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Abstract: Recently, sensors using surface-enhanced Raman scattering (SERS) detectors combined
with superhydrophobic/superhydrophilic analyte concentration systems showed the ability to reach
detection limits below the femto-molar level. However, a further increase in the sensitivity of these
sensors is limited by the impossibility of the concentration systems to deposit the analyte on an area
of less than 0.01 mm?. This article proposes a fundamentally new approach to the analyte enrichment,
based on the effect of non-uniform electrostatic field on the evaporating droplet. This approach,
combined with the optimized geometry of a superhydrophobic/superhydrophilic concentration
system allows more than a six-fold reduction of the deposition area. Potentially, this makes it possible
to improve the detection limit of the plasmonic sensors by the same factor, bringing it down to the
attomolar level.

Keywords: superhydrophobic surface; analyte enrichment; electrostatic action; plasmonic sensors;
SERS

1. Introduction

Various fields of microbiology, biochemistry and medicine require the development
of techniques that allow us to carry out express detection substances in their aqueous
solutions at an ultra-low concentration [1-7]. Significant attention in these studies is
paid to plasmonic sensors [4-13], mainly due to their non-invasiveness and ultra-high
sensitivity [11,14-18]. Operation of these types of sensors is based on the phenomenon
enhancement of Raman response from analyte molecules near “hot spots” at special nanos-
tructures [19-21]. However, such “hot spots” do not cover the entire SERS-active area of the
sensor. As a result, the analyte molecules are not always located near the enhanced regions.
Moreover, at ultra-low concentration, the analyte in solution is highly dispersed throughout
the volume. This may cause low probability of its hit into a “hot spot” per unit time [22,23].
In order to accumulate sufficient signal, a long wait is required. Performance plasmonic
sensors may be significantly increased by a targeted deposition of analyte molecules on the
surface of a sensitive element.

One of the effective ways to achieve this is to use superhydrophobic surfaces (SHPS) [24].
Due to the low adhesion of SHPS, the contact line of a droplet of aqueous solution slides over
the surface during evaporation. As a result, the analyte is localized in an extremely small
area, thereby providing a high deposition density [22,24-30]. To protect the droplet from
rolling, as well as to localize the deposition area at a definite point at the SHPS, the latter is
manufactured with a non-uniform distribution of surface energy. The highest efficiency is
demonstrated by structures in which the surface energy gradient is achieved at the expense
of a special hybrid design combining superhydrophilic and superhydrophobic surface
properties [27,28,31]. In this case, a peripheral part is formed on the substrate, consisting of
superhydrophobic micropillars, as well as a central part, in the form of a superhydrophilic
target of a small area. The latter in these structures is an attractor that holds a droplet during
the entire evaporation time, as a result of all the analyte being transported and deposited
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on the target surface, where previously [27] during deposition [15] set the properties of
SERS activity. An important advantage of this type structure is the simplicity of their
manufacture through laser processing of the workpiece surfaces, without resorting to
expensive and resource-intensive methods. Despite the simplicity of manufacture, such
structures already demonstrated their ability to detect SERS responses from analytes in
solutions with femto- [31] and even atto-molar concentration [15].

The efficiency of hybrid superhydrophobic/superhydrophilic structures in detecting
analytes at ultra-low concentrations is determined, primarily, by the area of the target:
the smaller the area, the denser and more uniform is the distribution of the molecules
studied on its surface. A further increase in the detection efficiency may be achieved by
improving the SERS sensitivity. Several studies are devoted to methods of increasing
the latter [32-36]. However, according to the well-aimed remark, “even the most optimally
designed SERS platforms are essentially nullified if the target analytes cannot access the electromagnetic
hotspots” [21] we choose to focus on the first aspect: to achieve the smallest target area in
this work.

Despite the fact that specific implementations of hybrid superhydrophobic/
superhydrophilic structures with a central target may vary considerably in the materi-
als used and in the details of the surface design, they all currently demonstrate a similar
limit for minimizing the analyte deposition area, which is about 0.01 mm? [15,27,32].

We demonstrate more than a six-fold reduction in the deposition area achieved by a
non-uniform electrostatic field on evaporating an electrically neutral droplet. Geometry
modification of the hybrid superhydrophobic/superhydrophilic structures in the case of
the electrostatic action is also demonstrated.

2. Methodology

To create the superhydrophobic peripheral part of the hybrid structures we use a single
piece substrate of polytetrafluoroethylene (PTFE) on the surface of which superhydrophobic
pillars are made by direct femtosecond (fs)-laser printing [27,37-40] (Figure 1a). Moreover,
the surface of these pillars in the process of laser ablation additionally acquires a multimodal
roughness [28]. As a result, the value of the contact angle at such peripheral part is very
large—about 6~164°. The central target is also formed due to (fs)-laser printing (Figure 1b)
in the form of a larger pillar with a nano-rough surface, which is then covered (Figure 1c)
with thin layers of Ti (50 nm), Au (150 nm) thickness, and SiO, (10 nm) (Figure 1d) to
make its surface superhydrophilic. (The superhydrophilic properties can be achieved
with a significantly thinner layer of SiO, (2-5 nm), however, we used a thicker layer to
avoid quenching the luminescence of the R6G analyte to clearly demonstrate the effect
of enrichment).

The process of droplet evaporation on this original design of laser-induced Teflon hy-
brid superhydrophobic\superhydrophilic-structure (LITHS\ S-structure) may be analyzed
in the absence of an electrostatic field. Results of the measurements of the droplet contact
angle (CA) 6 and contact diameter (CD) D versus normalized evaporation time T are shown
in Figure 2. (Normalized evaporation time means ratio of the current time t to the total
evaporation time tyyy) : T = t/tioal)-
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Figure 1. Manufacturing process of the initial design LITHS/S- structures. (a) Manufacturing of
the peripheral superhydrophobic pillars by laser pulses of 0.3 pJ; (b) manufacturing of nano-rough
relief of the central target by laser pulses of 0.1 pJ; (c) coating the target in layers Ti, Au, and SiO; by
electron beam sputtering through a mask; (d) manufactured LITHS/S- structure; (e-g) SEM images
of superhydrophobic pillars, central target and LITHS/S- structure respectively.
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Figure 2. Dependences of the contact angle and the contact diameter of a droplet on the normalized
evaporation time in the initial design LITHS\S-structure in the absence of an electric field.

As shown in Figure 2, the process of droplet evaporation can be conditionally divided
into two stages. During first stage (T < 0.9) a gradual decrease in the contact diameter
(Figure 2) is observed. The CD decrease has stepwise nature with value of decrement being
a multiple the spatial period of pillars (A). At the same time, the contact angle oscillates
near an initial value (6~164°). It slightly decreases during the subinterval when the contact
diameter remains almost constant and each time returning to the initial value at the moment
leap of the CD. This behavior of the droplet is explained by a change in the balance of
pinning forces Fp (the force of droplet fixation to superhydrophobic pillars. It may be
viewed as an analogue of the friction force during droplet evaporation) and depinning
forces Fyj, (the force arising due to surface tension and tending to pull the droplet to the
center of the contact region). For a fixed CD, a decrease in the initial volume V( of an
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evaporating droplet leads to a decrease in the contact angle, resulting in an increase of the
depinning force according to:

Fgp ~ o (cos 0 — cos Oy), 1)

where 0Oy is an equilibrium contact angle, o is a vapor-liquid surface tension. When CA
decreases to a value of the receding angle 6, [41,42] the condition ‘de ’ > |Fp| is true. Asa

result, the contact line (CL) recedes, stopping on the next set of pillars closer to the central
target. During almost the entire first stage, the central target remains inside the contact
region. Sometimes part of the contact line is fixed on the target, and part on remote pillars,
located at a distance of several A.

The final stage (T = 0.9 + 1) is defined by the moment when the contact line is fixed
partially on the target and partially on the penultimate row of pillars near it (hereinafter
we will denote this row as Rg,») in Figure 3a. In Figure 2, this stage is characterized by a
noticeable decrease in the time intervals between leaps of CD and CA. The influence of the
target on the evaporation process becomes more significant in this stage. Depending on the
target perimeter (~4 g), which sets the strength of the droplet attachment to it, two different

scenarios are observed.
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Figure 3. Changes in the position of the contact line at the final stage of evaporation. (a) CL in
position Rg, (b) CL in position Rgi1-

An unsuccessful scenario is observed when the droplet is faintly attached to the target,
at g <90 um. In this case, at the final stage, the transition to the Wenzel state begins [43]. As
a result, two (or even several) centers of attachment for the droplet are formed: the target
itself and the contact regions in the Wenzel state. Therefore, at the end of evaporation, the
contact line either breaks off completely from the target and the precipitate falls outside the
target (at g <70 um), or the droplet stretches between the centers of attachment (or even
breaks apart) and the deposition region is partly located on the target and partly on the
superhydrophobic pillars adjacent (70 um < g <90 um).

For successful scenario (at g > 90 um), the force of the droplet fixing to the target
significantly exceeds the force of its fixation on the pillars. Accordingly, the contact line is
redistributed first onto the last row of pillars in front of the target (denoted further, as Rg,1,
Figure 3b) at the moment Tp_, ~ 0.94. At moment 71_, ~ 0.97 CL reaches the target surface,
on which during the remaining time (T = 0.97 = 1) all the dissolved analyte is deposited.
Thus, the area limit of the analyte deposition region (Sq) equals to g = 0.0081 mm?. This
area is just slightly smaller than that previously achieved for other hybrid superhydropho-
bic/superhydrophilic structures with a central target [15,31]. Therefore, we will further
discuss measures to reduce this area.
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Although the area of deposition S4 is an important parameter characterizing the
ability of the structure to concentrate the analyte, nevertheless, the final deposition density
depends not only on Sy value, but also on the initial volume of the droplet Vj. Therefore, in
our previous works we use a more universal parameter—the concentration factor [27,28].

Vo
Ke = % 2)

The larger this factor, the higher the final density of deposition on the target at the
same initial concentration of the analyte. For the LITHS/S-structure under consideration
and other structures of this type [28], the concentration factor reaches K. ~ 600 mm.

From Equation (2), it follows that an increase in the concentration factor could be
achieved by increasing the initial volume of the droplet. However, if initial volume is too
large the evaporation time of the droplet is also greatly increased. Meanwhile, according to
references [44-46], the Cassie-Baxter state [47] is metastable. For the LITHS/S-structures
under consideration, a droplet of an initial volume larger than 5 pL (tyo) > 3000 s) has
sufficient time to pass to the Wenzel state [43] before the process of its evaporation is
completed. In the Wenzel state, the motion of the contact line stops. This leads to a
significant increase in the diameter of the analyte deposition region to ~200 um, which
compensates for the positive effect. Therefore, we achieve to increase of the concentration
factor by reducing the transverse dimensions of the final deposition region.

The balance of the droplet fixation forces of the target and of the pillars adjacent to it at
the final stage of evaporation is now discussed. The position of the droplet at the moment
when the CL is partially attached to the target and partially attached to the penultimate
row of pillars (denoted further, as Rg,») is schematically shown in (Figure 3a). In the
course of evaporation, at time Tp_, the contact angle approaches the critical (receding)
value. As a result, the depinning force increases, which leads to the droplet moving to
the last row of pillars in front of the target, (Figure 3b). After the droplet reaches the last
row, the total perimeter of the droplet’s contact with the pillars is significantly reduced
and becomes commensurate with the perimeter of the target. Therefore, the influence
of the central target on the evaporation process is significantly enhanced. The transition
Rgi2 — Rgy1 (as can be seen from (Figure 2) is accompanied by a jump in the CA to an
initial value that is approximately equal to the equilibrium value of CA. As a result, the
depinning force immediately after this transition (according to Equation (1)) decreases to
almost zero. Although the contact angle in the process of further droplet evaporation can
decrease again; nevertheless, for simplicity, we assume that at this stage the effect of the
depinning force on the droplet placement to the target may be neglected. The displacement
mainly depends on the balance between the forces of the droplet fixation on the target

(F;,arget) and nearby pillars (ngllars). These forces are proportional to the perimeter of the

relief details with which the droplet is in contact [41,42]. Therefore, F;,arget is proportional
to the target perimeter, and the Fglﬂars to the perimeter of the contact with the pillars of

the Rg;1 row. Excessive reduction of the target perimeter leads to a weakening of the

target . . . .
force F, 8¢ and the realization of the unsuccessful scenario. The unsuccessful scenario

can be avoided if, simultaneously with a decrease in the target perimeter, the perimeter
of contact between the droplet and the pillars nearest to it is also reduced, for example,
by reducing the diameter of the latter. However, if the diameter of the pillars is too small,
their capillary force is greatly reduced and the probability of the “impalement” effect
increases. That is, the droplet being pushed onto the pillar with a subsequent transition to
the Wenzel state [48]. Besides, very thin pillars have low mechanical strength and may be
damaged under the action of pinning/depinning forces. Finally, reducing the diameter of
the relief features on the LITHS/S structure will require unnecessary efforts to improve the
resolution of the laser technology used for the LITHS/S structure manufacturing. Therefore,
we propose a different solution, which consists of modifying the design of the original
LITHS/S-structures by removing a row of pillars Rg,1, adjacent to the target (Figure 4a).
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Removal of this adjacent row enables thereby removing their pinning effect on the droplet.
It is assumed that the powerful pinning force of the central target allows to displace the
contact line off the pillars of the Rg,, row in the direction of the central target at time 1.
However, due to the decrease in the capillary force for the area devoid of pillars, the contact
line of the droplet cannot retreat to the required distance. Additional experiments show
that the droplet inevitably falls into the created local cavity. This position corresponds to
the Wenzel-Cassie state [49,50], in which a further decrease in CD becomes impossible. As
a result, the diameter of the final deposition area turns out to be ~2A ~ 170 pum, that is,
unacceptably large.
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Figure 4. (a) System for droplet evaporation in a non-uniform electrostatic field (for clarity, the scale
is not observed). (b) illustrates the dependence of the electrostatic force acting on the droplet at the
time of the Rg,» — Ry transition on the diameter of the upper electrode. Solid curve—analytical
results, numerical simulation data are shown by dots.

We assume that a droplet falling into the cavity formed on the modified LITHS/S-
structure can be avoided when there is an additional vertical force that acts on the droplet,
which can compensate for the lack of capillary force. This additional force may facilitate
the transfer of the entire droplet from a row of Rg,, pillars directly to the central target
(Rg+2 — Ry transition). To create such a force, we propose to place an electrically neutral
evaporating droplet in a non-uniform electrostatic field (NEF). Due to the polarization of
water in the electric field, the drop acquires a dipole moment and subsequently this dipole
begins to “pull up” into the region with a higher NEF gradient. The region with a higher
NEF gradient is located so that the droplet tends upward, to compensate for the lack of
capillary force.

In this work, the NEF is created by applying a potential difference to the upper and
lower disc Cu electrodes that are significantly different in diameter (Figure 4a). In this case,
the droplet and the substrate are isolated from the electrodes. The droplet is insulated by
an air gap, and the PTFE surface is insulated with a polytetrafluoroethylene layer and an
additional glass plate (the latter is also needed in order to shift the droplet center slightly
upward to the region with a slightly higher NEF gradient). The insulation is needed in
order to avoid changing the wetting PTFE surface under the action of the charges flowing
into the contact area of the droplet and substrate [51,52]. This electrowetting effect, as
discussed below, may arrest the process of the evaporative reduction of the contact region,
which is undesirable for the problems being solved.

If the electric field gradient is constant or changes little within the droplet size, the
force of electrostatic action on the droplet can be calculated as:

ngater Ewater — Eair 2
8 Fair Ewater T+ €air VE )

Fel =Tt

where E—field strength; Dy ater—droplet diameter; ewater—dielectric constant of water;
eair—dielectric constant of air; V—gradient operator. Analytical calculation of the NEF
distribution and the corresponding electrostatic force F, is performed using the method of
images [53,54]. Within this framework, it may be assumed that a mirror image of the upper
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small electrode (diameter dy) with the opposite charge appears in the lower electrode,
of an infinitely large diameter (d;) (Figure 4a). Using method of images, the field in the
interelectrode space will be described by the well-known solution for the dipole field [54].
This field is created in this case by the upper and “mirror image” electrodes with a distance
of 21 between them (where 1 is the gap between the upper and lower electrodes).

Analytical calculations also take into account the leaps in the vertical component of
the electric field at the boundaries of air (¢ = 1), polytetrafluoroethylene (e = 2.3) and glass
(¢ = 8). The upper electrode is placed at a distance 1 = 7 mm, that at least several times
larger than the initial droplet diameter (~2 mm). The diameter of the lower electrode d; is
chosen to be equal to 50 mm, which is significantly larger than distance I, and the diameter
of the upper electrode varies between 0.01 and 25 mm. When selecting a particular value
dp, we assume that at the time T, of transition Rg,2— Rg a value of the force acting on
the droplet must be the same order of magnitude as its weight (P ~ 62.3 nN). It was also
taken into account that the maximum voltage value should be significantly lower than
the experimentally measured breakdown voltage of the interelectrode gap (Upq ~ 10 kV).
Therefore, during the simulation, a significantly lower value of Uy ~ 5.5 kV was chosen as
the assumed operating voltage.

To refine analytical results at sufficiently large diameters of the upper electrode when
it becomes comparable to the diameter of the lower electrode (the lower electrode in this
case could not even be considered “infinite”, which is not provided for by the analytical
model), we resorted to numerical calculations using the COMSOL software version 5.5.

3. Results and Discussion

The results of the magnitude calculations of the electrostatic lifting force acting on
the droplet are shown in (Figure 4b). As expected, the analytical and numerical data are
in good agreement in the region of small values of d; and begin to diverge where this
diameter becomes comparable to the diameter of the lower electrode d;.

From the results presented in (Figure 4b), it can be seen that at the moment of the
Rgi2 — Rg transition, the electrostatic force exceeds the droplet weight when the diameter
of the upper electrode is in the range of 0.02 < 5 mm. If d; < 0.02 mm, the NEF gradient
increases significantly near the upper electrode. Near the lower one, where the droplet is
actually located, the field is almost uniform. Accordingly, the lifting force acting on the
droplet from the side of the NEF also becomes negligible. In the opposite situation, when
the diameter d, becomes more than 5 mm and continues to increase, the value of the field
gradient decreases in the whole interelectrode space. At the moment when the diameter of
the upper electrode increases to the size of the lower one, the gradient disappears, since in
this case we obtain a uniform field of a flat capacitor. As a result, there is no electrostatic
force acting on the droplet. Data on (Figure 4b) also show that, at the boundaries of the
considered range, when the diameter d, becomes equal to ~0.01 mm or ~5 mm, the lifting
force is compared with the weight of the droplet. If the diameter d; is chosen near the
lower value from this range, then electric field lines will be too concentrated near the upper
electrode, which can lead to a local electrical breakdown of the adjacent air layer. This leads
to the instability of the force action on the drop and, often, to electrode damage. In addition,
the manufacturing of an electrode with a diameter ~5 mm is much simpler. Therefore,
a diameter of 5 mm was selected for the system described herein. For these geometrical
parameters the system allows relatively large deviations from the selected interelectrode
voltage of 5.5 kV. Unsuccessful outcome of evaporation is observed at U > 6.3 kV, when the
droplet breaks off and flies upward from the modified LITHS/S-structure, or at U <5 kV,
when it falls into the cavity, between the target and a row of R pillars.

In addition to the geometric parameters of the electrodes and the potential difference
between them, the temporal parameters of the interelectrode voltage pulse are also of great
importance. Microscopic observations show that an excessive duration of NEF action on a
droplet placed in the considered system leads first (after ~30 s) to the transition of the latter
to a micro-Wenzel state in which it envelops micro-roughnesses on the surface of the pillars.
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Subsequent (after ~100 s) to a transition to a mixed Wenzel-Cassie state [45,49], the droplet
begins to permeate deeper and deeper into the gaps between the pillars. After another
~200 s, the droplet completely fills these gaps, passing in the Wenzel state. In other words,
the transition to the Wenzel state occurs an order of magnitude faster than in the absence
of a field for drops of the same volume. We assume that this circumstance is due to the
gradual accumulation of surface charge in the contact area (which, among other things, is
influenced by the increased humidity of the environment near the evaporating droplet) [52].

Wherein, for a short duration of stay a droplet with a Teflon substrate in an electrostatic
field, for example, for no more than 10 s, the charge in the contact region does not have time
to accumulate. This guarantees the stability of the Cassie wetting state, which determines
the choice of the upper limit time of action NEF in our experiments. It was also found that
too abrupt switching on/off of the field can lead to uncontrolled movement of the droplet
over the superhydrophobic surface: rolling or even complete separation of the droplet
upward from the surface. This problem is solved by gradually increasing/decreasing the
voltage on the electrodes in such a way that at first, within 5 s, the voltage rises linearly to
5.5kV and then, according to the same law, decreases to zero. As a result, full pulse duration
does not exceed the selected limiting time of the action NEF (Figure 5). Experiments also
confirmed the assumption that the direction of the force acting on the droplet does not
depend on the polarity voltage applied to electrodes and is determined only by the direction
of the NEF gradient vector.

140 } L l'z o

- 1 600
g V,=5pL
k-] | y o
- 120 tiw = 50 min :
—_ total
3 . { 500
2 00 | ,
& g 0 1 400 E
5 80 bo” : g

e o o
s :\\ et =
S 60 pi= s ¢ ; ] =8

éwoo p . 2 O

° @ Contact angle 41 200

i 60‘5 1 2 3 4 5 6 i 8 9 “(’JO J 100

20 t @ Contact angle
@ Contact diameter i
0 i N N N L 0
=0.1 0.1 0.3 0.5 0.7 0.9 11

Normalized evaporation time, 4,

Figure 5. Changes in CD and CA depending on the normalized evaporation time on a modified
LITHS/S-structure (g = 40 um, A = 84 um, d = 14 pm) with action a pulse of non-uniform electric
field. Insets (a—e)—photomicrographs of a droplet at different evaporation moments. Inset at the
bottom—change in CA under electrostatic action, the time on the axis is counted from the moment
the interelectrode voltage pulse supply.

Since the total duration of the formed pulse turns out to be significantly shorter than
the total duration of the evaporation final stage (equal to ~300 s at Vy = 5 uL), the choice of
the pulse timing is of great importance. In order to successfully transfer the contact line to
the target, it is necessary to choose the onset of the pulse in such a way that the voltage
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peak is reached a few seconds prior to the time of natural separation 7,_, of the contact line
from the row of pillars Rg». In this case, the evaporation of a 5 uL droplet with a dissolved
Rhodamine 6G (R6G) organic dye used as an analyte at an initial concentration of 10710 M
illustrated in Figure 5.

As can be seen on Figure 5, from the moment the NEF is switched on, CA decreases as
the interelectrode voltage increases which, according to Equation (1), accordingly leads to
an increase in the depinning force directed to the target. Microscopic observations (inset
“c” in Figure 5) show that at this time the droplet is elongated (which is the direct reason
for the decrease in CA) and rises upward. At the moment when the maximum voltage
is reached, the droplet is detached from the pillars of the Rg;> row and the contact line
is completely transferred to the surface of the central target (inset “d” in Figure 5). This
transition is accompanied by a leap in the CA up to a value close to the initial one, but
not yet equal to it, since the droplet still retains its elongated shape under the action of
the field. Further, as the voltage decreases, the CA is restored to its initial value, but this
happens when the droplet is already entirely on the target surface. The droplet continues
to be located on the target even after the field stops acting (inset “e” in Figure 5), as a result
of which all the analyte is deposited on the surface of the target, which is also illustrated by
photoluminescence in Figure 6a.
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Figure 6. Enrichment results demonstration. (a) The fluorescence image of deposited 1071 M R6G
solutions onto the central target (top view). Inset demonstrate the scanning electron microscopy (SEM)
image of the central target (side angle of 40°). (b) The SERS spectrum measured from Rhodamine 6G
(R6G) molecules (initial analyte concentration is 10~12 M. The inset demonstrates the pattern of SERS
responses over illumination by a pump beam with A = 0.532 pum.

This scenario is observed until the lateral dimension of the target is not lower than
40 um. For targets with smaller dimensions the pinning force is no longer sufficient for the
“successful” completion of the deposition process even under the action of NEF. As a result
of which the analyte is again redistributed between the target and adjacent pillars of the
superhydrophobic surface. As one can see, g = 40 um and, accordingly, Sp = 0.0016 mm? is
the limit we have reached to minimize the analyte deposition area when using the proposed
approach. This result allows an increase of the concentration factor up to K¢ ~ 3125 mm.

As mentioned above, to prevent photoluminescence signal quenching, the central
target is covered with a rather thick SiO, buffer layer. This inevitably worsens the SERS
response of the target, in particular due to the blocking of the chemical mechanism of
enhancement of Raman scattering (although it is possible that some analyte molecules can
penetrate cracks in the buffer coating, up to direct contact with the metal). We took this step
to visually demonstrate the results of targeted analyte deposition on a central small-sized
target, which is illustrated by the fluorescence image of the deposition of 1071 M R6G
(Figure 6a). However, the target surface of the LITHS/S structure exhibits pronounced
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SERS activity due to apparently sufficient electric field enhancement. The inset of Figure 6b
shows the pattern of SERS responses when the target is illuminated by a wide aperture
pump beam with A = 0.532 um (analyte concentration—10~12 M). The spectrum of one of
the responses is shown in Figure 6b. As can be seen, it has a characteristic shape of the
Raman spectrum of R6G molecules. The smallest detectable concentration of the analyte
of 10713 M is achieved with SERS mapping of the target surface, which, of course, is not a
record result. Although this sensitivity is quite high and is achieved on a normal rough
surface without taking special measures to increase the SERS response. Such measures
could be the optimization of the thickness of the buffer coating, the production of an array
of polygonal plasmonic nano-objects with sharp vertices and nanosized gaps between
them, or in some other way, which we intend to implement in the future.

It should also be added that the experimentally achieved sensitivity of the SERS
substrate with a size of 1.5 x 1.5 (mm), with a surface made using the same technology as
the surface of the central target, was only 10710 M, that is, it turned out to be three orders of
magnitude worse than for the LITHS/S structure. This is another example illustrating the
high efficiency of using the developed method of analyte enrichment in SERS-sensors.

4. Conclusions

This paper presents a fundamentally new technique that allows control of the evapo-
ration of an uncharged liquid droplet on a hybrid superhydrophobic/superhydrophilic
surface due to the action of a non-uniform electrostatic field. The analyte enrichment sys-
tem, obtained by combining this approach with a special design for laser-textured hybrid
superhydrophilic-superhydrophobic platforms, outperforms any other analyte enrichment
system currently available and allows the realization of the targeted delivery of molecules
of the substance to areas less than 0.0016 mm?. This result is more than six times less
than that recently achieved of 0.01 mm? deposition area. It potentially makes it possible to
achieve a corresponding additional increase in the sensitivity of plasmonic sensors based on
SERS, as well as to significantly increase the reliability and accuracy of the measurements
at the atto-molar level. We believe that the approach presented is likely to be used for trace
chemical detection in many areas.

Author Contributions: Conceptualization, G.P; investigation, G.P; validation, G.P., A.Z. and O.V,;
formal analysis, O.V.; writing—original draft preparation, O.V.; visualization, A.Z.; project adminis-
tration, O.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (Grant No.21-79-10304).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Deng, Z.; Wen, P.; Wang, N.; Peng, B. Preparation of hierarchical superhydrophobic melamine-formaldehyde/Ag nanocomposite
arrays as surface-enhanced Raman scattering substrates for ultrasensitive and reproducible detection of biomolecules. Sens.
Actuators B Chem. 2019, 288, 20-26. [CrossRef]

Yang, ] K.; Hwang, L.].; Cha, M.G.; Kim, H.I;; Yim, D.; Jeong, D.H.; Lee, Y.S.; Kim, J.H. Reaction Kinetics-Mediated Control over
Silver Nanogap Shells as Surface-Enhanced Raman Scattering Nanoprobes for Detection of Alzheimer’s Disease Biomarkers.
Small 2019, 15, 1900613. [CrossRef] [PubMed]

Zhou, Q.; Yang, Y.; Ni, J.; Li, Z.; Zhang, Z. Rapid detection of 2, 3, 3/, 4, 4’-pentachlorinated biphenyls by silver nanorods-enhanced
Raman spectroscopy. Phys. E: Low-Dimens. Syst. Nanostruct. 2010, 42, 1717-1720. [CrossRef]

Zhao, X.; Li, M.; Xu, Z. Detection of foodborne pathogens by surface enhanced raman spectroscopy. Front. Microbiol. 2018, 9, 1236.
[CrossRef] [PubMed]

Inscore, F,; Shende, C.; Sengupta, A.; Huang, H.; Farquharson, S. Detection of drugs of abuse in saliva by surface-enhanced
Raman spectroscopy (SERS). Appl. Spectrosc. 2011, 65, 1004-1008. [CrossRef]

Chou, A.; Jaatinen, E.; Buividas, R.; Seniutinas, G.; Juodkazis, S.; Izake, E.L.; Fredericks, PM. SERS substrate for detection of
explosives. Nanoscale 2012, 4, 7419-7424. [CrossRef]

Chon, H;; Lee, S.; Yoon, S.-Y,; Lee, E.K.; Chang, S.-I.; Choo, ]. SERS-based competitive immunoassay of troponin I and CK-MB
markers for early diagnosis of acute myocardial infarction. Chem. Commun. 2014, 50, 1058-1060. [CrossRef]


http://doi.org/10.1016/j.snb.2019.02.068
http://doi.org/10.1002/smll.201900613
http://www.ncbi.nlm.nih.gov/pubmed/30957959
http://doi.org/10.1016/j.physe.2010.01.030
http://doi.org/10.3389/fmicb.2018.01236
http://www.ncbi.nlm.nih.gov/pubmed/29946307
http://doi.org/10.1366/11-06310
http://doi.org/10.1039/c2nr32409a
http://doi.org/10.1039/C3CC47850E

Nanomaterials 2022, 12, 844 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dong, S.; Wang, Y.; Liu, Z.; Zhang, W.; Yi, K.; Zhang, X.; Zhang, X,; Jiang, C.; Yang, S.; Wang, F. Beehive-inspired macroporous
SERS probe for cancer detection through capturing and analyzing exosomes in plasma. ACS Appl. Mater. Interfaces 2020, 12,
5136-5146. [CrossRef]

Lin, D.; Wu, Q.; Qiu, S.; Chen, G; Feng, S.; Chen, R.; Zeng, H. Label-free liquid biopsy based on blood circulating DNA detection
using SERS-based nanotechnology for nasopharyngeal cancer screening. Nanomed. Nanotechnol. Biol. Med. 2019, 22, 102100.
[CrossRef]

Yang, T.; Guo, X.; Wu, Y.; Wang, H.; Fu, S.; Wen, Y.; Yang, H. Facile and label-free detection of lung cancer biomarker in urine by
magnetically assisted surface-enhanced Raman scattering. ACS Appl. Mater. Interfaces 2014, 6, 20985-20993. [CrossRef]

Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L.T.; Itzkan, I.; Dasari, R.R.; Feld, M.S. Single molecule detection using surface-
enhanced Raman scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667. [CrossRef]

Yang, S.; Dai, X.; Stogin, B.B.; Wong, T.-S. Ultrasensitive surface-enhanced Raman scattering detection in common fluids. Proc.
Natl. Acad. Sci. USA 2016, 113, 268-273. [CrossRef] [PubMed]

Long, Y.-T.; Meade, T.]. Advances in optical and electrochemical techniques for biomedical imaging. Chem. Sci. 2020, 11, 6940-6941.
[CrossRef]

Spitzberg, ].D.; Zrehen, A.; van Kooten, X.F.; Meller, A. Plasmonic-nanopore biosensors for superior single-molecule detection.
Adv. Mater. 2019, 31, 1900422. [CrossRef] [PubMed]

Luo, X,; Pan, R.; Cai, M.; Liu, W.; Chen, C,; Jiang, G.; Hu, X.; Zhang, H.; Zhong, M. Atto-Molar Raman detection on patterned
superhydrophilic-superhydrophobic platform via localizable evaporation enrichment. Sens. Actuators B Chem. 2021, 326, 128826.
[CrossRef]

Willets, K.A.; Van Duyne, R.P. Localized surface plasmon resonance spectroscopy and sensing. Annu. Rev. Phys. Chem. 2007, 58,
267-297. [CrossRef]

Stiles, P.L.; Dieringer, J.A.; Shah, N.C.; Van Duyne, R.P. Surface-enhanced Raman spectroscopy. Annu. Rev. Anal. Chem. 2008, 1,
601-626. [CrossRef]

Cao, Y.C,; Jin, R.; Mirkin, C.A. Nanoparticles with Raman spectroscopic fingerprints for DNA and RNA detection. Science 2002,
297, 1536-1540. [CrossRef]

Sharma, B.; Cardinal, M.E; Kleinman, S.L.; Greeneltch, N.G.; Frontiera, R.R.; Blaber, M.G.; Schatz, G.C.; Van Duyne, R.P.
High-performance SERS substrates: Advances and challenges. MRS Bull. 2013, 38, 615-624. [CrossRef]

Ding, S.-Y.; Yi, J.; Li, ] .-E; Ren, B.; Wu, D.-Y.; Panneerselvam, R.; Tian, Z.-Q. Nanostructure-based plasmon-enhanced Raman
spectroscopy for surface analysis of materials. Nat. Rev. Mater. 2016, 1, 16021. [CrossRef]

Lee, HK; Lee, YH.; Koh, C.S.L.; Phan-Quang, G.C.; Han, X,; Lay, C.L.; Sim, H.Y.F,; Kao, Y.-C.; An, Q.; Ling, X.Y. Designing surface-
enhanced Raman scattering (SERS) platforms beyond hotspot engineering: Emerging opportunities in analyte manipulations and
hybrid materials. Chem. Soc. Rev. 2019, 48, 731-756. [CrossRef] [PubMed]

Lu, L-Q.; Zheng, Y.; Qu, W.-G.; Yu, H.-Q.; Xu, A.-W. Hydrophobic Teflon films as concentrators for single-molecule SERS
detection. J. Mater. Chem. 2012, 22, 20986-20990. [CrossRef]

Park, 5.G.; Mun, C.; Xiao, X.; Braun, A.; Kim, S.; Giannini, V.; Maier, S.A.; Kim, D.H. Surface energy-controlled SERS substrates
for molecular concentration at plasmonic nanogaps. Adv. Funct. Mater. 2017, 27, 1703376. [CrossRef]

De Angelis, E.; Gentile, F.; Mecarini, F,; Das, G.; Moretti, M.; Candeloro, P.; Coluccio, M.; Cojoc, G.; Accardo, A.; Liberale, C.
Breaking the diffusion limit with super-hydrophobic delivery of molecules to plasmonic nanofocusing SERS structures. Nat.
Photonics 2011, 5, 682-687. [CrossRef]

Zhang, H.; Zhou, F;; Liu, M.; Liu, D.; Men, D.; Cai, W.; Duan, G.; Li, Y. Spherical nanoparticle arrays with tunable nanogaps and
their hydrophobicity enhanced rapid SERS detection by localized concentration of droplet evaporation. Adv. Mater. Interfaces
2015, 2, 1500031. [CrossRef]

Fan, M.; Cheng, F; Wang, C.; Gong, Z.; Tang, C.; Man, C.; Brolo, A.G. SERS Optrode as a “fishing rod” to direct pre-concentrate
analytes from superhydrophobic surfaces. Chem. Commun. 2015, 51, 1965-1968. [CrossRef]

Pavliuk, G.; Pavlov, D.; Mitsai, E.; Vitrik, O.; Mironenko, A.; Zakharenko, A.; Kulinich, S.A.; Juodkazis, S.; Bratskaya, S.;
Zhizhchenko, A. Ultrasensitive SERS-based plasmonic sensor with analyte enrichment system produced by direct laser writing.
Nanomaterials 2020, 10, 49. [CrossRef]

Zhizhchenko, A.; Kuchmizhak, A.; Vitrik, O.; Kulchin, Y.; Juodkazis, S. On-demand concentration of an analyte on laser-printed
polytetrafluoroethylene. Nanoscale 2018, 10, 21414-21424. [CrossRef]

George, J.E.; Unnikrishnan, V.; Mathur, D.; Chidangil, S.; George, S.D. Flexible superhydrophobic SERS substrates fabricated by in
situ reduction of Ag on femtosecond laser-written hierarchical surfaces. Sens. Actuators B Chem. 2018, 272, 485-493. [CrossRef]
Zhong, L.-B.; Yin, J.; Zheng, Y.-M.; Liu, Q.; Cheng, X.-X.; Luo, E-H. Self-assembly of Au nanoparticles on PMMA template as
flexible, transparent, and highly active SERS substrates. Anal. Chem. 2014, 86, 6262-6267. [CrossRef]

Ma, X,; Jiang, L.; Li, X,; Li, B.; Huang, J.; Sun, J.; Wang, Z.; Xu, Z.; Qu, L.; Lu, Y. Hybrid superhydrophilic-superhydrophobic
micro/nanostructures fabricated by femtosecond laser-induced forward transfer for sub-femtomolar Raman detection. Microsyst.
Nanoeng. 2019, 5, 48. [CrossRef] [PubMed]

Fu, C.Y.; Kho, KW,; Dinish, U.; Koh, Z.Y.; Malini, O. Enhancement in SERS intensity with hierarchical nanostructures by bimetallic
deposition approach. J. Raman Spectrosc. 2012, 43, 977-985. [CrossRef]


http://doi.org/10.1021/acsami.9b21333
http://doi.org/10.1016/j.nano.2019.102100
http://doi.org/10.1021/am5057536
http://doi.org/10.1103/PhysRevLett.78.1667
http://doi.org/10.1073/pnas.1518980113
http://www.ncbi.nlm.nih.gov/pubmed/26719413
http://doi.org/10.1039/D0SC90119A
http://doi.org/10.1002/adma.201900422
http://www.ncbi.nlm.nih.gov/pubmed/30941823
http://doi.org/10.1016/j.snb.2020.128826
http://doi.org/10.1146/annurev.physchem.58.032806.104607
http://doi.org/10.1146/annurev.anchem.1.031207.112814
http://doi.org/10.1126/science.297.5586.1536
http://doi.org/10.1557/mrs.2013.161
http://doi.org/10.1038/natrevmats.2016.21
http://doi.org/10.1039/C7CS00786H
http://www.ncbi.nlm.nih.gov/pubmed/30475351
http://doi.org/10.1039/c2jm33955b
http://doi.org/10.1002/adfm.201703376
http://doi.org/10.1038/nphoton.2011.222
http://doi.org/10.1002/admi.201500031
http://doi.org/10.1039/C4CC07928K
http://doi.org/10.3390/nano10010049
http://doi.org/10.1039/C8NR06119J
http://doi.org/10.1016/j.snb.2018.05.155
http://doi.org/10.1021/ac404224f
http://doi.org/10.1038/s41378-019-0090-1
http://www.ncbi.nlm.nih.gov/pubmed/31645998
http://doi.org/10.1002/jrs.3128

Nanomaterials 2022, 12, 844 12 of 12

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.
44.

45.

46.

47.
48.

49.

50.

51.
52.

53.
54.

Ko, H.; Singamaneni, S.; Tsukruk, V.V. Nanostructured surfaces and assemblies as SERS media. Small 2008, 4, 1576-1599.
[CrossRef]

Tripp, R.A.; Dluhy, R.A.; Zhao, Y. Novel nanostructures for SERS biosensing. Nano Today 2008, 3, 31-37. [CrossRef]

Fateixa, S.; Nogueira, H.I.; Trindade, T. Hybrid nanostructures for SERS: Materials development and chemical detection. Phys.
Chem. Chem. Phys. 2015, 17, 21046-21071. [CrossRef]

Wang, X.; Shi, W.; She, G.; Mu, L. Surface-Enhanced Raman Scattering (SERS) on transition metal and semiconductor nanostruc-
tures. Phys. Chem. Chem. Phys. 2012, 14, 5891-5901. [CrossRef] [PubMed]

Sugioka, K.; Cheng, Y. Ultrafast lasers—reliable tools for advanced materials processing. Light Sci. Appl. 2014, 3, e149. [CrossRef]
Yoo, J.-H.; Kwon, H.-].; Paeng, D.; Yeo, J.; Elhadj, S.; Grigoropoulos, C.P. Facile fabrication of a superhydrophobic cage by laser
direct writing for site-specific colloidal self-assembled photonic crystal. Nanotechnology 2016, 27, 145604. [CrossRef]

Dunn, A.; Wasley, T.]; Li, J.; Kay, RW.,; Stringer, J.; Smith, PJ.; Esenturk, E.; Connaughton, C.; Shephard, J.D. Laser textured
superhydrophobic surfaces and their applications for homogeneous spot deposition. Appl. Surf. Sci. 2016, 365, 153-159.

Yin, K.; Chu, D.; Dong, X.; Wang, C.; Duan, J.-A.; He, ]. Femtosecond laser induced robust periodic nanoripple structured mesh
for highly efficient oil-water separation. Nanoscale 2017, 9, 14229-14235. [CrossRef]

Chen, X.; Ma, R;; Li, J.; Hao, C.; Guo, W.; Luk, B.L.; Li, S.C.; Yao, S.; Wang, Z. Evaporation of droplets on superhydrophobic
surfaces: Surface roughness and small droplet size effects. Phys. Rev. Lett. 2012, 109, 116101. [CrossRef] [PubMed]

Butt, H.-J.r.; Gao, N.; Papadopoulos, P.; Steffen, W.; Kappl, M.; Berger, R.d. Energy dissipation of moving drops on superhy-
drophobic and superoleophobic surfaces. Langmuir 2017, 33, 107-116. [CrossRef] [PubMed]

Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988-994. [CrossRef]

Giacomello, A.; Chinappi, M.; Meloni, S.; Casciola, C.M. Metastable wetting on superhydrophobic surfaces: Continuum and
atomistic views of the Cassie-Baxter-Wenzel transition. Phys. Rev. Lett. 2012, 109, 226102. [CrossRef]

Lv, P; Xue, Y,; Shi, Y; Lin, H.; Duan, H. Metastable states and wetting transition of submerged superhydrophobic structures. Phys.
Rev. Lett. 2014, 112, 196101. [CrossRef] [PubMed]

Koishi, T.; Yasuoka, K.; Fujikawa, S.; Ebisuzaki, T.; Zeng, X.C. Coexistence and transition between Cassie and Wenzel state on
pillared hydrophobic surface. Proc. Natl. Acad. Sci. USA 2009, 106, 8435-8440. [CrossRef] [PubMed]

Cassie, A.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546-551. [CrossRef]

Bartolo, D.; Bouamrirene, F; Verneuil, E.; Buguin, A.; Silberzan, P.; Moulinet, S. Bouncing or sticky droplets: Impalement
transitions on superhydrophobic micropatterned surfaces. EPL (Europhys. Lett.) 2006, 74, 299. [CrossRef]

Yen, T.-H.; Soong, C.-Y. Hybrid Cassie-Wenzel model for droplets on surfaces with nanoscale roughness. Phys. Rev. E 2016, 93,
022805. [CrossRef]

Lee, ].; Hwang, S.-H.; Yoon, S.-S.; Khang, D.-Y. Evaporation characteristics of water droplets in Cassie, Wenzel, and mixed states
on superhydrophobic pillared Si surface. Colloids Surf. A Physicochem. Eng. Asp. 2019, 562, 304-309. [CrossRef]

Mugele, E,; Baret, ].-C. Electrowetting: From basics to applications. . Phys. Condens. Matter 2005, 17, R705. [CrossRef]

Moon, H.; Cho, S.K,; Garrell, R.L.; Kim, C.-J.C. Low voltage electrowetting-on-dielectric. J. Appl. Phys. 2002, 92, 4080-4087.
[CrossRef]

Jackson, ]. Classical Electrodynamics; Wiley: New York, NY, USA, 1975.

Jackson, ].D. Classical electrodynamics. Am. Inst. Phys. 2009, 15, 62.


http://doi.org/10.1002/smll.200800337
http://doi.org/10.1016/S1748-0132(08)70042-2
http://doi.org/10.1039/C5CP01032B
http://doi.org/10.1039/c2cp40080d
http://www.ncbi.nlm.nih.gov/pubmed/22362151
http://doi.org/10.1038/lsa.2014.30
http://doi.org/10.1088/0957-4484/27/14/145604
http://doi.org/10.1039/C7NR04582D
http://doi.org/10.1103/PhysRevLett.109.116101
http://www.ncbi.nlm.nih.gov/pubmed/23005650
http://doi.org/10.1021/acs.langmuir.6b03792
http://www.ncbi.nlm.nih.gov/pubmed/28001428
http://doi.org/10.1021/ie50320a024
http://doi.org/10.1103/PhysRevLett.109.226102
http://doi.org/10.1103/PhysRevLett.112.196101
http://www.ncbi.nlm.nih.gov/pubmed/24877948
http://doi.org/10.1073/pnas.0902027106
http://www.ncbi.nlm.nih.gov/pubmed/19429707
http://doi.org/10.1039/tf9444000546
http://doi.org/10.1209/epl/i2005-10522-3
http://doi.org/10.1103/PhysRevE.93.022805
http://doi.org/10.1016/j.colsurfa.2018.11.049
http://doi.org/10.1088/0953-8984/17/28/R01
http://doi.org/10.1063/1.1504171

	Introduction 
	Methodology 
	Results and Discussion 
	Conclusions 
	References

