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Functional Polymer Nanocomposites by Gas Aggregation
Cluster Source and Initiated Chemical Vapor Deposition

Torge Hartig, Joschka Paulsen, Jonas Drewes, Asmaa T. Mohamed, Nasra F. Abdel Fattah,
Cedric Hinrichs, Felix Pohl, Stefan Rehders, Ainura Aliyeva, Henning Wieker, Jörg Wiltfang,
Salih Veziroglu, Samah A Loutfy, Oral Cenk Aktas, Alexander Vahl, Thomas Strunskus,
Aydin Gülses, Amal Amin, Stefan Schröder, and Franz Faupel*

Functional metal-polymer nanocomposites are required for highly tailored
surface properties and coatings. However, past approaches like cosputtering,
physical evaporation, or plasma polymerization can not retain the
functionality of the polymer matrix or produce tailored nanoparticles. A new
kind of codeposition of nanocomposite polymer thin films is presented via the
combination of a gas aggregation cluster source (GAS) and initiated chemical
vapor deposition (iCVD) in a common GAS+iCVD vacuum system. iCVD
delivers ultraprecise and defect-free polymer thin films on the nanoscale while
a GAS creates nanoparticles that form in the gas phase and can be tuned in
size and composition. Using the GAS+iCVD system, nanocomposites of
well-defined Ag nanoparticles in a chemically intact PTFE polymer thin film
are prepared. The deposited nanocomposite proved applicable in antibacterial
applications by decreasing the colony-forming units of Enterococcus faecalis
by 38%. Antiviral SARS-CoV-2 Spike-ACE-2 binding inhibition reaches 65% of
pure silver nanoparticles. The nanocomposite improves the apoptotic gene
expression for liver cancer cells compared to pure thin films. This new kind of
codeposition paves the way for the fabrication of functional nanocomposite
thin films combining the advantages of the iCVD polymer palette with a large
variety of nanoparticles that can be prepared by GAS.
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1. Introduction

Polymer-nanoparticle composites have
long been used to combine the desired
properties of structural or functional
nanoparticles with a polymer matrix on
the macroscale.[1,2]

On the nanoscale functional nanocom-
posite thin films are more complex to
produce. To introduce new functional-
ity to a polymer thin film, especially
metal nanoparticles present advanced
application possibilities. Wet chemical
approaches to fabricate metal-polymer
nanocomposites result in residual sol-
vents, material defects, or agglomera-
tion of particles which are often unde-
sired in their advanced application areas.
Gas phase approaches such as evapora-
tion and plasma polymerization are cur-
rently state of the art but lack retention
of polymer functionality, have a small
molecular weight, and a limited poly-
mer selection.[3] Cosputtering of metals
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and polymers was previously used but is lacking the retention of
the functionality of the polymer and leads to highly crosslinked
brittle films. Also, the metal nanoparticles size and composition
are hardly tailorable as they form on the polymer surface.[4,5] Va-
por phase techniques to deposit a polymer matrix with retained
functionality could be molecular layer deposition (MLD) or Pary-
lene CVD. However, MLD has limited deposition rates[6] and
Parylene CVD can have aging limitations and creates precursors
of very high temperatures of more than 500 °C making a code-
position setup complicated.[7–9] Initiated Chemical Vapor Deposi-
tion (iCVD) is best used in the low nano- to low micro-scale range
as desired for nanocomposite thin film applications.[10] iCVD, as
a version of hot wire CVD, uses resistive heating of wires inside
a vacuum reactor to a temperature of just 150–400 °C. At these
temperatures, only initiators are decomposed into radicals, while
monomers preserve their full functionality.[11] A cooled sample
stage around room temperature then promotes the adsorption
of the gas phase species, leading to a highly surface-conformal
radical polymerization even on thermally fragile substrates.[12–15]

This makes iCVD perhaps the most attractive candidate for pre-
cisely tailored surface functionalities via polymer thin film coat-
ings at the industrial scale,[16,17] with a growing palette of possible
monomers that can be combined on demand.[18–22]

A nowadays already established way to precisely tailor the de-
position of functional nanoparticles in the gas phase is a gas-
aggregation cluster source (GAS).

In a GAS a target material is brought to the gas phase via DC
magnetron sputtering from a metallic target, and nanoparticles
form via nucleation, growth, coalescence, and coagulation while
being transported by a gas flow toward an orifice which leads to
a lower pressure chamber. By varying parameters and target ma-
terials the nanoparticle size, the size distribution or their compo-
sition can be tuned.[23–27]

In this work, iCVD of a polymer thin film is combined with the
deposition of nanoparticles via a GAS in a single vacuum reactor
for the first time. This enables the combination of an iCVD poly-
tetrafluoroethylene (PTFE) thin film with silver nanoparticles (Ag
NPs) resulting in a nanocomposite thin film. The analysis of the
gas phase via mass spectrometry and the PTFE polymer chem-
istry via X-ray photoelectron spectroscopy (XPS) reveals, that un-
like previous works in the combination of these materials[3–5] a
well-defined polymer structure of the thin film can be preserved.

As especially in the biomedical area precisely tailored sur-
face properties and functionalities are of huge interest[28–31] the
nanocomposites were tested in antibacterial, antiviral, and anti-
cancer applications. For this purpose, the impact of the Ag NPs
in the nanocomposite was tested on Enterococcus faecalis bacteria,
viruses including adenoviruses type 5 and SARS-CoV-2 as well as
cancer cells while being compared to pure iCVD PTFE without
Ag nanoparticles.

2. Results and Discussion

2.1. Codeposition Reactor for Nanocomposites

The codeposition reactor for polymer thin films containing
nanoparticles was built by combining a GAS with an iCVD re-
actor as displayed in Figure 1. A ring inlet around the filaments
was used for the precursors according to Schröder et al.[32] When

the GAS nanoparticle deposition and the iCVD thin film depo-
sition are operated simultaneously the high Ar gas flow of the
GAS of 8 sccm inhibits the iCVD thin film deposition rate by
more than 90% and results in far more nanoparticle volume frac-
tion than polymer film volume fraction. Therefore, a microcon-
troller (Arduino) was used to control the power of the magnetron
power supply and the gas flow rate via the mass flow controller
(MFC) for the Ar flow in chosen time intervals. For nanocom-
posite deposition, the Ar gas flow rate is switching between a
low flow rate of 1 sccm sufficient to hinder iCVD monomers
and radicals from entering the GAS, and a high flow rate of 8
sccm required for the nanoparticle deposition when the plasma
is activated. To sufficiently enclose the nanoparticles, which typ-
ically have a diameter of ≈10 nm, within the polymer film the
low flow rate interval of 1 sccm was chosen to lead to ≈50 nm
thickness. Different thicknesses and with that different filling
factors can be created based on simply longer iCVD deposition
times.

To investigate the influence of low and high Ar gas flow rates
as well as the possible monomer molecule activation by the mag-
netron plasma in situ quadrupole mass spectrometry was used
as described by Schröder et al.[33] where the individual molecules
present are identified. The mass spectrometer (MS) was attached
to the GAS+iCVD system displayed in Figure 1. The mass spec-
trum is displayed in Figure 2a with detailed peaks displayed in
Figure 2b–g. The CF2 peak at 50 m/z can clearly be identified,
showing that the main building block of the polymer is present
in the vapor phase in all situations. The Ar peak at 40 m/z can
be seen in Figure 2d as expected, highest for 8 sccm gas flow and
lowest for 1 sccm gas flow, with the active plasma possibly ioniz-
ing Ar and the magnetron accelerating them toward the target in
the GAS. For the CO (2c)), FCO (2e)) and CF3 (2f)) molecules the
dilution by Ar flows leads to lower amounts. The F peak at 19 m/z
in Figure 2b is the only peak decreasing by the additional plasma
ignition at 8 sccm. This might indicate interactions of the precur-
sors or their fragments with charged nanoparticles entering the
iCVD chamber.[34]

As the GAS+iCVD codeposition reactor in Figure 1 is the
first of its kind, the nanoparticles from the GAS were an-
alyzed to see if the pressure of 40 Pa of the iCVD reactor
changes the nanoparticle deposition drastically, as traditionally
way lower pressures are used in the main chamber for a GAS.
In Figure 2h a scanning electron micrograph of the resulting
silver nanoparticles from the deposition without iCVD precur-
sor flows but including filament power can be seen. The Mi-
crograph was used to determine the particle distribution of
more than 300 particles via the software “imagej” approximat-
ing round particles. As seen in Figure 2i the nanoparticles
have an average diameter of 9.3 nm and follow a Gaussian
size distribution.

2.2. Nanocomposite Analysis

The thickness of the codeposited PTFE+Ag sample of 185 ±
3 nm was analyzed by profilometry (Bruker, DektakXT). The
nanoparticle size distribution seen in Figure 2i was used to
estimate the nanoparticle filling factor of 0.08% via their vol-
ume. The nanocomposite was further investigated regarding its
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Figure 1. Schematic for the GAS+iCVD reactor used in the codeposition setup of iCVD PTFE thin film and GAS silver nanoparticles.

wetting behavior. The water contact angles (WCAs) show sig-
nificant differences between the tested materials. In Figure 3a
the WCAs of pure Ag nanoparticles of 61° ± 2°, 98° ± 4° for
the nanocomposite, and 146° ± 20° for the pure iCVD PTFE
thin film can be seen. As the coverage for the Ag nanoparti-
cles is far below one monolayer, the WCA is probably dominated
by the Si-wafer substrate. For the high WCA of the PTFE thin
film the scanning electron micrograph, as seen in Supporting
Information, reveals a complex surface topography previously re-
ported by Chen et al. for fluoropolymers deposited via iCVD.[35]

This topography does not occur for the nanocomposite as for the
chosen parameters possibly the Ag NPs negatively impact the
growth of the structures. As both polymer chemistries are the
same, the impact on the following bio-interface performances of
the rough surface topography of the thin film is expected to in-
crease the antibacterial-, antiviral- and anticancer performance
according to literature.[36–38] Hence, a higher performance of
the lower roughness nanocomposite in these areas compared
to the higher roughness PTFE thin film can be attributed to
the Ag NPs.

In Figure 3b the XPS spectrum of the C1s peak of the
nanocomposite can be seen. Compared to previous PVD-CVD-
combinations[3,5] to codeposit PTFE and Ag a much more so-
phisticated polymer structure can be noticed. Only the CF2 and
C─C peaks are present which confirms a clear PTFE struc-
ture. The UV–VIS in Figure 3c confirms the Ag NPs in the
nanocomposite due to the visibly higher absorption via plasmon
resonance for wavelengths from 400 to 750 nm. In Figure 3d
Fourier-transformed infrared spectroscopy (FTIR) was used to
analyze the functional groups of the composite compared to
the pure iCVD PTFE thin film. The deposition of nanoparti-
cles via GAS does not result in a lack of functional groups in
the nanocomposite as the CF2 symmetrical and asymmetrical
stretch are present at ≈1112 and 1181 cm−1 in both films. The
portion of the asymmetrical CF2 stretch in the nanocompos-
ite is lower than in the PTFE thin film. The CF2 symmetrical
and asymmetrical stretch are macromolecular features.[39] The
asymmetrical structure seems to be reduced due to the pres-
ence of the Ag nanoparticles within the nanocomposite. This
could indicate a difference in crystalline structure within the
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Figure 2. Chemical analysis of the gas phase and deposited materials. In a) the mass spectrum of the gas phase components during the deposition
under 1 sccm Ar-flow, 8 sccm Ar-flow and 8 sccm Ar-flow + active plasma can be seen. The subpeaks are represented in b) for F, c) for CO and CF,
d) for Ar, e) for FCO and CF2, and g) for CF3. In h) the scanning electron micrograph of the deposition of silver nanoparticles can be seen. The distribution
of the particle diameter in i) reveals a normal distribution.

nanocomposite compared to the pure PTFE thin film via iCVD.
This difference in macromolecular structure could be the rea-
son no crystalline topography-features[35] are present on the sur-
face for the nanocomposite as seen in Figure S2 (Supporting In-
formation) compared to the crystalline features observed for the
PTFE film.

2.3. Bio-Interface Performance

In the following, a wide scan of possible bio-interface use cases
of the nanocomposite is tested compared to the pure Ag NPs
and the pure PTFE thin film. The key results are presented in
Figure 4 and discussed in the following sections.

2.3.1. Biocompatibility

The results of the cell viability tests via MTT can be seen in
Figure 4a with additional information in Figure S1 (Supporting

Information). For cell viability of human fibroblasts, the com-
pared samples are all biocompatible as seen in Figure 4a) and
do not differ significantly, while filopodial connections and cell-
to-cell interactions were observed in all groups.

To conduct antiviral examinations with the materials, the via-
bility of respiratory virus-affected cells first must be tested. For
this VERO monkey kidney cells and VERO E6 cells, as seen in
Figure S1 (Supporting Information), were tested. Results showed
that all samples were biocompatible with no notable differences.
As the materials do not impact the healthy cells in a negative way
this allows to test the materials for antiviral properties against
respiratory viruses Adenovirus-5 and SARS-CoV-2.

Further results showed that all tested materials were toxic on
cancer cells with viability ranging from 15% to 46% on HepG2
liver cancer cells and from 49 to 53% on MCF-7 breast cancer
cells as seen in Figures 4b and S1 (Supporting Information). As
the results were more evident on HepG2 cells, further studies
were conducted on the mechanism of the antiproliferative behav-
ior against the liver cancer cells on a transcriptional level for some
apopototic gene expressions.
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Figure 3. In a) the water contact angle of the Ag NPs, the nanocomposite, of the PTFE thin film are presented. In b) the C1s high-resolution XPS spectrum
of the codeposited nanocomposite is shown. c) UV–vis spectroscopy results of the PTFE+Ag nanocomposite compared to pure iCVD PTFE. In figure
d) the FTIR of the polymer thin film and nanocomposite are shown.

2.3.2. Antibacterial Behavior

The bacterial growth was determined in colony-forming units
(CFU) using Enterococcus faecalis as seen in Figure 4c. The num-
ber of colony-forming Enterococcus faecalis species was 1.23 × 106

CFU mL−1 in the PTFE group, 1,33 × 106 CFU/ml in the Ag
nanoparticles group, and 0,76 × 106 CFU mL−1 in the nanocom-
posite group, respectively. The assessment of the bacterial colo-
nization via SEM (S1) revealed the conglomerate formation in
Ag and PTFE groups, whereas the nanocomposite group showed
overall single-bacterial adhesions. Despite the increase in hy-
drophobicity of the pure PTFE thin film, the reduced bacterial col-
onization in the nanocomposite group can be attributed to the an-
timicrobial characteristics of the Ag nanoparticles as commonly
described in the literature.[40] The increased bacterial coloniza-
tion and superior fibroblastic activity in the Ag group could be
explained by the high hydrophilicity of the surface. Infections and
stent thrombosis are the main problems in vascular surgery.[41]

Within the last two decades, drug-eluting stents have become
an effective therapy strategy to reduce the incidence of resteno-
sis. However, it has been proclaimed that the drug-eluting stents
could inhibit the growth of endothelial cells, which are required

to cover the vascular stent to reduce an excessive inflammatory re-
sponse and could increase the risk of thrombosis.[42] Thus, there
is a need for improved devices with enhanced effectiveness and
physiological compatibility toward endothelial cells. Despite the
need for further cytocompatibility studies with different cell lines
and experimental models[43] and assessment of the corrosion re-
sistance, their superior resistance against bacterial colonization
without impairing fibroblastic activity could allow the specula-
tion that deposition of the nanocomposites might be a promising
strategy for clinicians dealing with thrombotic complications in
vascular surgery.[44]

2.3.3. Antiviral Behavior

Regarding Adenovirus-5 the viral adsorption as well as virucidal
mechanisms were examined using vero cells to test for antiviral
behavior and its adsorption and virucidal mechanisms. The re-
sults are presented in Figure 4d,e, Tables S2,S3, and Figure S1
(Supporting Information). The viral control is marked as “posi-
tive cells” while the positive is a standard positive on a low level
which is only used to validate the assay. For the PTFE thin films,
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Figure 4. Presented is a wide scan of possible bio-interface use cases. Cell viability tests can be seen in a) for human fibroblasts and b) for HepG2
human liver cancer cells. In c) an analysis of colony-forming units (CFU) of Enterococcus faecalis bacteria on the sample’s surface can be seen. In d) and
e) antiviral analyses can be seen in copies/ml for Adenovirus 5 adsorption and virucidal analysis. In f) the binding inhibition toward the spike protein of
SARS-CoV-2 via covidrop can be seen. Further analysis including anticancer behavior can be found in Tables S1–S6 (Supporting Information).

no antiviral activity was observed as the copies/ml even exceeded
the positive control, while the PTFE + Ag NP nanocomposite’s
results were under the detection limit indicating antiviral behav-
ior in both mechanistic ways.

Regarding antiviral activity against SARS-CoV-2 the ligand
binding of the materials with the spike protein was examined us-
ing a covidrop ELISA assay. The results can be seen in Figure 4f,
Figures S4 and S1 (Supporting Information). Ag NPs and the
nanocomposite showed an inhibitory effect against the spike pro-
tein of SARS-CoV2 while the PTFE thin film showed no activity.
A possible mechanism would be in the silver nanoparticles ad-
sorbing on the virus surface which leads to local transformations
of the surface, such as agglutination of glycoproteins, preventing
the virus penetration into the cell.[45]

2.3.4. Mechanism of Anti-Proliferative Behavior Against HepG2
Liver Cancer Cells

The results for apoptotic gene expression on the mRNA level for
HepG2 liver cancer cells can be found in Tables S5 and S6 as well
as Figure S1 (Supporting Information). After 1 day the impact
of the thin films is not distinct. After 4 days for the PTFE + Ag
NP nanocomposite film the mRNA expression levels of caspase
3 and Bax genes were upregulated, indicating an apoptotic effect
via the intrinsic pathway while BCL2 was downregulated indicat-
ing reduced anti-apoptotic behavior. All effects are stronger for
the nanocomposite compared to the PTFE thin film.

Compared to the chemotherapy medication Paclitaxel the up-
regulation of apoptotic Caspase3 and Bax was weaker but the
downregulation of anti-apoptotic BCL2 was stronger. The compa-

rably rapid BCL2 downregulation of the Ag NPs after 1 day indi-
cates the longer downregulation of the nanocomposite resulting
from the functional silver nanoparticles.

3. Conclusion

The codeposition method of GAS+iCVD was successfully used
to deposit PTFE matrix-Ag nanoparticle nanocomposite films
via deposition in a single vacuum reactor. The mass spectrom-
etry confirmed functioning initiated Chemical Vapor Deposi-
tion during the process, while the XPS and FTIR analysis con-
firmed a well-defined polymer structure of PTFE which was not
reached before in such nanocomposites. Regarding antibacte-
rial applications, the results demonstrate that the nanocompos-
ite showed a higher resistance toward bacterial adhesion and bio-
colonization without significantly impairing the biocompatibility
of the human fibroblasts. In contrast to the pure PTFE thin film
the nanocomposite including Ag NPs showed antiviral behavior
against the respiratory virus Adenovirus-5 via viral adsorption
mechanisms and virucidal mechanisms. Against SARS-CoV-2
the nanocomposite also showed antiviral activity indicating pos-
sible applications.[45,46]

Regarding anticancer applications, the nanocomposite in-
creased the apoptotic behavior compared to the pure thin film
while even outdoing the chemotherapy medication paclitaxel in
the decrease of one anti-apoptotic pathway via BCL2. Further
analysis is needed for other gene expressions to build a more
comprehensive understanding of the material’s anticancer be-
havior. The new GAS+iCVD method enables the combination of
the two worlds of precisely tailored polymer thin films via iCVD
and functional nanoparticles via GAS, providing new pathways
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for the fabrication of functional nanocomposites. The results pre-
sented in this paper, inter alia, pave the way for nanocomposites
with an active, stimuli-sensitive polymer matrix.

4. Experimental Section
Gas Phase Deposition of PTFE Thin Film, PTFE + Ag Nanocomposite and

Ag Nanoparticles: The used chemicals were PFBSF (perfluorobutanesul-
fonyl fluoride, 95%, Fluorochem, UK) and HFPO (hexafluoropropylene ox-
ide, 97%, Fluorochem, UK).

PTFE Thin Films: PTFE thin films were deposited for 3 h by an HFPO
(room temperature) gas flow of 0.5 sccm controlled by a mass flow con-
troller (MC series, Alicat Scientific Inc., Tucson, AZ, USA) and a PFBSF
(room temperature) gas flow of 0.1 sccm. The sample temperature was
20 °C and the pressure 50 Pa. A filament power of 70 W was applied.
The Argon flow through the GAS was controlled by a mass flow con-
troller (MCV series, Alicat Scientific Inc., Tucson, AZ, USA) and the mag-
netron power was controlled by a power supply (ADVANCED ENERGY,
MDX 500). To ensure reproducibility the magnetron power supply and
mass flow controller were operated via a microcontroller (Arduino Uno,
custom microcode).

PTFE + Ag NPs Nanocomposite Films: The nanocomposite films were
deposited for 3 h and 3 min. The HFPO (room temperature) flow was 0.5
sccm and the PFBSF (room temperature) flow 0.1 sccm. The sample tem-
perature was 20 °C and the pressure 50 Pa. A filament power of 70 W was
applied. The GAS was only used every 30 mins (6 cycles) for a magnetron
time of 30 s at 100 W power. During the off-time, the Ar gas flow through
the GAS was 1 sscm to prevent polymerization inside. During the on-time,
the Ar gas flow was 8 sccm. During the magnetron on-time and 8 sccm Ar
flow the iCVD process is naturally inhibited.

Ag NPs: For comparison samples with 6 cycles of 30 s magnetron on-
time with 5 min off-time in between with the same parameters as in the
PTFE + Ag NPs run were deposited without the flow of monomer and
initiator and with 70 W filament power at 50 Pa.

Material Characterization: To investigate the successful codeposition
of the combined GAS+iCVD setup mass spectrometry was used to ana-
lyze the iCVD process under the influence of Ar flow from the GAS and
the plasma of the GAS. An open ion source quadrupole mass spectrom-
eter (PrismaPlus, Pfeiffer Vacuum) was connected to the exhaust of the
codeposition reactor as seen in Figure 1. For the different chosen reactor
parameters of iCVD with and without the GAS Faraday scans were con-
ducted from 1 to 100 amu with a scan time of 200 ms amu−1.

To analyze a possible effect of nanoparticles and the surface topogra-
phy on wetting water contact angle measurement was conducted on iCVD
PTFE, GAS Ag nanoparticles, and the GAS+iCVD nanocomposite. The wa-
ter contact angles were measured with a self-built measurement setup via
the sessile drop technique with 5 μL deionized water droplets. The syringe
was controlled by a step motor.

To investigate the surface chemistry of the GAS+iCVD nanocomposite
thin film, X-ray photoelectron spectroscopy (XPS, XPS UHV system manu-
factured by PREVAC Sp. z o. o., Al-anode, 300 W) was utilized. Wide spec-
trum was obtained by scanning at 3 iterations and a pass energy of 200 eV,
while high-resolution scans were performed at 20 iterations and a pass en-
ergy of 50 eV. The CasaXPS software (version 2.3.25) was used for the sub-
sequent analysis of the XPS spectra. First, the Shirley function was used to
model the background of each spectrum. Then, all relevant photoemission
peaks were fitted using the asymmetric Lorentzian (LA) line shape, which
is the convolution of the Lorentzian function with the Gaussian function.
The charge correction was done by energy calibration of C 1s main peak.
The measured C 1s main peak was set to the reference peak position of
284.8 eV. After energy calibration of C 1s peak, all relevant spectra were
corrected by the same amount of the energy shift.

The UV–vis spectra were measured with a Perkin Elmer Lambda 900
from 200 to 1600 nm wavelength.

To investigate the surface roughness for the GAS+iCVD nanocompos-
ite an atomic force microscope (SPM SmartSPM-1000, AIST-NT/ TESPA,

NanoWorld) was used. The measured data was processed using Gwyd-
dion software to determine the root mean square roughness of a 5 μm x
5 μm area, as seen in Figure S2 (Supporting Information).

Bio-Interface Performance Measurements—Bacterial Contamination:
Cultivation with 10 mL sterile nutrient solution (BHI, Brain–Heart-
Infusion Broth, Carl Roth GmbH+Co. KG, Karlsruhe, Germany) and 100
μL bacterial culture with E. faecalis (ATCC 29212) was conducted at 37 °C
for 24 h. (Heraeus B6060, Heraeus Holding GmbH, Hanau, Germany).
On the first day, the samples were infected with 200 mL of sterile BHI and
100 μL of the overnight culture and then incubated at 37 °C (Scientific C24
Incubator Shaker, New Brunswick Scientific, Edison, New Jersey, USA).
After 4 h, the optical density was controlled via a spectrophotometer
(BioPhotometer 6131, Eppendorf AG, Hamburg, Germany) at 600 nm
(OD600), which was set to 0.8. The nutrient solution was exchanged every
24 h with 200 mL of sterile BHI for 6 days.

Bio-Interface Performance Measurements—Colony Forming Units (CFU):
Each sample was placed in an Eppendorf tube containing 1 mL of ster-
ile NaCl solution. To de-attach the bacteria from the surface, the samples
were placed in an ultrasonic bath (ultrasonic bath Branson 2210R-MT Ul-
trasonic Cleaner, Branson Ultrasonics Corporation, Danbury/CT, USA) for
20 min. The bacterial suspension was then diluted to 10−2 and later to
10−4. Afterward, the different dilution levels were applied to Caso agar
plates. These Caso agar plates (CASO-Agar Ph.Eur., Carl Roth GmbH+Co.
KG, Karlsruhe, Germany) were placed in an incubator at 37 °C (Her-
aeus B6060 incubator, Heraeus Holding GmbH, Hanau, Germany). After
24 h, the colony-forming units were counted with the germ counter (Germ
counter BZG 25 from WTW, Xylem Analytics Germany Sales GmbH & Co.
KG, Weilheim, Germany)

Bio-Interface Performance Measurements—Scanning Electron Microscopy
of Bacteria: The samples were washed for 1 min with PBS (phosphate-
buffered saline solution, Dulbeco, Biochrom GmbH, Berlin, Germany)
and later with 1 ml of 4% glutaraldehyde. Afterward, the samples were
washed three times for 5 min each time with PBS. The dehydration was
carried out by means of an ascending series of 30%, 50%, 70%, 90%
and 100% ethanol. The plates were then air-dried until ethanol had com-
pletely evaporated and attached to SEM sample plates (Agar Scientific
Ltd, Stansted, Essex, United Kingdom) and stored overnight in a desic-
cator (Erich Eydam KG, Kiel, Germany). Gold sputtering with a thickness
of 5 nm (BAL-TEC SCD 500, Leica Microsystems GmbH, Wetzlar, Ger-
many) and examination using a scanning electron microscope (Philips
XL 30 ESEM, Philips GmbH Market DACH, Hamburg, Germany) has
been performed.

Bio-Interface Performance Measurements—Cytocompatibility: The ex-
periments were performed after receiving approval from The Ethics Com-
mittee of the Medical Faculty of Christian Albrechts University, Kiel, Ger-
many. (D640/20) and were conducted according to the guidelines of the
Helsinki Declaration of Human Rights. Human fibroblasts were obtained
from patients who had undergone oral surgical interventions such as tooth
extraction third molar removal, etc. at the Oral and Maxillofacial Surgery
Department at the Christian Albrechts University Hospital Schleswig-
Holstein, Kiel Campus, Kiel, Germany. To prepare the time-dependent elu-
ates, plates were incubated for 30 min, 8, h and 24 h in the corresponding
medium in order to dissolve potentially cytotoxic substances. After the
first day of cell culture, eluate samples were obtained and the MTT-Test
was carried out on cell dilution series after 5 days. Cell proliferation was
assessed by using the MTT Cell Proliferation Kit (#11465007001, Roche
Diagnostics, Mannheim, Germany). 96-well microtiter plates with 5× 103

cells per well were incubated for 24 h and a sample of 100 μL eluate was
obtained. After an incubation period of 24 h, cell proliferation was mea-
sured. The optical density of the samples was measured photometrically
at 450 nm wavelength. As a positive control, cells were cultivated on a bare
glass plate.

Cytotoxicity on HepG2 Cells (Human Liver Cancer Cells), MCF-7 (Human
Breast Cancer Cells), Vero Cells and Vero E6 Cells Using MTT Assay: The
cytotoxic effect of the studied materials against proliferation of human
liver cancer cells (HepG2) and human breast cancer cells (MCF-7) was
performed using an MTT colorimetric assay. All results were compared
with paclitaxel as a positive control which is used as a conventional cancer

Adv. Mater. Technol. 2025, 10, 2401763 2401763 (7 of 9) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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treatment. All materials were tested with vero cells (monkey kidney cells)
as a normal control to prove anti-proliferative activity against cancer cells.

These experiments were performed by seeding vero cells into a 24-well
plate on the first day, then incubating for 24 h at 5% CO2 incubator. On
the second day the cells were treated with the materials (Ag nanoparticles,
PTFE, and PTFE + Ag nanocomposite), after exposure to UV for 20 min on
each side for sterilization and again incubated for 48 h. On the fourth day
200 μL of MTT dye was added and incubated for 3 h to allow the formation
of crystals, then 1000 μL of dimethyl sulfoxide was added. The data was
analyzed using GraphPad Prism version 6 software.

Before testing the antiviral activity, the cytotoxicity of the proposed ma-
terials was determined using an (MTT) assay with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide on Vero and Vero E6 cell lines. The
assay is based on the solubilization of formazan crystals which were
formed by MTT dye and solubilized by dimethyl sulfoxide. The measure-
ments were conducted at 570 nm using a microplate reader (CLARIOstar
Plus, BMG LABTECH, Germany).

Apoptotic Effect of the Tested Materials Against Human Liver Cancer Us-
ing Quantitative Real-Time PCR Assay: The cells were seeded at a den-
sity of 500 000 cells per well into six well plates. On the second day, the
plates were treated with the materials and incubated. After 1 or 4 days the
cells were harvested, washed with phosphate buffer saline, subjected to
trypsinization, and the pellet was frozen at -80 until assessed by quantita-
tive real-time PCR.

Nucleic Acid Extraction: A Gene Jet RNA purification kit (Thermo Sci-
entific, Inc, USA) was used for total RNA extraction according to the
manufacturer’s instructions. The first-strand cDNA was synthesized us-
ing oligodT primers and the RevertAid Reverse Transcriptase kit (Thermo
Scientific, USA).

Quantitative Real-Time PCR (Q-PCR): Q-PCR was performed for the
detection of expression levels of Caspase 3, BCl2, and BAX genes. GAPDH
was used as a housekeeping gene (internal control). The PCR cocktail was
composed of 12.5 μL SYBR Green reagent (Thermo Scientific, USA), 2 μL
synthesized cDNA, 3 μL of each primer of Caspase-3, bcl2, and BAX genes
also, GAPDH, and 4.5 μL of molecular grade water in a total volume of 25
μL. Q-PCR was run by a quantitative real-time detection system (Applied
Biosystems 7500 Fast Real-Time PCR system Thermal Cycling Block, USA).
The amplification was performed under the following conditions: 1 min
at 95 °C, 40 cycles of 95 °C for 1 min, 58 °C for 1 min, and 72 °C for
2 min. The post-amplification melting temperature (Tm) analysis, clearly
differentiated nonspecific PCR products. Negative controls (Non-template
water instead of cDNA) were also included to ensure the lack of reagent
DNA contamination.

The Q-PCR data was analyzed using the comparative CT method.[47]

Briefly, the difference in cycle threshold, ΔCT, was determined as the dif-
ference between the tested gene and human GAPDH. ΔΔCT was obtained
by the difference between the two groups. The fold change (FC) was cal-
culated as 2−ΔΔCT.

Antiviral Assay Against Human Adenovirus Type 5 (Virucidal and Adsorp-
tion Mechanisms): Vero cells were seeded into a six-well plate (5 × 105
cells per well), then incubated for 24 h at 5% CO2 incubator.

To examine the virucidal antiviral mechanism on the second day Ade-
novirus type 5 (human respiratory model) was prepared at 1/100 dilu-
tion (TCID50 is 106), then each material was incubated with 0.5 mL of
prepared virus and 0.5 plain media with the proposed material at 4 °C
for 1 h, the cells were infected by 1 mL per each well and 1 mL mainte-
nance medium was added. After incubation for 24 h the CPE (cytopathic
effect) was displayed in the viral control and a quantitative PCR assay was
performed.

To examine the viral adsorption antiviral mechanism, on the second
day the cells were treated with the materials, incubated for 24 h, and on
the third day the cells were infected by the virus 1/100 as previously men-
tioned. 200 μL in each well were incubated for 1 h at 37 °C in a 5% CO2
incubator with shaking every 15 min. Afterward, they were discarded and
put in a maintenance medium and subsequently incubated for 24 h in the
CO2 incubator.

The results were obtained once the CPE was displayed under the in-
verted microscope to verify antiviral activity compared with viral and cell

controls. Viral copies were determined using a quantitative real-time PCR
assay after freezing and thawing the plates 3 times.

Antiviral Assay Against SARS-CoV2 Using CoviDrop SARS-CoV-2 Spike-
ACE2 Binding Inhibitor Screening Assay: Anti-SARS-CoV-2 tests were car-
ried out using CoviDrop SARS-CoV-2 Spike-ACE2 Binding Inhibitor Screen-
ing Fast Kit (EpiGentek, USA). The entry of SARS-CoV-2 into human host
cells occurs through the binding of surface unit S1 of its spike protein to
the cell receptor angiotensin-converting enzyme 2 (ACE2).

Therefore, the method is based on pre-coating SARS-CoV-2 spike pro-
tein onto microplate wells. His-tagged ACE2 was bound to the coated spike
protein in the presence or absence of inhibitors. The amount of the bound
ACE2, which was proportional to the ACE2 inhibition intensity, was then
recognized by the Binding Detection Solution containing anti-His antibody
and measured through an ELISA-like reaction by reading the absorbance
in a microplate spectrophotometer at a wavelength of 450 nm. The binding
activity of ACE2 was proportional to the optical density intensity measured.
The more the ACE2 binding was inhibited, the lower the OD intensity was.
Methods were carried out according to the manufacturer’s instructions.

The Binding Inhibition is Calculated as

BindingInhibition%

= [1 − (InhibitorSampleOD − BlankOD∕NoInhibitorSampleOD − BlankOD)] × 100% (1)

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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