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Abstract

Dendrimer-based targeted drug delivery, as an innovative polymeric drug-delivery system, is promising for cancer therapy. Folate
receptors (FR) are overexpressed in many types of tumor cells, such as breast cell carcinomas, which allow folate-targeted
delivery. Therefor polyethylene glycol (PEG) modified-PAMAM G4 dendrimers were functionalized with folic acid (FA), as
targeting agent. Then, 5-FU (5-fluorouracil) and **™Tc (technetium-99 m) as therapeutic agents were respectively loaded and
conjugated to previous nano-complex (PEG-PAMAM G4-FA-5FU-"""™Tc). The value of drug loading was calculated by TGA
analysis (16.97%). Drug release profiles of PEG-PAMAM G4-FA-5FU-"""Tc and PEG-PAMAM G4-FA-5FU were evaluated.
The radiochemical purity of PEG-PAMAM G4-FA-5FU-""Tc and PEG-PAMAM G4-FA-"™Tc¢ was obtained at >95% with
excellent in-vitro and in-vivo stabilities. PEG-PAMAM G4-FA-5FU-"""Tc was synthesized and the stability studies were carried
out by the ITLC methods in serum (86.67% and 83.75%) and PBS. Combinational therapy effects of 5-FU and **™Tc containing
nano-complexes were evaluated on 4 T1 (mouse breast cancer) and MDA-MB-231 (human breast adenocarcinoma) cancer cell
lines. Excellent uptake values were obtained for FA-decorated nano-complexes on 4 T1 and MDA-MB-231 cell lines.
Subsequently, tumor inhibition effects of PEG-PAMAM G4-FA-5FU-""Tc and PEG-PAMAM G4-FA-5FU were evaluated
using the breast tumor-bearing BALB/C mice.

Keywords Breast cancer - PAMAM G4-PEG - Folic acid targeting - 5-FU delivery - **™Tc

Abbreviations 99mTe 99MTechnetium
PEG polyethylene glycol P-P polyethylene glycol-polyamidoamine
PAMAM polyamidoamine dendrimers G4

dendrimers G4 P-P-FA polyethylene glycol-polyamidoamine
FA Folic acid dendrimers G4-Folic acid
5-FU Sfluorouracil P-P-FA-SFU polyethylene glycol-polyamidoamine

dendrimers G4-Folic acid-5fluorouracil
P-P-FA-5FU -polyethylene glycol-polyamidoamine

>4 Javad Mohammadnejad Suc-""Tc dendrimers G4-Folic acid-5fluorouracil-
mohamadnejad @ut.ac.ir Succinimidyl HYNIC-""Technetium
Suc Succinimidyl HYNIC
' Department of Life Science Engineering, Faculty of New Sciences FR Folic acid receptors

and Technologies, University of Tehran, Tehran 1439957131, EPR

Jslamic Republic of Iran Enhanced permeability and retention;

Dynamic light scattering

2 . . . .
?:}iztlrr}i;tl of Molecular Medicine, Cancer Biomedical Center, TGA Thermo or avimetric an aly sis

R ’ _ _ _ DSC Differential scanning calorimetry analysis
Department of Molecular Genetics, Tehran Medical Science Branch, MTT 3_[ 4,5- dimethylthi az ol-2-y1]-2, 5.di ph e nyl

Islamic Azad University, Tehran, Iran A .
tetrazolium bromide

Dimethyl formamide and
DMSO Dimethyl sulfoxide

Department of Nuclear Science and Technology Research Institute, DME
Tehran, Iran

Immunoregulation Research Center, Shahed University, Tehran, Iran

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10544-020-00485-5&domain=pdf
mailto:mohamadnejad@ut.ac.ir

31 Page2of13

Biomed Microdevices (2020) 22: 31

1 Introduction

Nanoparticle-based targeted drug-delivery systems have
added a new dimension to the therapeutic approach for the
treatment of cancer due to their unique accumulation behavior
at the tumor sites (Blanco et al. 2015; Sega and Low 2008;
Narmani et al. 2018a). Breast cancer was once considered a
frequently-diagnosed deadly form of cancer in women (Ferlay
et al. 2013). Chemotherapy plays a major role in cancer treat-
ment, and the scientific advances in chemotherapy over the
last several years have led to significant ongoing patient ther-
apy rates (Satsangi et al. 2015). The polyamidoamine
dendrimers G4 (PAMAM G4), due to monodispersity, nano-
size (1-100 nm) and shape, good biocompatibility, high ca-
pacity to surface modification, and functionalization
(polyvalency properties of PAMAM G4), good in-vitro and
in-vivo stabilities, excellent pharmacokinetics properties have
been good candidates for drug delivery (Agrawal et al. 2007;
Narmani et al. 2019a; Yousefi et al. 2020). Polyethylene gly-
col (PEG) is one of the promising candidates for modifying
PAMAM dendrimers to overcome possible cytotoxicity and
hemolytic toxicity, increasing biocompatibility, increasing the
solubility of both drugs and nanocarriers, decreasing the ag-
gregation of nanoparticles, increasing tumor accumulation by
strengthening the enhanced permeability and retention (EPR)
effect, and for its good bioavailability (Luong et al. 2016;
Amini et al. 2019).

On the other hand, this targeting leads to a decrease
in the uptake of the drug by the normal tissue, as many
receptors are present in the diseased tissues and cells. It
is well known that folate receptors (FR), as the most
promising sites for FA moiety, are overexpressed in var-
ious human cancer cells, including the breast, ovary,
endometrium, kidney, lung, head and neck, brain, and
myeloid cancers, even though they are fairly limited in
normal cells (Wang et al. 2012; Zheng et al. 2016;
Narmani et al. 2018b; Evans et al. 2016). Also, FR
has more expression in various inflammatory diseases.
FR, with 38-40 KDa in molecular weight, is a
glycosylphosphatidylinositol (GPI)-anchored membrane-
bound protein that binds itself to folic acid moiety with
high affinity and can be internalized into the cytoplasm
by endocytosis (Cui et al. 2017). The FR exists in three
major forms: FR-o«, FR-f3, and FR-y. FR-« is
overexpressed in many tumors, such as breast carcino-
mas. The covalent linkage of folate to y-carboxyl re-
tains high-affinity FR-binding and agitates the FR over-
expression in tumors (Rezvani et al. 2018; Narmani
et al. 2019b). The FR-« in a low-pH condition in the
endosome vesiculs leads to the release of folic acid
from the complex that has been exploited for the deliv-
ery of small chemotherapeutic drugs (Satsangi et al.
2015; Sulistio et al. 2011). The site-specific delivery
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of anti-neoplastic and chemotherapeutic agents may re-
duce their systemic side effects, resulting in their effec-
tive and safe performance. Chemotherapeutical drugs,
such as 5-fluorouracil (5FU), azathioperine,
cyclophosphamide, methotrexate, doxorubicin, and
vincristine, which can be conjugated to PAMAM G4.
5FU, as a chemotherapeutic agent, has been widely
used in different solid tumor types, such as cancer of
the breast, stomach, liver, and intestine, to name a few.
It has been mentioned that S5FU should be specifically
dosed once or twice a week as a targeting therapy
(Leelakanok et al. 2017). This drug interferes with
thymidylate synthesis, and by conversion to
fluorodeoxyuridine monophosphate, leads to the inhibi-
tion of RNA function and/or the processing and synthe-
sizing of thymidylate and, finally, annihilation of the
cell (Gomez-Canela et al. 2017).

Besides, radioisotope **™Tc has high usage in particle-
based radiopharmaceuticals and is currently utilized as a good
imaging and therapeutic agent in nuclear medicine, paving the
way for practical applications because of its ideal physical
properties, suitable dosimetry, and high specific activity.
Hydrazinonicotinamide (HYNIC), as a suitable linker, has
been conjugated to peptides and proteins for several years
(Liu et al. 2001; Torabizadeh et al. 2017; Narmani et al.
2018c). Mostly, some co-ligands, such as tricine or
ethylenediaminediaceticacid (EDDA), have been used in
99mTc labeling of HYNIC conjugates. Co-ligands bring about
good stability, high specific radioactivity, higher labeling effi-
ciency, and excellent dendrimer-binding potency of the radio-
labels (Guo et al. 2011; Mombini et al. 2019).

In our previous work, we designed and synthesized an FA-
PAMAM G4-PEG-5FU-Suc-""™Tc nano-complex as a novel
targeted drug-delivery system, and we investigated
biodistribution and imaging ability of above-mentioned
nano-complex (Narmani et al. 2019a). However, in this work
we evaluated drug loading efficiency and drug release behav-
ior of 5-FU in FA-PAMAM G4-PEG-5FU-Suc-"""Tc and FA-
PAMAM G4-PEG-5FU nano-complexes. The thermal stabil-
ity of FA-PAMAM G4-PEG-5FU-Suc-"""Tc nano-complex
and its derivate was investigated. Cellular uptake values of
FA-decorated FA-PAMAM G4-PEG-5FU-Suc-"""Tc and
FA-PAMAM G4-PEG-Suc-"""Tc nano-complexes were de-
termined and compared with each other. Combinational ther-
apy effects of 5-FU and **™Tc containing nano-complexes
were evaluated on 4 T1 (mouse breast cancer) and MDA-
MB-231 (human breast adenocarcinoma) cancer cell lines.
Then, PEG-PAMAM G4-FA-5FU-Suc-"""Tc and PEG-
PAMAM G4-FA-5FU nano-complexes as highly effective de-
livery systems were intravenously injected in breast tumor-
bearing BALB/C mice and tumor growth inhibition and ther-
apeutic ability of 5-FU- and 99mTc-conjuga‘[ed nano-complex
were evaluated.
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2 Experimental details
2.1 Materials and apparatus

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide, CAS Number: 298-93-1), penicillin, streptomycin,
and fetal bovine serum (FBS), and cellulose dialysis mem-
branes (molecular weight cut-off, MW = 12,000 Da) were
bought from Sigma-Aldrich. Di-tert-butyldicarbonate (Boc)
was bought from Flukachamika. Dimethylformamide (DMF)
and dimethylsulfoxide (DMSO) were bought from Sigma-
Aldrich. The **™Tc was obtained from a **Mo/**™Tc genera-
tor. C2C12, MDA-MB-231 and 4Tlcell lines were bought
from the Institute of Pasteur, Iran.

TGA and DSC were implemented by STA 1500,
rheometric-scientific. Spectroscopy evaluation was performed
via Nanodrop 2000c UV-vis spectrophotometer, Thermo
Scientific. Freeze-dry carried out by freeze-vacuum dryer
(Freezone 6, USA). Cell viability assay was measured by
means of Elisa Reader (SpectraMax M2e, Molecular
Devices). Labeling efficiency of **™Tc was determined by
v-counter (EG& G ORTECH 4001 M).

2.2 In-vitro stability of the radio-labeled sample

ITLC was used to assess the in-vitro stability of **™Tc radio-
labeled P-P-FA and P-P-FA-5FU in serum and PBS. 150 pl
(200 puCi) of the P-P-FA-Suc-"""Tc and P-P-F-A-5FU-
Suc-""™Tc complex was added to 2 ml of fresh human serum
and 1 ml of PBS separately and was incubated at 37 °C for
different lengths of time (1, 3, and 24 h). 1 X 10.5 cm strips of
Whatman No. 1 paper were used to check each sample at
different lengths of time (Guo et al. 2011; Song et al. 2017).
Finally, each strip was read using the y-counter (Guo et al.
2011).

2.3 Drug loading efficiency and drug-release studies

5-FU Loading efficiency of synthetic nano-complex was cal-
culated by absence or shifting of endothermic peaks by means
of thermogravimetric analysis (TGA). Furthermore, the ther-
mal stability and physical state of P-P-FA-5FU and P-P-FA-
Suc-5FU nanocomplexes were evaluated thermal gravimetric
spectroscopies. On the other hand, the profiles of SFU release
from P-P-FA-5FU and P-P-FA-Suc-5FU were studied in phos-
phate buffer saline (PBS, pH=7.4 and pH =5.02) as the re-
lease medium at pH=7.4, pH=5.02 and 37 °C. 3 mg of
synthesized nanocarriers were suspended in 2 ml of PBS and
replaced in a washed dialysis tubing (12,000 Da) and im-
mersed in 30 ml of the release media (PBS). Then, the system
was placed in an incubator shaker set at 40 rpm and 37 °C. At
predetermined time intervals, 200 pl of the release medium
was removed and replaced with the fresh medium. Aliquots of

these formulations were collected at different time intervals up
to 54 h, and the drug content was estimated by means of a
Nanodrop UV-visible spectrophotometer at 266 nm using wa-
ter as a control (Das et al. 2010).

2.4 Cell culture

The mouse breast cancer 4 T1, human breast adenocarcinoma
MDA-MB-231 cell line and myoblast normal C2C12 cell
lines were bought from the Pasteur Institute of Iran. The
4 T1 and C2C12 cells were maintained in RPMI and
DMEM (Gibco, UK) respectively, supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, 100 pg/ml strep-
tomycin, and 100 TU/ml penicillin.

2.5 Cellular uptake

Uptake studies of P-P-FA-*™Tc were performed using
PBS 1X and NaOH 0.1 M. For this assessment, C2C12
and 4 T1 cells were harvested and re-suspended at 5 x
10 (Ferlay et al. 2013) cells/300 pl in medium and
cultured in 24 well plates. After 24 h, 500 nM
(175 uCi), 250 nM (90 uCi), and 125 nM (50 uCi)
of conjugate were added to each well and incubated at
37 °C. At various lengths of time (1, 3 and 24 h), the
RPMI and DMEM media in the wells were removed
and the medium activity, as a non-uptake drug conju-
gate, was read by means of a y-counter. Afterward, the
cultured cells in all the wells were washed with 250 ul
of filtered PBS 1X, incubated for 15 min, 400 ul NaOH
0.1 M was used to separate the well-plate cells, and the
cell activity was counted via the y-counter as the uptake
and receptor-conjugated carriers. The differences be-
tween the two activities were considered as an internal-
ized P-P-FA-Suc-"’™Tc (Guo et al. 2011).

2.6 MTT assay

The growth inhibitory effects of PAMAM G4, P-P, P-P-FA, P-
P-FA-5FU, P-P-FA-Suc-"""Tc and P-P-FA-5FU-Suc-"""Tc
with 1000, 500, 250, 125, and 62.5 nM concentrations on
4 T1, MDA-MB-231 and C2C12 cells were assessed using
the MTT assay. Every run was repeated nine times. Briefly, the
cells were seeded in each well of 96-well microtiter plates and
allowed to attach themselves overnight. Afterward, the cells
were treated with different types of drugs that have already
been mentioned. These drugs were added to the cultured cells
at24, 48, and 72 h. The process was repeated thrice. After that,
the MTT solution (5 mg/ml in PBS) was added to each well
and the cells were incubated for another four hours.
Consequently, the suspension liquid was removed and the
cells were re-suspended in DMSO. The optical density (OD)
of these DMSO solutions was read at 570 nm. The difference
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of the OD values between the treated and non-treated cells
reflects the viability of well-cultured cells after treatment
and, thus, stands for the metabolite toxicity.

2.7 Mouse model with breast tumor

Five- to six-week-old female BALB/c mice (average
body weight 16.0+£1.5 g) were used for the in-vivo
studies. The tumor was established by the subcutaneous
injection of a 4 T1 tumor cell line on the right side of
the post-neck region. The 4 T1 cell line, as a kind of
mouse breast carcinoma that overexpresses folate recep-
tors, was grown continuously as a monolayer at 37 °C
and 5% CO2 in RPMI 1640 medium supplemented with
penicillin (100 units/ml), streptomycin (100 pg/ml), and
10% heat-inactivated fetal bovine serum (FBS). The
4 T1 cells were prepared for the injection in the female
BALB/c mice. 2 ml of 0.25% trypsin/l mM EDTA so-
lution was added to the plate, swirled to cover it, and
incubated at room temperature for two minutes, follow-
ed by the addition of 5-6 ml serum-free medium to
harvest trypsinized cells from the plate and transfer
them to a conical tube. These cells were centrifuged
for five minutes at 1000 rpm (25 °C). The supernatant
was discarded and the pellet was re-suspended in a
serum-free medium. The cells were diluted with
serum-free medium to the desired concentration (I x
10% cells/0.2 ml). These 4 T1 tumor cells in the
serum-free medium suspension were inoculated in the
subcutaneous space in the right post-neck side of the
mice. Then, the mice were monitored daily for tumor
onset by palpating the injection area with the index
finger and thumb for the presence of the tumor.
Twelve to 15 days after inoculation, the mice injected
with 4 T1 cells developed palpable solid tumors. The
mice tumor inhibition studies were performed when the
tumor volume reached 619.2+98.5 mm>. Furthermore,
the biodistribution efficiency of synthetic nano-complex
was evaluated in tumor-bearing mice (n=12) after 24 h
of intravenous (IV) injection. As the radioactivity of
nano-complex accumulated organs including tumor, liv-
er, lung, kidney, and spleen was detected by means of
y-counter and outputs were asserted as percentages of
the injected dose per gram (%ID/) organs.

2.8 Statistical analyses

Comparisons between the groups are expressed as the mean £
standard error of the mean. Statistical differences were evalu-
ated using one-way ANOVA and Tukey’s HSD with the con-
sidered significance at p <0.05. All figures shown were ob-
tained from three independent experiments. Any images
shown are representative of the entire experiment.
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3 Results and discussion
3.1 TGA analysis and drug loading efficiency

The contents of SFU loading and FA in the synthetic nano-
complex were estimated by means of TGA (heating-cooling
process) with the observation of the partial fraction in the drug
and the FA-encapsulated out coming peaks. From Fig. 1 A,
which shows the TGA curves of freeze-dried samples, the
stability and loading were estimated (Chang et al. 2012;
Dong and Feng 2005; Baek et al. 2012). For the P-P sample,
about 60.18% of the weight loss was observed at the 198—
464 °C temperature range. The weight loss value of the P-P-
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Fig. 1 TGA curves (A) and DSC termograms (B) of P-P, P-P-FA, P-P-
FA-5FU, and pure SFU. For the P-P sample, about 60.18% of the weight
loss was observed at the 198—464 °C temperature range. The weight loss
value of the P-P-FA sample was obtained in three phases (2% at 100 °C,
36.2% at 220-375 °C and 14.18% at 375-526 °C). With compare the P-
P-FA and P-P-FA-5FU curves after finishing the weight loss, the estimat-
ed drug loading was about 16.97%. About 69.08% of the weight loss of
P-P-FA-5FU nano-complex was significantly occurred at 188-510 °C.
On the other hand, The DSC curve of pure SFU showed an endothermic
peak at 280 due to SFU crystals melting and an exothermic peak at
335 °C, indicating its thermal decomposition. The elimination of this
peak on the P-P-FA-5FU curve shown deformation (decrystallization)
of 5FU after loading, confirming excellent drug-loading. Furthermore, a
comparison of the P-P-FA with the FA curve demonstrated consistent
conjugation of FA to P-P-FA, resulting from two endothermic peaks at
230-350 °C
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FA sample was obtained in three phases. The first one was
about 2% at 100 °C which was related to water evaporation.
The second one happened at 220-375 °C, exhibiting about
36.2% of the weight loss, and the third one at the 375—
526 °C range was related to 14.18% of the sample weight loss.
About the P-P-FA-5FU curve, 2.7% of the weight loss around
100 °C was considered as water evaporation and about
69.08% of the weight loss occurred at 188—510 °C. Also, by
considering the P-P-FA and P-P-FA-5FU curves after
finishing the weight loss, the estimated drug loading was
about 16.97%.

3.2 Drug-release profile

Figure 2 indicates the in-vitro release of the SFU into the PBS
solution from drug-loaded P-P-FA-5FU, P-P-FA-5FU-
Suc-"™Tc, and pure 5FU. A controlled release profile was
demonstrated for both P-P-FA-5FU and P-P-FA-5FU-
Suc-""™Tc, and more than all for P-P-FA-5FU-Suc-"""Tc.
About 50% of the pure drug was released rapidly in the first
2.5 h, while these release values of P-P-FA-5FU and P-P-FA-
5FU-Suc-"""Tc were obtained at 7.5- and 11-h tube dialyzing
at pH = 7.4. On the other hand, more than 50% of drug release
of P-P-FA-5FU and P-P-FA-5FU-Suc-"""Tc nano-complexes
was obtained in first 5 h at pH = 5.02 that was faster than drug
release at pH =7.4. These controlled and sustained release
behavior are more important to long-term drug release in
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Fig. 2 In vitro profile of 5-FU release at pH = 7.4 and 5.02. Near 50% of
the pure drug was released rapidly in the first 2.5 h and more than 90% of
pure SFU escaped within the first 8.5 h. While these release values of P-P-
FA-5FU and P-P-FA-5FU-Suc were obtained at 7.5- and 11-h tube dia-
lyzing. On the other hand, more than 50% of drug release of P-P-FA-5FU
and P-P-FA-5FU-Suc-"""Tc nano-complexes was obtained in first 5 h at
pH =5.02 that is faster than drug release at pH = 7.4. More than 90% of
pure 5FU escaped within the first 8.5 h. The release profile of P-P-FA-
SFU indicated a rapid release of SFU—about 80% within the first 16 h—
but a shoulder slowly appeared in the release curve at 16 to 54 h with
about 15% release. However, P-P-FA-5FU-Suc nano-complex generally
demonstrated a slower release than the previous compound. As, about
80% of the drug was released within the first 20 h, and after this time, the
release profile showed control, up to 93.5% (total release)
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human body serum and decrease the side effects of chemo-
therapeutic agents on normal cells (Chang et al. 2012; Baek
et al. 2012). More than 90% of pure SFU escaped within the
first 8.5 h. The release profile of P-P-FA-5FU showed a rapid
release of SFU—about 80% within the first 16 h—but a shoul-
der slowly appeared in the release curve at 16 to 54 h with
about 15% release at pH = 7.4. The initial fast release behavior
of P-P-FA-5FU and P-P-FA-5FU-Suc-"""Tc nano-complexes
is owing to weakly adsorbed 5-FU molecules at the surface of
the nano-complexes as shown in Fig. 2. The P-P-FA-5FU-
Suc-*"™Tc compound generally indicated a slower release
than the previous compound. Near 80% of the drug was re-
leased within the first 20 h, and after this time, the release
profile showed control, up to 93.5% (total release). On the
other hand, the pH-sensitive release behavior of 5-FU is fa-
vorable for burst drug release in the acidic environment of
endosomes of cancer cells (Dong and Feng 2005).
Furthermore, slow release behavior is suitable for long-time
remain of drug in the plasma at physiological conditions
(pH 7.4). Almost the same results were reported for the
dendrimer-based release profile of Yulei Chang and Yongli
Zheng et al. But, our release profile showed a higher total
and controlled drug release compared with their works
(Chang et al. 2012). Furthermore, our synthetic nano-
complexes were demonstrated the slower release at the first
10 h in comparison to polymeric nano-complex that synthe-
sized by Hu et al. (Hu et al. 2017) On the other hand, their
nano-complex have been shown about 10% of total release at
the end time, while it was about 85% for P-P-FA-5FU nano-
complex in this research.

3.3 Physical status of synthetic nanoparticles (DSC)

The physical states of the different synthetic samples were
analyzed via the DSC device (Fig. 1 B) (Baek et al. 2012).
We focused on the loading and conjugation of a drug and other
legend results in the absence or shifting of endothermic peaks,
indicating a change in the crystal lattice, melting, boiling, or
sublimation points, which could provide both qualitative and
quantitative information of the drug and conjugations present
in the complexes (Horvath et al. 2008). The DSC curve of
pure SFU showed an endothermic peak at 280 °C due to
5FU crystals melting and an exothermic peak at 335 °C, indi-
cating its thermal decomposition. The elimination of this peak
on the P-P-FA-5FU curve revealed deformation
(decrystallization) of SFU after loading, confirming excellent
drug-loading (Navath et al. 2011). A comparison of the P-P-
FA with the FA curve revealed consistent conjugation of FA to
P-P-FA, resulting from two endothermic peaks at 230-350 °C.
The large second peak of the P-P-FA, in comparison with pure
FA, is due to the FA and PEG melting point overlapping and
their deformation. The P-P complex indicated an endothermic
peak at 250 °C, which is related to the melting point of PEG.
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About the stability of nanocomplexes, the DSC curves’ ex-
pected results exhibited an increase in the stability of the final
nanocomplexes compared to pure compounds, presumably
due to the incorporated complexity and the generation of a
homogenous structure.

3.4 PBS and serum stability

The radiochemical stability for both P-P-FA-Suc->"™Tc and P-
P-FA-5FU-Suc-""™Tc was evaluated by ITLC at the time-
points of 1, 2, 4, and 24 h. As Fig. 3 A and B shows, both
samples exhibited excellent radiochemical stability even for
extended periods. After the incubation of P-P-FA-Suc-"""Tc
and P-P-FA-5FU-Suc-"""Tc (200 uCi) in PBS and serum at
37 °C for up to 24 h, more than 76% of the total radioactivity

was conserved. Generally, stability was about 85.28 +1.99%
and 85.32+1.15% in PBS and 86.67+2.11% and 83.75+
0.88% in the serum samples after an hour for P-P-FA-
Suc-"™Tc and P-P-FA-5FU-Suc-""™Tc nano-complexes re-
spectively. Also, we obtained 77.2+0.76% and 77.98 +
0.74% in PBS and 76.27 +1.02% and 78.35+1.47% in the
serum samples after 24 h for the P-P-FA-Suc-"""Tc and the P-
P-FA-5FU-Suc-"""Tc nano-complex, respectively. The stabil-
ity of the P-P-FA-Suc-""™Tc nano-complex in the first one and
two hours in serum was more than PBS; however, for the P-P-
FA-5FU-Suc-""™Tc complex, the serum stability was less,
presumably due to the SFU physical bond that contacts with
stable radio-labeling. These values of stability are consistent
with the same stability assay in antibody-labeled stability,
which indicated that the nanoparticles can be considered as

Fig. 3 Serum stability and
cellular uptake of nano-complex.
PBS and serum stabilities of
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good candidates for radio-labeling (Alirezapour et al. 2016).
Generally, a decrease in the stability after 24 h could be due to
protein interactions, such as albumin in serum (Song et al.
2017; Alirezapour et al. 2016).

3.5 Cellular uptake

To determine the positive effect of FA-targeted nanocarriers in
cellular internalization, we investigated the ability of these
nono-complexes to be endosytozed by cells (Fig. 3 C and
D). Our results depicted a robust uptake of the P-P-FA-
Suc-""™Tc by the 4 T1 cancer cell lines (about 79.58 +
2.12% in 500 nM concentrations after 24 h) and C2C12 nor-
mal (about 45.74 +0.48% in 500 nM concentrations after
24 h) as a control cell line. However, the complex uptake of
C2C12 was higher than the 4 T1 cell line in the first hour. A
comparison of the end uptake time revealed the main differ-
ence between the normal and cancer cell uptakes. For exam-
ple, the C2C12 exhibited more uptake at 125 nM compared
with other concentrations after 24 h. As, a 16.12% uptake
increase was calculated for 125 nM after 24 h, while for
500 nM, it was 12.52%. However, these values were calculat-
ed as 40.09% (125 nM) and 42.7% (500 nM) for 4 T1 cell
lines. Both 4 T1 and C2C12 cell lines express FRs, though it is
higher in 4 T1 cell lines (Zheng et al. 2016; Narmani et al.
2018Db). On the other hand, the uptake evaluation of PAMAM-
Suc-""™Tc nano-complex was indicated very low (less than 3-
folds) cellular internalization in comparison to P-P-FA-
Suc-*"™Tc ones. This result was shown that FA has the main
role in internalization pathway. These in vitro cellular uptake
results were consistent with a research by Zheng et al. As the
blockage of cell surface receptor lead to decrease the rate of
internalization efficiency (Zheng et al. 2016). The same results
can also obtain without the presence of FA as a targeting
factor. These data exhibit that the complex can target the FR
specifically and be highly internalized in the 4 T1 cells rather
than C2C12 (Guo et al. 2011). As we have noted previously, it
is well known that FRs are overexpressed in various human
cancer cells.

3.6 Cell-viability assay

The MTT assay was performed to evaluate the cytotoxicity of
P-P-FA-5FU-Suc-*"™Tc conjugates against C2C12, MDA-
MB-231 and 4 T1 cells using the cytotoxicity of SFU-loaded
ligands and **™Tc conjugates as therapeutic agents. Previous
research has revealed that the electrostatic interactions be-
tween positively charged complexes and negatively charged
cell membranes result in cell morphological changes, mem-
brane damage, and finally, cell apoptosis. Our research is an
evidence of the effects of all six types of conjugates on the
viability of C2C12, MDA-MB-231 and 4 T1 cells measured
by the MTT assay. Figure 4 shows the cell viability results. We

believe that the low cytotoxicity is mainly associated with the
ligands and PEG chains linked to the dendrimers, which can
effectively reduce the cytotoxic effects of the conjugates. For
the 4 T1 cell lines, pure PAMAM G4 toxicity was changed at
62.5 and 1000 nM concentrations with 45-60% viability, re-
spectively. After PEGylation, cell viability increased up to
about 27% (81.53%, 85% and 83.57% at 1000 nM for
MDA-MB-231, 4 T1 and C2C12, respectively). However, at
a 62.5 nM concentration, we observed no rising cell viability
(Chang et al. 2012). Obviously, high concentrations of P-P-FA
nano-complex increase the cytotoxic effect of the conjugate
because an increase in the cellular uptake via targeting ligands
results in increasing cytotoxic effects of PAMAMG4. The FA
results were different compared with the two drug samples. In
fact, at 250 nM concentration of P-P-FA, high cell viability
was obtained against our expectation. At 1000 and 62.5 nM
(about 72%, 59% and 63% viability for MDA-MB-231, 4 T1
and C2C12, respectively), there was no indication of any cell
viability values, while FA and PEG were considered as bio-
materials. These are due to low concentrations of PEG and FA
at 62.5 nM and high concentrations of FA at 1000 nM, which
leads to an increase in the PAMAM internalization and its
toxic effect, especially about the 4 T1 cell line. These results
were not consistent with Yulei Chang et al.’s work (Chang
et al. 2012). The P-P-FA-5FU conjugate has an inhibitory
effect on the cell lines in gradian-dependent concentrations,
specifically in high concentrations related to SFU as a chemo-
therapeutic agent (about 24% and 14% viability for 4 T1 cell
line at 62.5 and 1000 nM concentrations). Furthermore, the
cell viability was by 19% and 16% at 62.2 and 1000 nM for
MDA-MB-231 breast cancer cell line. The 4 T1 and MDA-
MB-231cell lines showed more sensitiveness than C2C12 in
viability at all concentrations. The cytotoxic evaluation of
nano-complexes was compared with a study by Hu et al.
which has been evaluated the cytotoxicity of Doxorubicin
(DOX) loaded polymer on Hela cell line (Dong and Feng
2005). A comparison of the 4 T1 and MDA-MB-231 cancer
cell lines with Hela cell line regarding the effects of various
types of nano-complex demonstrated that P-P-FA-5FU and P-
P-FA-5FU-Suc-""™Tc have more cytotoxic effects on 4 T1
and MDA-MB-231 cell lines in comparison with Hela cell
line at the low concentrations of nano-complex (Dong and
Feng 2005).

On the other hand, the P-P-FA-Suc-"’"Tc does not have
any notable toxic effect in relation to the previous conjugate.
However, **™Tc has been considered as a radioactive drug,
and due to the low half-life of **™Tc (6 h), the viability assay
was also made within three hours. After three hours, the P-P-
FA-Suc-""Tc and P-P-FA-5FU-Suc-"""Tc incubation cell vi-
abilities obtained were about 96% and 80% at 62.5 nM
and1000 nM, respectively (for C2C12, it was 95% and 86%
for P-P-FA-Suc-"""Tc and 92% and 81% for P-P-FA-SFU-
Suc-"™Tc). Moreover, the cell viability was exhibited by
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Fig. 4 (continued)
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79% and 77% after treatment with P-P-FA-Suc-""Tc and P-
P-FA-5FU-Suc-"""Tc at 1000 nM for MDA-MB-231 cell
line. Active drugs’ cell-death activity between C2C12 and
4 T1 cell lines was different, as the 4 T1 cell line indicated
sensitivity rather than the C2C12 cell line at 500 nM and
1000 nM. Our late synthesis showed a higher cytotoxic effect
in relation to all of our conjugates, which was due to the
combined effect of 5SFU and **™Tc as the chemotherapeutic
agents. Also, cell viability was assessed at 48 and 72 h.
Generally, P-P-FA-5FU-Suc-"""Tc due to active y-ray emis-
sion damaged the DNA structure, replication, and cell divi-
sion, which led to the improvement of the SFU drug as a main
therapeutic agent. Also, we concluded that all drug types
could inhibit the MDA-MB-231 and 4 T1 cell line compared
to the C2C12 cell line, which may be due to the high replica-
tion and uptake rate in the 4 T1 cell line.

Treatment with six types of drug complexes indicated
inhibited cell viability compared with the control (non-
injected) group after treatment initiation and had statistically
significant differences (p < 0.05) in cell viability. The MDA-
MB-231 and 4 T1 statistical Fisher’s exact test (F-test) was
calculated at 5.00 (p < 0.01) by the drugs with a lower viability
mean (Dong and Feng 2005) for the P-P-FA-5FU-Suc-"""Tc
at 24 h. For C2C12, the F-test value was 6.00 (p < 0.05) by the
drugs with a viability mean of 30 for P-P-FA-5FU-Suc-"""Tc,
as a more inhibiting drug.

3.7 Treatment of mouse model with breast tumor
and in vivo toxicity

The treatment of the mouse model with a breast tumor
was examined via the intravenous injection of P-P-FA-
5FU and P-P-FA-5FU-Suc-""™Tc as drug samples and
PBS as a control. The in vivo behavior of nanoparticles
often differs significantly from the predicted behavior de-
rived from in-vitro cell-culture studies (Satsangi et al.
2015; Sayes et al. 2007). Firstly, 4 T1 cells were injected
into the BALB/c mice and the tumor cells’ growth was
monitored daily. According to the reports, the 4 T1 cells
were highly metastatic breast cancer cells, and the MMP
secretion and the activities were very high (Song et al.
2017). Twelve to 15 days after the 4 T1 cells’ injection,
the tumor masses were observed in the mice (n=15).
Secondly, the tumor-bearing mice were randomly divided
into three groups (n =35 in every group), and each group
was treated with the P-P-FA-5FU, P-P-FA-5FU-
Suc-*™Tc, and PBS, separately. The mice were treated
with drug samples at two interval times (6 days). Then,
the inhibition of the tumor size was monitored every day
up to 21 days. Both drug-loaded samples showed an in-
hibitory effect on tumor growth and decreased the tumor
volume size 21 days after the monitoring period (Fig. 5).

The tumor size was calculated via the following formula:
(Vredenburg et al. 2001)

Tumor size = 0.4 (L.Wz)
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Fig. 5 Mean tumor volume (A), tumor inhibition rate (B), and survival
curve (C) of tumor bearing BALB/C mice after treatment with PBS (as
control), P-P-FA-5FU and P-P-FA-5FU-Suc-""Tc synthetic drugs. Both
P-P-FA-5FU (23.23%) and P-P-FA-5FU-?"™Tc (25.74%) nano-
complexes exhibited excellent tumor-inhibition activity and reduced
growth in the tumor volume. As the tumor volume diminished from
619.2+98.5 to 576.6 + 60.4 mm?> (6.87% reduced tumor volume) for P-
P-FA-5FU at six to 12 days. However, for the P-P-FA-5FU-Suc-"""Tc
complex, there was little difference, as the tumor volume decreased from
619.2+28 to 604.8+24.2 mm> on Day 12 (2.32% reduced volume).
Survival curves P-P-FA-5FU and P-P-FA-5FU-Suc-""™T¢ nano-
complexes demonstrate that only 20% of mice are dead after 25 days of
IV injection while it is about 60% for mice treated with PBS.
Furthermore, mice treated with nano-complexes are alive after 45 days
of injection that is 10 days more than PBS-treated mice
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In which, L and W are abbreviations of the tumor’s length
and width respectively. Also, the tumor inhibition rate (TIR)
was calculated as follows:

TIR (%) = Vl—VZ/Vl x 100

In which V| is the average volume of the tumors in the PBS
group and V, is the average volume of the tumors in the
treated groups. The result showed that the P-P-FA-5FU and
P-P-FA-5FU-Suc-""™Tc inhibited the growth of the breast tu-
mors (Fig. 5). Hence, both P-P-FA-5FU and P-P-FA-5FU-
Suc-""™Tc showed excellent tumor-inhibition activity and re-
duced growth in the tumor volume (23.23% and 25.74% for
P-P-FA-5FU and P-P-FA-5FU-Suc-""™Tc respectively).
However, P-P-FA-5FU-Suc-"’™Tc had the better tumor-
inhibition effect of the two. Partially, the tumor volume de-
creased from 619.2 +98.5 to 576.6 +60.4 mm> (6.87% re-
duced tumor volume) for P-P-FA-5FU at six to 12 days (Fig.
5A). However, the tumor volume increased at Day 12 to 18
and reached 622.7+63 on Day 21. For the P-P-FA-5FU-
Suc-""Tc complex, there was little difference, as the tumor
volume reduced from 619.2 £ 28 to 604.8 +24.2 mm® on Day
12 (2.32% reduced volume). But, the tumor volume increased
up to 681.8 +59.3 mm” (10.1% volume increase) on Days 18
and 21. Both the nano-complexes showed a reduced tumor
volume for the first time within Days 6 to 9. Moreover, sur-
vival curves P-P-FA-5FU and P-P-FA-5FU-Suc-"""Tc nano-
complexes demonstrate that only 20% of mice are dead after
25 days of IV injection while it is about 60% for mice treated
with PBS (Fig. 5C). Furthermore, mice treated with synthetic
nano-complexes are alive after 45 days of injection that is
10 days more than PBS-treated mice. Survival curve of P-P-
FA-5FU-Suc-""Tc demonstrated 100% and 60% viability af-
ter 15 and 45 days of post-treatment which is considerably
high potent and promising nano-complex for using as a ther-
apeutic agent in cancer therapy.

besides, the percentage of injected dose per gram (%ID/g)
of tumor, liver, lung, kidney, and spleen was also measured
after 24 h of nano-complex intravenous administration. So
that the organ accumulation evaluation profiles were shown
that the radioactivity in the liver, lung, kidney, and spleen was
13.62+1.29%, 1.54+0.07%, 4.45 + 0.43% and 3.28 + 0.28%
after 24 h of IV administration of radiolabeled nano-complex
(P-P-FA-Suc-""™Tc) in tumor-bearing mice, respectively.
While the percentage of injected dose per gram of tumor tissue
was 13.76 £ 1.39% at the same time.

Treatment with both drug complexes began to show a re-
duced growth in the tumor volume compared with the control
group (PBS injections) three days after the initiation of treat-
ment and had statistically significant differences (p < 0.05) in
tumor volume by Days 3 to 21. Partially, the statistical F-test
for the P-P-FA-5FU’s and P-P-FA-5FU-Suc-"""Tc’s reduced
tumor-growth volumes were calculated at 5.00 and 5.09 with a
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significance of 0.03 by time, respectively. Also, the F-test was
calculated at 14 with a significance level of 0.05 by experi-
ments for both nano-complexes.

4 Conclusions

In summary, the P-P-FA-5FU-Suc-"’™Tc¢ and P-P-FA-
Suc-""™Tc nano-complexes were evaluated in drug loading
efficiency, drug release behavior, stability, internalization,
cancer cell inhibition ability, and tumor inhibition potency.
The obtained drug loading was about 16% by means of
TGA, and > 95% radio-labeling was calculated via y-counter
by the use of ITLC for the final nano-complex. The PBS and
FBS stability analyses showed very good stability of the radio-
labeled nanocarrier. The cellular uptake data revealed the ef-
fective efficiency of FA-targeted nanoparticles into the breast
cancer cell internalization compared with the non-targeted
nanocarrier and normal cells. Furthermore, the MTT assay of
cell viability was implemented for P-P-FA-5FU-Suc-"""Tc
and its derivate, and we found that the PEGylation of nano-
particles increased the cell viability up to 50% and the FA
molecules in the nanocarrier increased the cellular internaliza-
tion. Also, cell viability assay of P-P-FA-5FU-Suc-"""Tc and
P-P-FA-Suc->"™Tc nano-complexes indicated that **™Tc can
be as anticancer agent in high dose. On the other hand, the
breast tumor-bearing BALB/C mice showed an excellent
tumor-inhibition rate and a decrease in size.
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