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ARTICLE INFO ABSTRACT

Keywords: One of the revolutionized cancer treatment is active targeting nanomedicines. This study aims to
Brf’aSt cancer create a dual-targeted drug delivery system for Epirubicin (EPI) to cancer cells. Hyaluronic acid
Ep“;lb‘c"f‘ 4 (HA) is the first targeting ligand, and 5TR1 aptamer (5TR1) is the second targeting ligand to guide
M}{?Cliromc ad the dual-targeted drug delivery system to the cancer cells. HA is bound to highly expressed re-

ceptors like CD44 on cancer cells. 5TR1, DNA aptamer, is capable of recognizing MUC1 glyco-
protein, which is overexpressed in cancer cells.

The process involved binding EPI and 5TR1 to HA using adipic acid dihydrazide (AA) as a
linker. The bond between the components was confirmed using 'H NMR. The binding of 5TR1 to
HA-AA-EPI was confirmed using gel electrophoresis. The particle size (132.6 + 9 nm) and Zeta
Potential (—29 + 4.4 mV) were measured for the final nanoformulation (HA-AA-EPI-5TR1). The
release of EPI from the HA-AA-EPI-5TR1 nanoformulation was also studied at different pH levels.
In the acidic pH (5.4 and 6.5) release pattern of EPI from the HA-AA-EPI-5TR1 nanoformulation
was higher than physiological pH (7.4). The cytotoxicity and cellular uptake of the synthetic
nanoformula were evaluated using MTT and flow cytometry analysis. Flow cytometry and cellular
cytotoxicity studies were exhibited in a negative MUCI cell line (CHO) and two positive
MUC1 *cell lines (MCF-7 and C26). Results confirmed that there is a notable contrast between the
dual-targeted (HA-AA-EPI-5TR1) and single-targeted (HA-AA-EPI) nanoformulation in MCF-7 and
C26 cell lines (MUC1"). In vivo studies showed that HA-AA-EPI-5TR1 nanoformulation has
improved efficiency with limited side effect in C26 tumor-bearing mice. Also, Fluorescence im-
aging and pathological evaluation showed reduced side effects in the heart tissue of mice
receiving HA-AA-EPI-5TR1 than free EPI.

So, this targeted approach effectively delivers EPI to cancer cells with reduced side effects.

5TR1 aptamer
Targeted drug delivery
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1. Introduction

Epirubicin (EPI), a drug from the anthracycline family, is frequently combined with other anticancer drugs for treating advanced
and metastatic breast cancer [1]. It can also be applied in treating other cancers, including non-advanced breast cancer, lung cancer,
and colorectal cancer [2]. The most significant side effects of EPI are heart complications and bone marrow suppression. The severity of
bone marrow suppression depends on the single dose of EPI, while heart problems, including congestive heart failure, are related to the
total amount over time. These factors limit the dose of EPI that can be administered during treatment. By reducing the side effects, the
therapeutic window of EPI can be broadened, and its maximum therapeutic capacity can be increased through an increased dose [3,4].

Hyaluronic acid (HA) is a key component of the extracellular matrix and has important roles in cell growth and tissue structure.
Because of its biocompatibility, biodegradability, lack of toxicity, hydrophilic nature, and ability to bind drugs through various
chemical groups, it is desirable for drug delivery [5-8]. Researchers have utilized HA in drug-delivering nanoparticles and combined
with drug-containing liposomes for targeted delivery. HA also interacts with various cell receptors, including intercellular adhesion
molecule-1, Toll-like receptor-4, hyaluronic acid receptor for endocytosis, and lymphatic vessel endocytic receptor [9,10]. The CD44
receptor, a membrane-bound glycoprotein, is involved in the activity, attachment, migration, and survival of cancer cells and allows
for the internalization of hyaluronic acid. Although normal cells usually have low levels of CD44 expression, cancer cells often have
high levels of expression, making HA a useful tool for targeted drug delivery to cancerous tissues [8,11-14].

The 5TR1 aptamer (5TR1) is a specific aptamer that binds to the MUC1 glycoprotein. This glycoprotein is the first of its kind in the
mucin family and is found in the membranes of various types of cells, including epithelial cells [15,16]. It express at low levels in the
normal cells, while its presence is higher in interstitial and bodily fluids. MUC1 helps maintain the mucus structure on epithelial cells.
It has a role in the cell’s communication with its environment, responding to changes in pH, salt, osmolarity, and pathogens. However,
overexpression of MUC1 has been observed in cancer cells, including breast cancer, where its level has been linked to disease pro-
gression and mortality [17-22].

HA and 5TR1 have shown promising results as targeted drug delivery agents in breast cancer.

In this study, the goal is to create a nanoformulation that leverages the capabilities of HA and 5TR1 for effective targeted delivery of
EPI. The nanoformula will be evaluated in vitro and in vivo, and its efficacy will be compared to commercial standard EPIL. The other
properties of the synthetic nanoformula will also be analyzed through various experiments. Therefore, we replaced the carboxylic acid
groups in HA with adipic acid dihydrazide (AA) to create HA-AA. Next, we used the AA linker to connect to EPI, forming HA-AA-EPI by
reacting the AA linker’s hydrazide with the EPI carbonyl group. Furthermore, the carboxylic acid terminal of the 5TR1 was connected
to the hydrazide end of AA to create the final product HA-AA-EPI-5TR1, as illustrated in Fig. 1.

2. Material and methods
2.1. Materials

5TR1 aptamer (5TR1) (5-COOH-GAAGTGAAAATGACAGAACACAACA-3") was produced by MicroSynth (Switzerland). Hyal-
uronic acid (MW = 50,000 Da) (HA) was purchased from Creative PEGworks. The following materials were bought from Sigma-Aldrich
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Fig. 1. Synthetic pathway for the HA-AA-EPI-5TR1 conjugate.
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in Munich, Germany: N-hydroxysulfosuccinimide (NHS), Adipic acid dihydrazide, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), Epirubicin, and 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT). Merck in Darmstadt,
Germany, supplied the other necessary materials.

2.2. Cell lines and culture

Human breast adenocarcinoma (MCF-7), Mouse colon adenocarcinoma (C26), and Chinese hamster ovary (CHO) cells were bought
from the Pasteur Institute of Iran. All indicated cells were cultured in a medium supplemented with 1 % penicillin-streptomycin and 10
% fetal bovine serum (FBS) in an incubator at 37 °C and a moisturized atmosphere containing 5 % COs. Other cell culture materials and
supplements were acquired from GIBCO (Darmstadt, Germany).

2.3. Preparation of hyaluronic acid-adipic acid dihydrazide (HA-AA)

HA (12.4 pmol, 5 mg) powder was dissolved in 1 mL of deionized water, and the pH of the solution was adjusted to 4.75 using
hydrochloric acid with a concentration of 1 N. Subsequently, NHS (72.1 pmol, 8.3 mg), AA (359.4 pmol, 62.6 mg), and EDC (48 pmol,
9.2 mg) were added to the solution and allowed to react overnight, approximately 24 h and then stop the reaction by the addition of 1 N
NaOH [23-26]. The solution was placed in a dialysis bag with a 10,000 Da cut-off and dialyzed for two days against distilled water at
room temperature, replacing with the fresh one every 12 h. After dialysis, the solution was removed from the dialysis bag and
freeze-dried. The resulting substance was then analyzed using 'H NMR spectroscopy and 'H NMR spectra of A.A and EPI were shown in
Figs. S1 and S2.

2.4. Preparation of hyaluronic acid—adipic acid dihydrazide-epirubicin conjugate (HA-AA-EPI)

A solution of HA-AA (4.7 mg) was made by dissolving it in 1 mL of deionized water and adding 1 mL of a pH 6.5 phosphate bulffer.
Then, 400 pL of EPI (2 mg/ml) was gradually added to the solution while continuously stirring. The reaction was allowed to continue
overnight, and the mixture should always be protected against the light [27]. The mixture was transferred to a dialysis bag to purify the
product as described above. The purified solution was then freeze dried and analyzed using 'H NMR spectra.

2.5. Loading efficiency and loading content

In this study, loading efficiency and loading content were determined using the following formula, and they were 75 % and 12.5 %,
respectively [28,29].
amount of the EPI loaded in nanoformulation

Loadi ffici = 100
oading efficiency% amount of the initial EPT x

. amount of the EPI loaded in nanoformulation
Loading content% = - S - x 100
amount of final nanoformulation

The loading efficiency and loading content of the EPI in the nanoformulation were determined using a fluorescent microplate
reader (Agx = 480 nm and Agp = 600 nm) using calibration curve of EPI (0.1-1.5 pg/ml).

2.6. Preparation of hyaluronic acid-adipic acid dihydrazide-epirubicin-5TR1 aptamer conjugate (HA-AA-EPI-5TR1)

5TR1 solution (40 pl, 20 pM), NHS (34.8 pmol, 4 mg), and EDC (28.7 pmol, 5.5 mg) were combined with 1 mL of DNase and RNase-
free water. The solution was stirred at 80 rpm at 4 °C for 1 h. The HA-AA-EPI, equivalent to 4.5 mg, was then dissolved in 2 mL of DNase
and RNase-free water and added to the first solution, which was then stirred for 24 h at 4 °C while being kept away from the light. The
product was purified by centrifuging the solution for 40 min at 10,000 rpm at 4 °C.The upper solution being extracted as the residue
and the lower precipitate being the synthetic material. The same steps were repeated using HA-AA to synthesis HA-AA-5TR1.

To evaluate the HA-AA-EPI-5TR1, the precipitate was dissolved in 1 ml of DNase and RNase-free water. The 5TR1 standard solution
was diluted to 375 pl with DNase and RNase-free water. 8 pl each of diluted 5TR1 standard solution, synthetic HA-AA-EPI-5TR1
solution, and the residue solution from the HA-AA-EPI-5TR1 reaction were mixed with 2 pl of Dye gel and loaded into separate
wells of a 2 % agarose gel in TBE buffer (pH = 8.3). The gel was subjected to an electric current of 100 mV for 20 min at room
temperature, and the UV absorption of the gel was evaluated using a Gel Doc (Alliance 4.7, UK). The same experiment was repeated for
the synthetic HA-AA-5TR1 sample.

2.7. Particle size determination

0.2 mg of the sample was dissolved in 1 mL of deionized water. The nanoformula’s surface charge and particle size distribution
were analyzed using dynamic light scattering (DLS) by the Zeta Sizer instrument (NANO-ZS, from Malvern, UK).
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2.8. In vitro evaluation of EPI release

A test was performed to determine the emission of 1 ml solutions of HA-AA-EPI-5TR1. These solutions were placed in separate
dialysis bags with a cut-off of 10,000 Da and immersed in 45 ml of citrate buffer (pH 5.4) or phosphate buffer (pH 7.4 and 6.5). The
bags were then kept in a shaker incubator at 37 °C and rotated at 50 rpm. 1 mL of external medium was taken from each environment
(PBS or citrate buffer) at different intervals (0, 2, 4, 6, 8, 10, 12, 24 and 48 h) and exchanged with 1 mL of fresh citrate buffer or PBS.
The fluorescence was measured by a fluorescence reader (BioTeK, USA) at (Agx = 480 nm, Agp = 600 nm).

2.9. Invitro cytotoxicity study

The toxicity of EPI, HA-AA-EPI, HA-AA-EPI-5TR1, HA-AA, and HA-AA-5TR1 was assessed using the MTT test. The ICs of EPI was
calculated to be 1.8 pg/mL, 2.5 pg/mL, and 1.4 pg/mL for the CHO, MCF-7, and C26 cell lines, respectively. The cell lines were seeded
in a 96-well microplate, with 5000 cells in each well, and incubated for 24 h. Then all prepared nanoformulations EPI, HA-AA-EPI, HA-
AA-EPI-5TR1, HA-AA, and HA-AA-5TR1 were transferred to wells (n = 3) for 3 h. The medium was replaced after 3 h, and 48 h later,
for cytotoxicity measurement, 20 pL. MTT stock solution (5 mg/mL) was transferred per well for another 3 h. Then, the solution was
aspirated and the addition of DMSO 100 pL to the wells. The absorbance of each well was calculated at 570 nm and 630 nm by an
Infinite® 200 PRO multimode microplate reader.

2.10. Cellular uptake evaluation by flow cytometry

In this study, 15 x 10* cells from each CHO, C26, and MCF-7 cell line were placed into individual wells of a 24-well plate. The plate
was kept in an incubator for 24 h at 37 °C and with a 5 % CO5 atmosphere. The cell lines were exposed to EPI and HA-AA-EPI-5TR1
concentrations of 1.8 pg/ml, 2.5 g/ml, and 1.4 pg/ml for 4 h. After 4 h, the contents of each well were drained, and trypsin was added.
The wells were then filled with fresh medium and centrifuged (1500 rpm, 5 min). The supernatant was removed and re-suspended cells
in PBS. Finally, the cell suspensions were analyzed using flow cytometry in the FL2 channel.

2.11. Therapeutic efficacy in vivo

To establish tumor therapy models, 5-6 weeks-old female BALB/c mice (18-22 g) were anesthetized using ketamine/xylazine
through intraperitoneal injection. 3 x 10° of the C26 cells were implanted subcutaneously in the mice and randomly divided into four
groups (n = 4). After the tumor size reached about ~15 mm?®, EPI, HA-AA-EPI, and HA-AA-EPI-5TR1 (containing 2 mg/kg EPI) were
injected (IV) into the tail vein, and the control mice received 100 pL PBS. The mice were weighed, and the tumor sizes were measured
periodically for 28 days post-injection. Tumor volume was calculated by applying the formula volume = abc/2. The toxicity of each
treatment was determined by monitoring survival rates and body weight. When the tumors reached more than 1.5 cm in any dimension
or had a weight loss of over 20 % of the initial weight, the mice were sacrificed. All animal studies in this experiment were approved by
the ethical research committee of Mashhad University of Medical Sciences (IR.MUMS.AEC.1401.020).

2.12. Ex vivo fluorescence imaging

10-days after C26-tumor inoculation, the tumor size reached about 200 mm®. The mice randomly assigned to two groups (3 mice
per group), and treated by the HA-AA-EPI-5TR1 nanoformulation and EPI (2 mg EPI equiv/kg) via the tail vein. The mice were
sacrificed after 24 h post-injection. Mouse’s heart, liver, tumor, spleen, lung and kidney were collected and fluorescence images were
captured at 450 and 600 nm using the KODAK IS imaging system.
2.13. Pathological evaluation

28-day post-injection of the first dose of the synthesized nanoformulations, mice were sacrificed, and liver tumor and heart were
isolated. Tissue samples were fixed in formalin, then sectioned into slices at a thickness of 5 pm. The ready tissue samples were stained
with hematoxylin and eosin. Images were captured using a light microscope Olympus IX70.
2.14. Statistical analysis

One-way ANOVA was used for statistical analysis. The results were considered statistically significant if the p-value was less than or
equal to 0.05, 0.01, 0.001, or 0.0001, indicated by asterisks (*) in the results. The significance level was denoted as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.
3. Results

3.1. Spectral studies

The 'H NMR spectrum of HA, HA-AA and HA-AA-EPI were shown in Fig. 2. The 'H NMR spectrum reveals a ratio between the
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integral of peaks at 2.2-2.4 ppm, which is attributed to the CHyCHj of the AA, and the integral of peak at 1.9 ppm related to the
NHCOCH;3; of HA, indicating a 25 % and substitution of HA with the AA [25-27,30-32]. Furthermore, the ratio between the integral
peaks at 7.4-7.6 ppm, which corresponds to the C-H aromatic Of EPI, and the integral of the peak at 1.9 ppm related to the NHCOCHj; of
HA shows 2.5 % of carboxylic acid substitution of HA with EPI.

3.2. Physicochemical properties

The particle size of pure HA was measured to be 112 + 4.0 nm with a zeta potential of —23.3 + 2.3 mV and a polydispersity index of
0.212. The particle size of the HA-AA-EPI sample to be 107 + 8.1 nm with a zeta potential of —26.7 + 3.4 mV and a polydispersity
index of 0.287. Also, the particle size of the HA-AA-EPI-5TR1 sample was determined by DLS to be 132.6 & 9.3 nm a zeta potential of
—29 + 4.4 mV with polydispersity index of 0.192, as indicated in Table 1. The DLS results showed that the synthetic nanoformulations
had a particle size below 200 nm. Regarding the results of the polydispersity index, it could be said that these particles have good
homogeneity in size. Zeta potential suggested relatively good stability of particles.

This particle size offered the likelihood of intravenous injection of the formula into the animal. Also, it made the EPR (enhanced
permeability and retention) phenomenon possible for the targeted delivery of EPI to the cancer tissue. The EPR effect refers to the
ability of certain particle systems to selectively accumulate in tumors due to their increased vascular permeability compared to normal
tissues, thereby allowing for the targeted delivery of drugs to cancerous tissues [33].

3.3. Characterization of 5TR1 conjugation

The results of the UV absorption of HA-AA-EPI-5TR1 gel electrophoresis were depicted in Fig. 3. The wells in the image contained
the HA-AA-EPI-5TR1 (synthetic sample), the 5TR1 (standard aptamer), and the reaction supernatant. A band with a higher molecular
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Fig. 2. 'H NMR spectrum of I: HA, II: HA-AA and, III: HA-AA-EPI in D,O (300 MHz).
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Table 1

Characteristics of particles.
Sample Particle Size (nm) Zeta Potential (mV) Polydispersity Index
HA 112 + 4.0 —23.3+23 0.212
HA-AA-EPI 107 + 8.1 —26.7 + 3.4 0.287
HA-AA-EPI-5TR1 132.6 + 9.3 —29 + 4.4 0.192

Data were presented as means + SD, n = 3.

weight region in the image was a sign of the binding of 5TR1 to the modified HA-AA-EPI. The absence of a band in the supernatant
suggested the lack of additional 5TR1 in the reaction supernatant and again reconfirmed conjugation.

3.4. EPI release studies

The release of EPI from HA-AD-EPI-5TR1 was studied in vitro in three different pH conditions: citrate buffer at pH 5.4 and phos-
phate buffer at pH 7.4 and 6.5. The results are depicted in Fig. 4.

Based on the results, the release of EPI from HA-AA-EPI-5TR1 reaches the limit in the first 5-10 h. The release of EPI was
significantly higher at a more acidic pH of 6.5 and 5.4, compared to pH 7.4. The acidic pH of tumors can often be lower than the
surrounding healthy tissue, making it a unique target for pH-sensitive drug delivery systems. The hydrazone bond between EPI and the
carrier (AA) is susceptible to acidic conditions. According to the results of drug release in an acidic environment such as cancer tissue,
more EPI can be released, leading to a change in the concentration of the drug from healthy tissue to cancerous tissue. By increasing the
release of the drug at these lower pH (5.4 and 6.5 (, the targeted delivery system can effectively deliver higher concentrations of the
drug to the tumor site, potentially improving treatment efficacy.

3.5. Cytotoxicity evaluation

The viability of cells treated with EPI, HA-AA-EPI, HA-AA-EPI-5TR1, HA-AA and HA-AA-5TR1 is depicted in Fig. 5.

The results of the MTT cytotoxicity test indicated that HA-AA and HA-AA-5TR1 did not cause significant toxicity in CHO, MCF-7,
and C26 cell lines, thereby confirming the biocompatibility of the carrier. On the other hand, the results showed that the HA-AA-EPI
and HA-AA-EPI-5TR1 were more toxic than free EPI in the MCF-7 and C26 cell lines. It showed the major function of 5TR1 and HA in
targeted delivery to the cancer cells by MUC1 and CD44 receptor [9,21,34-38]. Studies have shown that the interaction of HA with
CD44 on the surface of cancer cells can lead to the internalization of HA-CD44 complexes, which can be used to deliver therapeutic
agents directly to cancer cells [38-40]. Additionally, some studies have suggested that the interaction of HA with CD44 on the surface
of cancer cells can induce apoptosis, or cell death, thereby providing an additional mechanism for cancer cell killing. MUCI is a protein
overexpressed on the surface of various cancer cells, including breast cancer. By binding specifically to MUC1 on the surface of cancer
cells, the 5TR1 can be used as a targeting moiety to deliver therapeutic agents directly to cancer cells, thereby increasing the specificity
and efficacy of cancer therapies. CHO cells are commonly used as control cells in studies of cancer cell biology because they are
negative for both CD44 and MUCI expression. Hence ineffectiveness of nanoformulations on the CHO provided evidence that the
HA-AA-EPI-5TR1 conjugates were selectively targeting MUC1 and CD44. The HA-AA-EPI-5TR1 was found to be more toxic on the
MCF7 and C26 cell lines compared to HA-AA-EPI. This suggested that adding the 5TR1 to the HA-AA-EPI increased the toxicity of the
nanoformulation to these cell lines.

3.6. Flow cytometry evaluation

Fig. 6 represents the results of flow cytometry analysis and compares the uptake of EPI and HA-AA-EPI-5TR1 into the CHO, MCF-7,
and C26 cells. The histograms, which display the fluorescence intensity values on a logarithmic scale, indicate the fluorescence in-
tensity of cells in each group on the FL2 channel.

The cellular uptake of EPI in the targeted nanoformulation HA-AA-EPI-5TR1 was higher than that of EPI in the cell lines MCF-7 and
C26. However, this result was not observed in the CHO cell line, which lacks CD44 and MUCI targets, and the cellular internalization
of the targeted nanoformulation and EPI was equal. This was in agreement with cytotoxicity results (as shown in Fig. 5).

Supernatant

5TR1 aptamer
HA-AA-EPI-5TR1

-
-}

Fig. 3. Gel electrophoresis depiction for HA-AA-EPI-5TR1, 5TR1 aptamer, and supernatant.
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Fig. 6. Flow cytometry analysis of C26, MCF-7 and CHO cell lines treated with HA-AA-EPI-5TR1 and EPI (n = 3).

3.7. Ex vivo fluorescence analysis

Tumor accumulation and biodistribution of HA-AA-EPI-5TR1 and EPI were evaluated 24 h post-administration by the fluorescence
system, and KODAK IS in vivo imaging. As shown in Fig. 7A, HA-AA-EPI-5TR1 showed greater EPI accumulation than free EPI in the
tumor site. Also, as shown in Fig. 7A, less fluorescence was observed in the heart tissue of mice treated with HA-AA-EPI-5TR1
compared to free EPI. Then, each mouse’s region of interest (ROI) investigation was done for heart, liver, tumor, spleen, lung, and
kidney tissue by applying KODAK Molecular Imaging software 5.0. Additionally, the obtained results showed that there is a notable
change in fluorescence intensity in the tumor site of the mice which free EPI injected in comparison with HA-AA-EPI-5TR1. Heart tissue
of mice after receiving HA-AA-EPI-5TR1 showed a lower intensity of fluorescence compared whit free EPI (Fig. 7B).

3.8. In vivo antitumor effects

Weight of mice showed no notable modification between all of the groups (Fig. 8A). The survival rate analysis displayed that 25 %
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wikp < 0.0001.

of mice treated with free EPI died within 22 days post-administration, although in the group received with HA-AA-EPI-5TR1 remained
alive until day 28 (Fig. 8B). Also, HA-AA-EPI-5TR1 could remarkably decrease tumor growth compared with other formulations
(Fig. 8C).

3.9. Pathological study

Twenty-eight days after receiving synthesized nanoformulations, the organ toxicity was examined. Large necrotic regions were
observed in tumor specimens of mice that received HA-AA-EPI-5TR1 in contrast with those treated with HA-AA-EPI. As shown in Fig. 9,
there was no histopathological modification in the liver tissue of mice treated with HA-AA-EPI-5TR1.

In the heart tissue of the EPI-treated group, the observed pathological cell injury could be considered a serious side effect of EPI.
This was not observed in other groups.

4. Discussion

Invitro release patterns of EPI from HA-AA-EPI-5TR1 nanoformulation as a function of time at three different pH (5.4, 6.5 and 7.4)
were presented in Fig. 4. The results displayed that the HA-AA-EPI-5TR1 nanoformulation was stable under physiological condition
(pH 7.4), although could release drugs in the acidic microenvironment of cancer cells (pH 5.4). The findings showed the utility of pH-
sensitive hydrazone bond in the structure of HA-AA-EPI-5TR1 nanoformulation to effectively release EPI in the acidic pH of cancer
cells. Recently reported Dual-targeted HA-Doxorubicin (Dox) formula showed similar behavior [9,23,41-43]. Tang et al. has reviewed
pH-sensitive polymers in pharmaceutics [44,45].

Compared to free EPL, two other nanoformulations (HA-AA-EPI-5TR1, HA-AA-EPI) demonstrated higher cytotoxicity in both C26
and MCF-7 cells (Fig. 5). The cytotoxicity of HA-AA-EPI-5TR1 nanoformulation on C26 and MCF-7 cells was stronger than that of HA-
AA-EPI nanoformulation because 5TR1 targets MUC1 receptors. In previous work 5TR1 was used for targeted delivery of Dox and Smac
peptide [13,21]. To explore the cellular uptake of HA-AA-EPI-5TR1 versus EPI, cellular uptake studies were performed on C26, MCF-7,
and CHO cells as MUC" and MUGC™ cells, respectively, using flow cytometry (Fig. 6). The cellular uptake of the targeted (HA-AA-E-
PI-5TR1 and HA-AA-EPI) and non-targeted (EPI) nanoformulation by CHO cells was identical. The obtained results displayed a higher
uptake of the HA-AA-EPI-5TR1 (dual-targeted) by MCF-7 and C26 cells compared to that of EPI (non-targeted) [46,47].

The tumor volume of C26-tumor-bearing mice received with PBS (control group) elevated quickly, and the groups treated by HA-
AA-EPI-5TR1 nanoformulations demonstrated suppression of tumor growth (Fig. 8C). One targeted (HA-AA-EPI-5TR1), and two
targeted (HA-AA-EPI-5TR1) nanoformulations exhibited higher antitumor effect compared to free EPI. Increasing accumulation of EPI
in tumors by targeting agents (HA and 5TR1) (Fig. 8C).
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Fig. 8. Invivo antitumor effects of the EPI, HA-AA-EPI, HA-AA-EPI-5TR1 injected to C26-tumor-bearing mice (n = 4) (EPI 5 mg/kg) bodyweight (A),
survival rates (B), and tumor volume changes (C).
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Fig. 9. (H&E) stained heart, liver and tumor tissues 28 days post-injection of EPI, HA-AA-EPI, HA-AA-EPI-5TR1 in C26-tumorized mice.

Various treatment groups revealed no significant body weight loss, as seen in Fig. 8A. Histopathological examinations revealed a
large necrotic region in the tumor tissue of mice that received HA-AA-EPI-5TR1 compared to those that received HA-AA-EPI. HA-AA-
EPI-5TR1 showed significant tumor inhibition compared to other treatment groups. Similarly, Dox- PLGA-PEG-polymerosomes
showed selective tumor inhibition activity compared to free Dox [48]. This confirmed the significance of both 5TR1 and HA as tar-
geting agents for selective nanoformulation delivery into tumor site. This result illustrated the tumor penetration capability of
HA-AA-EPI-5TR1 due to both the HA and 5TR1 targeting effect (Fig. 9). Biodistribution of the HA-AA-EPI-5TR1 and EPI systems was
evaluated in C26 tumor-bearing mice. Also, in the tumor tissue, maximum accumulation of targeted HA-AA-EPI-5TR1 was observed
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(Fig. 7B). As it was depicted in Fig. 7A, ROI examination showed the notably lower intensity of fluorescent was detected in the heart
tissue of mice that received the targeted nanoformulation (Fig. 7A).The polymerosomes loaded with Gadmium as MRI imaging and
Dox showed similar tissue distribution [49].

5. Conclusion

In this work, we constructed a drug delivery system for EPI with two targetings (HA and 5TR1) and controlled release (hydrazone
bonds) characteristics to decrease the systemic cytotoxicity of chemotherapeutics. EPI was chemically conjugated to the polymer via
hydrazone bonds, which effectively prevented premature EPI release in the blood circulation and achieved prompt intracellular release
in an acidic microenvironment. A dual-targeting drug delivery system (HA-AA-EPI-5TR1) showed antitumor efficacies while signifi-
cantly reducing the systemic toxicity of EPI. 5TR1 importantly prompted the targeting ability of drug delivery systems for guided
transportation to colorectal cancer cells. Dual-targeted nanoformulation (HA-AA-EPI-5TR1) nanoformulations significantly sup-
pressed tumor growth rate in C26 tumor-bearing mice. These data strongly proposed that the prepared dual-targeted nanoformula with
targeting capability, effective and non-toxic, could be considered a hopeful candidate for the development of an innovative system.
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