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Abstrakt
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Konzultant: PharmDr. Ajit Kumar Pratihast

Autor: Zhuldyz Abisheva

Nazev diplomové prace: Vliv 100nm polystyrenovych nanoplasti na permeabilitu lidské kiize

Nanoplasty jsou ¢astice vznikajici degradaci a fragmentaci vétSich plastovych materialti
v Zivotnim prostfedi. Obvykle jsou definovany jako plastové castice o velikosti od 1 do
1000 nm. Mezi riznymi typy plastii je polystyren nejcastéji studovanym a nejpouzivanéjSim
modelovym nanoplastem ve védeckém vyzkumu kvili svému Sirokému vyskytu v Zivotnim

prostredi, fyzikalné-chemické stabilité a dostupnosti pro experimentalni studie.

V této studii byly zkoumany Gc¢inky polystyrenovych nanoplastii na bariérové vlastnosti
lidské ktize. Polystyrenové nanoplasty o velikosti 100 nm byly aplikovany na lidskou kizi ex-
vivo a byla métena transepidermalni ztrata vody a elektricka impedance. Nasledné byla pomoci
vysokouc¢inné kapalinové chromatografie studovana permeace a retence dvou modelovych

permeantti, indomethacinu a theofylinu.

Vysledky ukézaly, Ze polystyrenové nanoplasty o velikosti 100 nm nemaji zadny vliv
na ztrdtu vody, elektrickou impedanci a permeaci indomethacinu a theofylinu. Retence
indomethacinu v kiZi, epidermis a dermis vSak byla vyznamné snizena po zvySené expozici
polystyrenovym nanoplastiim, coz naznacuje jeho potencialni vliv na podavani 1é¢iv dermalni

cestou. Pro objasnéni mechanismu téchto pozorovanych ucinki je zapotiebi dalsiho vyzkumu.



Abstract

Charles University, Faculty of Pharmacy in Hradec Kralové
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Consultant: PharmDr. Ajit Kumar Pratihast

Author: Zhuldyz Abisheva

Title of the thesis: Effect of 100nm polystyrene nanoplastics on the permeability of human
skin

Nanoplastics are particles formed by the environmental degradation and fragmentation
of larger plastic materials in the environment. They are typically defined as plastic particles
ranging in size from 1 to 1000 nm. Among various plastic types, polystyrene is the most
frequently studied and commonly used model nanoplastics in scientific research due to its
widespread environmental occurrence, physiochemical stability, and availability for

experimental studies.

In this study, the effects of polystyrene nanoplastics were investigated on human skin
barrier properties. Polystyrene nanoplastics of size 100 nm were applied on the ex-vivo human
skin and the transepidermal water loss and electrical impedance were measured. Subsequently,
permeation and retention of two model permeants indomethacin and theophylline were studied

using high performance liquid chromatography.

The results showed that polystyrene nanoplastics of size 100 nm have no effect on water
loss, electrical impedance and indomethacin and theophylline permeation. However, the
retention of indomethacin in the skin, epidermis and dermis was significantly reduced with the
increased exposure amount of polystyrene nanoplastics indicating its potential influence on
dermal drug delivery. Further research is required to elucidate the mechanism behind these

observed effects.
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1. List of abbreviations
Cholesterol Chol

Chronis obstructive pulmonary disease COPD

Cornified envelope CE
o-hydroxylated ceramides CER
Cornified lipid envelope CLE
Cyclooxygenase 1 COX1
Cyclooxygenase 2 COX2
Franz diffusion cell FDS
Free fatty acids FFA

High-performance liquid chromatography HPLC

Indomethacin IND
Microplastics MPs
Nanoplastics NPs
Nonsteroidal anti-inflammatory drug NSAID
Polystyrene PS
Polystyrene Nanoplsatics PS NPs
Stratum corneum SC

Theophylline TH



2. Introduction and aim of the work

The widespread use of plastic materials has led to the environmental accumulation of
both nanoplastics (NPs) and microplastics (MPs). These particles are commonly detected in air,
marine systems, consumer products such as cosmetics, styrofoam, coffee cups, but also in
laboratory equipment such as petri dishes, syringes etc. Among them, polystyrene nanoplastics
(PS NPs) are frequently used as model particles due to their well-defined size, surface

properties, and availability in functionalized forms.

Human exposure to NPs occurs through inhalation, ingestion and dermal contact.
Compared to other exposure routes, the dermal pathway is less studied, yet it is the most
continuous way of NPs exposure. Skin serves as the first organ of a body that encounters
exogeneous particles and at the same time it prevents the loss of water and endogenous solutes
from the body. Recent studies suggest that NPs, including PS NPs, may accumulate in the
stratum corneum and hair follicles. Their ability to penetrate deeper skin layers and their
potential biological effects remain insufficiently understood. Despite the relevant number of
studies around this topic, few studies examined whether NPs influence not only the structural
integrity of the skin, but also the behavior of pharmacologically active molecules applied on
the skin surface. This question opens another discussion whether NPs interact with co-applied

drug molecules to affect cutaneous availability of topically applied drugs.

Thus, the aim of this work was to study the effects of PS NPs on human skin barrier
integrity, using ex-vivo human skin model. Specifically, the goal was to understand whether
topical application of PS NPs in different amounts affects the skin barrier integrity and

determine whether PS NPs exposure influence permeation and retention of model permeants.



3. Theoretical Part
3.1. Skin

The entire human body is covered by the skin, which represents the integumentary
system’s largest organ. Owing to its large surface area and complex structure, it plays a
fundamental role in maintaining homeostasis and protecting the body against external
influences (1). Structurally, the skin is composed of three different layers: the hypodermis, the
dermis, and the epidermis (Figure 1). Each of these layers differs in composition, thickness, and

function, yet they work together to ensure the proper physiological functions of the skin.

Epidermis

Dermis

Hypodermis

Figure 1. The skin layers. (Modified from the article(2))

3.1.1. Hypodermis

The hypodermis is the deepest layer of the skin located directly beneath the dermis, it
anchors the skin to underlying muscles and bones, providing structural support and stability
while permitting mobility. It consists predominantly of adipose tissue, which serves as an
energy reservoir, offers mechanical cushioning against external pressure, and provides thermal
insulation to help regulate body temperature. In addition, the hypodermis contains loose areolar
connective tissue rich in blood vessels, fibroblasts (which produce collagen and
glycosaminoglycans), macrophages, other immune cells, and nerves. The loose arrangement of

collagen and elastic fibers enables flexible movement of the skin over deeper structures (3).

3.1.2. Dermis
The dermis, the central and thickest layer of the integumentary system, forms the
structural core of the skin. It has extensive networks of blood vessels, lymphatic vessels, and

nerve endings that supply nutrients and oxygen to the epidermis, remove waste, and support



sensory perception, thermoregulation, and immune responses (4—6). It is divided into two
regions: the superficial papillary dermis, made of loose connective tissue rich in fibroblasts
(secrete fibronectin (7) and hyaluronic acid for hydration and wound healing), along with
specialized Schwann cells, small blood vessels, lymphatic capillaries, epithelial cells, nerve
fibers, and smooth muscle cells to promote epidermal metabolism and rapid responses to stimuli
(8); and the deeper reticular dermis, consisted of dense irregular connective tissue with thick
collagen and fibro — elastic fibers produced by fibroblasts, providing tensile strength against
mechanical stress, and containing skin appendages like sebaceous and sweat glands, hair

follicles and nerves, but fewer immune cells, blood vessels, and no dermal papillae (3,9).

3.1.3. Epidermis

The epidermis represents the outermost layer of the skin and functions as protective
barrier of the human body against external environment. Its thickness varies depending on the
anatomical location, ranging approximately from 0.5 mm (eyelids) to up to 1.5 mm (palms of
the hands and the soles of the feet) (10). Due the uniform thickness and barrier properties,
abdominal skin is often used in ex vivo permeation studies and serves as a model for studying

skin permeability and substance diffusion (11).

The epidermis is avascular and relies entirely on diffusion from the underlying dermis
for the supply of oxygen and nutrients, as well as for the removal of metabolic waste products
(12-14). Histologically, the epidermis is composed of keratinized stratified squamous

epithelium (15).

Based on its thickness and structural composition, the epidermis is classified into two
types: thin skin and thick skin (13). In thin skin, the epidermis is composed of four epithelial
layers arranged in a specific sequence from the most superficial to the deepest layer: the stratum
corneum (SC), stratum granulosum, stratum spinosum and stratum basale (Figure 2). Thick
skin consists of five layers, it includes an additional layer known as the stratum lucidum, which

is located between the SC and the stratum granulosum (2,16,17).



-
Stratum corneum

Stratum granulosum

| Stratum spinosum

Figure 2. Epidermal architecture. The SL isn’t shown. (Modified picture from reference (2))

3.2. Stratum Corneum
The SC is the outermost layer of the epidermis, composed of approximately 15 to 25
layers of highly flattened, fully keratinized, anucleate corneocytes embedded in lipid matrix.
Corneocytes are keratinocytes in the final stage of differentiation. They give the SC its unique
organization and barrier properties (2,18). They are interconnected by corneodesmosomes,
which provide mechanical resistance (19,20). The SC is divided into two zones: the lower
stratum compactum and the upper stratum disjunctum. In the stratum dusjunctum,

desquamation occurs, while in the stratum compactum, the compact intercellular material forms

the main diffusion barrier (21,22).

The intercellular lipid matrix of the SC is mostly composed of free fatty acids (FFA),
ceramides (CER), and cholesterol (Chol) in approximately equimolar ratio (23). These lipids
are organized into highly ordered lamellar structures forming the barrier to skin water loss

(inside-out) and penetration of exogenous substances (outside-in).

3.3. Nanoplastics
Plastic particles smaller than 5 mm are defined as MPs whereas those smaller than 1 um
are considered as NPs. Both MPs and NPs are very common plastic-derived materials in the
environment that occur naturally; originated from the disintegration of large-scale plastic
objects caused by factors such as UV light, water, interaction with marine environments or from
products designated for human use like cosmetics, clothing, etc. (24,25); or engineered for
applications in medicine and electronics. The fate of MPs and NPs in the environment remains

largely unknown (26).



Common plastic polymers from which MPs and NPs are derived include Polyvinyl
chloride (PVC), Polypropylene (PP), Polyethylene terephthalate (PET), Polystyrene (PS) and
Polyethylene (PE) (27). (Figure 3)
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Figure 3. Common sources of MPs and NPs. PVC-Polyvinyl Chloride, PS-Polystyrene, PP-Polypropylene,
PMMA-Polymethyl methacrylate, PET-Polyethylene terephthalate, PE-Polyethylene (28).
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Humans get exposed to MPs and NPs via various routes like dermal contact, ingestion
or inhalation (Figure 4). It has been shown that MPs and NPs are found in many biological
samples like breast milk (29), urine (30), blood (31), placenta (32), and fetus (33). They have

also demonstrated negative impact on skin health (skin irritation and inflammation) (34).

Atmospheric fallout ea salt aerosols y Nanoplastics

Inhalation

Contaminated food
and drink

Ingestion

Figure 4. Human exposure pathways of nanoparticles (24).



3.3.1. Polysterene Nanoplastics

PS NPs comes from fragmentation of larger PS plastic items or direct release from the
products (35). PS NPs are prevalent in the environment (water, air, soil) and consumer products
(cosmetics, scrubs, textiles) (27). Chemically, PS NPs is a synthetic aromatic polymer made
from styrene monomers and is widely produced for packaging, disposable items and consumer
goods (36). They can have spherical or irregular shapes, and they can be either non-modified
or surface modified (e.g. carboxy (-COOH) or amino (-NH>) functionalized) (37,38). PS NPs
serve as one of the most widely used model NPs for investigating the interactions of NPs with
the human body due to their controllable size, surface functionalization, and fluorescent

labeling (39,40).

3.1. Skin Permeation
The permeability of the SC represents the primary rate - limiting step in percutaneous
absorption, serving as a multifaceted barrier that governs the passive diffusion of exogenous
substances, including pharmaceuticals, toxins, and environmental pollutants (41). There are two
major paths by which substances can penetrate through the skin barrier: transepidermal and

transappendageal (42,43):

Route 1 Route 2 Route 3
Intercellular Intracellular Transappendageal
2

-------
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Figure 5. Different modes of transdermal drug diffusion. Each purple arrow represents a pathway.(44)

The transepidermal path further includes two possible routes which are intercellular (via
the extracellular matrix between adjacent cells — Route 1 in Figure 5) and intracellular (through

the corneocytes cells — Route 2 in Figure 5). Permeation across the skin predominantly occurs



through the intercellular route (43,45). This mechanism is particularly efficient for hydrophobic
drugs because of the highly lipophilic intercellular matrix and lipid - rich cell membranes

(42,43).

The transappendageal route (Route 3 in Figure 5) occupies only approximately 0.1% of
the skin surface, however, they contribute to the skin transport (46). Drug penetration through
this route involves sweat glands, hair follicles, and sebaceous glands, which are known as skin
appendages. This pathway is efficient for delivering polar, ionizable, or hydrophilic
compounds, as well as macromolecules and larger particles. The transappendageal route
broadens the spectrum of molecules capable of achieving meaningful dermal penetration and
absorption (2,47). It is also known that the nanoparticles easily penetrate hair follicles where

they can be stored longer than in SC, up to ten days (48).

There are several factors that affect dermal penetration of substances such as integrity
of skin barrier, the body part exposed, moisture, temperature, and the formulation of substance,
though evidence remains fragmented (49-51). Extremely hydrophilic or hydrophobic

molecules may have difficulties passing through the epidermal layers (52).

In the context of this study, the SC is the critical part where NPs are expected to have a
major impact on skin permeability. It was previously described that nanoparticles with the same
size distribution as NPs can penetrate not only to the epidermis but also to the dermis (53,54).
In addition, cationized nanoparticles have better adhesion to the skin than the anionized ones,
while others indicate that anionic may penetrate deeper (55,56). Deeper penetration of
nanosized particles is a very rare situation which mostly happens only in the case of focal
particle aggregation (57). Data about penetration through the damaged - including inflamed -
barriers is very controversial, because in some cases mechanical weakening of the barrier led
to deeper penetration of particles, whereas in other cases it did not lead to any change in
penetration (56,58,59). Methodological inconsistence does not allow to clearly state the fact
that the permeation depth depends on the size of the nanoparticle. Latest research shows that
the PS NPs of larger size reduced the stability of SC lipid monolayer depending on a
concentration; PS NPs especially amino-modified ones had a high cytotoxicity on dermal
fibroblasts (37). In the previous investigation it was found that PS NPs penetrate deeper into
the dermal layer following the skin application of a higher concentration of particles. The
authors were studying 3D human skin, abdominal human skin and animal skin. The permeation
in abdominal human skin was higher, and the authors assumed that the difference lies in larger

human hair follicles. It was also identified that increased concentration of PS can compromise



skin integrity contributing to the development of skin-related disorders (60). From previous
studies, it is also known that isolated nano-sized plastic 30-300 nm applied on keratinocytes
caused inhibition of proliferation, induced cytotoxic, cytostatic activity and aging (61). Latest
research focused more on potential penetration, mechanisms, and laboratory-based effects more
than on widespread concentration of nanoparticles on the skin. Nanoparticles are challenging
to quantify in biological samples, presumably due to their size. Data about concentration of NPs

often overlaps with MPs.



4. Experimental part

4.1. Materials and methods

Indomethacin (IND), theophylline (TH), sodium dihydrogen phosphate dihydrate,
disodium hydrogen phosphate dodecahydrate, sodium chloride, potassium chloride and
gentamycin sulphate was purchased from Merck (Darmstadt, Germany). The water used
through this study was distilled, deionized, and filtered through a Millipore Q purification
system of Merck Millipore (Burlington, USA). Acetonitrile, acetic acid and methanol were of
high-performance liquid chromatography (HPLC) grade, and were purchased from Merck
(Darmstadt, Germany). Polystyrene latex beads of 0.1 um mean particle size were purchased

from Merck (Darmstadt, Germany).

4.2. Methods
4.2.1. Human Skin

Human skin was obtained from female donors, who underwent abdominal plastic
surgery. The skin was used in compliance with the approval of the Ethics Committee of the
Sanus Surgical Centre (19/3/2021) and in accordance with the principles of Declaration of
Helsinki. The skin, after removal of hypodermis, was washed with Millipore water to remove

blood stains and debris, blotted dry and stored at — 20 “C until further use.

4.2.2. Franz Diffusion Cells Setup
Franz diffusion cells (FDC) consist of a donor chamber, a receptor chamber equipped
with a sampling port, Teflon holders, and a magnetic stirrer. FDC were assembled using human

skin. The whole setup was stabilized using small wooden sticks and rubber bands.

Firstly, skin was cut into appropriate sizes to be placed between donor chamber and
receptor chamber. Before positioning the skin, a magnetic stirrer was placed into the receptor
compartment to provide continuous mixing during the experiment. Each skin section was
carefully mounted between Teflon holders with a diffusion area 1 cm? with the epidermal side
facing the donor compartment. The skin was gently stretched to ensure uniform tension and
avoid any folds. Teflon holders were secured in a place using small wooden sticks and rubber

bands to ensure tight sealing.

The receptor chamber was filled with a phosphate-buffered saline (PBS) solution (pH
7.4) containing 0.005% gentamycin sulphate. The PBS was prepared using Sodium dihydrogen
phosphate dihydrate (0,312 g/L), Disodium hydrogen phosphate dodecahydrate (2,865 g/L),



Sodium Chloride (8 g/L), Potassium Chloride (0,201 g/L), Gentamycin sulphate (0,05 g/L) by
dissolving in MilliQ water and its pH verified using SevenCompact pH/Ion meter S220, Mettler

Toledo (Greifensee, Switzerland).

The air bubble (if present) in the receptor chamber was carefully removed. After the
assembly, FDC were placed into a thermostatically controlled water bath purchased from

Memmert (Schwabach, Germany) at 32 °C and left for 12 h equilibration (Figure 6) (62).

Figure 6. Assembled Franz diffusion cells with mounted skin in water bath.

4.3. Transepidermal Water Loss Measurement
The inside-out barrier of skin was assessed by measuring transepidermal water loss
(TEWL). Each FDC was removed from the water bath, the donor compartment was detached,
and the probe was placed on the Teflon holder. For each sample, TEWL was measured at least
two times using AquaFlux™ model AF200 TEWL Measurement Device purchased from Biox
Systems Ltd (London, England), and the average of these measurements were taken. TEWL

measurements were carried out before and after exposure to PS NPs.

4.4, Electrical Impedance Measurement
Subsequently, 0.5 ml PBS solution was applied to the epidermal surface of each sample
to enable electrical impedance (EI) measurement and left to equilibrate for one hour. The
impedance of the skin was determined by immersing the probe tips into the PBS of both the
donor and acceptor chambers of the FDC. EI was measured using the Voltcraft Plus 4080 LCR
meter, Conrad Electronics (Hirschau, Germany). Each measurement was performed at least
twice, and the average value was taken. Following the measurement, PBS was carefully

removed using cotton swabs making sure that the process does not cause any mechanical



friction or damage to the epidermal surface. Similar to TEWL measurements, EI measurements

were also carried out before and after exposure PS NPs.

4.5, Control groups and exposure groups
After the initial TEWL and EI measurement, the groups were divided into control groups
and exposure groups making sure that all the groups have similar average TEWL values. The

control groups were treated with water whereas the exposure groups were treated with three

different amounts of PS NPs for 12 h.

4.6. Application of Model Drug Suspensions
Following barrier assessment, suspensions of the two model drugs, IND, and TH were
used as permeants for the permeation experiments. Both compounds were prepared at a
concentration of 20 mg/ml using Milli-Q water. Prior to each application, the dispersion was

vortexed to ensure homogeneity.

4.7. Drug cumulative amount and flux
In order to determine the drug cumulative amount and flux, 300 pL samples were
withdrawn from the receptor chamber at predefined time points, (14 h, 16 h, 18 h, 20 h, 24 h,
36 h, 38 h, 40 h, and 42 h), using a syringe fitted with needle through the sampling port of the
FDC and were replaced with an equal volume of PBS. Collected samples were filtered and

subsequently used for drug concentration determination using HPLC.

4.8. Extraction of Drug Retained in the Skin
After completion of the permeation experiment, the skin was carefully removed from
the FDC and extracted using HPLC mobile phase of the respective drugs. 2 ml of mobile phase
were added and left for 24 h shaking.

4.9. High Performance Liquid Chromatography
Quantitative analysis was performed using HPLC. Chromatographic separation was
performed using a LiChroCART 250, 4 mm column packed with LiChrospher 100 RP-18

material with a particle size of 5 um, Merck (Darmstadt, Germany).

For TH, HPLC parameters used were column temperature 35 °C, flow rate 1.2 ml/min,
detection wavelength 272 nm, injection volume 20 pl and mobile phase consisted of 100 mM

sodium dihydrogen phosphate and methanol in a ratio 65:35 (v/v). Under these



chromatographic conditions, the retention time of TH was 3.8 min, with a total run time of 8

min.

For IND, HPLC parameters used were column temperature 40 °C, flow rate 2 ml/min,
detection wavelength 260 nm, injection volume 20 pl and mobile phase consisted of
acetonitrile, water, and acetic acid in a ratio 90:60:5 (v/v/v). Under these chromatographic

conditions, the retention time of IND was 3.1 min, with a total run time of 8 min.

The chromatographic method was based on a previously published protocol described by

Pullmanové et al (63) and was adapted for the purpose of this study.

4.10.  Skin Processing after Permeation Experiments

In the first permeation experiment, NPs exposure per cm? of skin was 100 pg, 200 pg,
and 400 pg, while in the second permeation experiment NPs exposure per cm? of skin were 20
ug, 100 pg, and 200 pg. After completion of the permeation experiment, the skin was removed
from the FDC, gently rinsed with distilled water to remove any residual IND or TH suspension
remaining on the skin surface, blotted dry and was used for the extraction of IND and TH
retained in skin in case of first permeation experiment and epidermis and dermis in case of
second permeation experiment. Skin was separated into epidermis and dermis by heating at 80
°C for 1 minute in oven UN 110, Memmert (Schwabach, Germany). This procedure was carried
out according to a previously published method with some modifications (64). After the
extraction period of 24 h, the extraction solvent was collected, filtered and analyzed by HPLC
using same analytical conditions as described previously. The data obtained were used to

determine the amount of drug retained in the skin, epidermis and dermis.



5. Results and Discussion

The primary goal of this study was to investigate how PS NPs influence skin barrier integrity
and the permeation and retention of model permeants. In this experiment, IND (Figure 7) and
TH (Figure 8) were used as model permeants due to their different physiochemical properties.
IND has a higher molecular weight of 357,8 g/mol and logP value around 4.5-5.0 while TH is
a small molecule with a molecular weight of 180 g/mol and a logP value around 0 (more

hydrophilic than IND).
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5.1. First permeation

5.1.1. TEWL

TEWL is the passive evaporation of water from the body to the environment through
the skin barrier and indicates skin barrier integrity. TEWL quantifies water vapor diffusion.
TEWL considered an indicator of skin quality. When the skin is damaged it loses more water
(54). On average, humans lose about 300-400 mL of water per day through the skin, though
this amount can change depending on different environmental and intrinsic factors (55). It is

important that these measures are conducted under standard conditions. Different methods of



measuring TEWL exist, closed chamber, ventilated chamber, open chamber (56). In this

experiment closed chamber method was used.

TEWL was measured before and after the application of different PS NPs amounts on
human skin. The results of TEWL fold change in comparison to the control after the application
is shown in Figure 9. The y-axis represents the TEWL fold change calculated after
normalization based on the value of control group whereas the x-axis represents the PS NPs
amount which was applied to each group; the control group is indicated by 0 meaning no PS
NPs were applied and the three other groups which were exposed to PS NPs with amounts of

100, 200, 400 pg/cm? of skin, respectively.

From the TEWL measurement of the first permeation experiment (Figure 9) it was
observed that there was no statistically significant difference in water loss as compared to
control group indicating that the inside-out barrier to water loss is not affected by the application

of 100 nm size PS NPs in the range of the applied amounts.
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Figure 9. TEWL (1°* permeation)

5.1.2. El

El is a non-invasive technique that measures the skin’s electrical resistance (impedance)
and is used to assess barrier integrity — in addition to TEWL. The device applies a low — voltage
alternating current to measure how much the tissue resists to electricity. EI is an efficient
method to assess skin barrier properties, and its decreased values have been associated with

weak barrier properties (57,58).



I
o

w
Q

o
o o
)
0o, 2
O%o o
oo oo
(] 0©

[kQ x cm?]
N
o

El. impedance x Area
—
Q

0 100 200 400
Nanoplastics [ugxcm™]

Figure 10. El (1°t permeation)

The EI of the control group was found to be 24,04 + 3,84 kQ cm?. The EI values for the
groups treated with PS NPs were 24,13 + 2,02 kQ cm? for 100 pg/cm?, 23,61 + 3,53 kQ cm? for
200 pg/cm?, and 23,84 + 5,50 kQ cm? for 400 pg/cm?. The EI measurements of the first
permeation experiment indicate that there was no statistically significant difference between
the control group and the groups of skin exposed to PS NPs in amount of 100, 200 and 400
ng/cm?. These findings suggest that exposure to PS NPs does not significantly affect skin

barrier properties.

5.1.3. IND flux and cumulative amount

The permeant flux and cumulative amount are important parameters required to
understand the outside-in barrier properties of the skin. The permeant flux is the rate of
permeant passing per unit area over time indicating the speed whereas the cumulative amount
is the total permeant passed per area over a specific time points. Permeant flux is calculated

from the cumulative amount at the steady state.
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Figure 12. IND cumulative amount (1°* permeation)

The IND flux results from the first permeation experiment are shown in Figure 11 and
the cumulative IND amount is shown in Figure 12. The IND flux of the control group was 0,26
+0,08 pg/cm?/h. The flux values for the groups treated with PS NPs were 0,17 + 0,10 pg/cm*h
for 100 pg/cm?, 0,20 + 0,08 pg/cm?/h for 200 pg/cm?, and 0,36 + 0,21 pg/cm?/h for 400 pg/cm?.
There was no statistically significant differences in IND flux between the control group and the
groups exposed to PS NPs in amount of 100, 200 and 400 pg/cm? indicating no effect on the

IND transdermal permeation.



5.1.4. TH flux and cumulative amount
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Figure 13. TH flux (1°* permeation)
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Figure 14. TH cumulative amount (1% permeation)

The TH flux results from the first permeation experiment are shown in Figure 13 and
the cumulative TH amount is shown in Figure 14. The TH flux of the control group was 0,57 +
0,28 pg/cm*/h. The flux values for the groups treated with PS NPs were 0,42 + 0,13 pug/cm?/h
for 100 pg/cm?, 0,61 £ 0,10 pg/cm*h for 200 pg/cm?, and 0,38 + 0,12 pg/cm?/h for 400 pg/cm?.
These obtained data demonstrate that exposure to PS NPs in amounts of 100, 200 and 400

pg/cm? do not result any significant changes in TH transdermal permeation.



5.1.5. IND retention

One of the most significant observations in this experiment was the amount of IND
retained in the skin presented in Figure 15. IND retention in the skin of the control group was
2,09 + 0,90 pg/mg. With the increasing exposure amount of PS NPs, a trend of lower IND
amount was retained in the skin as compared to the control group. Retention values for the
individual groups were 1,79 + 0,69 pg/mg for 100 pg/cm?, 0,57 + 0,45 pg/mg for 200 pg/cm?,
and 0,14 + 0,05 pg/mg for 400 ng/cm?. The groups exposed with 200 and 400 pg/cm? showed

statistically significant lower retention of IND in the skin compared to the control.
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Figure 15. IND retention in the skin tissue

5.1.6. TH retention

Similar to IND retention, the average values of TH retention in the skin tissue (Figure
16) were also reduced (as compared to the control group), however, the results were not
statistically significant, indicating that the permeant’s skin retention depends on its
physiochemical properties. The retention of TH of the control group was 66,28 + 50,32 ng/mg.
In the groups treated with PS NPs, TH retained values were 34,24 + 12,60 ng/mg for 100
pg/cm?, 34,55 + 20,49 ng/mg for 200 pg/cm?, and 46,92 + 14,52 ng/mg for 400 pg/cm?.
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Figure 16. TH retention in the skin tissue

Overall, the results of the first permeation experiment showed no influence on the skin
barrier properties indicated by no significant changes in TEWL, EI, IND and TH flux
measurements. However, the effect of PS NPs on the dermal drug delivery showed a significant
decrease in IND skin retention at increased NPs exposure amounts while the same was not

noticed in the case of TH skin retention.

5.2. Second permeation

Based on the observations from the first permeation experiment, the second permeation
experiment was planned with two changes; first, the highest exposure amount (400 pg/cm?)
was removed and lower amount 20 pg/cm? was included with the aim to understand whether
decreased NPs amount will have similar effects and second, the amount of model permeant in
both skin layers (epidermis and dermis) was determined to study which skin layer is majorly

affected from the NPs exposure.

5.2.1. TEWL

In the second permeation, similarly like the first permeation, the TEWL fold change of
the tissue treated with NPs did not show any significant difference to the control group
indicating again that the applied NPs are not affecting the skin barrier properties in all tested

NPs amounts (Figure 17).
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5.2.2. El

The EI of the control group during the second permeation was found to be 29,84 + 4,37
kQ cm?. The EI values for the groups treated with PS NPs were 31,57 + 3,81 kQ cm? for 20
pg/cm?, 33,99 + 6,76 kQ cm? for 100 pg/cm?, and 34,78 £ 5,60 kQ cm? for 200 pg/cm?. The
graphical imaging (Figure 18) indicates no statistically significant differences in skin barrier

integrity between control groups and treated groups for all tested NPs amounts.
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Figure 18. El (2" permeation)



5.2.3. IND flux and cumulative amount

The IND flux of the control group was 0,078 = 0,034 pg/cm*h. The flux values for the
groups treated with PS NPs were 0,054 + 0,035 pg/cm?/h for 20 pg/cm?, 0,060 + 0,036 pg/cm?/h
for 100 pg/cm?, and 0,060 + 0,027 pg/cm?/h for 200 pg/cm?. These results demonstrate that,
similarly to the first permeation, the treatment with PS NPs in amounts of 20, 100 and 200
pg/cm? did not lead to any measurable changes in IND transdermal permeation compared to

the control group (Figure 19 and Figure 20).
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Figure 19. IND flux (2" permeation)
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Figure 20. IND cumulative amount (2" permeation)



5.2.4. TH flux and cumulative amount

The TH flux of the control group was 0,13 + 0,07 pg/cm?/h. The flux values for the
groups treated with PS NPs were 0,12 = 0,04 pg/cm?/h for 20 pg/cm?, 0,22 + 0,16 pg/cm*h for
100 pg/cm?, and 0,23 + 0,21 pg/cm*h for 200 pg/cm?. These findings, similarly with the first
permeation, suggest that skin exposure to PS NPs at the tested amounts does not significantly

affect the TH transdermal permeation (Figure 21 and Figure 22).
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5.2.5. IND retention in epidermis

The results obtained for the IND retention in epidermis are shown in Figure 23. More
specifically, the IND retention in the epidermis layer of the control group was 176,71 + 77,30
pg/mg. The IND retention values for the treated groups were 119,83 + 35,40 pg/mg for 20
pg/cm?, 103,11 + 73,96 pg/mg for 100 pg/cm?, and 67,35 £ 43,02 ug/mg for 200 pg/cm?. The
IND retention in the treated group is showing a decreasing trend when increased amounts of PS
NPs are applied on the skin. In addition to this trend, the group treated with 200 pg/cm?

indicated a significantly lower amount of IND retained in the epidermis compared to control

group.
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Figure 23. IND retention in epidermis

5.2.6. TH retention in epidermis

Similarly to the effect observed in the case of IND, the retention of TH in the epidermis
layer treated with 200 pg/cm? indicated significantly lower amount of TH retained in the
epidermis compared to control group (Figure 24). The retention of TH in the epidermis layer of
the control group was 7,32 + 3,23 pg/mg. In the groups treated with PS NPs, TH retained values
were 4,10 + 2,61 pg/mg for 20 ug/cm?, 4,36 + 3,08 ug/mg for 100 pg/cm?, and 2,05 + 0,39
ng/mg for 200 pg/cm?.
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Figure 24. TH retention in epidermis

5.2.7. IND retention in dermis

The results obtained for the IND retention in dermis are shown in Figure 25. More
specifically, the IND retention in the dermis layer of the control group was 1,19 + 0,40 ng/mg.
The IND dermis retention in the groups treated with PS NPs was statistically significant
decreased when higher amounts of NPs applied on the skin. The IND retention values for the
individual groups were 0,51 £ 0,24 pug/mg for 20 pg/cm?, 0,37 £ 0,11 pug/mg for 100 pg/cm?,
and 0,24 + 0,12 pg/mg for 200 pg/cm?.
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Figure 25. IND retention in dermis



5.2.8. TH retention in dermis

In contrast to the results obtained for IND, the TH dermis retention was not affected
from the exposure to different amounts of PS NPs (Figure 26). More specifically, the TH dermis
retention of the control group was 0,04 £ 0,02 pg/mg. In the groups treated with PS NPs, TH
retained values were 0,04 + 0,03 pg/mg for 20 pg/cm?, 0,06 + 0,05 pg/mg for 100 pg/cm?, and
0,04 + 0,01 pg/mg for 200 pg/cm?.

0.15
(€]
2
€  0.10
o) O
©
g o
2 0.051
- g0
(@] [@]
0.00

0 20 100 200
Nanoplastics [ugxcm™2]

Figure 26. TH retention in dermis

To conclude, the most notable finding of this work concerns the amount-dependent
profound reduction in IND retention in skin tissue and its individual layers. As the amount of
PS NPs applied to the skin tissue increased, the amount of the permeant retained in the skin
tissue decreased. The same profound effect was not observed for TH since retention reduction
was noticed only when skin was exposed to higher amounts of PS NPs. This observation is very
interesting, especially when combined with the unchanged TEWL and EI values. It suggests
that the presence of PS NPs does not disrupt the skin barrier but rather selectively influences

the permeant’s distribution within the skin.

One possible explanation for this observed effect could be a physiochemical interaction
between the NPs and the drug molecule. IND is a highly lipophilic compound (logP is 4,5-5,0)
with known affinity for hydrophobic surfaces. In the context of this experiment, it is possible

that PS NPs present on the skin surface act as a competing hydrophobic sorbent and thereby



reduce availability of IND for partitioning into the SC lipid matrix. This interpretation is

supported by the ability of NPs to form stable complexes with pharmaceutical compounds.

Studies on NPs drug interaction showed that NPs influence drug behavior in the body
(67). This effect is especially relevant for lipophilic compounds (68). The comparatively
different behavior of TH (logP is 0) in this study is consistent with this mechanism. TH is a
hydrophilic molecule and has much less affinity for the hydrophobic surface of PS and should
not bound at the same strength to the NPs. Sorption to plastic particles, including PS NPs, is
stronger for hydrophobic compounds and MPs are relevant sorbent for strongly hydrophobic,

not polar compounds (69).

Altogether, the obtained results suggest that exposure to PS NPs does not damage the
skin barrier. However, they may reduce the availability of lipophilic drugs applied to the skin
by biding them on the surface. This could be a very important finding for further understanding

of how NPs interact with pharmaceuticals or cosmetics in real life scenarios.



6. Conclusion

With widespread presence of NPs in the environment and skin acting as the interface
between environment and internal organs, it is of vital importance to study how NPs interacts

with skin which acts as the major barrier against external intruders.

No significant changes in the integrity of the skin barrier were observed following PS
NPs exposure, as evidenced by both EI and TEWL measurements during the permeation
studies. The TEWL fold change values remained close to control group across all tested
concentrations, while EI values showed no statistically significant differences across all groups.
This result shows that the overall structural integrity and permeability of a skin barrier remained

nearly unchanged despite NPs exposure.

However, a trend was observed in IND retention in the skin. Amount-dependent
reduction was observed with increasing amounts of PS NPs applied to the skin surface. In the
first permeation experiment, IND retention was significantly decreased in the treated group
(Figure 15). This trend repeated in the second permeation experiment, where both epidermis
and dermis retention of IND decreased with an increasing PS NPs applied on the surface of the
skin (Figure 23 and 25). Additionally, TH retention in the epidermis was also significantly

reduced in epidermis (Figure 24).

Further studies are needed to understand the mechanisms underlying these observations
and to better understand how NPs influence the dermal and transdermal drug delivery in the
skin layers. Additionally, it is suggested to investigate the effects of NPs on permeation and

retention of drugs in damaged skin barrier models.
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