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ARTICLE INFO ABSTRACT

Keywords: Fouling and contamination of surfaces are prevailing challenges humanities facing today in fields such as
Sup.erhydrf)phobic surfaces healthcare, hospitality, and food manufacturing. These challenges strongly motivate the development of
Antibacterial multifunctional surfaces with antifouling and antimicrobial properties that are coupled with sensing capabilities.
Antifouling . . . . . . .

SERS To address this challenge, we prepared a multifunctional superhydrophobic surface using eco-friendly materials:

polydimethylsiloxane (PDMS) and carnauba wax. After deposition of a thin film of Ag, the surface gained surface-
enhanced Raman scattering (SERS) activity and bactericidal property. The multifunctional superhydrophobic
surface showed extreme liquid repellency towards water and common liquid food. The strong SERS activity
enabled the detection of adulterant rhodamine B in a sausage down to a nanomolar level. Notably, the surface
showed excellent bactericidal activity towards two common bacteria, E. coli, and S. aureus, significantly reducing
their adhesion and killing. Additionally, the surface showed anti-fouling behavior against common liquid food,
and even towards sticky foods such as yogurt, honey, and pomegranate sauce, reducing residual food by >97 %.
Furthermore, the superhydrophobic surface showed excellent chemical stability in dynamic and static flow

Food packaging

conditions and leaching of Ag in neutral and basic solutions was minimal.

1. Introduction

Fouling and contamination of surfaces is a significant challenge in
everyday life and industry. Fouling of watercraft leads to corrosion and
increased hydrodynamic drag. Fouling, particularly by microorganisms,
can be deadly in the food and healthcare industry. Furthermore, the
issue leads to associated economic burdens and social challenges. For
example, methicillin-resistant Staphylococcus aureus (S. aureus) and
third-generation cephalosporin-resistant Escherichia coli (E. coli)
caused bloodstream infection in Europe in 2007 alone resulted in an
estimated 8000 deaths and extra costs worth 62 million euros [1]. As a
result, various methods have been developed to tackle contamination
and fouling. A traditional approach is regular cleaning and disinfection
of surfaces [2,3]. However, increasing costs and concerns about safety,
pollution, and antimicrobial resistance is encouraging researchers to
develop alternative approaches. One such method is the modification of
surfaces to mitigate the adhesion of contaminants and microorganisms
[4-6]. In this regard, imparting superhydrophobicity is emerging as an

attractive approach [7-10].

Superhydrophobic  surfaces possess rough micro/nanoscale
morphology and low surface energy. On such surfaces, liquids sit atop
the air pockets entrapped between the asperities of the protrusions, i.e.,
in a Cassie-Baxter state [11,12]. Here, liquid droplets display large
contact angles and easily roll-off, thanks to reduced adhesion force [13].
Those features of superhydrophobic surface include self-cleaning
[14,15], anti-corrosion [16,17], anti-biofouling [18-20], and drag
reduction [21,22]. However, superhydrophobicity alone is not enough
to completely resolve contamination and fouling, especially if the
fouling agent is living microorganisms [18,23]. Notably, super-
hydrophobicity can even worsen contamination and microbial growth if
the culprit fits into the cavities, displacing air pockets upon transition
into Wenzel state [12,18,24-26]. A remedy is the addition of bacteri-
cidal agents where the superhydrophobicity reduces the chance of
adhesion and the antibacterial property inactivates the microorganism.
However, surging antimicrobial resistance invalidates the usage of
conventional bactericidal agents [6].
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Metals, such as Ag and Cu, have been used for centuries to deal with
microbial, and have recently re-emerged as efficient wide spectrum
antibacterial agents [27-29]. Additionally, one advantage of these
metals over other antibacterial agents is the possibility of added surface-
enhanced Raman scattering (SERS) activity [30]. Here, nanoscale ar-
chitectures prepared from these metals enable enormous enhancement
of Raman signals, due to the coupling of surface plasmon and electro-
magnetic light field [31]. Furthermore, superhydrophobic surfaces can
be used to enhance the local concentration of analytes and thus improve
the detection limit in SERS analysis, due to the large contact angle of
aqueous droplets on superhydrophobic surfaces and minimal liquid-
-solid contact area wherein the dried analytes will be concentrated [32].
Therefore, it is possible to fabricate an antifouling, antimicrobial, and
SERS active multifunctional superhydrophobic surface via the incorpo-
ration of metals like Ag.

The objective of this study is the preparation of a multifunctional
superhydrophobic surface, which has great application potential in
fields ranging from biomedical engineering to the food industry. In
particular, an area for immediate application is for food packaging to
extend shelf life, detect chemicals, and reduce food waste [3]. The
incorporation of antimicrobials into superhydrophobic packaging ma-
terials decreases food spoilage, cross-contamination, and food-borne
illness [19,33]. The SERS activity enables the detection of harmful
adulterants [34,35]. On the other hand, the superhydrophobicity alone
endows packaging material self-cleaning property, which is beneficial
for cleaning and reducing residual food waste [36-41]. The latter aspect
is significant, considering around 30 % of all produced food got wasted
globally against the backdrop of millions in the underdeveloped world
without enough to eat [42].

In this study, we present a novel multifunctional surface that in-
corporates superhydrophobicity, SERS activity, and antibacterial prop-
erty in one platform. Here, the surface is fabricated via transferring the
surface structure of the typical print paper to polydimethylsiloxane
(PDMS), followed by spray-coating of carnauba wax dispersion and
thermal vapor deposition of Ag. Besides multifunctionality, another
advantage of the proposed fabrication approach is that it does not
contain any toxic and unsustainable chemicals such as fluorocarbons
and harsh organic solvents. The coating is composed of only PDMS and
carnauba wax, which are highly eco-friendly and even used as food and
medicine ingredients [43,44]. Moreover, the addition of small amounts
of Ag does not compromise the advantages, since the usage of Ag for
antiseptic purposes is widespread and can be found in some commercial
products [3,45]. We particularly demonstrate the promise of the pro-
posed multifunctional superhydrophobic surfaces in food packaging
applications based on the self-cleaning characteristic against viscous
sticky food, chemical durability, and minimal material leaching
properties.

2. Materials and methods
2.1. Materials

PDMS (Sylgard 184) was bought from Dow Corning. Print paper,
which is used as a mold to transfer its structure, was bought from a local
store. Carnauba wax (No. 1 yellow) was bought from Sigma-Aldrich and
ethanol (96%) was bought from Alkokim. Silicon wafer was purchased
from Wafer World Inc.

2.2. Methods

2.2.1. Fabrication

The substrate was prepared in a three-step process. First, the surface
structure of print paper was transferred to PDMS via replica molding,
resulting in a structured PDMS film that features micro-channels, com-
plementary to the surface structure of A4 paper [46,47]. This substrate is
called PDMS-Paper. As a control sample, a thin PDMS film was also
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prepared via casting. For spray coating, a carnauba wax dispersion in
ethanol was prepared by dissolving 0.4 g of carnauba wax in boiling
ethanol (20 mL), followed by stirring for 30 min. Then, the carnauba
wax dispersion was spray-coated from 20 cm. After complete evapora-
tion of the solvent, the wax-coated PDMS-Paper surface was abraded
against an aluminium foil for 30 cm under a load of 200 g. Afterwards,
the substrate was coated with Ag using the thermal vapor deposition
method (see pictures of coated samples in the supporting materials
Fig. S1). Specifically, the structured PDMS coated with carnauba wax
was fixed to the top of a vacuum chamber using double-sided tape and
was rotated at 10 rpm while evaporated Ag was deposited on the sample
surface. Ag pellet (purity, 99.99%) was used as the metal source. Before
thermal vapor deposition, the vacuum chamber (NVTH-350, NanoVak)
was evacuated to 2 x 10 Torr and maintained at 2.3 x 10°® Torr during
the deposition. The deposition rate of Ag was 0.4 A/s as monitored using
a quartz crsytal microbalance (QCM) via a thin film deposition monitor
(SQM-160, Inficon). Note that the reported thickness values are based on
the readings obtained via QCM. The amount of deposited Ag could be
controlled by adjusting the deposition time. It should be noted that the
deposited Ag is typically not a continuous film but instead forms
nanoislands and grains [48,49].

2.2.2. Characterization of surface structure and wetting property

Morphology of the surfaces was characterized using a scanning
electron microscope (SEM, Zeiss EVO LS10) at 25 kV and elemental
analysis and mapping were performed using an energy dispersive de-
tector (XFlash 6110, Bruker) attached to the SEM instrument. Samples
were sputter-coated with a thin layer of gold before surface analysis.
Contact angle (CA) and sliding angle (SA) were measured via an optical
tensiometer (Atension, theta Lite) using liquids with volumes of 10 pL
and 5 pL, respectively. The CA and SA on each surface were measured on
at least three different points and the average values were reported,
which are typically accurate to 2°.

2.2.3. SERS activity

For SERS measurements, a confocal Raman Microscope (Alpha 300
M-+, WITec, Germany) with a laser excitation wavelength of 532 nm was
used. The SERS spectra were obtained using a 100 x objective for an
integration time of one second. The focused laser power at the sample
surface is 100 yW. To evaluate the SERS activity of various surfaces
coated with Ag (Fig. 2b and 2d), a 10 uL solution of rhodamine 6G
(Sigma-Aldrich) in water was spotted on each surface and left to dry at
room temperature, followed by taking the spectra. To calculate the limit
of detection of rhodamine 6G, its solutions in water with concentrations
of 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM were prepared and a
10 uL of each solution was spotted on the superhydrophobic
Ag@Wax@PDMS-Paper surface and allowed to dry at room tempera-
ture. SERS spectra were taken afterward following the same protocol as
stated at the beginning of this paragraph. The limit of detection for
rhodamine 6G was calculated using the intensity of the peak at 611
cm L. The analytical enhancement factor (AEF) was calculated using the
formula below:

Lsampte | Cample

AEF =
I, reference / Cr(’ference

Here, Isample and Ireference are the signal intensity of rhodamine 6G
peak at 611 ecm™! on the superhydrophobic Ag@Wax@PDMS-Paper
surface and on the reference Si wafer surface, respectively. Csample and
Creference are the concentration of the rhodamine 6G spotted on the
corresponding surfaces.

To evaluate the potential of the superhydrophobic Ag@Wax@PDMS-
Paper surface to be used as a SERS active substrate to detect chemicals in
food, we characterized rhodamine B (>98%, Acros Organics) added as
an adulterant in a sausage (bought from a local store) [34,50]. Due to the
lack of reference samples, sausage samples were pretreated with
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Fig. 1. Illustration and demonstration of the multifunctionality of the superhydrophobic Ag@Wax@PDMS-Paper surface. a) Illustration of the fabrication process
and the SEM image of the fabricated superhydrophobic surface. b) SEM image (tilted 55°) and EDX elemental mapping of various elements. ¢) Photograph of various
liquids on the fabricated superhydrophobic surface, where water (dyed blue) and other common liquid foods bead up and exhibit large CA. d) Demonstration of SERS
activity of the surface, showing detection of rhodamine B adulterant in a sausage. €) Demonstration of antibacterial activity against E. coli. Shown in the pictures are
E. coli colonies grown on the agar plate. The E. coli inoculants were transferred from the superhydrophobic Ag@Wax@PDMS-Paper (top) sample immersed in nutrient
broth and the control sample (bottom, Wax@PDMS-Paper) immersed in nutrient broth.

rhodamine B, following a similar procedure to other studies [34,35]. For
that purpose, we intentionally spiked sausages with known concentra-
tions of rhodamine B, followed by dissolving the spiked sausage and
taking SERS spectra. Specifically, a 1 mM rhodamine B stock solution
in water was prepared and diluted to obtain solutions with rhodamine B
concentrations of 100 uM, 1 uM, 100 nM, and 1 nM. Then, 2 mL solution
from each concentration was transferred to 15 mL conical bottom
centrifuge tubes, followed by adding 0.5 g freshly cut sausages into each
tube. The mixture of sausages and rhodamine B was sonicated at 40 kHz
(Wiseclean) for 30 min to allow the sausage to adsorb rhodamine B, and
then the sausage was taken out and left to dry at room temperature.
Here, the sausage pieces spiked with rhodamine B represent adulterated
sausages. The adulterant sausage pieces were then immersed into a 2 mL
water: methanol mixture (10:1 v/v) and sonicated for 30 min, followed

by vortexing for 2 min to separate solid pieces from the solution. Af-
terward, 10 pL of the solution was spotted on the superhydrophobic
Ag@Wax@PDMS-Paper surface and the SERS spectrum was obtained.

2.2.4. Anti-adhesion and bactericidal activity

The anti-adhesion and bactericidal activity of the surfaces against the
gram-negative E.coli (ATCC25922) and gram-positive S.aureus
(ATCT25923) bacteria were evaluated according to the method of J.
Haldar et al. with some modifications [51]. The bacteria strains were
grown on Mueller-Hinton agar plates (Merck) and incubated at 37 °C for
24 h in an incubator (Innova 42, New Brunswick Scientific). A single
colony was taken from the overnight culture and inoculated onto
Mueller-Hinton broth medium. The inoculum strains were adjusted to
the 0.5 McFarland standard turbidity (approximately 1.5 x10® CFU/mL)
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Fig. 2. Impact of vapor-deposited Ag on the wetting property and SERS activity. Shown are the effect of Ag thickness on the a) water CA and SA, and b) SERS signal
of the probe molecule rhodamine 6G on the Wax@PDMS-Paper surface. c) The water CA and SA on various surfaces before and after coated with 50 nm of Ag. d) The
SERS signal of rhodamine 6G on various surfaces coated with 50 nm of Ag. Note: the concentration of rhodamine 6G in b) and d) is 1 x 10® M.

using a densitometer (Den-1, Biosan).

For the anti-adhesion test, various samples (1.5 cm x 1.5 cm) were
immersed in the bacteria culture and incubated at 37 °C with shaking at
150 rpm for 36 h. Afterward, the samples were retrieved and gently
rinsed with deionized water to remove loosely attached bacteria. The
number of attached bacteria was characterized via SEM imaging to infer
the anti-adhesion ability of various surfaces against the two strains of
bacteria.

Bactericidal tests were performed following the procedure illustrated
in the supporting material (Fig. S2). Specifically, a 100 uL of bacteria
culture was sprayed onto each sample surface using a chromatography
sprayer, followed by covering with solid Mueller-Hilton agar medium
and incubating at 37 °C for 24 h. Then, the agar medium was removed,
and the samples were immersed into a Mueller-Hilton broth medium at
37 °C for 6 h to allow live bacteria to swim into the nutrient medium.
Afterward, a 1.5 mL of nutrient was retrieved using a micropipette
(Nichipet Ex-II, Nichiryo) and transferred to a quartz cuvette (path-
length = 10 mm), followed by measuring the absorbance value at 600
nm using a UV-Vis spectrometer (Lambda 25, PerkinElmer). In the
UV-Vis measurements, the absorbance of nutrients (1.5 mL) without
bacteria was used as the reference. Besides absorbance measurements,
the bactericidal efficacy of samples was characterized using the spread
plate method where 100 pL of bacterium nutrient solutions were
extracted using micropipettes and inoculated onto agar plates. The
amount of CFU was visually inspected after incubating at 37 °C for 24 h.
All bacterial studies were performed in Class II Microbiological Safety
Cabinets (Faster SafeFAST Classic).

2.2.5. Evaluation of anti-fouling and reduction of residual food

For self-cleaning tests, liquid foods (bought from a local store) were
poured onto tilted surfaces and the degree of stuck food was visually
inspected. To evaluate the degree of residual food, we evaluated residual
food left on the superhydrophobic surface, and control samples (glass,
PET, aluminum) with a slight modification of a previously reported
method [52]. Here, the substrates were cut into pieces of 1 cm x 1 cm,
and the weight of each was measured. Then, the substrates were placed
horizontally on a flat desk, followed by placing ~ 1 g each of honey,
yogurt, pomegranate syrup, and milk and holding for 1 min. Conse-
quently, the substrates were turned up and held vertically for 1 min to
allow the food content to roll off, followed by measuring the weight
immediately. Then, the weight increase on each substrate was calculated
(sample weight with residual food - initial sample weight) and the
percentage of residual food left on each substrate to initial food weight
was reported as a residual percentage.

2.2.6. Evaluation of durability

2.2.6.1. Ag leaching tests. The stability of the Ag coated surfaces was
evaluated by immersing them in solutions with pH of 1, 7, and 13 and
then measuring Ag concentration after 1 day, 7 days, and 21 days. So-
lutions with pH = 1 and pH = 13 were prepared using aqueous HCl and
NaOH, respectively. Deionized water was used as the neutral solution
(pH = 7). The pH values of the solutions were measured using a labo-
ratory pH meter (InoLab pH7110). For the leaching test, Ag coated
substrates (1.5 cm x 1.5 cm) were immersed into 40 mL solutions in a
beaker and kept in a lab for the duration of the test. A solution of liquid
with a volume of 2 mL was withdrawn using a pipette after day 1, day 7,
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Fig. 3. Characterization of surface-adhered bacteria. Shown are SEM images of a) E. coli and b) S. aureus bacteria attached to various surfaces before and after being
coated with 50 nm of Ag. For characterization, various surfaces are immersed into bacterium culture (~1.5 x 10® CFU/mL) and incubated at 37 °C with shaking at
150 rpm for 36 h. Afterward, the samples were retrieved and gently rinsed with deionized water. The SEM images were taken after the samples were dried. Some

bacteria colonies are highlighted to help with discerning.

and day 21, and the Ag concentration was measured using inductively
coupled plasma mass spectroscopy (ICP-MS, model 7500a, Agilent). The
ICP-MS operating parameters were periodically optimized using a
standard solution (in HNOs) containing 200 ppb Li, Yb, and Cs. The
calibration of ICP-MS was done using an internal standard solution
containing 200 ppb of Be, Sc, Rh, Bi.

2.2.6.2. Mechanical durability tests. Various tests were conducted to
evaluate the thermal and mechanical durability of the super-
hydrophobic surface. Thermal stability of the Ag@Wax@PDMS-Paper
surface was evaluated by heating the sample on a hot plate at a speci-
fied temperature for 3 min and waited for it to cool down, followed by
measuring the water CA and SA values. Mechanical durability of the
surface was evaluated using three different methods under dynamic
conditions. A water spray impact test was performed by spraying water

(7.41 kPa) on the sample surface from 7.5 cm using a high-pressure
spray gun. Underwater stability was evaluated by submerging the
sample in water, and in acidic (pH = 1) and basic (pH = 13) solutions,
followed by mechanically stirring at 50 rpm for 24 h. After that, the
samples were retrieved, followed by blow-drying with nitrogen gas and
measuring water CA and SA. The third test was performed to evaluate
the stability of the superhydrophobic surface against the relative liquid
motion. Specifically, the superhydrophobic surface was vertically sub-
merged and retrieved at a speed of 1 cm/s from water, milk, and yogurt,
and counted as one cycle. The water CA and SA values on the sample
were measured after 100 cycles of the test.

3. Results and discussion

The multifunctional superhydrophobic surface is fabricated in a
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Fig. 4. Antibacterial activity of various surfaces. Shown are a) transferred bacteria grown on the Agar plate (left: E. coli, right: S. aureus) and (b) relative absorbance
(at 600 nm) of the transferred bacterium solution. Here, the bacteria strains were overnight incubated on various sample surfaces, then immersed into a nutrient
broth to allow live bacteria to swim into the broth and proliferate. Then, 100 uL of bacterium suspension was withdrawn and inoculated on the Agar plate (a). For
quantitative measurement, 1.5 mL of bacterium suspension was withdrawn and absorbance value at 600 nm was recorded (b). The relative values were calculated
with respect to the absorbance value (0.5552) of the E. coli bacterium suspension transferred from PDMS immersed cultured broth medium and S. aureus bacterium
suspension transferred from the Wax@PDMS-Paper immersed in cultured medium (absorbance = 11.75).

three-step process. First, the fibrous surface structure of a piece of print
paper was transferred to PDMS via replica molding, following the same
procedures as described in our previous studies [46,47]. At the end of
this step, a rough PDMS film with microchannels (negative replica of the
paper surface) was obtained (PDMS-Paper). In the second step, the
dispersion of carnauba wax in ethanol was spray-coated on the
structured-PDMS surface to introduce nanoscale roughness [53]. In the
last step, a thin layer (50 nm, 1250 s deposition time) of Ag was
deposited on the surface of wax-coated rough PDMS surface
(Wax@PDMS-Paper) by thermal evaporation of Ag, as illustrated in
Fig. la. Since the amount of deposited Ag was only 50 nm, the
Ag@Wax@PDMS-Paper surface exhibited similar surface morphology to
the superhydrophobic Wax@PDMS-Paper surface (Fig. 1.a SEM image).
The fabricated surface looks gray with some shine (supporting Fig. S1),
due to high refractive indices of Ag and strong roughness-induced light
scattering. The deposition of Ag was confirmed via EDX mapping
(Fig. 1b) and EDX elemental analysis (supporting Fig. S3). A detailed
inspection of EDX mapping reveals reduced deposition of Ag at the
bottom of microchannels, which is probably due to the shadowing of the
asperities where most Ag was deposited (Fig. 1b). On the macroscale
(supporting Fig. $3), the deposition of carnauba wax dispersion, as well

as the thermal deposition of Ag, was homogenous, and the coated
sample contains 2.02 % Ag (atom %).

The multifunctional Ag@Wax@PDMS-Paper surface is extremely
repellent to water and other liquids (Fig. 1c) where the droplets bead up,
exhibiting a water CA of 169°. Furthermore, due to the presence of Ag,
the superhydrophobic surface also shows strong SERS activity where
even a small amount (nM level) of rhodamine B adulterant in a sausage
can be detected (Fig. 1d). Moreover, the superhydrophobic surface also
shows antibacterial activity against E. coli (Fig. 1e) and S. aureus. In
summary, the fabricated Ag@Wax@PDMS-Paper surface is super-
hydrophobic, SERS active, and antibacterial. These characteristics are
appealing for a range of applications, including smart food packaging.

The deposition of a thin layer of Ag imparted SERS activity to the
superhydrophobic surface. To investigate the effect of the thickness of
Ag on the surface wetting properties and SERS activity, samples with
various Ag thicknesses (25 nm, 50 nm, 100 nm, and 200 nm) were
prepared (Fig. 2). Up to Ag thickness of 50 nm, both the water CA (169°)
and SA (3°) values on the Ag@Wax@PDMS-Paper surface remain the
same (Fig. 2a). When 100 nm of Ag was deposited, the water CA
decreased to 164° while the SA increased to 8°. Further increase of Ag
thickness to 200 nm does not alter the wetting properties significantly. It
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Fig. 5. Wetting property and stickiness characterization of various liquid food
on the superhydrophobic Ag@Wax@PDMS-Paper surface. a) CA of various
liquid food on the superhydrophobic surface. The CA was measured by placing
a 10 pL droplet of each liquid. b) Food residual (%) stuck on the super-
hydrophobic surface, calculated as the percentage of liquid left (weight) after
holding the superhydrophobic surface upright. For comparison, the residual
percentage was also evaluated for food packaging materials PET, aluminum,
and glass.

should be noted that the thermal vapor-deposited Ag typically does not
form continuous thin film unless an adhesive layer such as germanium
were used, and the deposited Ag forms large grains and nanoislands
[48,49]. The observed wetting behavior of the Ag deposited surface is
consistent with a previous study where the water CA initially increases
as the Ag deposition time increases, then start to decrease upon further
deposition of Ag [49]. It was reported that the trend can be explained as
the change of surface roughness with the help of the Cassie-Baxter
equation. Similarly, the surface deposited with 100 nm of Ag looks
smoother than the sample with 50 nm Ag (supporting materials Fig.54).
It was expected that as the amount of deposited Ag increases the grain
size of Ag will increase. However, due to the roughness of the underlying
Wax@PDMS-Paper, the deposited Ag may fill in the cavities and,
therefore, decrease the roughness. The surface morphology of the sam-
ples supports this hypothesis (Fig.S4). Besides wetting property, the
amount of deposited Ag impacts the SERS activity (Fig. 2b). It was found
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that the SERS intensity (rhodamine 6G as the probe molecule) increases
up to Ag thickness of 50 nm and peaks there, and then starts to decrease
as Ag thickness increased up to 200 nm. The trend of SERS intensity
change as a function of deposited Ag thickness implies an initial increase
in the number of plasmonic nanogaps, which then start to decrease as
further deposited Ag fills in the gaps [48]. We selected Ag thickness of
50 nm based on the results on the effect of the thickness of Ag on the
wetting property and SERS activity. Hence, all Ag coated samples
mentioned in the study refer to Ag thickness of 50 nm, unless stated
otherwise.

To further investigate the impact of the substrate on the wetting
property and SERS activity, we prepared a series of surfaces (PDMS,
PDMS-Paper, and Wax@PDMS-Paper; see supporting materials Fig.S5
for SEM images) and measured the water CA and SA and recorded the
SERS spectra of a probe molecule (rhodamine 6G) on these surfaces
before and after coated with 50 nm of Ag. As shown in Fig. 2c, the
deposition of Ag does not significantly affect the wetting property of all
three surfaces. After deposition of Ag, all three surfaces show some SERS
activity, the magnitude of which forms a positive correlation with sur-
face hydrophobicity (Fig. 2d). For example, the intensity of the peak at
1361 em™! (rhodamine 6G) on the superhydrophobic Wax@PDMS-
Paper surface (CA = 169°) is almost 4 times of that on the Ag@PDMS-
Paper surface (CA = 142°, SA > 10°) which itself is ~ 1.5 times that
of the Ag@PDMS (CA = 113°) film (supporting Fig. S6). The observed
high SERS activity on the superhydrophobic surface is consistent with
previous studies and can be traced to the ‘concentrating’ effect of
superhydrophobic surfaces [30,54]. Specifically, on a superhydrophobic
surface, a droplet has minimal contact area and upon evaporation of the
solvent (water), the solute will be deposited only on that area, thus
increasing the local concentration of the probe molecule.

As discussed in the previous section, the thickness of the deposited
Ag was chosen as 50 nm (1250 s of deposition time) for simultaneous
achievement of superhydrophobicity and high SERS activity. Further-
more, the superhydrophobic SERS platform shows very good spot-to-
spot and sample-to-sample reproducibility (relative standard devia-
tion ~ 10%, supporting Fig. S7) compared to state-of-the-art SERS
substrates [31,55]. On this superhydrophobic SERS platform, the ana-
lytic enhancement factor is 5.26 x 108 and 100 M levels of rhodamine
6G can be detected (supporting materials Fig. S8). Taking advantage of
the high SERS activity, we studied the detection of adulterant rhoda-
mine B in sausages. This study was motivated by the findings that some
manufacturers illegally add rhodamine B to sausages to enhance color
and that rhodamine B is a toxic chemical [34,35,56]. Therefore, there is
a need to detect even the minute amounts of the adulterant molecule for
food regulation and public health purposes. We found that adulterant
rhodamine B down to 1 nM concentrations can be successfully detected
in sausages (supporting materials Fig. S9). The detection level is on par
with the best reported values and is two orders of magnitude better than
the detection limit reported in a recent study [35].

Due to low surface energy and trapped air pockets, super-
hydrophobic surfaces reduce the chance of bacterial adhesion [57]. We
tested the anti-adhesion ability of various surfaces to prevent the
attachment of bacteria. The results are shown in Fig. 3 (also see sup-
porting Fig. S10). Here, the SEM images are taken after gently rinsing
the incubated sample surfaces with water. Therefore, only firmly
attached bacteria would be left on the surface. Before being coated with
Ag, the number of attached bacteria on the superhydrophobic surface is
minimal (Fig. 3a and b, top rows). As a matter of fact, we had to search
for bacteria for the SEM imaging. On the other hand, there are multiple
colonies on the other two surfaces (PDMS and PDMS-Paper) with an
attachment density that depends on the bacteria type. For E. coli (Fig. 3a,
top row), the number of attached bacteria on the PDMS (CA = 113°) is
larger than that on the PDMS-Paper surface (CA = 142°), which itself is
much larger than that on the superhydrophobic Wax@PDMS-Paper
surface (CA = 165°). The trend is consistent with previous studies
where it is found that the more hydrophobic a surface is the less
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Fig. 6. Leaching test. a) Amount of leached Ag (log ppb) from the superhydrophobic Ag@Wax@PDMS-Paper surface in solutions with pH = 1, 7, and 13 after seven
days. b) Amount of Ag leached from the superhydrophobic Ag@Wax@PDMS-Paper surface immersed in solutions with pH = 1, 7, and 13 after one day, 7 days, and

21 days.

probable that E. coli will attach to it [58,59]. For S. aureus (Fig. 3b, top
row), there is no clear trend between surface hydrophobicity and the
number of attached bacteria. It should be noted that S. aureus seems to
also grow vertically and on top of each other. It is probably due to the
increased colony-forming ability, small size, and spherical shape of S.
aureus [4,59,60].

After the deposition of Ag, the number of attached E. coli and
S. aureus are drastically reduced. Since coating with Ag does not seem to
impact the wetting property of the surfaces (refer to Fig. 2c), it can be
inferred that the increased anti-adhesion ability of the surfaces is due to
the presence of Ag. The main reason for the reduced adhesion of bacteria
could be due to small contact points between the bacteria and the Ag
deposited surface due to increased nanoscale roughness [61]. It is also
possible that bacteria killed by Ag do not strongly adhere to the sample
surfaces. Furthermore, after being coated with Ag, there are more E. coli
bacteria attached to the more hydrophobic (CA = 142°) Ag@PDMS-
Paper surface than to the less hydrophobic (CA = 113°) Ag@PDMS
surface. A careful examination reveals that colonies of E. coli are pre-
dominantly formed at the bottom, along the microchannels. This
observation is similar to previous studies [62,63].

Shown in Fig. 4 are the results of the bactericidal test. First, the
deposition of Ag makes all surfaces bactericidal to some degree. For
E. coli transferred from Ag coated surfaces, only a handful of colonies are
visibly grown on the agar plate, whereas the E. coli transferred from
uncoated surfaces form dense colonies (Fig. 4a). For the S. aureus, there
are a few dozen colonies grown even for bacteria transferred from Ag
coated surfaces. However, the numbers are still very low compared to
the grown S. aureus bacteria transferred from the uncoated surfaces
(Fig. 4b). The UV-Vis absorbance values of bacterium suspension-
cultured in the presence of various surfaces provides a quantitative
value of bactericidal activity (also see supporting Fig. S11). As can be
seen from Fig. 4c and 4d, all Ag coated surfaces achieve ~ 80 %
bactericidal efficacy when compared to the uncoated corresponding
surface, against both E. coli and S. aureus. The number of colonies is
large on the Ag@PDMS-Paper surface for the E. coli (Fig. 4a). This
observation is consistent with the anti-adhesion test results and in-
dicates that E. coli can attach at the bottom along the microchannels and
proliferate due to reduced deposition of Ag there. The antibacterial ac-
tivity of various surfaces indicates that there are at least two mecha-
nisms at play: i) contact killing where the surface structures induce
deformation or even rapture of bacterial cell walls, leading to stress and
death of bacteria. ii) killing via released Ag+ ions [64]. The second
mechanism is possible since aqueous solutions (as in bacterial culture)
cause oxidation of metallic Ag, which will subsequently dissolve. The

possibility of Ag leaching raises questions about the long-term bacteri-
cidal activity of the superhydrophobic surface. The results of the
bactericidal test (supporting Fig. S12) conducted on a superhydrophobic
surface after being submerged in water for 7 days indicate a slight
deterioration of bactericidal activity against E. Coli. However, the
bactericidal activity against the more potent S. aureus was significantly
reduced.

One application area of the SERS active and antibacterial super-
hydrophobic surface reported in this study is in food packaging where
the antibacterial property enables extending shelf life and thus reduces
food waste while the SERS activity can be utilized to detect harmful
chemicals (such as rhodamine B in sausage) or other molecules of in-
terest. Furthermore, the multifunctional surface also exhibits self-
cleaning ability where water as well other liquid edibles like honey
and pomegranate syrup easily roll off (supporting Fig. S13). It should be
noted that the self-cleaning ability is beneficial for easy emptying of the
content and reducing food waste in food processing facilities and
packaging [65]. One of the main reasons for household food waste is due
to the difficulty of emptying content where residual food, especially
liquids with high viscosity, stuck to the packaging material surface and
thrown away with the container [66]. To better characterize this, we
measured surface tension of various liquids and their CA (supporting
Table S1) on the multifunctional superhydrophobic surface (Fig. 5a).
Furthermore, the amount of residual liquid stuck on various surfaces
was also measured (Fig. 5b). For this purpose, we choose three sticky
foods: Honey, yogurt, and pomegranate syrup. As shown in Fig. 5b, the
amount of residual liquid stuck in conventional packaging materials like
glass, aluminum, and PET is>20 % for all liquids while it is at most 3%
for the superhydrophobic surface. Even larger contrast emerges when
the test liquid food is pomegranate syrup: for glass, aluminum, and PET,
the residual pomegranate syrup is close to 90 % whereas for our
superhydrophobic surface, it is only 1.5 %. Therefore, the fabricated
superhydrophobic surface represents a highly promsing packaging ma-
terial when considering mitigating residual food waste.

An important factor when considering materials for food packaging
is safety: the packaging material should not release toxic chemicals into
the food that it comes in contact with [45]. Since the main components
of the superhydrophobic Ag@Wax@PDMS-Paper surface are PDMS and
carnauba wax (Ag is only ~ 2%, see supporting Fig. S3) both of which
are ecofriendly and biocompatible [47,53]. Notwithstanding, the minor
component Ag may raise concerns due to reported toxicity [45,67].
Therefore, we performed a leaching test by immersing the super-
hydrophobic surface in solutions with pH values of 1 and 13, and in pure
water (Fig. 6), followed by measuring leached Ag concentration using
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stirring. ¢) water CA and SA values on the superhydrophobic surface measured after 100 cycles of immersion into various liquids.

ICP-MS. It should be noted that the nominal pH value of foods is between
3 (orange juice) and 8 (shrimp). Thus, our leaching condition simulates
much harsher conditions than those that could be encountered in real-
world samples.

As can be seen from Fig. 6a, the amount of leached Ag from the
superhydrophobic surface in all solutions is approximately three orders
of magnitude lower than the other two control surfaces (Ag@PDMS and
Ag@PDMS-Paper). The reduced leaching from the superhydrophobic
surface is probably due to the small contact area of the liquid, which
occurs on the asperities of the rough texture [68,69]. However, we could
not rule out the possible complexation between Ag and carnauba wax
molecules, which can also reduce leaching. Another clear trend in
Fig. 6a is that the amount of leached Ag is higher in solutions with lower
pH values. For example, the amount of leached Ag from the super-
hydrophobic surface immersed in a solution with pH = 1 is 438 ppb,
which is 16 times that of solution with pH = 7 (water) and 22 times that
of solution with pH = 13 (See supporting Table S2 for exact values). The
trend of increased leaching of Ag at a lower pH is consistent with pre-
vious studies [64,67,68]. A long-term (up to 21 days) test revealed that
more Ag is leached into the solution as the days of immersion increased

(Fig. 6b). After being immersed in acidic (pH = 1), neutral (pH = 7), and
basic (pH = 13) solutions for 7 days, the amount of leached Ag is 453.10
ppb, 26.86 ppb, and 19.50 ppb, respectively (supporting Table S2). The
maximum leaching occurred in acidic conditions is above the safety
limit but in the neutral and basic conditions, the leached amount of Ag is
within the acceptable limit (50 ppb) set by European regulations
required for materials that contact food [70]. Therefore, the super-
hydrophobic Ag@Wax@PDMS-Paper can be considered safe in food
packaging applications, at least within a short storage time (7 days).
Limited durability of the superhydrophobic surfaces is one of the
main reasons impeding their practical application. To evaluate the real-
life application potential of the superhydrophobic surface, we per-
formed several durability tests. The surface retained its super-
hydrophobicity up to 78 °C of annealing (supporting Fig. S14), similar to
previous superhydrophobic surfaces fabricated from carnauba wax
[41,53,71]. This indicates that the addition of a small amount of Ag does
not affect the thermal stability of the superhydrophobic surface. The
durability of the superhydrophobic surface under various dynamic
conditions is shown in Fig. 7 below. The surface can withstand 100
cycles of water spray impact under the impact pressure of 7.41 kPa.
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Elemental analysis of the sample surface before and after water spray
impact shows only a slight decrease of Ag (supporting Fig. S15), indi-
cating a relatively strong bonding of Ag to the surface. Even though the
water CA is still above 150° after the impact, the SA increased to above
10° (Fig. 7a). This loss of superhydrophobicity is probably due to the
transition from Cassie-Baxter state to Wenzel state where the movement
of liquid droplets is hindered. Under dynamic conditions, the super-
hydrophobic surface showed at least 24 h stability underwater which
was kept stirred at 50 rpm (Fig. 7b). An important and harsh test,
especially concerning food packaging is the immersion test [72-74].
This test simulates the durability of a surface against relative movement
of a liquid, which occurs when filling or emptying the content of pack-
aged food, or during transportation. The immersion test was performed
against three different liquids, water, milk, and yogurt (Fig. 7c). The
surface retains its superhydrophobicity even after 100 cycles of im-
mersion in water and milk. The performance is very good concerning
milk, which is a mixture of complex molecules and proteins (~6%). The
surface loses its superhydrophobicity after 100 cycles of immersion into
yogurt, which contains up to 20 % of various proteins. Notwithstanding,
the performance against yogurt is better or on par with previous studies
[73,74]. The reduced anti-fouling ability of the superhydrophobic sur-
face under dynamic conditions against liquids that contain protein may
be due to the strong bonding of some thiol functional groups (as in
cysteine) to Ag.

4. Conclusion

A multi-functional superhydrophobic surface is fabricated from
ecofriendly and biocompatible materials. The physical vapor deposition
of Ag imparted SERS and antibacterial activity to the superhydrophobic
Wax@PDMS-Paper surface. The SERS activity and liquid repellency are
found to depend on the thickness of the Ag film. Furthermore, we
demonstrated that this SERS active superhydrophobic surface can be
used to detect adulterant rhodamine B in sausages down to nM levels.
Furthermore, the adhesion of both E. coli and S. aureus bacteria was
significantly reduced due to superhydrophobicity. Besides the bacterial
anti-adhesion  ability, the Ag coated superhydrophobic
Ag@Wax@PDMS-Paper surface showed excellent antibacterial activity
against two of the most common antimicrobial-resistant bacteria, E. coli
and S. aureus with the efficacy of 99.37 % and 93.48 %, respectively.

In addition to the SERS and antibacterial activity, the fabricated
superhydrophobic surface also showed self-cleaning properties against
common liquid food. Here, even the sticky liquid foods can easily roll off
from the superhydrophobic surface, leaving behind at most 2 % residual
food. Notably, the superhydrophobic surface showed good chemical
stability and leaching of Ag from the superhydrophobic surface is min-
imal. Furthermore, the superhydrophobic surface showed good thermal
and mechanical stability under realistic conditions. Therefore, the
antifouling, SERS active, and the antibacterial superhydrophobic sur-
faces are a step closer to bring superhydrophobic coatings and surfaces
to real-life applications where extra functionalities besides mere water
repellency are desired.
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