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Abstract
Over the last decade, it has become clear that the pollution by plastic debris presents global societal,
environmental, and human health challenges. Increasing scienti�c attention on the occurrence and
in�uence of plastic particles, and their potential toxic effects on the environment are evident. However,
humans are also exposed to plastics in daily life and very limited information is available concerning
human health, especially aging process in biological �uids and the colonization of the bacteria on
plastics due to transport the pathogens, causing the infectious is another vital problem. Moreover, various
studies also observed the importance of the nano-sized particles since a lower size can increase the
activity, surface area etc. Therefore, the aim of this study is to investigate the in vitro (arti�cial saliva,
arti�cial lysosomal �uid, phagolysosomal simulant �uid, Gamble’s solution) aging of plastic particles and
the effect on the formation of Staphylococcus aureus bio�lms with nanoplastics under in vitro
conditions. We found that the surface properties of the nano-sized plastic particles changed according to
the surrounding environment and surface deformation and the surface a�nity to the biological activity
was triggered with in vitro conditions due to higher hydroxyl index and carbon to nitrogen ratio. The
results also showed that the Staphylococcus aureus bio�lms formed with nanoplastics with the aging in
vitro conditions. However, their levels and characteristic of extracellular polymeric substances were varied
in these conditions with aging compared to control, and more basophilic extracellular polymeric
substances were formed with these conditions.

1. Introduction
Nowadays, plastics are an emerging global problem because they are considered to be the most widely
used industrial products, and they are routinely released into the environment in either direct or indirect
ways (Saygin and Baysal 2020a). These plastic particles (or items/debris) are synthetic organic polymer
particles and depending on their size, shape, or color, they can be classi�ed as micro- (5 mm to 1 µm),
submicron- (1 µm to 100 nm), and nano- (< 100 nm) plastics (Bradney et al. 2019; Baysal et al. 2020;
Allan et al. 2021). Moreover, these plastic particles are grouped as primary and secondary plastic
particles. Primary plastics can be either manufactured to have a certain size and purpose, and secondary
plastics are fragmented from larger plastics (Ustabasi and Baysal 2020). This fragmentation can occur
through physical and chemical processes in their surrounding environments from plastic packaging,
plastic bags, or bottles, etc. Consequently, humans interact with these plastic particles. However, human
exposure to plastic particles is largely uninvestigated and the studies have mostly focused on
environmental living systems rather than human health (Bradney et al. 2019; Lu et al. 2019). Furthermore,
the studies reported that plastic water bottles included varied concentrations (0.4–11.4 µg/L) and sizes
(< 5µm) of plastic particles, and this can be one of the main sources for human exposure (Schymanski et
al. 2018; Oßmann et al. 2018; Welle and Franz 2018; Koelmans et al. 2019; Cox et al. 2019). Concerning
the potential sources for the contamination of bottled water with plastic particles, they are already
suspected in the packaging (e. g. bottle and/or cap). Stress, fracture, or detached poly/oligomer groups of
these parts of packages can cause fragmented plastic particles in bottled waters. Despite the increased
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number of studies regarding the effect of such an environmental issue on human health, there have been
some critical problems in these research papers; for instance, many of the studies have used
pure/starting polymer material. However, plastic end-products include other additives (e.g., stabilizers,
pigments) that signi�cantly in�uence their behavior (sorption, degradation, etc.) (Allan et al. 2021; Ateia et
al. 2020; Saygin and Baysal 2020a-d). As a result, end-product plastics rather than pure material are more
representative to understand their actions on human health.

Moreover, the decrease in their size from micron to nano, that may also affect the surface area, reactivity,
sorption, bioavailability, and biological impact on living systems (Ferreira et al. 2019; Yong et al. 2020;
Saygin and Baysal 2020b,c). Additionally, human exposure can be unavoidably increased by the
decreasing size of plastic particles. The behavior of microplastics has been widely documented for
environmental systems such as marine invertebrates and �sh. Although increasing efforts are focusing
on the impacts of microplastics, the knowledge of the in�uence of nano-sized plastics is still scarce.
More recently, the possible impacts of micro-and nanoplastics on mammalian cells and metabolism has
begun to be investigated (Hwang et al. 2019; Lu et al. 2019). However, current knowledge is insu�cient in
terms of human exposure and its impact on human health (Yong et al. 2020).

The reactivity, bioavailability, and biological impact of plastic particles on living systems are altered by
durability, dose, and exposure medium (Stefaniak 2010; Stebounova et al. 2011). Furthermore, the
characterization of the physicochemical properties of nanoparticles under different conditions is
essential for understanding their behavior and the potential effect on human health. To mimic the
human-related conditions or cellular environment, in vitro modeling is often more desirable as a simple,
reproducible, rapid, and cost-effective approach and various cellular �uids can be used (Stefaniak et al.
2005; Stefaniak 2010; Hu et al. 2013; Kastury et al. 2018). For example, arti�cial lysosomal �uid (ALF)
simulates the intracellular environment and in�ammatory conditions, phagolysosomal simulant �uid
(PSF) mimics the chemical composition of lung alveolar macrophage, and a Gambles’ solution (GS)
represents the interstitial �uid deep within the lungs. However, there is no study considering the
investigation of the plastic particles on human health using in vitro modeling that mimics the human-
related conditions. There needs to be studies that integrate plastic particle characterization in a different
medium, which includes the physicochemical characterization of surface properties.

Increasing plastic pollution can trigger the microbial contamination, such as bio�lms, which become an
important issue (Saygin and Baysal 2020d). Bio�lms can be both a cause and cure for a range of global
societal, environmental, and human health problems including the transfer of pathogens or toxic or non-
toxic substances, antimicrobial tolerance and sanitation. Furthermore, the extracellular polymeric
substances (EPS) of bio�lms have a key role in the function or behavior of microbial bio�lms (Sevior et
al. 2019; Saygin and Baysal 2020b,d). In addition to that, increasing attention has been focused on
understanding Staphylococcus aureus (S. aureus) bio�lms’ relationship to human disease due to their
complex genetic nature, environmental relevance, and antibiotic resistance. Previous studies have shown
that there is a strong connection between S. aureus occurrence and an increased risk of infections (e. g.,
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skin infections and abscesses, pneumonia, meningitis, endocarditis, or toxic shock syndrome) (Archer et
al. 2011; Kwiecinski et al. 2019).

Therefore, this study is the �rst aimed at investigating a more realistic proxy for the interaction processes
of plastic particles under in vitro conditions. For this purpose, the most susceptible plastic particles that
humans contact were aged in four different in vitro conditions (ALF, PSF, GS and saliva) from 2 h to 80 h,
and the main surface characteristics were evaluated. Furthermore, the bio�lm formation of the S. aureus
in the presence of the plastic particles was examined under these in vitro conditions.

2. Materials And Methods

2.1 Reagents
The S. aureus (ATCC 25923) bacterial strains were obtained from American Type Culture Collection
(ATCC). Tryptic soy broth (TSB), and other chemicals were acquired from Merck (Darmstadt, Germany).
Ultrapure water was obtained using a Milli-Q water puri�cation system (Merck, Darmstadt, Germany,
conductivity 0.055 µS/cm at 25°C, pH 6.9).

2.2 Preparation of plastic particles and exposure to in vitro
conditions
Commercially available plastic drinking water bottles were used to obtain plastic particles. The
preparation of the plastic particles was based on our previous studies (Saygin and Baysal 2020a-d).
Firstly, the bottles were washed with ultrapure water, allowed to dry on a clean bench, and milled with a
stainless-steel render. The characterization procedures of the plastic particles explained in the next
section and the particle size distribution and surface chemistry of the tested plastic particles were
identi�ed by Dynamic light scattering (DLS), Fourier-transform infrared spectrometry (FTIR), and
Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDX) (Supplementary
Fig. 1). The results showed that the tested plastic particles were < 100 nm and included carbon (C),
oxygen (O), nitrogen (N), sodium (Na), and chloride (Cl). The FTIR spectrum of the particles showed that
the bands, which were noticed at 1710 (C = O stretch), 1240 (C-O stretch), 1094 (C-O stretch), and 720
cm− 1 (aromatic C-H out-of-plane bend) can be assigned the polyethylene terephthalate (PET), which is
the most widely used polymer in plastic drinking water bottles.

To mimic the human-related conditions, in vitro modeling was applied through four different arti�cial
human solutions (saliva, ALF, PSF, and GS). The arti�cial human solutions (saliva, ALF, PSF, and GS) and
their chemical composition are shown in Supplementary Table 1. The �xed concentration of the plastic
particles (50 mg) was mixed with each of the arti�cial human solutions (1000 mL) during 2h, 20h, 40h,
80h. Then, the plastic particles were removed from the suspensions by centrifugation, and then washed
and dried. Three separate experimental set-ups were conducted for each incubation.

2.3 Characterization of plastic particles
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The particle size distribution, surface chemistry and elemental composition of the plastic particles were
characterized by DLS, FTIR, and SEM/EDX. Zetasizer Nano ZS (at 25°C, a 173° scattering angle, 4 mW
He–Ne laser; Malvern Instruments, UK) were used for the DLS measurements. All the samples were
analyzed in triplicates. The FTIR characterization of the plastic particles was carried out using a Bruker
VERTEX 70 ATR instrument. The bulk was analyzed within the 4000–400 cm− 1 range. All the samples
were analyzed in triplicates and each spectrum was the sum of 64 scans. The EDX spectra were collected
using an SEM/EDX spectrometer (QUANTA FEG 250, FEI, Thermo Fisher Scienti�c, Oregon, USA). All the
samples were analyzed in triplicates.

The in�uence of in vitro conditions and incubation duration on the surface oxidation state was
determined from the FTIR spectra by calculating the C-O (CI) and OH (HI) indices based on the
relationships:

CI=(I1715 cm− 1/ I2966-64 cm− 1) and HI=(I3425 cm− 1/ I2966-64 cm− 1) respectively,

Where I1715 cm− 1: the intensity of C-O; I3425-23 cm− 1: the intensity of -OH; and I2966-64 cm− 1: the
intensity of the methylene group (as control group).

The ratio of elemental oxygen to carbon (O/C) and carbon to nitrogen (C/N) was calculated from the EDX
spectra.

2.4 Bio�lm formation of S. aureus under in vitro conditions
To investigate the impact of the human-related conditions on the S. aureus bio�lm formation with the
plastic particles, S. aureus cells were incubated with the plastic particles and measured by using the
crystal violet (CV) method according to our previous studies (Saygin and Baysal 2020a,d). For this
purpose, plastic particles at the trace level (50 mg/L) which re�ect human consumption and occurrences
in drinking water bottles were examined for the culture-dependent bio�lm formation (Hwang et al. 2019).
Trace level were used due to being a more realistic proxy in the body and lung. The plastic particles were
added onto the TSB prepared within which isolated bacteria were suspended. The bacteria exposed to the
plastic particles were subjected to four different in vitro conditions: (i) one was a broth that was prepared
with arti�cial saliva, (ii) the second broth was prepared using the ALF, (iii) the third broth was prepared
with PSF, (iv) the fourth broth was prepared with GS. All four media were autoclaved for 15 min at 121°C
before they were used in the tests. The controls for the procedure of the bio�lm formation contained
isolated bacteria, which were suspended in TSB broth prepared in ultrapure water. After 2 h, 20 h, 40 h, 80
h of incubation in a dark oven at 37°C, the plastics were removed from the growth media, placed in a
glass Petri dish, and washed with ultrapure water. The plastics were air-dried at room temperature for 45
min in glass Petri dishes before staining with CV (1%) for an additional 45 min. The stained plastics were
washed with ultrapure water, air-dried, and placed into a tube (2 mL), and ethanol (1 mL) was added for
de-staining the plastics. Afterwards, the ethanol-containing solutions were pipetted to a well-plate, and the
595 nm of optical density (OD) was measured. The control for each sample involved the whole procedure
and all the chemicals, but without any stained bacteria. The extent of the bio�lm formation was
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determined by the following formula: BF = OD–ODC, where BF is the bio�lm formation, OD is the OD at
595 nm of the stained bacteria and ODC is the OD at 595 nm of the stained control samples containing
only the bacteria-free medium (Saygin and Baysal 2020d).

To characterize the bio�lms, the acidophilic and basophilic properties of the bio�lms were investigated
through the protein and carbohydrate content of the EPS. For this purpose, the EPS on the plastic
particles was extracted at the end of the bio�lm formation process (Saygin and Baysal 2020b,d). The
plastic was collected, washed with de-ionized water, and dispersed into a suspension. The cell
suspension was then immediately sonicated for 20 min at 4°C. The carbohydrate and protein content
was determined in the EPS extracts (Saygin and Baysal 2020b,d). The carbohydrate content in the EPSs
was determined by the phenol sulphuric acid method measured at 480 nm (Dubois et al. 1956). The
protein content in the EPSs was determined by using the Bradford method (1976) at 595 nm by a
microtiter UV–VIS spectrophotometer (Thermo Scienti�c MULTISKAN GO, Finland).

Bio�lm formation of plastics and controls were prepared in �ve replicates at different times, and the
results are reported as the averages of those replicates. The differences between control and samples, as
well as the differences among samples, were analyzed by ANOVA with post hoc Tukey (p < 0.05). SPPS
17.0 software was applied for the signi�cance and Spearman correlation (two-tailed) tests.

3. Results And Discussion

3.1 Impact of the in vitro aging on the surface characteristic
of nanoplastics
The FTIR spectra of the nanoplastic particles incubated under in vitro conditions, which were saliva, ALF,
PSF, and GS, is given in Fig. 1. The surface functional groups of the nanoplastic particles had different
responses to the various cellular conditions of the arti�cial lung �uids (ALF, PSF and GS) and saliva. For
instance, Fig. 1a shows the FTIR spectrum of the nanoplastic particles in the saliva. The spectrum
indicated that it peaks at 3000 − 2800 cm− 1 and 1550–1570 cm− 1 appeared with the saliva incubation of
the nanoplastic particles, and these peaks corresponded to the N-H stretching peaks. The N-related peaks
can originate the saliva composition (as shown in Supplementary Table 1). The intensity of the double
peaks of the C-O stretching between 1090–1250 cm− 1 decreased with the incubation of the saliva. The
decrease may be correlated to the balance of the available attaching sides on the nanoplastic particles.
Additionally, the peaks of the N-related substances (1550–1570 cm− 1) and –OH bands (3200–3500 cm− 

1) appeared with the incubation of the ALF on nanoplastic particles due to the –OH and N- related
constituents in the �uid (Fig. 1b). The intensities of these peaks were increased with the incubation
duration, which might be the association of the nanoplastic surfaces with the reaction of the N-, C- and O-
related substances into the surrounding environment (Tavares et al. 2016). The C-O stretching peaks on
nanoplastic particles at around 1290–1300 cm− 1 were less intense at a longer incubation duration of
ALF, which might relate to the available groups to attach. Contrarily to ALF, the N-related substances did
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not attach to the surface of the nanoplastic particles with the PSF due to no N-related compounds in the
PSF (Fig. 1c). This result may also indicate that nano-sized PET surfaces have an a�nity to the N-related
substances. Moreover, -OH bands appeared on the nanoplastic particles, but the highest intensity was
obtained at a lower incubation duration with the PSF. The FTIR results also showed that it peaks at
around 900–1800 cm− 1, which correlate with the C-H and C-O peaks were more intense with the PSF
when compared to the ALF and the control. As shown in Fig. 1d, the -OH related bands between 3100–
3700 cm− 1 and the methylene group and vibrations of the ester C-O bond at around 1050–1100 cm− 1

were signi�cantly formed with the GS when compared to the control. Although the –OH groups decreased
with the incubation of the GS, the doublet peak of the methylene group, and the vibrations of the ester C-O
bond increased with the incubation of GS. All these spectrums indicated that the available functional
groups and their intensities were changed according to the human related medium and duration of the
incubation. These results also showed that the PET surface can be in�uenced by the surrounding
environment. Despite some previous studies suggesting the impact of the surrounding environment on
the plastic particles, none of these studies have investigated the in�uence of the human related
conditions on the particle surface. The surface changing with the surrounding environment is also
parallel with the study by Ioakeimidis et al. (2016). They examined the deformation potential of PET
bottles into environmentally relevant conditions using FTIR, and they indicated that the deformation
process of the PET surface seems to happen concurrently in the marine environment. Moreover, the shifts
of –OH group, C-O, and N-H with the incubation time indicated the particles interacted with the
surrounding medium. The –OH, N-H, and C-O band shifting, and formation of the free C-O groups indicate
the coordination of the particle surface and medium (Yadav and Sontakke 2013; Givens et al. 2017;
Tavares et al. 2016). Similar with these studies, the formation of C-O and N-H peaks also showed that the
interaction occurred between plastic particles and human related medium.

In Fig. 2, the evolution of the -OH content and C-O content of the nanoplastic particles under in vitro
conditions is presented for mimicking the possible surface deformation into human-related conditions
(Rouillon et al. 2016; Liu et al. 2019; Saygin and Baysal 2020b,c). It can be stated that both the CI and HI
of the nanoplastic particles were affected after incubation with saliva, ALF, PSF and GS. Based on the CI,
the rate of the deformation for the different cellular conditions decreased at the lower incubation time
(Fig. 2a) and these results indicated a protective effect on the chemical integrity of the plastic surface as
assessed by FTIR, with a reduced CI (Awad et al. 2018). On the other hand, the CI index increased with the
longer incubation time (80 h) in the saliva and PSF when compared to early exposures (2–40 h), and the
CI values of the nanoplastic particles into the GS was not signi�cantly in�uenced by the incubation
duration. Additionally, the CI values of the nanoplastic particles in the ALF were responded differently
when compared to the saliva, and the PSF and CI levels decreased with the increasing incubation. In the
meantime, the lowest CI levels were obtained with the ALF condition with the longer incubation, which
mimic the in�ammatory (harsh) conditions of the lung. This result indicated that longer in�ammatory
conditions of the lung might protect the C-O backbones of the nanoplastic particles. The exposure to
saliva and PSF had a similar reaction on the C-O backbones of the nanoplastic particles. This result
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might be indicating that the C-O backbones of the nanoplastic particles cannot change after the ingestion
of plastics through the mouth to the lung alveolar macrophage.

In contrast to the CI levels, the HI levels increased under in vitro conditions (Fig. 2b). The higher HI
indicates the surface deformation. The level order at 2 h, 20 h, 40 h and 80 h were control < saliva < ALF < 
GS < PSF, control < saliva < PSF < GS < ALF, control < PSF < GS < saliva < ALF, and PSF = GS < control < 
saliva < ALF. These results also indicated that early exposure could cause the highest oxidation of the
nanoplastic particles under in vitro conditions. The highest oxidation at the earliest exposure was
obtained in the alveolar macrophages conditions (PSF) as the PSF acts as a protector for the lung from
inhaled substances (Oberdörster et al. 1992). This result suggested that the lung alveolar macrophages
can degrade the -OH groups onto the plastics to protect the lung. However, over time, the oxidation levels
(HI) of the nanoplastic particles reduced, and the results showed that the -OH backbone was degraded in
the early exposure of the PSF and GS; then the -OH backbone was the protector, except for in the saliva
and ALF (Awad et al. 2018). Moreover, the HI of the nanoplastic particles increased under the
in�ammatory conditions (ALF) with the incubation. This result suggested that the oxidation of the
surface increased under in�ammatory conditions (ALF) in time, while the C-O backbone was protected.

The aging in surrounding environment can also in�uence the elemental distribution of the nanoplastic
particles and their surface a�nity. To examine the effect of in vitro aging on the elemental distribution of
the nanoplastic particles, the O/C, and C/N ratios were calculated using O, C, and the N content obtained
by the EDX spectrum. These ratios are also an indicator of the surface deformation and a�nity to the
biological activity (Luo et al. 2020; Saygin and Baysal 2020b,c; Chen et al. 2015). As indicated in Fig. 3a,
the O/C value of the nanoplastic particles was signi�cantly higher after incubation with the ALF and GS.
This �nding can be explained by the attachment of the –OH groups on the surface and reduced carbonyl
compounds. The higher O/C values indicated the surface deformation in the ALF and GS when compared
to the control (Luo et al. 2020; Saygin and Baysal 2020b,c). However, the incubation duration did not
signi�cantly in�uence the O/C values of the nanoplastic particles in the ALF and GS due to the
detachment of the –OH groups, the attachment of the methylene group, and the vibrations of the ester C-
O bond on the surface. On the other hand, the O/C ratio of nanoplastic particles reduced into the PSF and
saliva compared to control. The O/C ratio in these environments was also in�uenced by the incubation
duration in these �uids. The O/C ratios of the nanoplastic particles in the saliva were lower at the early
incubations when compared to the longer incubation and their controls, which increased. Contrarily, the
O/C ratio at longer incubation was lower than early incubation into the PSF. This result indicated that the
surface deformation can start with the increasing incubation in the saliva. However, the lower O/C values
also indicated surface protectivity. These results can be correlated with the CI values. The higher O/C
value obtained at the lower incubation when compared to increasing incubations for PSF. This result can
be explained that the –OH attachment was the highest level at early exposure when compared to longer
durations for the PSF and negatively correlated with CI. Furthermore, Fig. 3b shows the C/N ratios to
indicate the nanoplastic surfaces’ a�nity to the biological activities with the in vitro aging. The results
showed that the C/N values were lower in all the tested conditions. This result showed the surface can
open the biological activities due to increased N content and formation N-related functional groups. On
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the other hand, the C/N values demonstrated a time-dependent increase in the ALF and the saliva, and
they were greater compared to GS and PSF. The higher time-dependent increase of C/N ratio in saliva
correlated with CI levels, but it has negative relationship with HI levels. Contrarily to the saliva, the C/N
ratio in ALF has negative correlation with CI and positive correlation with HI. The higher CI indicates the
surface deformation, therefore, these results indicated that the surface deformation by carbonyl groups
and protection of hydroxyl groups occurred in saliva, and this situation may limit the biological activity.
However, increased surface biological a�nity was obtained by the protection of carbonyl groups and
deformation of hydroxyl groups on the plastics in ALF.

3.2 Bio�lm formation of nanoplastic particles under in vitro
conditions
The formation of the S. aureus bio�lms and their EPS characteristics were evaluated in the presence of
the nanoplastic particles with 2–80 h incubation under in vitro conditions (Fig. 4). The results showed
that bio�lm formation was varied according to the aging environment. For example, bio�lms increased by
the aging in the presence of nanoplastics in the controlled conditions. Moreover, the results obtained from
saliva and ALF condition showed that the formation was not changed during the aging, except decrease
at 2 h in saliva and 20 h in ALF aging. Unfortunately, this �nding cannot be correlated with surface
properties of nanoplastics. On the other hand, the bio�lm formation showed similar responses in PSF and
GS with nanoplastics. This result can be originated by the surface changes of nanoplastics with these
environments. Similar behavior of bio�lmformation can be explained that lower C/N values with time can
support the biological a�nity of nanoplastics in PSF and GS since the C/N levels positively correlated
with O/C levels and CI levels. Furthermore, the order of the bio�lm formation at 2 h, 20 h, 40 h, and 80 h
were saliva < GS < PSF < control < ALF, ALF < PSF < GS < control < saliva, saliva < ALF < GS < control < PSF,
and GS < PSF < saliva < ALF < control, respectively. The bio�lm formation behavior in the saliva, ALF and
GS mostly negatively in�uenced the CI values and positively affected the C/N values. However, the
responses into the PSF were different. Moreover, the reduced bio�lm formation with the incubation time
can be explained by the increased C/N that indicated the decrease in the biological activity when
compared to the control. Besides, the results showed that early exposure into the in�ammatory conditions
promoted the bio�lm formation of the nanoplastics, and as time passed, the possibility of the bio�lm
formation was lower than the control due to the deformation of surface.

The bio�lm characteristics were examined through the acidophilic and basophilic properties of the EPS
(Fig. 4). For this purpose, the protein and carbohydrate ratio were calculated. The result showed that the
acidophilic character of the bio�lms into the saliva, ALF, PSF, and GS were greater than the control. These
results indicated that the bio�lms into in vitro conditions can have more a�nity to the cationic substance
compared to the control. Moreover, the basophilic characteristic of the bio�lms into the ALF and GS
reduced with the incubation time when compared to the control; this result can be explained by the
surface properties of nanoplastics in these media. however, similarly with the control, the basophilic
character of the bio�lms in the saliva and PSF were promoted with the incubation time.
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4. Conclusion
This study is the �rst to investigate the surface behaviors of nanoplastic particles with in vitro aging to
mimic the human cellular environment. The results showed that surface nanoplastic particles changed
under the in vitro conditions. The surface of the nanoplastic particles attached with N-related substance
and –OH functional groups under intracellular lung environment and in�ammatory conditions (ALF), and
N-related and –OH groups on the surface increased with time. Moreover, the bio�lms formed with the
nanoplastic particles under these conditions. However, these bio�lms also had more acidophilic
characteristics when compared to the control. These results suggested that more cationic substances
might be attached to these bio�lms under a cellular environment and in�ammatory conditions.

Based on the results, we hypothesize that the use of a bio-relevant environment provides realistic
estimates of the surface characteristics of nanoplastic particles and their bio�lm formation respecting
the biological activities. The changes in the surface properties of nanoplastics and their bio�lm response
showed that human exposure to the nanoplastics needs further attention, especially in terms of the
interactions of the plastic particles with biological substances in a different cellular environment. These
�ndings are also important to understand the toxicity of plastics and their interaction with biological
substances or other natural/antrophogenic substances. Moreover, the results from this study can be used
for the desinging new bioavaliable materials.
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Figure 1

FTIR spectrum of aged nanoplastic particles under in vitro conditions at various incubation times.
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Figure 2

(a) CI (carbonyl index) and (b) HI (hydroxyl index) of nanoplastic particles with the in vitro aging. N=3



Page 16/18

Figure 3

(a) O/C and (b) C/N ratio of nanoplastic particles with the in vitro aging. C, O and N contents obtained
from EDX. N=3
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Figure 4

Bio�lm formation of S. aureus and the EPS characteristics (protein to carbohydrate ratio) in the presence
of nanoplastics under (a) Control, (b) Saliva, (c) ALF, (d) PSF, and (e) GS. N = 5
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