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ARTICLE INFO ABSTRACT

Keywords: Breast cancer was the most frequent cause of cancer death in females in 2022. Despite the development of
Platinum nanoparticles p lized therapies, ch herapy frequently remains the only available treatment method. However, the
Ci'splatfﬂ ) d ion of classic anti lastic drugs, like cisplatin (CDDP), often causes severe side effects and may lead
Z‘:‘c;tt‘c::“acm"s to drug resistance making the therapy inefficient. Therefore, there is a great need for new, effective treatment
Mutagenicity regimens development. For this reason, we applied platinum nanoparticles (PtNPs) to verify if they can influence
Cytotoxicity the CDDP activity with particular emphasis on the differences due to nanoparticles’ sizes.

We employed a broad spectrum of physi Dynamic Light Scattering, Atomic
Force Microscopy, Isothermal Titration Calorimetry, Fourier Transform Infrared Spectroscopy, and Near Infrared
Spectroscopy and also Differential Scanning Calorimetry, to characterize the possible interactions between
nanoparticles and CDDP. Moreover, the impact of PtNPs on CDDP biological activity was investigated using the
Ames mutagenicity test on Salmonella enterica serovar Typhimurium TA102 and MTT assay on two breast cancer
cell lines MDA-MB-231 and SKBR3.

The obtained results revealed PtNPs direct interactions with CDDP dependent on the nanoparticles’ size.
Despite the lack of explicit confirmation of PtNPs aggregation by AFM imaging and DLS, further physicochemical
methods indicated structural changes between nanoparticles alone and PtNPs-CDDP mixtures. Moreover, the
biological assays confirmed that PtNPs decrease CDDP mutagenicity and also slightly increase its cytotoxicity on
the chosen cell lines. The latter effects are ambiguous, nevertheless, provide a valuable basis for further research.

1. Introduction and, additionally, these cases are usually associated with greater

aggressiveness and worse prognosis [2,3]. All these reasons make the

Breast cancer, the leading type of cancer in women, is, unfortunately,
also associated with high mortality representing the most frequent cause
of cancer death in females in 2022 [1]. Breast carcinomas are subtyped
based on the presence of estrogen, progesterone, and human epidermal
growth factor receptors (HER) on the cells’ surface [2]. Cancers over-
expressing any of these receptors are routinely treated with targeted
therapy. However, there is a vast number of cases where cancer cells are
triple-negative, which means they have none of these receptors. Their
therapy is restricted to surgical intervention and classic chemotherapy,

* Corresponding author.
E-mail address: jacek.piosik@ug.edu.pl (J. Piosik).
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search for a more efficacious therapy a matter of utmost importance.
Cisplatin (CDDP; cis-diammineplatinum (II) dichloride) is one of the
most effective and commonly used chemotherapeutics which belongs to
the group of alkylating agents [4,5]. CDDP is still used as a first-line
therapy for many cancers such as breast, ovarian, testicular, head and
neck, bladder, or lung cancers [4,6-8]. As a coordination complex, its
structure consists of divalent platinum atom with two chloride groups
and two amine ligands [4]. What is important, the cis configuration of its
substituents is required to exhibit the antitumor activity [9]. After
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entering the cell, the chloride ligands from CDDP are displaced by water
molecules, and the platinum complex can form covalent bonds with the
N-7 position of guanine. That results are the creation of crosslinks, either
inter- or intrastrand, the latter believed to be crucial for CDDP cyto-
toxicity. As aresult, the crosslinks disrupt the DNA structure which leads
to cell cycle arrest and apoptosis [4-7,10]. Unfortunately, the DNA
damage induced by CDDP is recognized by repair proteins, and, in
consequence, enhanced repair is one of the mechanisms leading to drug
resistance [4,7,11]. Moreover, there are other mechanisms of the
resistance such as the increased drug efflux [12], intracellular accu-
mulation of the drug, or the cytosolic inactivation [7]. Furthermore,
despite its efficiency, CDDP triggers severe side effects beginning with
the most common nausea, vomiting, and acute nephrotoxicity up to
neuro-, cardio-, or hepatotoxicity leading to the limitations of CDDP
usage [4,6-8]. Hence, the researchers try to analyze other approaches
such as the combination therapies with other chemotherapeutics or
different substances to overcome the resistance and improve the effi-
ciency of the drugs [13-15].

Over the last decades, nanotechnology, as a multidisciplinary field,
has attracted more attention in many areas i.e. broadly defined tech-
nology, envirc 1 sci , chemistry but also in medicine [16]. For
over 20 years nanoparticles research has been aimed at developing

dicines, delivery sy , and diagnostics tools against condi-
tions such as cancer, cardiovascular diseases, diabetes, or human im-
munodeficiency virus [16-21]. Noble-metal nanoparticles, including
platinum nanoparticles (PtNPs) based on the platinum atoms in oxida-
tion state O (Pt%), are in the spotlight due to their distinct features. They
are characterized by a large surface to mass ratio [22,23] and high
reactivity, but also catalytic and enzymatic activity [11,17]. Interest-
ingly, they can transform radio frequencies into heat, a mechanism that
can be exploited in cancer diagnosis via imaging [24]. Furthermore,
PtNPs can be used as nanodelivery devices which can provide several
benefits such as delivering the drug to the specific targeted area,
improving the drug’s anticancer efficiency associated with lower
toxicity in healthy tissues, and/or accumulation at the tumor site [11,
17]. Entering the cancerous cells by nanoparticles leads to the inhibition
of replication, cell cycle arrest, and apoptosis. Moreover, some re-
searchers show the anticancer effect of PtNPs but no toxicity against
healthy tissue [20,25-28]. Furthermore, PtNPs generate hydroxyl radi-
cals and may inhibit cell metabolic activity [17,29]. What is important,
the size of nanoparticles not only influences their active surface but has
also an impact on their solubility and bioavailability [17,30]. Addi-
tionally, a few research groups confirmed that nanoparticles’ size can be
crucial for their mutagenicity, cytotoxicity, or genotoxicity [22,30-32].

As mentioned above, current studies are focused on drug nano-
delivery systems or diagnostics applications, however, the possible
modulation of chemotherapeutics by nanoparticles via direct in-
teractions and nanoformulations arrangement assessing differences
arising from nanoparticles’ sizes have not been investigated yet.
Therefore, research into the possible PtNPs size influence on chemo-
therapeutics locates itself in the existing gap, bridging chemothera-
peutics and nanoparticles research, which should be filled to fully utilize
nanoparticles’ potential in cancer treatment.

Elucidation of the phenomenon of how the size of nanoparticles can
influence their heteroaggregation with model anticancer drug - CDDP,
appears as an important challenge that may help understand such
complex interactions. To achieve this goal, we employed a broad range
of physicochemical methods. Moreover, we conducted biological in vitro
assays using pro- and eukaryotic cells to assess the influence of hetero-
aggregation between PtNPs and CDDP on the biological activity of
investigated compounds.

Chemico-Biological Interactions 407 (2025) 111365
2. Materials and methods
2.1. Materials

Cisplatin (CDDP) was purchased from Merck KGaA (Darmstadt,
Germany). Stock solutions were prepared by dissolving CDDP weight
amounts in 2 mM sodium citrate (Sigma Aldrich Chemical Company, St.
Louis, Missouri, USA) for physicochemical methods, and in distilled
water for biological methods. Platinum nanoparticles (PtNPs) in two
dimensions 5 nm and 50 nm in concentration 0.05 mg/mL (NanoXact)
for physicochemical methods and PtNPs in concentration 1 mg/mL
(BioPure) for biological assays, both in 2 mM sodium citrate, were ac-
quired from nanoComposix (San Diego, California, USA). Samples were
lyophilized by using freeze dryer Christ ALPHA 1-2 LD Plus apparatus
(Christ, Martin Gmbh & CG Kg) at a temperature of —56 °C. The vacuum
was maintained at 0.180 mbar. Mixtures and nanoparticles were sub-
sequently placed in vacuum-controlled lyophilizing tubes. The lyophi-
lized nanoparticles were eluted from sodium citrate solution after 24 h,
then pooled, and stored at 4 °C for further analysis. Cysteamine hy-
drochloride used in AFM imaging was purchased from Sigma Aldrich
Chemical Company (St. Louis, Missouri, USA). Salmonella enterica
serovar Typhimurium TA102 strain was purchased from Xenometrics
AG (Allschwil, Switzerland). Nutrient Agar, Nutrient Broth and Biolog-
ical Agar media were purchased from BioMaxima S.A. (Gdansk, Poland).
Histidine, biotin, ampicillin and tetracycline used in Ames mutagenicity
test were acquired from Sigma Aldrich Chemical Company (St. Louis,
Missouri, USA). MDA-MB-231 and SKBR3 cell lines were purchased from
the ATCC (Manassas, Virginia, USA) collection. Media and substrates for
cell culture were purchased as follows: Dulbecco’s Modified Eagle Me-
dium (DMEM) from Biowest (Nuaille, France), Fetal Bovine Serum
(FBS), antibiotics (penicillin and streptomycin), and trypsin from Sigma
Aldrich Chemical Company. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT bromide) was purchased from Sigma
Aldrich Chemical Company (St. Louis, Missouri, USA).

2.2. Dynamic Light Scattering (DLS)

The examination of the hydrodynamic diameters for PtNPs alone and
PtNPs with CDDP (PtNPs initial concentration 2.38 pg/mL; CDDP con-
centration 0.08 mM) were performed on Zetasizer Nano ZS (Malvern,
Worcestershire, UK) by measuring the intensity of the scattered light.
Measurements were conducted in polystyrene cuvettes at 25 °C with a
He-Ne laser (633 nm, 4 mW), at a 173° scattering angle. All measure-
ments were conducted in 2 Mm sodium citrate.

2.3. Atomic Force Microscopy (AFM)

Atomic force microscopy visualization of the PtNPs nanoparticles
and PtNPs-CDDP mixtures was performed at 23 °C in air, in PeakForce
Tapping mode, using BioScope Resolve AFM (Bruker, Bremen, Ger-
many). PtNPs-CDDP mixtures were obtained via the reaction of 0.05
mg/mL PtNPs with 158.6 uM CDDP at room temperature. Subsequently,
100 mM cysteamine was deposited onto a freshly cleaned mica surface
for 5 min and afterwards the solution was aspirated. Then samples were
added on mica and incubated for 5 min at room temperature, followed
by washing with deionized water and drying with streams of nitrogen
gas prior to AFM imaging. The ScanAsyst-Fluid + probe (Bruker) was
used for PtNPs and PtNPs-CDDP mixtures imaging (resonant frequency
fo = 150 kHz; spring constant k = 0.7 N/m). Images were registered at
512 x 512 pixels with a PeakForce Tapping frequency of 1 kHz and
amplitude of 150 nm. A height sensor signal was used to display the
image using NanoScope Analysis v1.9.

2.4. Isothermal Titration Calorimetry (ITC)

The ITC measurements were performed in 2 mM sodium citrate



P. Betdziniska et al.

solution at 25 °C using AutoITC isothermal titration calorimeter
(MicroCal Inc. GE Healthcare, Northampton, USA). The volumes of the
sample and reference cells were 1.4491 mL. The experiment consists of
multiple injections of 10.02 pL (15 injections, 2 pL for the first injection
only) of CDDP solution (concentration range 0.002-0.029 mM) into the
sample cell containing PtNPs (initial concentration 0.05 mg/mL).
Background titrations were performed by injecting CDDP to 2 mM so-
dium citrate solution and 2 mM sodium citrate solution to PtNPs. The
results of the background titrations were subtracted from each experi-
mental result to account for the heat of dilution. Each injection lasted 20
s. To reach a homogenous mixing in the sample cell, the stirrer speed
was kept constant at 300 rpm.

2.5. Fourier Transform Infrared Spectroscopy (FTIR) and Near Infrared
Spectroscopy (NIR)

FTIR and NIR spectra of complexes formed between cisplatin and
platinum nanoparticles were recorded on Jasco-4700 instrument (IR:
4000400 cm ™! NIR: 8200-4000 cm™") with 32 scans, 4 cm™! resolu-
tion; Jasco Company, Tokyo, Japan). NIR Transmission technique was
applied using dry salt KBr and dry samples of cisplatin and other com-
ponents obtained by evaporation of water. The materials were com-
pressed with potassium bromide to form a disc. All spectra were
recorded as a background and analysis of spectra was performed using
Spectra Analysis software (Jasco Company, Tokyo, Japan).

2.6. Differential Scanning Calorimetry (DSC), the constant pressure heat
capacities

For performing the DSC analysis, 1-5 mg of samples were weighed
into aluminum pans. DSC curves were recorded and analyzed by the
STAR-1 System (Mettler Toledo, Switzerland) combined with the
intercooler system. Samples were heated in the temperature range of
20 °C-300 °C, at the heating rate of 10 °C/min. Nitrogen was used as a
drying gas, with a flow rate of 60 mL/min, and the reference material
was indium. All tests were standardized to each sample size.

2.7. Ames mutagenicity test

The Ames mutagenicity test was performed with Salmonella enterica
serovar Typhimurium TA102, in accordance with the procedure
described by Woziwodzka et al. [33]. A mixture containing 300 pL of the
overnight bacteria culture, 150 pL of 3 % NaCl, and 300 pL of the tested
solution (or sterile distilled water as a negative control) was incubated
for 4 h in darkness at 37 °C and 220 rpm. Afterwards, the mixture was
centrifuged at 11840 g, the bacterial pellet was washed with 0.75 %
NaCl, and resuspended in 300 pL of 0.75 % NacCl solution containing 0.1
pmol histidine and 0.1 pmol biotin. The bacterial suspension was spread
on a glucose minimal agar plate and incubated at 37 °C in darkness.
After 48h incubation, the number of revertant colonies was calculated.
All experiments were performed in triplicate. The optimal concentration
for CDDP (200 ng per plate) was selected after testing CDDP mutagenic
activity in a broad concentration range.

2.8. Cell culture

Cell lines MDA-MB-231 and SKBR3 were cultured in DMEM medium
with 10 % FBS and antibiotics - penicillin (100 U/ml) and streptomycin
(100 pg/ml). The cultures were incubated at 37 °C.

2.9. MTT proliferation assay

Cells were seeded into a 96-well plate in triplicates and on the
following day treated with cisplatin and platinum nanoparticles (con-
centration ranges: MDA-MB-231 CDDP 0-20 pM, 5 nm PtNPs 0-20 pg/
mL, 50 nm PtNPs 0-1 pg/mL; SKBR3 CDDP 0-10 puM, 5 nm PtNPs 0-20
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pg/mL, 50 nm PtNPs 0-1 pg/mL). After 72 h, the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) was
added into each well (0.6 mg/mL) and incubated for 2 h at 37 °C. The
medium was discarded and formazan crystals were dissolved in DMSO.
The absorbance was measured at 590 nm.

2.10. Statistical analysis

Ames mutagenicity test results were evaluated statistically with
Statistica 14.0 (StatSoft) software. One-way variance analysis (ANOVA)
followed by the post-hoc RIR Tukey’s test was applied. The significance
level was established at @ = 0.05.

3. Results

To determine the hydrodynamic diameters of platinum nanoparticles
and mixtures of PtNPs with CDDP, Dynamic Light Scattering (DLS) was
performed. In the case of 5 nm PtNPs, two different peaks 12.37 nm and
431.40 nm were observed. The addition of CDDP to the solution resulted
in the appearance of three peaks with average diameters 16.81 nm,
1208.67 nm and 5266.67 nm (Fig. 1A.). Unfortunately, the poly-
dispersity index (PdI) of 5 nm PtNPs alone was high and equaled 0.67,
while the introduction of CDDP resulted in the increase of Pdl, reaching
0.855 (Table 1) which is characteristic of suspensions of great hetero-
geneity. This phenomenon is responsible for the lack of Z-average values
for 5 nm PtNPs and the mixture of 5 nm PtNPs and CDDP, as this
parameter is non-informative for heterogeneous solutions. On the other
hand, in the case of 50 nm PtNPs, the addition of CDDP did not alter both
the hydrodynamic diameters (Fig. 1B) and the PdI (Table 1). Moreover,
to confirm the DLS results images from Atomic Force Microscope (AFM)
were recorded. In the case of nanoparticles alone, the sample was
dominated by the nanoparticles’ populations in size 32.6 + 13.9 nm for
5 nm PtNPs (Figs. 1C) and 117.7 + 67.9 nm for 50 nm PtNPs (Fig. 1D).
The addition of CDDP to the nanoparticles did not change the aggre-
gation pattern of both 5 nm and 50 nm PtNPs (Fig. 1E and F) - observed
nanoparticles had 29.1 + 10.9 nm and 119.3 + 62.9 nm on average,
respectively.

To investigate the thermal effects of PtNPs with CDDP, the
Isothermal Titration Calorimetry (ITC) was performed. Fig. 2 demon-
strates the thermograms and enthalpy changes for PtNPs — CDDP, so-
dium citrate - CDDP and PtNPs - sodium citrate titrations. The heat for
control samples were subtracted from the heat of PtNPs — CDDP titra-
tions and the enthalpy change (AH) values were calculated by the linear
regression of experimental points for CDDP concentration tending to
zero. The values obtained for the interactions of CDDP with 5 nm PtNPs
(Fig. 2C) and CDDP with 50 nm PtNPs (Fig. 2D) were equal to —0.538 +
0.06 (+SE) kcal/mol and —0.478 + 0.07 (+SE) kcal/mol, respectively.

Fourier Transform Infrared Spectroscopy (FTIR) and Near Infrared
Spectroscopy (NIR) were used as invaluable tools for studying inter-
molecular interactions [34]. The FTIR spectra of the studied complexes
of CDDP with PtNPs are shown in Fig. 3 together with the pure PtNPs
sample spectrum. The region of particular interest, marked as “A1” and
“A2” (Fig. 3A), corresponds to the amine stretching mode of CDDP at
3286 and 3206 cm™! and is distinctly sensitive to hydrogen bonding.
Sodium citrate specific O-H (-COOH) stretching vibration band is
observed at 3419 ecm ™! (Fig. 3 A, band “B”). CDDP bands assigned with
“C”, “D” are shown as asymmetric amine bending mode at 1624 and
1540 cm ! respectively, while the symmetric amine bending mode,
shown at 1300 cm ! (Fig. 3A, band “E”) corresponds with nanoparticles
solution with sodium citrate and strong C-O stretching. The red spec-
trum in Fig. 3 shows the characteristic vibration band of platinum and
chloride bond characteristic for CDDP at 798 cm ™ (Fi 2. 3A, band “F”).
Hydrogen bond interactions and the shift of its vibration peak at 1438
em ! and 1405 cm ! corr ding to O-H stretching (COOH) (Fig. 3A,
“G”-“G" shift) are specific for sodium citrate (from buffer solution). The
NIR results, presented in Fig. 3B, letters “K”, “K’” indicate bands
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Fig. 1. Aggregation of platinum nanoparticles (PtNPs) in different sizes with cisplatin (CDDP). (A) Hydrodynamic diameters of 5 nm PtNPs (solid line) and 5
nm PtNPs — CDDP mixtures (dashed line). Peaks’ sizes: PtNPs 12.37 + 1.38 and 431.40 + 49.36; mixture 16.81 nm + 0.4 and 1208.67 nm =+ 465.1 and 5266.67 nm
+ 300.4. (B) Hydrodynamic diameters of 50 nm PtNPs (solid line) and 50 nm PtNPs — CDDP mixtures (dashed line). Peaks’ sizes: 56.30 nm + 1.7; mixture 55.77 nm
=+ 0.9. CDDP concentration 0.08 mM; PtNPs initial concentration 2.38 pg/ml. Results are reported as the average hydrodynamic diameter. (C) AFM image of 5 nm
PtNPs alone. (D) AFM image of 50 nm PtNPs alone. (E) AFM image of 5 nm PtNPs with CDDP. (F) AFM image of 50 nm PtNPs with CDDP.

characteristic for asymmetric amine bending mode of cisplatin at 4808
and 4567 cm ! respectively. Platinum and chloride bond was observed
at 4077 cm™! (Fig. 3B,band “L”) which proves the formation of the ag-
gregates, and what is interesting it is observed in the spectrum of
complex with 50 nm PtNPs. Both O-H and N-H bending or their inter-
action effect at 5156 and 4347 cm ! are denoted by “M” and “N” in
Fig. 3B.

After confirming the formation of the complex formation, we used
the Differential Scanning Calorimetry (DSC) technique, which is essen-
tial for observing the phase transition temperature of materials. CDDP
with PtNPs and their thermal properties were investigated to measure
the melting temperature of bulk and mixed components. DSC thermo-
grams (Fig. 4) demonstrated that describing the substrates, pure sodium
citrate is characterized by a crystallization peak at t = 164 °C, CDDP’s
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Table 1

Parameters for platinum nanoparticles (PtNPs) with cisplatin (CDDP) ag-
gregation in DLS experiment. CDDP concentration 0.08 mM; PtNPs concen-
tration 2.5 pg/ml. SD - standard deviation; PdI - polydispersity index.

Z-average, nm = Peak Mean,nm +SD  PdI

SD average
5 nm PtNPs - 12.37 +1.38 0.67
431.40 + 49.36
CDDP +5nmPtNPs - 16.81 + 0.4 0.855
1208.67 £ 465.1
5266.67 + 300.4
56.30 + 1.7 60.14 £ 1.2 0.047
50 nm PtNPs
55.77 +£ 0.9 59.89 + 1.0 0.048
CDDP + 50 nm
PtNPs

melting peak is observed at 280 °C (red curve) and identified as slightly
deformed and not specific in both samples with PtNPs’ complexes: 5 nm
(black curve) and 50 nm (green curve). The melting peak is also well
visible for PtNPs at 65—70 °C.

In the next step, after confirmation of direct CDDP-PtNPs in-
teractions and structural changes, we used the prokaryotic model to
investigate whether these interactions could influence the biological
activity of the tested compounds. To analyze the possible impact of

0,02
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PtNPs on CDDP mutagenic activity, the Ames Mutagenicity Assay was
performed. The data recorded for both sizes of PtNPs, 5 nm and 50 nm,
revealed the reduction of CDDP mutagenic activity by PtNPs with the
increasing concentration of nanoparticles (0.001-1 pg per plate). PtNPs
alone showed no mutagenic activity in all analyzed concentrations (data
not shown).

To get further insight into the biological effects of PtNPs on CDDP,
the cytotoxicity MTT assays were performed on two breast cancer cell
lines MDA-MB-231 and SKBR3 isolated from triple-negative and HER2-
positive breast cancer, respectively, i.e. subtypes treated with chemo-
therapeutics. PtNPs alone reduced cells viability by approx. 15 % and
the effect did not depend on its size or concentration. Importantly, the
results show a consistent additive effect of both 5 nm and 50 nm PtNPs
on CDDP-reduced cell viability. The combination of CDDP with 5 nm
and 50 nm PtNPs in the highest concentrations impaired the cell
viability to 46 % and 45 %, in MDA-MB-231 cell line, while CDDP alone
reduced the viability to 62 % (Fig. 6A-B). In the case of SKBR3 cells, the
reduction was up to 46 % and 47 % regarding the CDDP combination
with 5 nm and 50 nm PtNPs respectively, whereas for CDDP alone it was
up to 60 % (Fig. 6C-D).

4. Discussion

Cisplatin (CDDP), as one of the most commonly used anticancer

0,02
0,00
-0,02

-0,04

Heat, pcal /s

-0,06

-0,08 T T "
1000 1500 3000

2000

2500
Time, s

AH, keal mol™!

-0.7 1
0 5 10 15 20 25 30 35

Cisplatin, pM

Fig. 2. Determination of enthalpy change (AH) values for platinum nanoparticles (PtNPs) - cisplatin (CDDP) interactions. (A) Thermograms presenting
microcalorimetric titrations of 5 nm PtNPs with CDDP (solid line), sodium citrate solution with CDDP (dotted line) and 5 nm PtNPs with sodium citrate solution
(dashed line), shown as heat released in time. (B) Thermograms presenting microcalorimetric titrations of 50 nm PtNPs with CDDP (solid line), sodium citrate
solution with CDDP (dotted line) and 50 nm PtNPs with sodium citrate solution (dashed line), shown as heat released in time. (C) AH of 5 nm PtNPs-CDDP in-
teractions, calculated by the linear regression of experimental points tending to zero, is equal to —0.538 + 0.06 (+SE) kcal/mol of injected cisplatin. (D) AH of 50 nm
PtNPs-CDDP interactions, calculated by the linear regression of experimental points tending to zero, is equal to —0.478 =+ 0.07 (+SE) kcal/mol of injected cisplatin.

CDDP concentration range: 0.002-0.029 mM.
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Fig. 3. FTIR and NIR spectra of the i i d 1 of cispl

(CDDP) and platinum nanoparticles (PtNPs). (A) FTIR spectra. (B) NIR spectra.

Sodium citrate pure - blue, 50 nm PtNPs — CDDP complex — green, 5 nm PtNPs — CDDP complex — black, 5 nm PtNPs solution lyophilized — yellow, 50 nm PtNPs
solution lyophilized — pink, CDDP pure - red. Capital letters indicate the characteristic bands and interactions described in the text.
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Fig. 4. DSC curves obtained for ci in (CDDP) mi with

ticles (PtNPs). (A) Whole spectrum of DSC curves. (B) First derivative of DSC

curves. Sodium citrate pure - blue, 50 nm PtNPs — CDDP complex — green, 5 nm PtNPs — CDDP complex — black, 5 nm PtNPs solution lyophilized — yellow, 50 nm

PtNPs solution lyophilized — pink, CDDP pure - red.

drugs, is highly effective but toxic at the same time. Serious side effects,
especially nephrotoxicity, make the treatment difficult and may account
for a substantial additional health burden. Moreover, the administration
of CDDP often leads to drug resistance and, in consequence, the in-
efficiency of the chemotherapy. Therefore, looking for new approaches
for existing drugs applications of nanotechnology appears to be truly
required. Current studies about nanoparticles in cancer treatment are
focused on drug transport, mostly by loading the biologically active
substances into the particles [35-38] or other nanoparticles’ modifica-
tions [16,20]. Despite this approach, the possible interactions between
nanoparticles and CDDP have not been investigated yet. Therefore, in
this study, we focused on the possible modulation of CDDP activity by
platinum nanoparticles (PtNPs) and, importantly, the alterations arising

from different nanoparticles’ sizes.

Firstly, to verify the possible aggregates formation, we employed
Dynamic Light Scattering (DLS). Depending on the nanoparticles’ size,
we observed different patterns. In the case of 50 nm PtNPs, there was no
change in nanoparticles diameter after adding CDDP, which could sug-
gest the lack of interactions. However, both 5 nm PtNPs alone and after
adding CDDP, were polydisperse so the comparison of diameter change
was hardly possible. Instead of the two peaks visible for the nano-
particles at 12 nm and 431 nm, after adding the drug we observed three
peaks at approximately 17 nm, 1209 nm, and 5267 nm, with the third
peak potentially being an artifact of solvent fluctuation. The literature
data is contradictory, some reports show the increase of the hydrody-
namic diameter after adding CDDP to C60 fullerene [39], acridine
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Fig. 5. Influence of platinum nanoparticles (PtNPs) on cisplatin (CDDP) mutagenic activity in Salmonella enterica serovar Typhimurium TA102 Ames

ity test. (A)

ic activity of CDDP and CDDP - 5 nm PtNPs mixtures. (B) Mutagenic activity of CDDP and CDDP - 50 nm PtNPs mixtures. C- -

negative control (sterile water; white color), C + - positive control (CDDP 200 ng per plate; black color), CDDP — PtNPs mixtures (CDDP 200 ng per plate constantly,
PtNPs range: 0.001-1 pg per plate; grey color). Results are reported as the average number of revertants =+ SD. * - values significantly different from negative control;

# - values significantly different from positive control (p < & & = 0.05).

mutagen ICR-191 to PtNPs [25] or anthracycline antibiotics to gold
nanoparticles (AuNPs) [40]. However, Wroblewska et al. [41] did not
observe any significant changes in the hydrodynamic diameter
following the addition of CDDP to AuNPs. The results for 50 nm PtNPs
were consistent with AFM data (Fig. 1D and F), where the average
nanoparticle’s size was similar before and after the addition of CDDP.
What is important, compared to DLS, employing this method we did not
observe 5 nm PtNPs aggregates above 400 nm for both PtNPs alone and
with the addition of the drug which may result from the conditions of
both experiments (Fig. 1C and E). Prylutskyy’s research group investi-
gated another nanostructure, C60 fullerene, alone [42] and with doxo-
rubicin (DOX) addition [43]. The results reported the formation of new
island-like objects in C60-DOX mixtures at 20-fold dilution [43]
compared to C60 alone [42]. The first results forced us to apply more
detailed methods, therefore, in the next step we performed Isothermal
Titration Calorimetry (ITC) to verify the thermal changes induced by
potential interactions. The results for both PtNPs diameters suggest
spontaneous, exothermic reactions for both PtNPs diameters. Obtained
enthalpy changes were low, which could be attributed to interactions
masking by water. A similar phenomenon was observed for C60
fullerene with CDDP, where the thermal effect was also low [44].
Similarly, the interactions of DOX with C60, which were not shown
clearly with any method employed, were confirmed after careful anal-
ysis of data obtained using various physicochemical methods [43].
However, Borowik et al. observed higher enthalpy change values for
interactions between PtNPs and ICR-191 [25]. In light of ambiguous
prior results and to provide reliable evidence of the possible direct in-
teractions between PtNPs and CDDP, we performed Fourier Transform
Infrared Spectroscopy (FTIR) and Near Infrared Spectroscopy (NIR) to
compare the spectral changes for CDDP and PtNPs alone and in mix-
tures. The infrared spectroscopy characteristic of CDDP was previously
described in great detail [45-47]. The obtained results partially corre-
spond with these data, however CDDP vibration is hidden and not
directly observed due to aggregation with PtNPs. The results of FTIR are
further confirmed with NIR analysis, which is currently the
fastest-growing analytical method in pharmaceutical sciences as well as
a versatile technique with wide applications also in the industry. What is
highly important, molecular interactions of ground solids using NIR
were estimated and studied previously [48]. The DSC analysis was
performed to check the crystalline/amorphous nature of the CDDP
molecule in the formulations as well as to describe some important in-
teractions between cisplatin and the nanoparticles. CDDP’s melting peak
was observed at 280 °C (red curve) and detected in both samples with

PtNPs’ complexes: 5 nm (black curve) and 50 nm (green curve) and
some deformation was observed at the range of temperature between
260 and 300 °C. It is better visualized in Fig. 4B where the first de-
rivatives of these curves are presented. The green curve containing 50
nm PtNPs is less influenced and the deformation is smaller, which might
be explained by more amorphous state of this sample [49]. Nevertheless,
there was no sharp endothermic peak of CDDP in the nanoparticle
formulation, attributable to a loss of its crystalline nature in the hybrid
nanoparticle formulation, as reported in a previous study [50].
Literature shows the usage of Ames assay as an indicator of biolog-
ically active compounds’ impact. For instance, Woziwodzka et al.
showed that caffeine decreases the mutagenicity of IQ-type heterocyclic
amines [33]. That is why, the mutagenicity Ames tests on Salmonella
enterica serovar Typhimurium TA102 were performed. The results pre-
sented in Fig. 5 confirmed that both 5 nm and 50 nm PtNPs decrease the
mutagenic activity of CDDP. The detected pattern corresponds to the
results obtained by Borowik et al. [25], where the increasing concen-
trations of PtNPs decrease the mutagenicity of acridine mutagen
ICR-191. Importantly, the mutagenic activity of the 5 nm and 50 nm
PtNPs alone was not observed in the tested concentrations range to-
wards Salmonella enterica serovar Typhimurium TA102 (data not
shown). Other results confirmed the lack of mutagenic activity of PtNPs
on Salmonella enterica serovar Typhimurium TA98 [25], or
iron-platinum nanoparticles on TA98 and TA100 [51]. As mentioned
above, despite the efficiency of antineoplastic drugs, conventional
chemotherapy is non-specific and, in consequence, highly toxic not only
for cancer tissue but also for healthy cells. PtNPs application can influ-
ence the precision of drug delivery and the accumulation in the tumor
site making the treatment more effective and less harmful [17,52].
Moreover, the literature reports indicate that PtNPs have anticancer
abilities on their own [53-55]. Therefore, in the last step, we decided to
perform MTT assay on two different human breast cancer cell lines. The
overall pattern for both nanoparticles’ diameters was similar, where the
cell viability was decreasing with the increasing amount of PtNPs. The
average reduction in cell viability between CDDP alone and in combi-
nation with the highest nanoparticles concentration was up to 17 % and
14 % in MDA-MB-231 cell line and 12 % and 9 % in SKBR3 cell line for 5
nm and 50 nm PtNPs, respectively. The results are in conformity with
research for mesoporous PtNPs modified with polyethylene glycol (PEG)
with DOX, where the cell viability of MCF-7/ADR cells was lower in the
case of DOX with modified PtNPs than with DOX alone [21]. Moreover,
Bhatt et al. [56] studied the cytotoxicity of raloxifene
hydrochloride-loaded poly (I-lactic-co-glycolic acid) nanoparticles and
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Fig. 6. Influence of platinum nanoparticles (PtNPs) on cisplatin (CDDP) cytotoxicity towards selected breast cancer cell lines. (A) Viability of MDA-MB-231
cells treated with 5 nm PtNPs with CDDP (0 pM - filled circles, 1 pM - empty circles, 10 pM - filled triangles, 20 pM - empty triangles). (B) Viability of MDA-MB-231
cells treated with 50 nm PtNPs with CDDP (0 pM - filled circles, 1 pM — empty circles, 10 pM - filled triangles, 20 M - empty triangles). (C) Viability of SKBR3 cells
treated with 5 nm PtNPs with CDDP (0 uM — filled circles, 1 pM — empty circles, 5 pM — filled triangles, 10 pM - empty triangles). (D) Viability of SKBR3 cells treated

with 50 nm PtNPs with CDDP (0 pM - filled circles, 1 pM — empty circles, 5 pM —

0-20 pg/mL; 50 nm PtNPs 0-1 pg/mL.

confirmed that the drug-loaded nanoparticles are more cytotoxic than
the pure drug against MCF-7 cell line. Other researchers demonstrated
that CDDP with curcumin-coated silver nanoparticles decreases the cell

filled triangles, 10 uM - empty triangles). PtNPs concentration ranges: 5 nm PtNPs

aggregation in DLS and AFM results, further methods indicated struc-
tural changes between samples of PtNPs and CDDP alone and in the
mixtures. Moreover, the biological tests confirmed PtNPs’ influence on
CDDP ity and cytotoxicity based on chosen cell lines. The

viability significantly better than CDDP alone on A2780, r
ovarian cancer cells [57].

5. Conclusion
To conclude, the presented results show a significant influence of

PtNPs size on observed direct interactions of PtNPs with CDDP. Inter-
estingly, despite the lack of strong evidence of nanoparticles’

latter, despite being ambiguous, provides a valuable basis for further
research which should be conducted to provide conclusive evidence for
the impact of PtNPs on CDDP cytotoxic activity.
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oraz SKBR3 oraz pomocy w analizie wynikdw | ich interpretacji. Ponadto, przygotowatam ryciny,
opracowatam manuskrypt oraz wykonatam korekty po poprawkach wspdtautordw,

::JL_,;{"_ v i -'?.J(Jt?_'j.;ir’:l'{x_&,



Gdarisk, 30.05.2025

dr hab. Jacek Piosik, prof. UG
Pracownia Biofizyki

Miedzyuczelniany Wydziat Biotechnologii
Uniwersytetu Gdarskiego | Gdarnskiego
Uniwersytetu Medycznego

OSWIADCZENIE WSPOLAUTORA

Ofwiadczam, 2e w pracy’:

Betdzifiska Patrycja, Galikowska-Bogut Barbara, Zakrzewski Marcin, Bury Katarzyna,
Jamrdgiewicz Marzena, Wyrzykowski Dariusz, Gotunski Grzegorz, Sadej Rafat, Piosik Jacek.

“Platinum as both a drug and its modulator = Do platinum nanoparticles influence cisplatin
activity?" Chemico-Biological Interactions 2025, 407: 111365, (doi. 10.1016/.CBL.2024.111365)

mdj udziat polegat na:

sprawowaniu opieki merytorycznej i metodologiczne] oraz wsparciu w interpretacji wynikow i
dyskusji naukowe]. Jednoczesnie podkreslam, iz mgr Patrycja Beldzinska petnita wicdacy role w
powstanie powyZzszego manuskryptu.

Signed by |
Podpisano pree:

|acek Gabriel Pasik
Uniwersytet Gdafski

Date | Data: 2025-
05-03 03131

20



Gdarnisk, 16.06.2025

prof. dr hab. Rafat Sadej

Zaktad Enzymologii | Onkologii Molekularnej
Instytut Biotechnologii Medycznej

i Onkologii Doswiadczalne] GUMed
Miedzyuczelniany Wydziat Biotechnologii
Uniwersytetu Gdanskiego i Gdanskiego
Uniwersytetu Medycznego

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Ze w pracy:

Betdzifiska Patrycja, Galikowska-Bogut Barbara, Zakrzewski Marcin, Bury Katarzyna,
Jamrégiewicz Marzena, Wyrzykowski Dariusz, Goturiski Grzegorz, Sgdej Rafat, Piosik lacek.

“Platinum as both a drug and its modulator - Do platinum nanoparticles influence cisplatin
activity?" Chemico-Biological Interactions 2025, 407: 111365, (doi. 10.1016/.CBI1.2024.111365)

mdéj udziat polegat na: udostepnieniu zasobdw oraz sprawowaniu nadzoru nad badaniami
cytotoksycznosci przeprowadzonymi z wykorzystaniem testu MTT na liniach komdrkowych MDA-

MB-231 oraz SKBR-3.
? S

2n



Gdanisk, 28.05.2025

dr hab. n. farm. Marzena Jamrégiewicz
Katedra i Zaktad Chemii Fizycznej
Wydziat Farmaceutyczny

Gdarnski Uniwersytet Medyczny

OSWIADCZENIE WSPOLAUTORA

Oséwiadczam, ze w pracy:

Betdzifiska Patrycja, Galikowska-Bogut Barbara, Zakrzewski Marcin, Bury Katarzyna,
Jamrégiewicz Marzena, Wyrzykowski Dariusz, Gotunski Grzegorz, Sgdej Rafat, Piosik Jacek.

“Platinum as both a drug and its modulator - Do platinum nanoparticles influence cisplatin
activity?” Chemico-Biological Interactions 2025,407: 111365. (doi. 10.1016/.CB1.2024.111365)

moj udziat polegat na:
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interakcji z nanoczgstkami metoda spektroskopiiw podczerwieni i bliskiej podczerwieni, a takze
dobraniu warunkéw analiz DSC probek cisplatyny objetej praca, wykonaniu analiz oraz
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techniki AFM oraz pomiarach uzyskanych danych.
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activity? Chemico-Biological Interactions 2025, 407: 111365, (dol. 10.1016/).CE1.2024.111365)
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