN-Fol stained by hematoxylin & eosin.
(A) control group at amplification of 2x. (B) Free-IRN-treated at amplification of 2x. (C)
SpHL-IRN-treated at amplification of 2x. (D) SpHL-IRN-Fol-treated at amplification of 2x.
(E) control group at amplification of 20x. (F) Free-IRN-treated at amplification of 20x. (G)
SpHL-IRN-treated at amplification of 20x. (H) SpHL-IRN-Fol-treated at amplification of
20x. The black asterisks indicate areas of tumor necrosis.
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Fig. 6. Histopathological analysis of liver and intestinal toxicity.
Histological sections of tissues from CT26 colorectal tumor-bearing female BALB/c mice

treated with free IRN, SpHL-IRN or SpHL-IRN-Fol stained by hematoxylin & eosin. (A)
control group liver. (B) Fre-IRN-treated liver. (C) SpHL-IRN-treated liver. (D) SpHL-IRN-
Fol-treated liver. (E) control group large intestine. (F) Free-IRN-treated large intestine. (G)
SpHL-IRN-treated large intestine. (H) SpHL-IRN-Fol-treated large intestine. (I) control
group kidney. (J) Free-IRN-treated kidney. (K) SpHL-IRN-treated kidney. (L) SpHL-IRN-
Fol-treated kidney. Amplification of 40x.
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Physicochemical characterization of SpHL, SpHL-Fol, SpHL-IRN and SpHLIRN-Fol.

Formulation Mean Diameter (nm) PDI Zeta potential (mV) % EE Drug loading (mg/mL)
SpHL-blank 159.2+3.9 0.09+0.03 -41%06 - -

SpHL-fol-blank  160.1 +4.0 0.09+0.03 -41%0.6 - -

SpHL-IRN 169.0 +6.0 0.12+0.05 -11.1+0.8 66.2+3.0 6.6+03
SpHL-FOL-IRN  165.2+3.1 0.12+0.08 -9.10%1.2 623+09 6.2.x0.1

Note: Data are expressed by the mean (n = 3) £ S.D. of the mean. All data were analyzed by one-way ANOVA analysis of variance followed by

Tukey’s post-test (P > 0.05).
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Table 2

Relative tumor volume (RTV) and tumor growth inhibition ratio (IR) after administration of free-IRN, SpHL-
IRN and SpHL-IRN-Fol.

Treatment group RTV IR (%)
Free-IRN 59+321 16,6
SpHL-IRN 41+143 415

SpHL-IRN-Fol 29+ 1}42‘7 57,8

Note:

aRepresents significant difference as compared with the Free-IRN P-values less than 0.05; the data were analyzed by one-way ANOVA analysis of
variance followed by Tukey’s test. Data expressed as mean + S.D. of the mean (n = 6).
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Hematological parameters of control mice treated with 3 doses of IRN formulations.

Table 3

Parameters Treatments

CTL IRN SPHL-IRN  SPHL-IRN-Fol
RBC (cell/mm3 x 106) 49+22 53+1,0 57+0,9 59+0,5
Hemoglobin (g/L) 9,0 £4,7 8,3+2,6 103+22  11,0+14
HCT (%) 25,1+10,6 27,453 28,846 30,3+25
WBC (cell/mmd x 10%) 65+4,2 25+1,0 31+10 28+10
Granulocyte (cell/mm3 x 109) 29+19 1,2+£05 1,4+£05 1,2+£05
Not granulocyte (cell/mm3 x 10%) 3,56 2,3 1,3+0,6 1,7+0,6 15+05
RDW (%) 149+16 16,2+1,3 16,1+04 158+1,0
PLT (cell/mm?3 x 103) 261,2+157,0 211,3+785 2764+559 2335%783

Note: Evaluation of the hematological parameters was carried out 10 days after treatment of mice with the IRN formulations. Results were
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expressed as the mean + standard deviation. Abbreviations: HGB (hemoglobin), RBC (red blood cells), HTC (hematocrit), PLT (platelets), WBC
(total white blood cells). Data expressed as mean + S.D. of the mean (n = 6). All data were analyzed by one-way ANOVA analysis of variance

followed by Tukey’s post-test (P > 0.05)
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