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Abstract

Background: In recent years, targeted drug delivery strategies have received special
attention from the scientific world due to advantages such as more effective therapy
and reduction of side effects. The principle of operation is delayed excretion from

the bloodstream of the drug delivery system compared to the drug itself, as well as
facilitated penetration into diseased cells thanks to the use of ligands recognized by
appropriate receptors. Particularly interesting drug carriers are amphiphilic copolymers
that form nano-sized micelles with a drug, which can release the drug at a specific
place in the body under the influence of appropriate stimuli.

Results: We describe the synthesis of the diblock polymer, poly(2-hydroxyethyl
acrylate)-b-poly(N-vinylcaprolactam) using RAFT/MADIX (Reversible Addition-Fragmenta-
tion chain Transfer/MAcromolecular Design by Interchange of Xanthate) controlled polym-
erization affording polymers with good dispersity according to SEC (Size-Exclusion
Chromatography). Some post-modifications of the polymer with folic acid were then
performed as evidenced by NMR (Nuclear Magnetic Resonance), UV-Vis (UltraViolet-Vis-
ible) and FT-IR (Fourier-Transform Infrared) spectroscopy, and TGA (ThermoGravimetric
Analysis). The formation of stable micellar systems from polymers with and without the
drug, 5-fluorouracil, was confirmed by DLS (Dynamic Light Scattering) and zeta potential
measurements, and TEM (Transmission Eelectron Microscopy) imaging. Finally, the cloud
point of the polymers was investigated, which turned out to be close to the tempera-
ture of the human body. Most importantly, these micellar systems have been explored
as a drug delivery system against colon cancer, showing increased cytotoxicity com-
pared to the drug alone. This effect was achieved due to the easier cellular uptake by
the interaction of folic acid and its receptors on the surface of cancer cells.

Conclusions: The presented results constitute a solid foundation for the implementa-
tion of a nano-sized drug delivery system containing folic acid for practical use in the
treatment of drug-resistant cancer, as well as more effective therapy with fewer side
effects.

Keywords: Folic acid, Colon cancer, 5-Fluorouracil, Drug delivery system, Targeted
therapy, RAFT/MADIX polymerization, Polymeric micelles, Thermoresponsive polymer
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Background

Tumor-targeted drug delivery systems (TTDDS) represent a promising strategy
in cancer treatment as they enable the reduction of side effects of conventional
chemotherapy and increase the therapeutic efficacy. Therapies based on polymeric

nanoparticles help to overcome some physicochemical and pharmacological limita-
tions, including poor water solubility of most anticancer drugs, non-specific distribu-
tion in the whole body, or weak biodegradability.

Furthermore, improved cancer cell penetration and prolonged drug retention at the
site of action are attributed to drug delivery systems. In line with targeting therapy
assumptions, the active substance or drug carrier may be attached to targeting mol-
ecules recognized by overexpressed receptors present on cancer cells. In effect, folate
receptor (FR) has attracted significant attention in this area (Alvarez-Lorenzo 2014;
Ferndndez et al. 2018; Narmani et al. 2019; Soleymani et al. 2020).

Folic acid (FA) is a vitamin involved in the synthesis of nucleic acids or DNA repair,
which is bound and supplied to healthy tissue cells by a specific cell-surface glycopro-
tein, folate receptor. One of its subtypes, FRa, is overexpressed in many tumor types,
e.g., lung, colon, breast, ovarian, or renal cancers (Large et al. 2019; Marchetti et al.
2014; Zhao et al. 2008). It has been shown that linking folic acid to polymers enhances
tumor-specific delivery of anticancer drugs having advantages of simple conjugation
chemistry, low price, and lack of immunogenicity (Yu et al. 2010; Yoo et al. 2019).
Various nanocarriers based on bio- and chemopolymers containing folic acid have
improved the systemic performance of drugs in in vivo preclinical anticancer studies
(Ferndndez et al. 2018).

Our previous in vivo study indicated that functionalization of aminosilane-coated
magnetic nanoparticles (MNP@NH-FA) by folic acid increases particle elimination
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and protects against non-specific accumulation in organs of healthy mice. Moreo-
ver, such functionalization offers an improvement in colorectal cancer therapy due
to elongated retention of MNPs and their ability to restrict tumor growth (Niemi-
rowicz et al. 2017). However, the aforementioned magnetic structures possess some
limitations, such as size-controlled synthesis, tendency to agglomeration and clus-
ters formation. In consequence, different pharmacokinetic profiles and behavior in
the organism may be observed. For example, the particles with a diameter larger than
200 nm are sequestered by the spleen, while structures that are smaller than 10 nm
are removed by renal clearance (Mandal et al. 2017).

5-Fluorouracil (5-FU) is one of the first chemotherapeutic drugs reported to have anti-
cancer activity. The drug is commonly used in the treatment of malignant tumors such
as breast, pancreatic, skin, stomach, esophageal, and head and neck cancers. Moreover,
5-FU is a pivotal element of systemic chemotherapy for colorectal cancer, both in pal-
liative and adjuvant care (Vodenkova et al. 2020). 5-FU is a pyrimidine analog, an anti-
metabolite, that mechanism has been identified as an interference in the synthesis and
stability of DNA and RNA of nucleic acids. The drug triggers the conversion of fluorode-
oxyuridine monophosphate (FAUMP), blocking the action of thymidylate synthase (TS)
and therefore inhibiting deoxythymidine monophosphate (dTMP) production required
for DNA synthesis, causing cytotoxicity and apoptosis in cancer cells (Longley et al.
2003; Zhang et al. 2008). However, some limitations in the administration and efficiency
of 5-FU-based chemotherapy are linked to dose-limiting toxicity to the patients and
drug resistance in cancer cells. The above is reported to be related to the overexpression
of factors such as TS, nuclear transcription factor (NF-kB), cyclooxygenase-2 (COX-2),
and insulin-like growth factor 1 receptor (IGF-1R) (Wei et al. 2018).

Recently, stimuli-responsive polymers have been extensively investigated in drug
delivery. N-Vinylcaprolactam (NVCL) is one of the most popular temperature-respon-
sive systems for biomedical and environmental applications due to its well-documented
biocompatibility (Cortez-Lemus and Licea-Claverie 2016). Nonetheless, there are
only two reported examples of folate-conjugated NVCL-based polymers. Prabaharan
et al. studied the activity of 5-fluorouracil encapsulated in PNVCL-b-PEG-FA micelles
against the mammary carcinoma cells. The cytotoxic effect was assigned to the avail-
ability of the drug for the interior of the cell due to the endocytosis process mediated by
the folate receptor (Prabaharan et al. 2009). In the second case, Panja et al. described a
doxorubicin delivery system based on pentaerythritol polycaprolactone-b-poly(N-vinyl-
caprolactam) (PE-PCL-b-PNVCL-FA) micelles against glioma tumor. It was proved by
fluorescence studies that FA receptors promote the accumulation of folate-conjugated
polymeric micelles on the C6 glioma cell line. Furthermore, the cytotoxic effect was
selective against cancer cells compared to normal cells what reduces side effects of the
drug-loaded vehicles (Panja et al. 2016).

Poly(2-hydroxyethyl acrylate) (PHEA) was proved to be a biocompatible material (Stein-
hauer et al. 2010). Double hydrophilic PHEA-based polymers are known in the literature
due to their environmental friendliness and biocompatibility. An example is the synthesis
of thermoresponsive polymer with N-isopropylacrylamide (NIPAAm) that above phase
transition temperature forms an amphiphilic system (Cui et al. 2016). Besides, amphiphi-
lic block copolymers based on HEA and (2,2-dimethyl-1,3-dioxolane-4-yl)methyl acrylate
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(DMDMA) were investigated as pH-responsive nanocarriers of hydrophobic drugs (Louage
et al. 2015). However, HEA and NVCL copolymerization have not been reported so far.

In the presented study, we describe the synthesis and physicochemical characterization
of a series of novel folic acid-functionalized biocompatible polymers derived from HEA
and NVCL monomers via reversible addition-fragmentation chain transfer (RAFT) polym-
erization. The effectiveness of the esterification reaction between polymers and folic acid
was investigated. Moreover, the influence of folate-conjugation extent on the cloud points,
structure, and particle size was discussed. Finally, prepared carriers were tested for their
biocompatibility with representative host cells (red blood cells and monocyte/macrophage
cells) as well as cardiomyocyte and colon fibroblast cells. Cytotoxicity and the effectiveness
of synergistic influence of these carriers and 5-fluorouracil, embedded in the polymer net-

work due to chemical interactions, on colon cancer cells was investigated.

Experimental section

Materials

The initiator, 2,2'-azobis(2-methylpropionitrile) (AIBN,>98%, Fluka) was recrystallized
from methanol. Monomer, N-vinylcaprolactam (NVCL,>98%, TCI) was recrystallized
from hexane prior to use and stored in the freezer. 2-Chloropropionic acid methyl ester
(>98%, Merck), 2-hydroxyethyl acrylate (96%, Aldrich), folic acid (FA, pure, Alfa Aesar),
N N’-dicyclohexylcarbodiimide (DCC, 98%, Fluorochem), 4-dimethylaminopyridine
(DMAP, >99%, Aldrich), 5-fluorouracil (5-FU, Ebewe Pharma), phosphate-buffered saline
(PBS, pH=7.4, CORNING), 2-mercaptoethanol (Sigma-Aldrich), fetal bovine serum (FBS,
Sigma-Aldrich), penicillin-streptomycin (Sigma-Aldrich), RPMI 1640 medium (Sigma-
Aldrich), McCoy’s 5a medium (Sigma-Aldrich), Dulbecco’s modified Eagle medium
(DMEM, GIBCO), MTS test (Abcam), Neutral Red (Sigma-Aldrich), Triton X-100 (Sigma-
Aldrich) were used as received. Potassium O-ethyl carbonodithioate (KSCSOELt) was syn-
thesized according to the previously reported procedure (Misiak et al. 2020). THE, acetone,
hexane, EtOAc, and Et,O were purchased from Avantor Performance Materials Poland
S.A., and DMSO from Chempur. THEF, acetone, and DMSO were dried over activated
molecular sieves 4 A and stored under argon. Deuterated solvents were purchased from
Euroisotop (CDCl;) and Armar Chemicals (DMSO-dy). Silica gel 60 (0.025-0.04 mm) was
purchased from Macherey-Nagel. For all experiments, glassware was dried in a laboratory
oven at 120 °C.

Methods

Nuclear magnetic resonance (NMR)

'"H NMR spectra were recorded on Bruker Avance II 400 spectrometer operating 400 MHz.
Chemical shifts § are given in ppm, referenced to the solvent peak of CDCl;, defined at
§=7.26, or DMSO-d,, defined at §=2.50.

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
ATR-FTIR spectra were made on Thermo Scientific Nicolet 6700 FTIR spectrophotom-
eter, possessing ATR accessory. Spectra were collected in the wavenumber range from

4000 to 500 cm ™ by adding 64 scans with a resolution of 4 cm™.



Siemiaszko et al. Cancer Nanotechnology (2021) 12:31 Page 5 of 24

Size-exclusion chromatography (SEC)

SEC analysis was used for the determination of number-average molecular weight
(M) and dispersity (P) by using 10 mM LiBr solution in DMF as eluent at a flow
rate of 1.0 mL/min at 55 °C. The preparation of the samples consisted of dissolving
the polymers in the eluent (final concentration was equal to 5 mg/mL) and filtration
through a PTFE filter (0.45 um). Analysis of the samples was performed using a set
of two columns, KF-804L and KF-805L Shodex (PHEA) or TSKgel Alpha-2500 and
Alpha-3000 (TOSOH BIOSCIENCE) (PX-(0-4)), connected with three detectors,
that is a UV detector (Prostar, Varian) set to 290 (PHEA) or 254 nm (PX-(0-4)), a
thermostated at 35 °C refractometer (Optilab Rex, Wyatt technology), and finally a
multi-angle laser light scattering detector (3 angles, Mini Dawn, Wyatt technol-
ogy). The dn/dc value of the copolymers was accepted as equal to the one of PNVCL
homopolymer (0.083) (Kermagoret et al. 2013). The dn/dc of the PHEA is equal to
0.076 (Tan et al. 2014). Polymer PX-4 was not analyzed by SEC as it is not soluble in
the eluent applied.

Dynamic light scattering (DLS) and { potential

The colloidal stability of the polymeric systems was examined on Zetasizer Nano-ZS
(Malvern Instruments, UK) with a 4 mW helium/neon laser (/=633 nm) equipped
with a thermoelectric controller of temperature was used. All measurements were
done with a backscatter detection system at 173°. The measurements of polymer sam-
ples with conc. 1 mg/mL in deionized water with or without 5-FU (at a concentration
of 50 pg/mL) were completed at 25 °C after stabilization in the dark for 24 h. The
analyses were repeated five times, two extreme results were rejected, and the remain-
ing mean of three was taken.

Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectra were collected using a Jasco V-670 Spectrophotometer at a wave-
length range of 200-800 nm. Polymers were examined as solutions in deionized
H,O with conc. 1 mg/mL at 25 °C. The exception was the polymer PX-3 for which
the absorbance signal exceeded the scale of the apparatus, therefore it was tested
at a concentration of 0.5 mg/mL. Moreover, a standard curve of the dependence of
absorbance on the concentration of folic acid in deionized H,O was made in the
concentration range of 0.1-0.0025 mg/mL. The absorbance was taken at 280 nm and
general equation of the curve was determined. Based on this equation, as well as the
concentrations of the polymer samples and their absorbance at 280 nm, the FA con-
tent in the polymers was calculated.

Turbidimetry

Thermo-regulated UV-Vis spectroscopy was applied to determine the cloud points
(Tp) of the samples. Solutions of polymers at a concentration of 1 mg/mL in deion-
ized water were analyzed. To prepare solutions of polymer with the drug, 5-FU was
dissolved in deionized water at a concentration of 50 pug/mL. Next, the polymer was
dissolved in this solution to obtain a polymer concentration equal to 1 mg/mL and
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analyzed. A Jasco V-670 Spectrophotometer was used to record spectra at a wave-
length of 550 nm in the absorbance mode with a heating rate of 0.5 °C per minute in
the temperature range from 28 to 40 °C. The temperature at which optical transmit-
tance was starting to drop sharply was considered T p.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses were done using a Mettler Toledo Star TGA/DSC unit. Pol-
ymeric samples weighing 2—3 mg placed in aluminum oxide crucibles were heated from
50 to 900 °C. The heating rate was equal 10 K min™!
min.

, and an argon flow rate was 40 mL/

Transmission electron microscope

In order to be analyzed by transmission electron microscope (TEM) plunge-freeze-
drying was applied to prepare samples. Briefly, solutions of polymers with a concen-
tration of 0.1 mg/mL in deionized water without or with 5-fluorouracil (with conc. of
5 ug mL~!) were prepared. Next, 3 pL of the sample was placed on a Holey carbon cop-
per grid (200 mesh copper, SPI Supplies) and excess of the solution was taken away with
a tissue; it was repeated twice. Treated grids were frozen with liquid nitrogen (LN2) and
dried overnight on a vacuum pump. Tecnai G2 X-Twin microscope was used to take
images that were taken at the accelerating 200 kV voltage applying LN2 cryotrap for the

microscope column.

Freeze-drying

Samples were freeze-dried on Christ Alpha 1-2 LDplus equipped with a double-cham-
ber. Solutions of polymers in distilled water were frozen with LN2 followed by freeze-
drying under 0.013 mbar pressure for 24 h.

Dialysis
Dialysis was performed against DMSO or distilled water using dialysis membrane Spec-
tra/Por® 6 (MWCO 1000, surface width 18 mm) at 25 °C.

Synthetic procedures

Synthesis of methyl 2-((ethoxycarbonothioyl)thio)propanoate (CTA) (Taton et al. 2001)
2-Chloropropionic acid methyl ester (1.00 equiv, 41.00 mmol, 4.50 mL) was dissolved
in dry acetone (32 mL) under argon and cooled down to 0 °C. KSCSOEt (1.13 equiv,
46.33 mmol, 7.43 g) was added portion-wise over 30 min. The reaction proceeds at room
temperature for 16 h. Next, the reaction mixture was filtered and the solvent was evapo-
rated. Purification by dry flash chromatography on silica gel (EtOAc/hexane, gradient
from 0 to 3%) afforded the product as a yellow liquid (7.60 g, 36.49 mmol, 89%). 'H NMR
(CDCl,, 400 MHz): § 4.63 (qd, J=7.1, 1.4 Hz, 2H, ~CH,CH,), 440 (q, /=7.4 Hz, 1H, —
CHCHS,), 3.75 (s, 1H, ~OCH,), 1.57 (d, J=7.4 Hz, 3H, -CHCHS,), 1.41 (t, J=7.1 Hz, 3H,
—CH,CH,;).
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Preparation of PHEA

Methyl 2-((ethoxycarbonothioyl)thio)propanoate (1.00 equiv, 0.50 mmol, 104.15 mg)
and 2-hydroxyethyl acrylate (86.12 equiv, 43.06 mmol, 5.15 mL) were dissolved in dry
THF (8 mL) under argon. The mixture was immersed in an oil bath and thermostated
at 70 °C while stirring. AIBN (0.10 equiv, 0.05 mmol, 8.21 mg) as a solution in dry THF
(2 mL) was then added, and polymerization proceeded for 2 h at 70 °C until monomer
conversion was equal 97%. After cooling, the polymer was isolated and purified by pre-
cipitation in cold Et,O, collected and dried under reduced pressure, affording 4.36 g of
the product as a colorless sticky resin. PHEA: The HEA unit number was calculated by
integrating the 'H NMR signals of ~CH,CH; and —~CH,CH,OH and is equal to 75 (SI);
M, =8917 g mol~! (NMR); '"H NMR (DMSO-d,, 400 MHz): § 4.80—4.70 (m, OH), 4.65 (q,
J=6.0 Hz, 2H, -CH,CHj;), 4.10-3.90 (m, —-CH,CH,0OH), 3.60-3.50 (m, —-CH,CH,OH),
2.40-2.15 (m, -CH,CHC(0)-), 1.90-1.35 (m, —-CH,CHC(O)-). FTIR (neat): 3378 (OH),
2950, 2880, 1724 (C=0), 1448, 1394, 1240, 1159, 1073, 1021, 890 cm ™.,

Preparation of PHEA-b-PNVCL (PX-0)

Polymer PHEA (1.00 equiv, 0.10 mmol, 0.89 g) and N-vinylcaprolactam (71.84 equiv,
7.18 mmol, 1.00 g) were dissolved in dry THF (3.5 mL) under argon. The mixture was
immersed in an oil bath and thermostated at 70 °C while stirring. AIBN (0.4 equiv,
40.00 pmol, 6.57 mg) as a solution in dry THF (1.0 mL) was added three equal portions
(at the beginning, after 4 h and 8 h). Polymerization proceeded for 24 h at 70 °C until
monomer conversion was equal 99%. The reaction mixture was concentrated and the
residue dissolved in CHCI;. The polymer was isolated and purified by double precipita-
tion in cold Et,O, collected and dried under reduced pressure, affording 1.40 g of the
product as a white powder. PHEA-b-PNVCL (PX-0): '"H NMR (DMSO-dy, 400 MHz):
0 4.80-4.70 (m, OH), 4.55-4.00 (m, —-CHN(CO) -), 4.00-3.90 (m, -CH,CH,0OH), 3.60—
3.50 (m, ~CH,CH,OH), 3.25-2.80 (m, ~CH,N(CO)), 2.45-2.10 (m, ~CH,CHC(O)-,
~N(CO)CH,-), 2.05-1.00 (m, ~CH,CHC(O)~, ~CH,CH,CH,~, ~CH,CHN-). IR (neat):
3360 (OH), 2924, 2858, 1724 (C=0), 1611, 1481, 1443, 1395, 1332, 1259, 1158, 1075,
974, 890, 840 cm ™.

General procedure of synthesis of P[(HEA-FA)-ran-HEA]-b-PNVCL (PX-(1-4))

Polymer PHEA-b-PNVCL was freeze-dried right before the reaction. Folic acid was dis-
solved in dry DMSO under argon for several hours. The solution of folic acid was added
to the polymer, DCC, and DMAP. The reaction proceeded for 48 h at room tempera-
ture under argon. Then, work-up A or B was applied. Work-up A: the reaction mixture
was filtered through a cotton pad and dialyzed against DMSO for 48 h and subse-
quently against water for 96 h, while changing water several times. The aqueous solu-
tion of the polymer was freeze-dried. Work-up B: The reaction mixture was dialyzed
against DMSO for 5 days while changing DMSO several times. Subsequently, excess of
water was added to the polymer solution in DMSO. It was freeze-dried twice, afford-
ing products as orange to white powders. P[(HEA-FA)-ran-HEA]-b-PNVCL (PX-4):
'H NMR (DMSO-d,, 400 MHz): & 8.64 (s, —CH, FA), 8.35-8.05 (m, —NH, FA), 7.64 (d,
J=7.6Hz,2 x —CH, FA), 6.92 (s, -NH, FA), 6.64 (d, J=7.6 Hz, 2 x —CH, FA), 4.95-4.60
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(m, OH), 4.60-4.10 (m, —CHN(CO)-), 4.10-3.80 (m, —CH,CH,OFA), 3.70-3.45 (m, —
CH,CH,OFA), 3.25-2.90 (m, —CH,N(CO)), 2.40-2.05 (m, —-CH,CHC(O)-, —N(CO)
CH,-), 2.00-0.85 (m, ~CH,CHC(0)-, -CH,CH,CH,—, ~CH,CHN-). IR (neat): 3317
(OH), 2925, 2857, 1725 (C=0), 1701, 1605, 1561, 1480, 1443, 1332, 1261, 1201, 1160,
1078, 974, 893, 840, 769 cm L.

Preparation of polymer samples for biological studies

Polymers were dissolved in a solution of 5-fluorouracil in DMSO with conc. 2.5 mg/mL,
diluted with PBS solution, and vortexed. The resulting solution had a polymer concen-
tration of 1 mg/mL and a concentration of 5-FU of 50 pg/mL in 2% DMSO/PBS medium.

Biological studies

Hemolysis assay

The hemolytic activity was tested using human red blood cells (RBCs) suspended in
phosphate-buffered saline (PBS) (hematocrit~5%) with a concentration of polymeric
agents 0.1 and 0.5 mg/mL with or without the presence of 5-FU (5 and 25 pg/mL). In
brief, the RBCs were incubated with tested agents for 1 h at 37 °C. In the next step, rela-
tive hemoglobin concentration in supernatants after centrifugation at 2500g was moni-
tored by measuring absorbance at 540 nm. 100% hemolysis was taken from samples in
which 1% Triton X-100 was added to disrupt all cell membranes.

Cell culture

DLD-1, HT-29 and CaCo-2, human colorectal adenocarcinoma cell lines, as well as
CCD-112CoN human colon fibroblasts were obtained from the American Type Culture
Collection (ATCC). DLD-1, CaCo-2 and CCD-112 CoN were cultured in RPMI 1640
medium, line Ht-29 in McCoy’s 5a medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin, in an incubator with 5% CO, at 37 °C.

The human THP-1 cell line was obtained from the ATCC. The cells were grown in
RPMI 1640 medium supplemented with 10% heat-inactivated FBS. The 1% penicillin/
streptomycin and 2-mercaptoethanol were added at 37 °C in 5% CO, atmosphere so that
the final concentration was 0.05 mM.

Rat embryonic cardiomyocytes H9c2(2-1) obtained from the ATCC were grown in
Dulbecco’s modified Eagle’s Medium supplemented with 10% FBS. 1% penicillin/strepto-
mycin were added, and cells were cultured at 37 °C in 5% CO,-air.

Cytotoxicity assay

The viability of representatives of healthy (cardiomyocyte, colon fibroblast) and colorec-
tal cancer cells were determined using a Neutral Red assay. Briefly, polymeric carriers
with concentrations of 0.1 and 0.5 mg/mL were added to cells with or without the pres-
ence of 5-FU (5 and 25 pg/mL) and incubated 24 h. After the exposition, the percentage
of viable cells was determined by spectrophotometric methods. To achieve the above
purpose, the neutral red solution, with concentration of 0.33%, was added to each well
and incubated. In the next step, after 2 h the neutral red was removed, and the cells
were carefully rinsed with Neutral Red Assay Fixative. Finally, the fixative solution was
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Scheme 1. Representation of synthesis of (co)polymer and post-modification process by folic acid

removed, and the dye-solubilization solution was added. The absorbance was measured
at a wavelength of 540 nm and calculated as a percentage of control.

In another set of experiments, viability and metabolic activity of monocyte/mac-
rophage THP-1 cells after treatment by tested polymeric carriers with or without the
presence of 5-FU were assessed by the MTS test. After 24 h exposure, 20 pL. MTS rea-
gent was added to each well. Then, the cells were incubated for 2 h in the dark at 37 °C
with a 5% CO, atmosphere. The absorbance was measured at 490 nm using a microplate
reader and calculated as a percentage of control.

Statistical analysis

Statistical analyses were performed using Statistica 13.3 software (StatSoft Inc., Tulsa,
OK, USA). The data were analyzed using standard statistical analyses, including Student’s
t test (for independent samples). p-Values less than 0.05 were considered significant.

Results and discussion

Synthesis of folate-conjugated polymers

The folate-conjugated polymers were synthesized in three steps from simple chain
transfer agent, commercially available monomers, and folic acid. First, poly(2-hydroxy-
ethylacrylate) (PHEA) was synthesized by RAFT/MADIX polymerization from methyl
2-((ethoxycarbonothioyl)thio)propanoate (Rhodixan A;) chain transfer agent using the
optimized procedure and easily purified by precipitation from Et,O (Scheme 1), target-
ing length of approximately 10,000 g mol ™. The choice of the length of this hydrophilic
chain was dictated by the need to subsequently eliminate the negative effect of folic acid
on target polymer water solubility. The average molecular weight obtained from 'H
NMR and SEC was 8920 g mol ' and 8300 g mol ™, respectively, which is close to the
assumed value. Next, a poly(N-vinylcaprolactam) block was added to PHEA using an
optimized RAFT procedure, and the resulting polymer was purified by simple precipita-
tion from Et,O. To obtain high monomer conversion, it was necessary to use an initiator,
AIBN, in the amount of 40 mol% relative to PHEA and conduct the reaction for 24 h.
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Subsequently, quantitative conjugation of folic acid to PHEA-b-PNVCL (PX-0) using
simple esterification with N,N’-dicyclohexylcarbodiimide, and 4-dimethylaminopyridine
in anhydrous DMSO using adapted procedures for carrier synthesis (Eliezar et al. 2015)
was carried out. Following the reaction, the product solution in DMSO was dialyzed
against fresh DMSO (Panja et al. 2016) until the disappearance of yellow color coming
from the unreacted starting material (folic acid) followed by freeze-drying, affording
the P[(HEA-FA)-ran-HEA]-b-PNVCL (PX-4) as an orange powder. Due to extensive
dialysis, all unreacted folic acid and reaction byproducts were removed. Unfortunately,
the prepared material was found to be insoluble in both water and phosphate-buffered
saline.

To obtain material soluble in water, we gradually reduced the amount of folic acid
with which PX-0 was coupled until we obtained a series of three water-soluble poly-
mers, P[(HEA-FA)-ran-HEA]-b-PNVCL (PX-3, PX-2, PX-1), having the HEA-FA and
the HEA units randomly distributed in their structure (Scheme 1; Additional file 1:
Table S1). As the amount of folic acid in the esterification has been reduced, the same
was performed with a solvent, which amount was strictly dependent on the folic acid
because of its limited solubility in DMSO. This modification of the synthesis procedure
resulted in the precipitation of an esterification byproduct, dicyclohexyl urea, which
could have been filtered in reaction work-up. The time of consecutive dialysis against
DMSO was shortened compared to the purification procedure of the PX-4 polymer,
and the polymer solution was dialyzed against distilled water instead (Prabaharan et al.
2009).

The quantitative esterification reaction between PX-0 and folic acid has been sup-
ported by '"H NMR of PX-4 (Additional file 1: Fig. S1). Signals from folic acid moiety

PX-0

N L
PX-2 ‘
1N
|
Ny
PX-4
M Jkn M/\—

f1 (ppm)
Fig. 1. '"H NMR spectra of PX-0, PX-2, PX-3, PX-4, and folic acid in DMSO-dy
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appearing in the range from 8.7 to 6.5 ppm are visible in the NMR spectrum. They
correspond to aromatic and pterin moieties as well as to amine groups. A signal from
a residual number of hydroxylic groups is also present. Subsequently, investigation
of folic acid conjugation in other polymers P[(HEA-FA)-ran-HEA]-b-PNVCL was
carried out. Materials were characterized by "H NMR spectroscopy (Fig. 1), which
confirmed the presence of folic acid moiety in products PX-3 and PX-2. However,
despite the NMR analysis with multiple scans, the signals of folic acid in the PX-1
polymer were not revealed. This can be explained by a tiny amount of acid in the pol-
ymer chain equal to 1 wt%.

Furthermore, FT-IR spectroscopy (Fig. 2) confirmed the presence of folic acid in the
PX-4 polymer structure. Characteristic bands can be seen in the spectrum showing
the enlarged region below 1900 cm ™. Signals centered at 1734 cm™?, 1630 cm™}, and
1514 cm™* are attributable to the C=0 stretching of newly formed ester bonds, C=O
stretching of secondary amide, and N-H stretching of amide, respectively. Other
bands present in the spectrum between 1480 and 1530 cm™! can be attributed to the
absorption band of the phenyl and pterin rings (Biju et al. 2018). Characterization by
FT-IR spectroscopy was also carried out for samples PX-1, PX-2 and PX-3 (Addi-
tional file 1: Fig. S4). However, signals responding to folic acid or ester bond were
overlapped by band characteristics of functional groups present in the PX-0 polymer.

A comparative analysis of folate conjugation was conducted by UV-Vis spectros-
copy (Additional file 1: Fig. S5). UV-Vis spectra of the samples at the same tempera-
ture in deionized water confirmed the occurrence of folic acid. The absorption band
at 285 nm, which is related to the m—n* transition of the pterin ring of the folic acid
molecule (Eliezar et al. 2015), was present in all samples, and the intensity of the
bands was increased with the growing degree of polymer functionalization. Plotting
the absorbance spectrum of the PX-0 polymer on the graph shows that the intensity
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Fig. 2 FT-IR spectra of PX-0, PX-4, and folic acid
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Table 1 Summary of molecular weights of copolymers based on SEC

Polymer Wt% FA,,? wt% FAP My, (g mol™") My sec® (g mol ™) pd
PHEA 0 - 10,210 8300 197
PX-0 0 - 19,810 16,700 1.56
PX-1 6 1 21,200 18,000 173
PX-2 15 4 23,300 22,300 1.83
PX-3 26 13 26,780 24,200 2.10
PX-4 62 - 51,590 - -

@ Wt% FAy, = (equivey Mgy convi): M,
b Calculated using the calibration curve of FA absorbance at 280 nm in distilled H,0 vs. concentration (Additional file 1: Fig.
S6)

My, th=Mcra +Myga-€QUIVpE-CONVLER + My -€qUIVNyL CONViyy ey +€qUiVEA My conviy; numbers of equivalents and
degrees of conversion are taken from the PHEA and PX-0 synthesis procedure and Additional file 1: Table S1; we assume that
the conversion of folic acid is quantitative

4 Measured by SEC-RI-MALS

3.0 35 4.0 4.5 5.0 55

log (M)
Fig. 3 Molecular mass distribution profiles of PHEA-b-PVCL copolymer before and after post-modification
with folic acid

of the absorption band at 255 nm related to the dithiocarbonate groups (Chaturvedi
et al. 2018) is low compared to the absorbance of folic acid and does not disturb the
relationship shown.

The estimation of the folic acid content in the PX-1, PX-2, and PX-3 polymers was
performed using the standard analytical method of the standard curve. First, the absorb-
ance measurements of the folic acid solutions in the concentration range 0.0025-0.1 mg/
mL in deionized water were made at a wavelength of 280 nm, followed by determination
of the equation of the curve (Additional file 1: Fig. 6A). The results of the absorbance
measurements of the polymer samples in deionized water at 280 nm were then used and
the actual wt% of FA in the obtained carriers was calculated using the known concentra-
tion of the samples (1 or 0.5 mg/mL) (Table 1; Additional file 1: Fig. 6B). As could be
expected, the values determined are lower than the calculated theoretical wt% FA in pol-
ymers, reaching a maximum amount of 13 wt% in case of PX-3. It should be emphasized
that these values do not correspond to the efficiency of the esterification reaction, since
after the esterification intensive dialysis against DMSO and water were performed, and
therefore some of the FA-containing polymer chains were removed. The analysis was not
performed for the PX-4 sample due to its insolubility in water.
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Number-average molecular weights (M,) and dispersity indexes (P) of the PX-0,
PX-1, PX-2, PX-3 products were determined by size-exclusion chromatography (SEC)
(Table 1). For the starting material (PX-0), the molecular mass obtained from SEC
(16,700 g mol 1) is close to the theoretical one (19,810 g mol™"). Taking into account the
molecular weight of PHEA calculated from SEC (8300 g mol ™), the length of PNVCL
block is 8400 g mol L. All the polymers show narrow molar mass distribution, however,
additional branch representing higher molecular masses can be observed in molecular
mass distribution profiles and SEC-RI traces (Fig. 3, Additional file 1: Fig. S7A). Even
though branching was observed, the dispersity index for PX-0 is relatively good (for
polymers containing PVCL D <1.5 is a good result) (Beija et al. 2011; Zhao et al. 2015;
Siirila et al. 2019).

After functionalization of PHEA-b-PNVCL chains with various quantities of FA, M,
and D increase (Table 1). An increase in dispersity indexes of samples PX-1, PX-2, and
PX-3 can be explained by the random presence of FA in the polymeric chains. The main
result which indicates that the modification with FA occurred is UV detection response,
which grows along with FA concentration (Additional file 1: Fig. S7B).

The TGA/DTG curves of folic acid, PHEA-b-PNVCL, and folate-conjugated polymers
are presented in Additional file 1: Fig. S8. Folic acid decomposes in a wide tempera-
ture range (100-800 °C) in four overlapping stages; at the temperature of 800 °C, a total
weight loss of 73% is observed (Vora et al. 2002). The main decomposition of unmodified
polymer (PX-0) and folate-conjugated polymer (PX-(1-4)) occurred in the temperature
range between 300 and 450 °C, which is typical of PHEA and PNVCL depolymerization
(Vargiin and Usanmaz 2005). Non-functionalized polymer (PX-0), and polymers con-
taining the smallest amounts of FA (PX-1 and PX-2) have similar thermal degradation
profiles and decompose almost completely in the applied temperature range. However,
in the cases of PX-3 and PX-4, the observed weight loss at 800 °C is equal to 90 and 77%,
respectively. The residues are presumably related to the presence of substantial quanti-
ties of folic acid, which does not decompose totally in the applied temperature range.

Hydrodynamic diameter and colloidal stability measurements

The synthesized water-soluble polymers were investigated by DLS with a concentration
of 1 mg/mL at 25 °C after stabilizing for 24 h in the dark (Fig. 4A). The hydrodynamic
diameters of PX-0 and PX-1 polymers were low, equal to around 5-8 nm at 25 °C. This

A B Without 5-FU With 5-FU
HPX-0 PX-1 mPX-2 mPX-3 0,00
200 - T
180 5,00
160 . -10,00 -
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140 E 1500 -
£ 120 5 |
.%100 ] 2000
N go £ 25,00 -
“© o
60 & -30,00 -
40 - <
N 35,00
20 1 = 40,00 1 EPX-0 ®WPX-1 mWPX-2 mPX3
° )
Without 5-FU With 5-FU -45,00 -

Fig. 4 A DLS data (size by number) and B zeta potential measurements of polymer samples with conc.
1 mg/mL in deionized water at 25 °C after stabilization in the dark for 24 h
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is typical of double hydrophilic polymers that are in the form of unimers in an aqueous
solution (Cui et al. 2016; Jiang et al. 2013a). The binding of folic acid to some hydroxyl
groups of PX-0 reduced the hydrophilicity of the PHEA segment. Hence, micellar struc-
tures having a PNVCL crown and an interior composed of P[(HEA-FA)-ran-HEA]
domains were formed from polymers PX-2 and PX-3. Micelles sizes range from around
50 nm to 100 nm. As shown in the graph, the size of the structures increases with folic
acid content. Subsequently, the zeta potential of polymers was measured after a 24 h sta-
bilization in the dark (Fig. 4B). Its negative values, ranging from — 17 to — 24 mV, con-
firm the sufficient stability of the tested unimers and micelles in the aqueous medium
(Panja et al. 2016).

Afterward, the polymers were dissolved in water in the presence of the drug (in the
amount of 50 pug 5-FU per 1 mg of polymer) and analyzed by DLS (Fig. 4A). The pres-
ence of the drug did not affect the hydrodynamic diameter of PHEA-b-PNVCL polymer.
Interestingly, we noticed the inverse relationship between the size of structures formed
in the presence of drug from folate-conjugated polymers and the content of folic acid.
This may indicate that 5-fluorouracil decreases the amphiphilic nature of polymer PX-3
by reducing the hydrophobicity of the folic acid by the n-m stacking with 5-FU (Hazrati
and Hadipour 2016). On the other hand, when there is less folic acid in the polymer,
hydrogen bonds between the amide groups of the PNVCL chain and 5-FU may be domi-
nant, which results in a decrease in the hydrophilicity of the PNVCL blocks and their
presence in the middle of micellar structures having a crown made of P[(HEA-FA)-ran-
HEA] domains (PX-1 and PX-2). Moreover, as shown by zeta potential analysis (Fig. 4B),
all of the polymers analyzed are stable in an aqueous solution of 5-FU.

TEM imaging was performed to analyze the morphology of structures formed from
polymer samples prepared by plunge-freeze-drying of their aqueous solutions (Fig. 5).
Folic acid conjugated polymers were selected for analysis. As one can see in the images
with larger magnification (bottom panel), the polymers organize themselves into struc-
tures with a round shape and smooth edges. Furthermore, the images which were taken
with lower magnification (upper panel) show the formation of agglomerates of irregular

= 200 nm F— 200 nm

—— 50 nm — 20nm F— 50nm

Fig. 5 TEM images of micelles of folate-conjugated polymers P[(HEA-FA)-ran-HEA]-b-PNVCL (PX-1, PX-2, PX-3)
with 5-fluorouracil, and bare polymer PX-3, with different magnifications
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Table 2 Turbidimetry data for PHEA-b-PNVCL and P[(HEA-FA)-ran-HEA]-b-PNVCL polymers

Polymer® Tep [°C]

Without 5-FU With 5-FU
PHEA-b-PNVCL, PX-0 325£05 345£05
PL(HEA-FA)-ran-HEA]-b-PNVCL, PX-1 31.0£05 345405
PI(HEA-FA)-ran-HEA]-b-PNVCL, PX-2 31.0£05 345£05
PL(HEA-FA)-ran-HEA]-b-PNVCL, PX-3 31.0£05 360+£05

2 Solutions with concentration of 1 mg/mL of polymer and 50 pug/mL of 5-FU (if applied) in deionized water
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Fig. 6 Hemolytic activity and viability of monocytic THP-1 cells after addition of folate-conjugated polymers
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shapes. In the presence of 5-FU, the polymer with the highest content of folic acid (PX-
3) forms structures with a size of around 30 nm, and the remaining polymers (PX-2,
PX-1) have larger sizes the smallest of which are equal to approximately 120—140 nm.
Furthermore, in an image of the PX-3 polymer in the absence of the drug, structures
of around 120 nm in size can be observed. Therefore, it can be said that for the PX-
(1-3) polymers in the presence of 5-FU, the diameter of the structures formed increases
inversely to the content of folic acid. In turn, the sample of PX-3 without the 5-FU is
characterized by the formation of larger structures compared to PX-3 which contains
the drug. These trends are the same as those observed for DLS results.

Thermoresponsive characteristic

The cloud point temperature (Tp) of copolymers was determined by the turbidimet-
ric method using water solutions of polymers with a concentration equal to 1 mg/mL
(Table 2). We know that both pure PNVCL (Cortez-Lemus and Licea-Claverie 2016)
and its diblock derivatives (Prabaharan et al. 2009) have LCST, therefore we expected
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a phase transition due to the heating of the sample. The optical transmittance change at
550 nm in the temperature range from 28 to 40 °C was monitored. The phase transition
temperature of the PX-0 was found to be equal to 32.5 °C. Folate-conjugated polymers,
PX-(1-3), exhibited slightly lower T, equal to around 31 °C. This is in line with the lit-
erature where the inverse relationship between the amount of folic acid in the polymer
chain and the value of the phase transition temperature was observed for PNVCL-based
materials (Panja et al. 2016).

Afterward, Tp of polymers dissolved in an aqueous 5-fluorouracil solution (in the
amount of 50 pg 5-FU per 1 mg of polymer) was studied. From the results, one can gen-
erally see an increase in the phase transition points for each of the polymers due to the
addition of the drug. It can be explained by the formation of hydrogen bonds between
drug and PNVCL chain amide groups. Interestingly, the observed increase in Tcp is
highest for the polymer with the utmost amount of folic acid, PX-3.

Above the phase transition temperature, partial displacement of water from the pol-
ymer weakens hydrogen bonds between hydrophilic components, and interactions
between hydrophobic segments become dominant (Jiang et al. 2013b). We assume that
all prepared polymers are amphiphilic after this phase transition and can create poly-

meric micelles in an aqueous solution.

Biological studies

Recently published GLOBOCAN reports indicated that colorectal cancer (CRC) is a dis-
ease that is associated with high morbidity and mortality rates (Bray et al. 2018). 5-Fluo-
rouracil (5-FU) is the first-line recommended anticancer agent used in the treatment of
colorectal cancer. Unfortunately, due to the rising rate of drug resistance phenomena
in cancer cells, the effectiveness of therapy is highly reduced and restricted. Important
is the fact, that 5-FU resistance might by associated with impaired drug uptake, tar-
get alterations, resistance to apoptosis and activation of DNA repair pathways (Zheng
2017). Moreover, the most common side effects of 5-FU during anticancer therapy are
myelosuppression, cardiotoxicity, diarrhea, dermatitis, and mucositis. Besides the afore-
mentioned side effects, there are also reports showing that 5-FU therapy might be asso-
ciated with the induction of acute intravascular hemolysis (Sandvei et al. 1987). In effect,
searching for new approach in the CRC patients treatment that will provide increased
sensitivity of cancer cells to chemotherapeutic agents and reduce non-specific interac-
tion with the healthy tissue is a major challenge for medicine.

In the first step of the study, an evaluation of hemocompatibility of the synthesized
carriers with or without the presence of 5-FU in comparison to 5-FU in free form has
been performed (Fig. 6). Results indicate that incubation of carriers themselves and
when 5-FU was incorporated, did not disrupt the membrane of RBC cells (Fig. 6A, B).
Percentage of hemolytic cells at the level of ~1% classifies drug vehicles as non-hemo-
lytic material. However, in the case of 5-FU applied in free form, hemolysis around 1.5%
has been detected (Fig. 6C). Based on classification published by Totea et al., material
resulting in hemolysis between 2 and 5% is classified to the second group as slightly
hemolytic (Totea et al. 2014). In effect, the application of the examined carriers for 5-FU
delivery might protect from the incidence of acute immune hemolytic anemia (AIHA).



Siemiaszko et al. Cancer Nanotechnology (2021) 12:31 Page 17 of 24

As mentioned above, the most frequent anticancer therapy complication is the
impact of applied agents in depleting hematopoietic cells, including monocytic germ
leading to monocytopenia (Ouyang et al. 2018). In a recent review, Patysheva et al.
indicated that the response of monocyte/macrophage cells to treatment by cytostatic
agents is probably realized due to a change in the function of these cells. Moreover,
the authors suggest that chemotherapeutic treatment might also affect the functional
polarization of monocytes and macrophages and modulate their epigenetic profile
and activate recruitment from the bone marrow and migration to the tumor site (Pat-
ysheva et al. 2019). In agreement with other studies, ~40% depletion of the ability of
monocyte/macrophage cells to proliferate after treatment by 5-FU has been observed
(Fig. 6F) (VanderVeen et al. 2020; Jeong et al. 2019; Farhat et al. 2014). Interestingly,
after the addition of our polymeric systems to the THP-1 cells, increased prolifera-
tion was noted (Fig. 6D). The observed effect might be related to cell proliferation or
also to a higher metabolic activity of cells in the presence of polymer. The aforemen-
tioned results are supported by study performed by Sala et al. The authors investi-
gated the compatibility of PNVCL polymers at concentrations 0.01 and 1 mg/mL to
mesenchymal stem cells (MSCs) and indicated that each of these conditions showed
a significant increase in the cell viability -in the case of PNVCL with high molecular
weight proliferation/viability around 180% has been observed (Sala et al. 2017). Most
important is that the cytotoxic effect of 5-FU is balanced by the positive impact of
the carriers. In effect, the treatment of tested cells by synthesized PNVCL derivatives
after incorporating 5-FU does not considerably affect their function and metabolic
activity. In the worst case, 20% depletion of THP-1 cell proliferation has been noted
(Fig. 6E). For example, in the case of 5-FU with PX-3 carrier with the greatest content
of folic acid moiety, more than 90% cell viability has been detected. Those as men-
tioned above, might suggest the protective role of FA decorated carriers against the
toxic effect of chemotherapeutic agents.

It is established that after anthracyclines, 5-FU is the second most common chemo-
therapeutic drug associated with cardiotoxicity (Sara et al. 2018). The cardiotoxicity
related to 5-FU administration is manifested by chest pain, acute coronary syndrome/
myocardial infarction, or death (Camaro et al. 2009; Lestuzzi et al. 2014). It is supposed
that direct cellular damage and ischemia are two potential mechanisms by which 5-FU
may lead to cardiotoxicity. For this reason, our systems were evaluated in terms of cyto-
toxicity against embryonic rat cardiomyocytes H9C2 line, which is a subclonal line of
the original clonal cell line derived from embryonic BD1X rat heart tissue by Kimes and
Brandt (Witek et al. 2016). This line is commonly used in numerous in vitro studies, in
particular, for cardiotoxicity analyses of new, mainly anticancer drugs.

Results presented in Fig. 7A indicated that the examined polymeric systems applied
with a concentration of 0.1 mg/mL caused increased viability of cardiomyocytes with
an increase in the number of folic acid molecules in the polymer structure (90% for
PX-1 to 120% for PX-3). The same trend was observed after the treatment of tested
cells by a drug-containing polymer (Fig. 7B). However, treatment of cells by 5-FU in
free form causes more than 65% depletion of cell viability (Fig. 7C). Therefore, elimi-
nation of the cytotoxic effect of a representative of fluoropyrimidines after incorpora-
tion into polymer structures was noted.
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Fig. 7 Compatibility of folate-conjugated polymers with or without 5-FU against representatives of normal
cells. Viability of cardiomyocyte cells and colon fibroblast cells after addition of folate-conjugated polymers
(A and D), folate-conjugated polymers with 5-FU (B and E) and 5-FU (C and F). Statistical significance for the
folate-conjugated polymers without or with 5-FU or 5-FU vs. control was marked with (¥); comparison of 5-FU
concentration at free vs encapsulated form 5-FU 5 pg/mL vs 0.1 mg/mL +5-FU 5 ug/mL marked with (#)
and 5-FU 25 pg/mL vs 0.5 mg/mL+ 5-FU 25 pug/mL marked with (), p <0.05. The data presented constitute
average results from three measurements + SD

It is known that more than 80% of patients who have received cancer treatment by
using 5-FU developed gastrointestinal mucositis (Sonis et al. 2004). It is the most fre-
quently occurring toxicity in cancer chemotherapy, and that is associated with intense
pain and high-risk factors for hematosepsis with neutropenia and malnutrition. In effect,
it should be emphasized that induction of gastrointestinal mucositis, including inflam-
mation of the small intestine, leads to problems that affect the prognosis of patients.
The study performed by Soares et al. indicated that rat animal models treated with 5-FU
showed reduced gastrointestinal villi length, increased crypt depth, elevated apoptosis
index, and increased inflammatory mediator levels (Soares et al. 2008). Therefore, in this
study, the compatibility of tested polymeric carries with/or without the presence of 5-FU
and 5-FU in free form on colon fibroblast cells has been investigated (Fig. 7D-F). To
date, different strategies have been engaged to ameliorate 5-FU-induced gastrointestinal
mucositis, mainly including the application of products from the natural origin as adju-
vant of therapy (Zhang et al. 2018). In our study, we use FA-modified polymeric carries
as a delivery system of 5-FU. Results showed that treatment of cells by 5-FU applied in
free form caused a significant reduction of viable cells up to 40% and 30% after the addi-
tion of 5-FU at concentrations 5 and 25 pg/mL, respectively. It should be emphasized
that using synthesized carriers with FA moiety resulted in significant decrease of 5-FU
cytotoxicity and classified the percentage of viable cells at about 70% (Fig. 7E). Interest-
ing is the fact that with increasing FA-content, the viability of colon fibroblast cells was
steadily increasing. This might suggest that presence of FA could be helpful to reduce the
side and toxic effects of cytostatic treatment against normal cells.

To select an appropriate receptor for targeted drug delivery several criteria must be
considered, where the most important is a significantly higher expression of the receptor



Siemiaszko et al. Cancer Nanotechnology (2021) 12:31 Page 19 of 24

of interest on cancerous tissue relative to normal cells (Srinivasarao et al. 2015). In cells,
folates (FA) are needed for DNA synthesis and repair, which makes them an integral
factor for the proper survival of normal cells. In the case of the tumor tissues, FA is
required to sustain their uncontrolled, rapid, and offensive proliferation (Fernidndez et al.
2018). In effect, FA as a selective targeting ligand, possess several important features
such as (1) high affinity to its target, folate receptors (FRs), even after conjugation with
other agents; (2) undetectable or low expression of its receptors on host cells, despite
its overexpression on cancer cells; (3) facility of chemical conjugation with a variety of
therapeutic platform or agents (Yi 2016). In the next step of the study, we investigated
the ability of synthesized polymeric systems to overcome the resistance of CRC cells
to 5-FU. For this purpose, three cell lines which have overexpressed the folate recep-
tor on their surface (Ferndndez et al. 2018; Srinivasarao et al. 2015; Yi 2016): DLD-1,
CaCo-2, and HT-29, were chosen for testing their sensitivity to 5-FU applied in free and
complex form (Fig. 8). Results showed a lack of toxic effect after treating CRC cells by
5-FU when applied at concentration 5 pg/mL. In turn, a fivefold increasing concentra-
tion of 5-FU caused depletion of the percentage of viable cells to~80% in the case of
DLD-1 and CaCo-2 cells and 55% for HT-29 cells (Fig. 8C, F, I). Incubation of CRC cells
with synthesized carriers without 5-FU exerted divergent effect dependently on treated
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cells, which is probably associated with the difference in their molecular characteristics,
including expression of specific genes and receptors (Bracht et al. 2010). In the case of
DLD-1 cells, the addition of FA-decorated carriers caused a marked reduction of viable
cells up to 60-70%. In contrast, for carriers without FA moiety, viability around 95 and
75% for concentration 0.1 and 0.5 mg/mL has been noted (Fig. 8A). In turn, lack of sig-
nificant impact on viability (percentage of viable cell~100% for carrier concentration
0.1 mg/mL and between 80 and 90% for carrier concentration 0.5 mg/mL) of treated
cells was observed in the case of CaCo-2 cells (Fig. 8D). Contrasting effect was noted
in the case of HT-29 cells. The addition of carriers at concentration 0.1 mg/mL resulted
in a decrease in the percentage of viable cells to~70%, while the application of a higher
dose- 0.5 mg/mL caused a significant depletion of viable cells up to 50% (Fig. 8G). There-
fore, using these carriers as a platform for 5-FU delivery indicated a significant reduction
of viable cells compared to treating them by 5-FU in free form. In the case of DLD-1 and
HT-29 cells, clear concentration and FA-dependent content have been observed (Fig. 8B,
H). At best, in the case of the complex of PX-3 and 5-FU, the reduction of HT-29 viable
cells below 40% was noted. In turn, in the case of CaCo-2 cells, incorporating 5-FU into
carriers network caused a decrease in the percentage of vital cells below 60%, which is
30% lower than when cells were treated by 5-FU in free form (Fig. 8E). Undoubtedly, the
observed cytotoxic effect is more interesting due to the fact that the tested cells were not
sensitive for 5-FU. However, the application of folate-conjugated polymers as compo-
nents of combined therapy significantly increased its therapeutic efficiency. The major
mechanisms causing development of cancer cells resistance to 5-FU treatment are based
on impaired drug uptake and target alterations. Taking into account that 5-FU induces
cytotoxicity either by interfering with biosynthesis of nucleic acids: RNA and DNA, we
postulate that the application of synthesized FA-decorated polymeric carriers is helpful
in overcoming the 5-FU resistance via interaction with FA receptors and providing drug
uptake. It should be also pointed out that based on the published results, the divergence
in the observed effect is probably dependent on the expression level of the folate recep-
tors which is different in each of the tested cell lines (Soe et al. 2019; Doucette and Ste-
vens 2001; Diaz-Garcia et al. 2020). The aforementioned is justified due to the fact, that
presence of folate moiety provide ease interaction with folate receptors on their surface
and increase drug absorption in the colon area (Soe et al. 2019; Li et al. 2011). Moreover,
currently several studies are going on to enhance the sensitivity of 5-FU in cancer cells
and improve its therapeutic efficiency by the use of novel combination therapies such as
encapsulated drugs (Sethy and Kundu 2021).

Conclusions

In the conclusion, we present synthesis of well-defined polymeric drug delivery
systems (PDDS) based on PHEA-b-PNVCL. The application of HEA increases bio-
compatibility and enables folic acid incorporation to the system (via esterification
reaction). We proved that systems with 100% of hydroxyl groups reacted with FA are
not soluble in water so incorporation of lower amount of FA was essential. Thereby,
three polymers with different amount of FA were produced and used for 5-FU incor-
poration via self-organization process. The results TEM show that obtained drug-
loaded polymers formed micelles, and their cloud point temperature was close to
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the temperature of the human body. All three polymers were biologically tested.
Our results indicated that appropriately created carriers can be used as targets to
develop complementary agents to limit the side effects of chemotherapy and improve
the patients’ quality of life. The aforementioned statement was established based on
cytotoxic results, in which a significant decrease of the viability of the representa-
tives of CRC cells has been noted. Moreover, we hypothesized that the presence of
folic acid moiety provides not only targeted delivery, but also helps in drug uptake
via endocytosis mediated by FA receptor interaction as well as protect the physiologi-
cal cells before toxic effect of cytostatic agents. In effect, it could be concluded that
the proposed carriers might be crucial in the further creation of specific carriers for
the treatment of patients diagnosed with CRC, including those where drug-resistance
phenotype has been confirmed. Additionally, the results obtained emphasize a huge
potential associated with the application of folate-conjugated polymeric carriers and
might create future directions in targeted anticancer therapy.
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