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Abstract: Cancer is one of the most important health problems of our population, and one of the
common anticancer treatments is chemotherapy. The disadvantages of chemotherapy are related
to the drug’s toxic effects, which act on cancer cells and the healthy part of the body. The solution
of the problem is drug encapsulation and drug targeting. The present study aimed to develop a
novel method of preparing multifunctional 5-Fluorouracil (5-FU) nanocarriers and their in vitro
characterization. 5-FU polyaminoacid-based core@shell nanocarriers were formed by encapsulation
drug-loaded nanocores with polyaminoacids multilayer shell via layer-by-layer method. The size of
prepared nanocarriers ranged between 80-200 nm. Biocompatibility of our nanocarriers as well as
activity of the encapsulated drug were confirmed by MTT tests. Moreover, the ability to the real-time
observation of developed nanocarriers and drug accumulation inside the target was confirmed by
fluorine magnetic resonance imaging ('*F-MRI).

Keywords: nanocarriers; 5-Fluorouracil; theranostics; drug delivery; anticancer; fluorine magnetic
resonance imaging

1. Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths
in 2020 (World Health Organization). Despite significant progress in cancer research, it
remains a disease with limited treatment approaches. Metastasis and recurrence of cancer
contribute a lot to disability and mortality. Currently, the issue is superior due to the soar-
ing mortality rates correlated with the COVID-19 pandemic situation and a rapidly aging
population. Global Cancer Observatory predicts that by 2030 approximately 30 million
cancer patients will die from cancer each year. Standard cancer treatment is invasive and
consists of surgical resection, chemotherapy, and radiotherapy. Surgery is an effective mea-
sure to remove solid malignant tumors, especially in an early stage of cancer development;
however, due to late diagnosis, combined therapy involves surgery, chemotherapy, and
radiotherapy is necessary for treatment. The disadvantages of chemotherapy are the toxic
side effects and the development of resistance to the chemical agents, which is related to
non-specific targeting of chemotherapeutics that harming both healthy cells and cancer
ones, moreover, poor drugs bioavailability in biological fluids, undesirable side effects, and
faint drugs loading capacity resulting in low therapeutic effectiveness [1]. Although novel
approaches are constantly proposed, there are still many obstacles to overcome. The main
challenge is to find new, more sophisticated, and efficient drug delivery systems capable
of overcoming all of the limitations through the delivery of chemotherapeutics only to
strictly defined pathologically changed places in the body. Details concerning targeted
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drug delivery systems as well as targeting moieties can be found in related reviews [2-7].
Among drug delivery systems, polymeric nanocarriers for passive targeting based on
the EPR effect are intensively investigated [5]. The next step in developing nanocarriers
is to engineer nanocarriers, which can demonstrate a combination of various functions,
i.e., to construct multifunctional drug nanocarriers [8,9]. Despite the therapeutic role of
nanocarriers, moiety allowing for the real-time observation of its accumulation inside the
target is required. The combination of therapeutic and diagnostic functions in one system
is called theranostics [10]. Various non-invasive in vivo imaging techniques are available
for diagnoses, such as magnetic resonance imaging (MRI), positron emission tomogra-
phy (PET), computed tomography (CT), single-photon emission computed tomography
(SPECT), ultrasound (US), and optical imaging (OI). Magnetic resonance imaging has
become a powerful tool for non-invasive imaging due to its high spatial resolution [11].

Magnetic resonance imaging produces tomographic images, but contrary to CT, it does
not utilize ionizing radiation. MR images are generated by the excitation of nuclei using
RF pulses followed by a spatial encoding of the nuclear magnetic resonance (NMR) signal
using gradient fields [12]. Routine MR imaging is performed on the 'H nucleus due to its
high abundance in the body. However, other nuclei with nonzero spin, e.g., 19F can also be
used in MR experiments [13,14]. For investigations concerning drugs biodistribution and
accumulation, magnetic resonance imaging and spectroscopy on °F nuclei have brought
much interest [15-17]. There are several properties of '°F nucleus that make it an excellent
tracer for in vivo imaging of exogenous substances. Fluorine-19 has I = 1/2 spin, and its
gyromagnetic ratio y has a value similar to 'H (40.06 MHz /T for '°F vs. 42.58 MHz/T for
1H), which means, that it resonates at the frequency close to the one of 'H (w =vy-B_0).
Therefore, standard 1H instruments can be used with only minor modifications, which
is essential for clinical applications. Moreover, 1F isotope has 100% natural abundance,
and its relative sensitivity is equal to 0.83. Another feature that is important for drug
distribution observation, is that 1°F almost does not appear physiologically in the human
body, which provides an excellent contrast-to-noise ratio and specificity for the exogenous
OF compounds [18].

5-fluorouracil (5-FU) is one of the few rationally designed chemotherapeutics used to
treat various cancers [19-21]. 5-FU is an analog of uracil with a fluorine atom at the C-5
position in place of hydrogen [19,20]. The mechanism of action of 5-FU is related to inhibit-
ing nucleoside metabolism and DNA synthesis [20,22-24]. Nevertheless, clinical use of
5-FU is limited due to a short half-life, systemic toxicity, and non-selective delivery [23,25].
Therefore, it is essential to develop effective multifunctional 5-FU nanocarriers to improve
targeted delivery, resulting in improved anticancer treatments. The following nanocar-
riers of 5-FU were proposed: polymer-based carriers such as chitosan beads, Eudragit®,
Poly(alkylcyanoacrylates), PLGA, B-cyclodextrin as well as liposomes, nanoemulsions,
solid lipid nanoparticles, gold nanoparticles, silica nanocarriers, iron oxides nanoparticles,
graphene oxides, and QD [24-35]

The present contribution aimed to develop a novel method of preparing multifunc-
tional 5-FU nanocarriers and their in vitro characterization. 5-FU polyaminoacid-based
core@shell nanocarriers were formed by the encapsulation of drug-loaded nanocores with
polyaminoacids multilayer shell via the layer-by-layer method with saturation technique.
Biocompatibility of nanocarriers and activity of encapsulated 5-FU were evaluated. More-
over, fluorine magnetic resonance imaging (*F-MRI) confirmed the ability to the real-time
observation of developed nanocarriers and drug accumulation inside the target.

2. Results and Discussion
2.1. Optimization, Characterization, and Stability of 5-Fluorouracil Nanocarriers

Encapsulation of liquid cores with a polyelectrolyte multilayer shell was initially
developed for encapsulation of hydrophobic, water-insoluble actives (or low solubility
in water). In contrast, here, we expand this method to the encapsulation of sparingly
soluble active substances. 5-Fluorouracil (5-FU) is sparingly soluble in water, slightly
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soluble in alcohol, and practically insoluble in chloroform (data from National Center for
Biotechnology Information. PubChem Compound Summary for CID 3385, 5-Fluorouracil.
https:/ /pubchem.ncbi.nlm.nih.gov/compound/5-Fluorouracil, accessed on 18 October
2021). 5-FU is an anticancer drug used to treat of multiple solid tumors; however, its short
biological half-life and little affinity to tumor cells limit therapeutic efficacy. Undoubtedly,
an additional benefit of 5-FU is the fluorine atom contained in the compound structure,
which allows the possibility to monitor that drug by MRI [36-38]. Taking into account all
this information, 5-FU was selected for our investigation.

The suspension of nanocores containing 5-FU was prepared by adding 0.1 mL of 5-FU
and anionic surfactant AOT dissolved in DMSO to the 50 mL of polycation solution (cationic
polyaminoacid PLL) during stirring by a magnetic stirrer. The anionic surfactant AOT with
polycation can form a stable interfacial complex [39] used to form and stabilize nanocore
suspension. For that preparation, the AOT to PLL ratio has to be optimized to minimize
the free unabsorbed polyelectrolyte (PLL) in nanocore suspension, which is crucial for
further encapsulation via the layer-by-layer method. AOT concentration (330 mg/mL)
was chosen according to our previous studies [39,40], whereas PLL concentration was
determined experimentally. The following concentrations of PLL were tested 100, 200, 300,
400, 500 ppm, and the optimal one was selected by analyzing zeta potential and stability
of formed nanocores. It corresponds to the point after overcharging and directly before
reaching the plateau of the value of zeta potential dependence versus concentration of
cationic polyaminoacid PLL (Figure 1).
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Figure 1. Changes of the zeta potential of prepared nanocores with PLL concentration (PLL—poly(L-
lysine), * optimal concentration of PLL).

The average size nanocores prepared with an optimal concentration of PLL was 80 nm
with a polydispersity index (PDI) of below 0.2. At the same time, the relatively high
value of zeta potential +72 &+ 10 mV ensures electrostatic stabilization of the colloidal
nanosystem. After forming 5-FU loaded nanocores, the suspension was separated by
ultrafiltration (Amicon Ultra MWCO 3000) and drug content in the supernatant was
measured. Calculated encapsulation efficiency was 53%, while a comparison of spectra of
empty and 5-FU loaded nanocarriers provided evidence of successful encapsulation of the
drug (Figure 2).
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Figure 2. The comparison of UV-Vis spectra of empty and 5-FU loaded nanocarriers provided as
evidence of successful encapsulation.

The positively charged 5-FU loaded and empty nanocores were further encapsulated
using the layer-by-layer method (LbL) with the saturation technique. For LbL encapsula-
tion, two oppositely charged polyaminoacids PLL (2 mg/mL in 0.015 M NaCl) and PGA
(2 mg/mL in 0.015 M NaCl) were selected. In contrast, PGA-g-PEG (200 mg/mL) was used
to form an external layer in a multilayer shell. Such pegylated polyaminoacid allows the
formation of pegylated nanocarriers. The main evidence on the formation of the multilayer
structure is shown Figure 3, where the typical dependence of nanocarrier zeta potential on
adsorption of consecutive polyaminoacid layers is presented.
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Figure 3. Dependence of the zeta potential of polyaminoacid core-shell nanocarriers on the adsorp-
tion of subsequent polyelectrolytes” layers (PLL—Poly(L-lysine), PGA—poly(l-glutamic acid), and
PGA-g-PEG Poly(l-glutamic acid)-g-poly(ethylene glycol).

Characterization of our 5-FU nanocarriers is summarized in Table 1. The size of
developed 5-FU nanocarriers fulfills the literature requirements to appear to be appropri-
ated for drug delivery systems by the occurrence of enhanced permeability and retention
effect (EPR effect). Moreover, functionalization with PGA and PEG restricts or even elimi-
nates the non-specific binding of proteins and immune cells after iv administration, which
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should ensure circulating for a long time, and which is necessary for a sufficient level of
accumulation in the tumor [41-44].

Table 1. Characterization of selected 5-FU nanocarriers.

Name Abbreviation Size d PDI Zeta Potential

5-FU loaded nanocore 5-FUNC 1 80 nm 0.161 +72 mV

5-FU loaded 2 layeref:l, PGA 5-FU NC 2 100 nm 0.149 D mV
ended nanocarrier PGA

5-FU loaded 6 layere.d PGA 5-FU NC 6 145 nm 0176 _36mV
ended, nanocarrier PGA

5-FU loaded 6 layergd PEG 5-FUNC 6 205 nm 0.261 5mV
ended nanocarrier PEG

2.2. Magnetic Resonance Imaging

Quantitative 1°F NMR spectroscopy for the suspension of 5-FU NC 1 nanocarriers
was performed with added 55 puL of 10 g/L solution of NaF in distilled water as a standard
(Figure 4). Based on differences in peak integrals, the content of °F nuclei in 5-FU loaded
nanocarriers and the concentration of 5-FU in the sample were calculated. Peak observed
for 5-FU corresponds to 4.55 x 10" 19F nuclei which is equivalent of 982.73 mg/L 5-FU
concentration. For T; calculation, points measured in the inversion recovery experiment

were fitted with the function: (t) = Iy (1 - 26(_ﬁ)) , resulting in Ty =3.23 £ 0.12 s.
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Figure 4. 'F spectroscopy of the suspension of 5-FU loaded nanocarriers.

In Figure 5, two cases are presented. The first one was obtained with a reasonable
SNR value equal to ~10, which is already enough to reliably determine 5-FU nanocarriers’
location, with a total acquisition time of 7 min and 40 s. In the second one the increasing
number of acquisitions and total acquisition time to 54 min and 36s, resulted in SNR
up to 30. This result can be treated as a proof of concept of utilizing '°F MRI for 5-FU
detection and it constitutes the first step of investigation for biomedical application which
is mandatory for the planning of any in vitro and in vivo studies. Shepelytskyi [45], Otake,
K. Hirata [46], and Doi [47] et al. reported successful in vivo detection of localized OF
signal, not only of 5-FU but also for its metabolites after the injection of 5 FU at a dose of
455-550 mg/kg (at 3.0 T field), 250 mg/kg (at 7.0 T field) and 130-260 mg/kg (9.4 T field)
respectively. As the SNR scales linearly with 1°F dose, we expect that imaging with the dose
in a range that is usually used in animal studies on small rodents (100-300 mg/kg), would
still produce sufficient SNR (SNR = 3-10) to evaluate the 5-FU nanocarriers distribution
within 30 min timeframe.
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Figure 5. 1°F images of the sample containing nanocarriers loaded with 5-fluorouracil (5-FU NC
1PGA).

2.3. Bioanalysis

Encapsulated 5-fluorouracil retains toxic activity against murine cancer cells. The
biological activity of encapsulated fluorouracil was verified on murine cancer cell lines: 4T1
and CT26-CEA. The cells were exposed for 48 h on empty nanocarriers, encapsulated 5-FU,
and free 5-FU, followed by viability analysis. As presented in Figure 6, it was confirmed
that encapsulated 5-FU exhibits toxicity comparable to free 5-FU. 4T1 cells were more
sensitive to its effect; free and encapsulated fluorouracil caused a decrease in viability to
about 30%. In the case of CT26-CEA cells, the viability decreased to about 40%. For 5-FU
NC1, it was impossible to determine antitumor activity because even positively charged
and empty NC1 nanocarriers were toxic to the cancer cells [48,49].
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Figure 6. The effect of free and encapsulated 5-fluorouracil on the viability of murine cancer cells 4T1
(A) and CT26-CEA (B). The cells were incubated 48 h with empty nanocarriers, free or encapsulated
5-fluorouracil. MTT analysis was performed to assess the cell viability. The error bars represent

the mean & SD of at least three independent experiments using nanocarriers derived from three
different syntheses.
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Encapsulated 5-fluorouracil arrests progression of the cell cycle, similarly to free drug
Fluorouracil, is an antimetabolite that disrupts DNA replication. Thus, the cell cycle’s
progression, causing arrest in the S phase of the cell cycle [50,51]. Analysis of the cell cycle
of CT26-CEA and 4T1 cells followed 48h exposition to encapsulated and free fluorouracil
was performed using flow cytometry after staining the cellular DNA with propidium
iodide. Since toxicity analysis demonstrated similar anticancer activity of 5-FU NC 2 PGA,
5-FU NC 6 PGA, and 5-FU NC 6 PEG in this experiment, we analyzed only the effect of free
drug and 5-FU NC 6 PEG. We observed that changes in the cell cycle progression are almost
identical for the free drug and 5-FU NC 6 PEG. As shown in Figure 7, the population of 4T1
and CT26-CEA cells representing G1 and G2/M phase of the cell cycle was decreased for
5-FU NC 6 PEG and free 5-FU in comparison to cells incubated with NaCl or NC 6 PEG. At
the same time, the population of cells representing the S phase (the amount of DNA in the
cell doubles during the S phase and is higher than 2n) is higher for the cells treated with
the free or encapsulated drug.

X 4T
500 ‘ 500+
4001 400 ;
- NaCl . INC 6 PEG
53001 s-FuU 53007 Mll5-FUNC6
© 200+ © 200 FER
1004 1001
200400 200400
FL2-H FL2-H
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g INaCl & 207 INC 6 PEG
3400+ [5-FU 3 4004 [5-FUNC6
3 o PEG
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200 400 7200 400
FL2-H FL2-H

Figure 7. Changes in the cell cycle progression induced by free or encapsulated 5-fluorouracil. 4T1
cells (A) and CT26-CEA cells (B) were exposed for 48h to free 5-fluorouracil or 5-FU NC 6 PEG. Next,
the cells were collected from plates, stained with PI, and the flow cytometry analysis was performed
to analyze the changes in the cell cycle. Results represent three independent experiments.

3. Materials and Methods
3.1. Chemicals

5-Fluorouracil (5-FU) was purchased from Selleck Chemicals, STI, Poznan, Poland.
The polyaminoacids: Poly(L-lysine) hydrobromide, PLL (Mw = 15,000-30,000) and poly(l-
glutamic acid) sodium salt, PGA (MW 15,000 to 50,000), dimethyl sulfoxide DMSO, and
sodium chloride were obtained from Sigma-Aldrich, Poznan, Poland, Surfactant do-
cusate sodium salt (AOT) was purchased from Cytec Solvay, Warszawa, Poland. All
materials were used as received without further purification. Poly(l-glutamic acid)-g-
poly(ethylene glycol)—a pegylated polyelectrolyte referred as PGA-g-PEG was previously
synthesized in our lab [52]. Ultrapure water was produced using a Millipore Direct-Q5 UV
purification system.

3.2. Nanocarriers Synthesis

5-Fluorouracil core@shell structure nanocarriers were synthesized by adopting the
previously developed method [53] with some modification, i.e., encapsulation of liquid
cores with polyelectrolyte multilayer shell. The nanocores were prepared by addition of a
solution of 5-fluorouracil (45 mg/mL) and AOT (330 mg/mL) in DMSO to the poly-L-lysine
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solution during stirring by magnetic stirrer (300 RPM). Formed nanocores were encap-
sulated with polyaminoacids multilayer shell via layer-by-layer method with saturation
technique [54,55]. A fixed volume of 5-FU loaded, or empty nanocores, were added to the
oppositely charged polyaminoacid’s solution with various concentrations during vigorous
mixing, and the consecutive layer formation was followed by the zeta potential measure-
ments. Then, the coating process was repeated with the use of the oppositely charged
polyaminoacids. The multilayer shell was constructed from the following polyaminoacids:
poly(L-lysine) as a polycation and poly(l-glutamic acid) as polyanion and poly(l-glutamic
acid)-g-poly(ethylene glycol) as pegylated polyanion used to form pegylated external layer.

3.3. Nanocarrier Characterization
3.3.1. Size, Size Distribution, and Polydispersity Measurements

Size, size distribution, and polydispersity were measured by Dynamic Light Scattering
(DLS) technique with a Zetasizer Nano ZS instrument (Malvern-Pananalytical, Malvern,
UK). The measurements were performed at 20 °C in 0.015 M NaCl. The DTS Nano software
was applied for data evaluation. All measurements were performed in triplicate.

3.3.2. Zeta Potential Measurements

Zeta Potential was measured by Laser Doppler Velocimetry (LDV) method with the
Zetasizer Nano ZS instrument (Malvern-Pananalytical, Malvern, UK). The measurements
were performed at 20 °C in 0.015 M NaCl. The DTS Nano software was applied for data
evaluation. All measurements were performed in triplicate.

3.3.3. Encapsulation Efficiency

To confirm the 5-Fluorouracil encapsulation as well as to evaluate their efficiency
UV-Vis spectroscopy was applied. The UV-Vis absorbance measurements were performed
using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) while encapsulation effi-
ciency was determined according to the adapted method previously described [56].

3.3.4. Magnetic Resonance Imaging

Both F MR spectroscopy /relaxation measurements as well as 'H and '°F imaging
were performed at the 9.4 T Bruker Biospec 94/20 research MRI scanner with 210mm bore
diameter and high performance actively shielded BGA 125 HP gradient system (675 mT/m)
with integrated shims. A small transmit-receive ribbon solenoid RF coil (ID of 14 mm),
which can be tuned either to 'H or F resonant frequency (i.e., 400.130 vs. 376.498 MHz)
was used for all experiments. Coil geometry was adjusted individually to analyze sam-
ple size and shape to maximize filling factor and thus SNR values. Paravision 5.1 and
Topspin 2.0 software was used to accomplish MR imaging and spectroscopy. Data was
processed in Origin and Image] software.

The inversion recovery (IR) method was used to obtain the value of T; relaxation time.
Experimental points were measured for: 30,000, 20,000, 15,000, 10,000, 5000, 4500, 4000,
3750, 3500, 3250, 3000, 2000, 1000, 500, 100 ms inversion recovery times.

For the acquisition of axial 'H and '°F images, FLASH sequence was used (for 'H: echo
time TE = 6 ms, flip angle FA = 30°, repetition time TR = 100 ms, number of acquisitions
NEX = 4, total acquisition time TA = 51 s; for 19F: TE = 3.1 ms, FA = 15°, TR = 100 ms, NEX
and TA given in the table below). The optimal FA (Ernst angle) was used, adjusted to the
Ty and TR values '°F images were measured with several numbers of excitation to find the
value that will give an acceptable compromise between SNR (signal-to-noise ratio) value
and total acquisition time.

For the F MR measurements selected 5-FU nanocarriers were concentrated ~20 times
to mimic an increased local concentration of '°F nuclei in the target region of the sample.
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3.3.5. Bioanalysis
Cells and Reagents Used in Biological Studies

The murine 4T1 mammary carcinoma (ATCC CRL-2539) was purchased from Dr. Gary
Sahagian’s lab (Tufts University, Boston); murine undifferentiated colon carcinoma CT26
(ATCC CRL-2638) stably expressing human carcinoembryonic antigen (CT26-CEA), was
a kind gift from Dr. Michat Bereta (Jagiellonian University, Krakéw, Poland). The MTT
reagent (3-[4,5-dimethylthiazol-2-yl]-2,5diphenyl tetrazolium bromide) and RNAase A
were obtained from Sigma-Aldrich. Propidium iodide used for cell cycle analysis was
purchased from BD Pharmingen.

Analysis of the Cytotoxic Activity of Encapsulated 5-Fluorouracil

The cells were grown in the incubator under standard conditions (5% CO,, 37 °C,
>95% humidity) in the growth medium (DMEM containing 5% FBS; all reagents were from
LONZA). Next, the cells were collected using trypsin (1% trypsin-0.53 mM EDTA solution;
LONZA) and transferred in the growth medium to the 96-well plates at the density of
5 x 103 cells per well and incubated overnight. Before experiments, the medium was
discarded and replaced with 0.1 mL of fresh containing 10% FCS, antibiotics (penicillin
100 U/mL and streptomycin 100 pg/mL) and (1) 0.015 M NaCl, (2) empty nanocarriers,
(3) 5-FU loaded nanocarriers, (4) 5-FU (solution in DMSO). Next, the cells were incubated
for 48 h. The concentration of free or encapsulated fluorouracil was 2.56 pg/mL. All
nanocarriers were suspended in 0.015M NaCl. The viability of the cancer cells exposed to
empty nanocarrier, free or encapsulated 5-fluorouracil, was analyzed by the MTT method
using a standard protocol.

Flow Cytometry Analysis of the Cell Cycle

The cells (4 x 10%) were transferred in 1 mL of growth medium into a 12-well plate
and cultured for 24h. Then, the medium was discarded, and the cells were cultured for
48 h in 1 mL of fresh medium supplemented with 10% FCS, antibiotic and: (1) 0.0015 M
NaCl, (2) NC 6 PEG (3) 5-FU NC 6 PEG), and (4) free 5-FU. Next, the cells were trypsinized,
and an equal number of cells for each group was resuspended in 0.4 mL of PBS and fixed
with 5 mL of cold 70% ethanol (in DI water). Finally, DNA was stained with PI using the
standard protocol with modifications [49,57]. The Pl-stained cells were analyzed using BD
FACSCalibur flow cytometer and CellQuestPro software, Becton- Dickinson.

4. Conclusions

A novel method of preparation of multifunctional 5-Fluorouracil (5-FU) nanocarriers
was developed. The procedure is based on the encapsulation of 5-FU loaded nanocores
within polyaminoacids multilayer shells via a layer-by-layer approach. Biocompatibility
of empty carriers, as well as activity of encapsulated 5-FU, were proven by in vitro tests.
Moreover, the fluorine atom of 5-FU allows real-time observation of the developed system
by fluorine magnetic resonance imaging (**F-MRI). Properties of our nanocarriers fulfill
the requirements of the theranostic drug delivery system based on passive targeting via
enhanced permeability and retention effect.

Author Contributions: Conceptualization, K.S., M.B., and W.P.W.; methodology, K.S., M.B., and
W.P.W.,; formal analysis, K.S., M.S., A.-H.,, M.B,, N.L., and WP.W.; investigation, K.S., M.S., AH,,
M.B., N.L., and WP.W.,; writing—original draft preparation, K.S., M.S., A.H., M.B,, N.L., and WP.W.;
writing—review and editing, K.S., M.B., and W.P.W.; visualization, M.S., A.H., and N.L.; supervision,
K.S., M.B., and W.P.W.,; project administration, K.S.; funding acquisition, K.S. All authors have read
and agreed to the published version of the manuscript.

Funding: Research was founded in part by the National Science Centre, Poland (SONATA 2011/
03/D/ST5/05635), and by the statutory research fund of ICSC PAS. N.L. acknowledges the support
of InterDokMed project no. POWR.03.02.00-00-1013/16.

Institutional Review Board Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 12762 10 of 12

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  McKinnell, R.G.; Parchment, R.E.; Perantoni, A.O.; Pierce, G.B.; Damjanov, I. The Biological Basis of Cancer; Cambridge University
Press: New York, NY, USA, 2006.

2. Torchilin, V.P. Drug targeting. Eur. J. Pharm. Sci. 2000, 11, S81-S91. [CrossRef]

3.  Tiwari, G,; Tiwari, R,; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems: An updated review.
Int. J. Pharm. Investig. 2012, 2, 2-11. [CrossRef]

4. Raj, S.; Khurana, S.; Choudhari, R.; Kesari, K.K.; Kamal, M.A.; Garg, N.; Ruokolainen, J.; Das, B.C.; Kumar, D. Specific targeting
cancer cells with nanoparticles and drug delivery in cancer therapy. Semin. Cancer Biol. 2019, 69, 166-177. [CrossRef] [PubMed]

5. Karabasz, A.; Bzowska, M.; Szczepanowicz, K. Biomedical Applications of Multifunctional Polymeric Nanocarriers: A Review of
Current Literature. Int. J. Nanomed. 2020, ume 15, 8673-8696. [CrossRef]

6. Hossen, S.; Hossain, M.K.; Basher, M.K.; Mia, M.N.H.; Rahman, M.T.; Uddin, ]. Smart nanocarrier-based drug delivery systems
for cancer therapy and toxicity studies: A review. J. Adv. Res. 2019, 15, 1-18. [CrossRef]

7. Duan, H; Liu, Y;; Gao, Z.; Huang, W. Recent advances in drug delivery systems for targeting cancer stem cells. Acta Pharm. Sin. B
2020, 11, 55-70. [CrossRef]

8. Nan, A. Multifunctional nanocarrier for image-guided delivery of bioactive agents. Nanomedicine 2007, 2, 739-743. [CrossRef] [PubMed]

9.  Svenson, S.; Prud’homme, R.K. Multifunctional Nanoparticles for Drug Delivery Applications: Imaging, Targeting, and Delivery;
Springer Science & Business Media: New York, NY, USA, 2012.

10. Funkhouser, J. Reinventing pharma: The theranostic revolution. Curr. Drug Discov. 2002, 2, 17-19.

11. O'Farrell, A.C; Shnyder, S.; Marston, G.; Coletta, P.L.; Gill, ]. Non-invasive molecular imaging for preclinical cancer therapeutic
development. Br. |. Pharmacol. 2013, 169, 719-735. [CrossRef]

12.  Hu, R;; Kleimaier, D.; Malzacher, M.; Hoesl, M.A.; Paschke, N.K.; Schad, L.R. X-nuclei imaging: Current state, technical challenges,
and future directions. J. Magn. Reson. Imaging 2020, 51, 355-376. [CrossRef] [PubMed]

13.  Szczech, M.; Lopuszyriska, N.; Tomal, W.; Jasiriski, K.; Weglarz, W.P.; Warszynski, P.; Szczepanowicz, K. Nafion-based nanocarriers
for fluorine magnetic resonance imaging. Langmuir 2020, 36, 9534-9539. [CrossRef] [PubMed]

14. Lopuszynska, N.; Szczepanowicz, K.; Jasiniski, K.; Warszynski, P.; Weglarz, W.P. Effective Detection of Nafion®-Based Theranostic
Nanocapsules Through 19F Ultra-Short Echo Time MRI. Nanomaterials 2020, 10, 2127. [CrossRef]

15. Bo, S.; Yuan, Y,; Chen, Y,; Yang, Z.; Chen, S.; Zhou, X,; Jiang, Z. In vivo drug tracking with 19 F MRI at therapeutic dose. Chem.
Commun. 2018, 54, 3875-3878. [CrossRef]

16. Nakamura, T.; Sugihara, F.; Matsushita, H.; Yoshioka, Y.; Mizukami, S.; Kikuchi, K. Mesoporous silica nanoparticles for 19 F
magnetic resonance imaging, fluorescence imaging, and drug delivery. Chem. Sci. 2015, 6, 1986-1990. [CrossRef]

17.  Prinz, C,; Starke, L.; Millward, ].M.; Fillmer, A.; Delgado, PR.; Waiczies, H.; Pohlmann, A.; Rothe, M.; Nazaré, M.; Paul, F; et al.
In vivo detection of teriflunomide-derived fluorine signal during neuroinflammation using fluorine MR spectroscopy. Theranostics
2021, 11, 2490-2504. [CrossRef]

18. Diou, O.; Tsapis, N.; Giraudeau, C.; Valette, J.; Gueutin, C.; Bourasset, F.; Zanna, S.; Vauthier, C.; Fattal, E. Long-circulating
perfluorooctyl bromide nanocapsules for tumor imaging by 19FMRI. Biomaterials 2012, 33, 5593-5602. [CrossRef]

19. Longley, D.B.; Harkin, D.P; Johnston, P.G. 5-Fluorouracil: Mechanisms of action and clinical strategies. Nat. Rev. Cancer 2003, 3,
330-338. [CrossRef] [PubMed]

20. Diasio, R.B.; Harris, B.E. Clinical Pharmacology of 5-Fluorouracil. Clin. Pharmacokinet. 1989, 16, 215-237. [CrossRef]

21. Wohlhueter, RM.; Mclvor, R.S.; Plagemann, P.G.W. Facilitated transport of uracil and 5-fluorouracil, and permeation of orotic
acid into cultured mammalian cells. J. Cell. Physiol. 1980, 104, 309-319. [CrossRef]

22. Parker, W.B,; Cheng, Y.C. Metabolism and mechanism of action of 5-fluorouracil. Pharmacol. Ther. 1990, 48, 381-395. [CrossRef]

23. Wu, P; Zhou, Q.; Zhu, H.; Zhuang, Y.; Bao, J. Enhanced antitumor efficacy in colon cancer using EGF functionalized PLGA
nanoparticles loaded with 5-Fluorouracil and perfluorocarbon. BMC Cancer 2020, 20, 354. [CrossRef] [PubMed]

24. Karthika, C.; Hari, B.; Rahman, M.H.; Akter, R.; Najda, A.; Albadrani, G.M.; Sayed, A.A.; Akhtar, M.F.; Abdel-Daim, M.M. Multiple
strategies with the synergistic approach for addressing colorectal cancer. Biomed. Pharmacother. 2021, 140, 111704. [CrossRef]

25. Handali, S.; Moghimipour, E.; Rezaei, M.; Ramezani, Z.; Kouchak, M.; Amini, M.; Angali, K.A.; Saremy, S.; Dorkoosh, FA. A
novel 5-Fluorouracil targeted delivery to colon cancer using folic acid conjugated liposomes. Biomed. Pharmacother. 2018, 108,
1259-1273. [CrossRef] [PubMed]

26. Arias, J.L. Novel Strategies to Improve the Anticancer Action of 5-Fluorouracil by Using Drug Delivery Systems. Molecules 2008,
13, 2340-2369. [CrossRef] [PubMed]

27. Khaledi, S.; Jafari, S.; Hamidi, S.; Molavi, O.; Davaran, S. Preparation and characterization of PLGA-PEG-PLGA polymeric

nanoparticles for co-delivery of 5-Fluorouracil and Chrysin. J. Biomater. Sci. Polym. Ed. 2020, 31, 1107-1126. [CrossRef] [PubMed]


http://doi.org/10.1016/S0928-0987(00)00166-4
http://doi.org/10.4103/2230-973X.96920
http://doi.org/10.1016/j.semcancer.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31715247
http://doi.org/10.2147/IJN.S231477
http://doi.org/10.1016/j.jare.2018.06.005
http://doi.org/10.1016/j.apsb.2020.09.016
http://doi.org/10.2217/17435889.2.5.739
http://www.ncbi.nlm.nih.gov/pubmed/17976035
http://doi.org/10.1111/bph.12155
http://doi.org/10.1002/jmri.26780
http://www.ncbi.nlm.nih.gov/pubmed/31102340
http://doi.org/10.1021/acs.langmuir.0c01512
http://www.ncbi.nlm.nih.gov/pubmed/32706252
http://doi.org/10.3390/nano10112127
http://doi.org/10.1039/C7CC09898G
http://doi.org/10.1039/C4SC03549F
http://doi.org/10.7150/thno.47130
http://doi.org/10.1016/j.biomaterials.2012.04.037
http://doi.org/10.1038/nrc1074
http://www.ncbi.nlm.nih.gov/pubmed/12724731
http://doi.org/10.2165/00003088-198916040-00002
http://doi.org/10.1002/jcp.1041040305
http://doi.org/10.1016/0163-7258(90)90056-8
http://doi.org/10.1186/s12885-020-06803-7
http://www.ncbi.nlm.nih.gov/pubmed/32345258
http://doi.org/10.1016/j.biopha.2021.111704
http://doi.org/10.1016/j.biopha.2018.09.128
http://www.ncbi.nlm.nih.gov/pubmed/30372827
http://doi.org/10.3390/molecules13102340
http://www.ncbi.nlm.nih.gov/pubmed/18830159
http://doi.org/10.1080/09205063.2020.1743946
http://www.ncbi.nlm.nih.gov/pubmed/32249693

Int. J. Mol. Sci. 2021, 22, 12762 11 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Vilaga, N.; Amorim, R.; Machado, A.F; Parpot, P.; Pereira, M.F.; Sardo, M.; Rocha, J.; Fonseca, A.M.; Neves, 1.C.; Baltazar, F.
Potentiation of 5-fluorouracil encapsulated in zeolites as drug delivery systems for in vitro models of colorectal carcinoma.
Colloids Surf. B Biointerfaces 2013, 112, 237-244. [CrossRef]

Ebadi, M.; Bullo, S.; Buskaran, K.; Hussein, M.Z.; Fakurazi, S.; Pastorin, G. Dual-functional iron oxide nanoparticles coated with
polyvinyl alcohol/5-fluorouracil / zinc-aluminium-layered double hydroxide for a simultaneous drug and target delivery system.
Polymers 2021, 13, 855. [CrossRef]

Izadiyan, Z.; Shameli, K.; Teow, S.; Yusefi, M.; Kia, P.; Rasouli, E.; Tareq, M.A. Anticancer Activity of 5-Fluorouracil-Loaded
Nanoemulsions Containing Fe304/Au Core-Shell Nanoparticles. . Mol. Struct. 2021, 1245, 131075. [CrossRef]

Lakkakula, J.R.; Krause, R W.M.; Divakaran, D.; Barage, S.; Srivastava, R. 5-Fu inclusion complex capped gold nanoparticles for
breast cancer therapy. J. Mol. Lig. 2021, 341, 117262. [CrossRef]

Pan, H.; Yu, Y;; Li, L.; Liu, B,; Liu, Y. Fabrication and Characterization of Taurine Functionalized Graphene Oxide with 5-
Fluorouracil as Anticancer Drug Delivery Systems. Nanoscale Res. Lett. 2021, 16, 84. [CrossRef]

Smith, T.; Affram, K.; Nottingham, E.L.; Han, B.; Amissah, E; Krishnan, S.; Trevino, J.; Agyare, E. Application of smart solid lipid
nanoparticles to enhance the efficacy of 5-fluorouracil in the treatment of colorectal cancer. Sci. Rep. 2020, 10, 1-14. [CrossRef]
Jasim, I.K.; Alhammid, S.N.A.; Abdulrasool, A.A. Synthesis and evaluation of 3-cyclodextrin based nanosponges of 5-fluorouracil
using ultrasound assisted method. Iraqi J. Pharm. Sci. 2020, 29, 88-98. [CrossRef]

Qiao, L.-L.; Yao, W.-].; Zhang, Z.-Q.; Yang, X.; Zhao, M.-X. The Biological Activity Research of the Nano-Drugs Based on
5-Fluorouracil-Modified Quantum Dots. Int. ]. Nanomed. 2020, ume 15, 2765-2776. [CrossRef]

Brix, G.; Bellemann, M.E.; Zabel, H.; Bachert, P.; Lorenz, W.]. Selective 19F MR imaging of 5-fluorouracil and x-fluoro-{3-alanine.
Magn. Reson. Imaging 1993, 11, 1193-1201. [CrossRef]

Ikehira, H.; Girard, F.; Obata, T.; Ito, H.; Yoshitomi, H.; Miyazaki, M.; Nakajima, N.; Kamei, H.; Kanazawa, Y.; Takano, H.; etal. A
preliminary study for clinical pharmacokinetics of oral fluorine anticancer medicines using the commercial MRI system 19F-MRS.
Br. ]. Radiol. 1999, 72, 584-589. [CrossRef] [PubMed]

Brix, G.; Bellemann, M.E.; Haberkorn, U.; Gerlach, L.; Lorenz, W.]. Assessment of the biodistribution and metabolism of
5-fluorouracil as monitored by 18F PET and 19F MRI: A comparative animal study. Nucl. Med. Biol. 1996, 23, 897-906. [CrossRef]
Szczepanowicz, K.; Dronka-Goéra, D.; Para, G.; Warszynski, P. Encapsulation of liquid cores by layer-by-layer adsorption of
polyelectrolytes. |. Microencapsul. 2010, 27, 198-204. [CrossRef]

Szczepanowicz, K.; Hoel, H.]J.; Szyk-Warszynska, L.; Bielariska, E.; Bouzga, A.M.; Gaudernack, G.; Simon, C.; Warszynski, P.
Formation of Biocompatible Nanocapsules with Emulsion Core and Pegylated Shell by Polyelectrolyte Multilayer Adsorption.
Langmuir 2010, 26, 12592-12597. [CrossRef]

Albanese, A.; Tang, P.S.; Chan, W.C.W. The Effect of Nanoparticle Size, Shape, and Surface Chemistry on Biological Systems.
Annu. Rev. Biomed. Eng. 2012, 14, 1-16. [CrossRef] [PubMed]

Cho, K.; Wang, X; Nie, S.; Chen, Z.; Shin, D.M. Therapeutic Nanoparticles for Drug Delivery in Cancer. Clin. Cancer Res. 2008, 14,
1310-1316. [CrossRef]

Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in cancer therapy and diagnosis. Adv. Drug Deliv. Rev. 2002, 54,
631-651. [CrossRef]

Moghimi, S.M.; Hunter, A.C.; Murray, ].C. Long-circulating and target-specific nanoparticles: Theory to practice. Pharmacol. Rev.
2001, 53, 283-318. [PubMed]

Shepelytskyi, Y.; Fox, M.S.; Davenport, K.; Li, T.; Albert, M.S.; Davenport, E. In vivo Retention of 5-Fluorouracil Using 19F
Magnetic Resonance Chemical Shift Imaging in Colorectal Cancer in a Murine Model. Sci. Rep. 2019, 9, 1-8. [CrossRef]

Otake, Y.; Hirata, K.; Soutome, Y.; Bito, Y. In vivo 19 F Imaging of 5-Fluorouracil and its Metabolites in Rat by Two-Element
Phased-Array Coil. In Proceedings of the International Society for Magnetic Resonance in Medicine, Montreal, QC, Canada,
7-13 May 2011; Volume 19.

Doi, Y.; Shimmura, T.; Kuribayashi, H.; Tanaka, Y.; Kanazawa, Y. Quantitative 19F imaging of nmol-level F-nucleotides/-sides
from 5-FU with T2 mapping in mice at 9.4 T. Magn. Reson. Med. Off. ]. Int. Soc. Magn. Reson. Med. 2009, 62, 1129-1139. [CrossRef]
Karabasz, A.; Bzowska, M.; Lukasiewicz, S.; Bereta, J.; Szczepanowicz, K. Cytotoxic activity of paclitaxel incorporated into
polyelectrolyte nanocapsules. J. Nanoparticle Res. 2014, 16, 2340. [CrossRef]

Bzowska, M.; Karabasz, A.; Szczepanowicz, K. Encapsulation of camptothecin into pegylated polyelectrolyte nanocarriers.
Colloids Surf. A Physicochem. Eng. Asp. 2018, 557, 36—42. [CrossRef]

Kim, G.J. Application of embryonic stem cells as a novel tool in drug screening. In Methodological Advances in the Culture,
Manipulation and Utilization of Embryonic Stem Cells for Basic and Practical Applications; InTech: Rijeka Croatia, 2011; pp. 429-457.
Gao, L.; Shen, L.; Yu, M,; Nj, J.; Dong, X.; Zhou, Y.; Wu, S. Colon cancer cells treated with 5 fluorouracil exhibit changes in
polylactosamine type N glycans. Mol. Med. Rep. 2014, 9, 1697-1702. [CrossRef]

Lukasiewicz, S.; Szczepanowicz, K.; Blasiak, E.; Dziedzicka-Wasylewska, M. Biocompatible Polymeric Nanoparticles as Promising
Candidates for Drug Delivery. Langmuir 2015, 31, 6415-6425. [CrossRef]

Szczepanowicz, K.; Bzowska, M.; Kruk, T.; Karabasz, A.; Bereta, J.; Warszynski, P. Pegylated polyelectrolyte nanoparticles
containing paclitaxel as a promising candidate for drug carriers for passive targeting. Colloids Surf. B Biointerfaces 2016, 143,
463-471. [CrossRef]


http://doi.org/10.1016/j.colsurfb.2013.07.042
http://doi.org/10.3390/polym13060855
http://doi.org/10.1016/j.molstruc.2021.131075
http://doi.org/10.1016/j.molliq.2021.117262
http://doi.org/10.1186/s11671-021-03541-y
http://doi.org/10.1038/s41598-020-73218-6
http://doi.org/10.31351/vol29iss2pp88-98
http://doi.org/10.2147/IJN.S244693
http://doi.org/10.1016/0730-725X(93)90247-B
http://doi.org/10.1259/bjr.72.858.10560341
http://www.ncbi.nlm.nih.gov/pubmed/10560341
http://doi.org/10.1016/S0969-8051(96)00122-9
http://doi.org/10.3109/02652040903052069
http://doi.org/10.1021/la102061s
http://doi.org/10.1146/annurev-bioeng-071811-150124
http://www.ncbi.nlm.nih.gov/pubmed/22524388
http://doi.org/10.1158/1078-0432.CCR-07-1441
http://doi.org/10.1016/S0169-409X(02)00044-3
http://www.ncbi.nlm.nih.gov/pubmed/11356986
http://doi.org/10.1038/s41598-019-49716-7
http://doi.org/10.1002/mrm.22075
http://doi.org/10.1007/s11051-014-2340-3
http://doi.org/10.1016/j.colsurfa.2018.05.070
http://doi.org/10.3892/mmr.2014.2008
http://doi.org/10.1021/acs.langmuir.5b01226
http://doi.org/10.1016/j.colsurfb.2016.03.064

Int. J. Mol. Sci. 2021, 22, 12762 12 of 12

54.

55.

56.

57.

Sukhorukov, G.B.; Donath, E.; Lichtenfeld, H.; Knippel, E.; Knippel, M.; Budde, A.; Mohwald, H. Layer-by-layer self assembly of
polyelectrolytes on colloidal particles. Colloids Surf. A Physicochem. Eng. Asp. 1998, 137, 253-266. [CrossRef]

Szczepanowicz, K.; Bazylinska, U.; Pietkiewicz, J.; Szyk-Warszynska, L.; Wilk, K.A.; Warszynski, P. Biocompatible long-sustained
release oil-core polyelectrolyte nanocarriers: From controlling physical state and stability to biological impact. Adv. Colloid
Interface Sci. 2015, 222, 678-691. [CrossRef] [PubMed]

Bazyliniska, U.; Pietkiewicz, J.; Rossowska, J.; Chodaczek, G.; Gamian, A.; Wilk, K.A. Polyelectrolyte Oil-Core Nanocarriers for
Localized and Sustained Delivery of Daunorubicin to Colon Carcinoma MC38 Cells: The Case of Polysaccharide Multilayer Film
in Relation to PEG-ylated Shell. Macromol. Biosci. 2017, 17, 1600356. [CrossRef] [PubMed]

Darzynkiewicz, Z.; Robinson, J.P.; Crissman, H. Methods in Cell Biology, Cytometry; Academic Press: San Diego, CA, USA, 1994.


http://doi.org/10.1016/S0927-7757(98)00213-1
http://doi.org/10.1016/j.cis.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25453660
http://doi.org/10.1002/mabi.201600356
http://www.ncbi.nlm.nih.gov/pubmed/28094898

	Introduction 
	Results and Discussion 
	Optimization, Characterization, and Stability of 5-Fluorouracil Nanocarriers 
	Magnetic Resonance Imaging 
	Bioanalysis 

	Materials and Methods 
	Chemicals 
	Nanocarriers Synthesis 
	Nanocarrier Characterization 
	Size, Size Distribution, and Polydispersity Measurements 
	Zeta Potential Measurements 
	Encapsulation Efficiency 
	Magnetic Resonance Imaging 
	Bioanalysis 


	Conclusions 
	References

