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Surface acoustic wave-based generation and
transfer of droplets onto wettable substratesy

Krishnadas Narayanan Nampoothiri, & 2 Niladri Sekhar Satpathi®
and Ashis Kumar Sen (& *a®

Fluid manipulation using surface acoustic waves (SAW) has been utilized as a promising technique in the
field of microfluidics due to its numerous advantages, over other active techniques, such as low power
requirement, facile fabrication methods, and non-invasive nature. Even though SAW-based generation of
micron-sized droplets through atomization has been studied, the role of substrate wettability on the
characteristics of the transferred droplets has not been explored to date. Here, we study the generation
and effective transfer of micron-sized droplets using SAW onto wettable substrates whose water contact
angles vary from 5° to 145°. The characteristics of transferred droplets after impacting the wettable
substrates are characterized in terms of the contact line diameter and polydispersity index. A theoretical
model is formulated to predict the initial average size of the transferred droplets on the wettable
substrates of different contact angles. The variation of polydispersity and number density with contact
angle is explained by considering droplet coalescence and bouncing. The relevance of the technique in
biological assays is demonstrated by transferring droplets of streptavidin protein samples onto a substrate.

Introduction

Manipulation of microliter-size droplets is of prime importance
in the field of microfluidics*™ given its plethora of applications
in medical science,>® electronics cooling,”® printing,*** and
aerosol formation.'>* Active forces such as electric***® and
magnetic field forces'”'® have been extensively used to handle
small sample volumes. These techniques, however, involve
complex fabrication," require high electric fields,***' and use
complex reagents* which adversely affect the versatility of such
methods. The literature indicates an urgent need for an
enhanced method for the efficient handling of small fluid
volumes. Surface acoustic waves (SAW) based techniques can fill
this gap given their low power requirements, simple and robust
fabrication methods, and non-invasive characteristics. Tech-
niques based on SAWs have proven competency**** for droplet
manipulation,® droplet atomization,*** and aggregation of
particles.” In particular, the non-contact nature of SAWs is well-
disposed for biochemical applications.***

SAWs are defined as mechanical vibrations of nanometric
amplitudes that propagate on the surface of a piezoelectric
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substrate.” Upon applying an AC electrical signal to interdigi-
tated electrodes (IDTs), mechanical traveling waves are formed
on the surface of the piezoelectric substrate as a consequence of
the inverse piezoelectric effect. When SAWs encounter a liquid,
leaky SAWs are introduced into the bulk of the liquid at the
Rayleigh angle.”***> When sufficient power is applied, strong
capillary waves at the air-droplet interface overcome the capil-
lary stress and form micron-sized satellite droplets.”®**** The
atomized droplet sizes are typically measured during their flight
using time of flight experiments®**® and using this mechanism,
droplets of size in the range of 1 to 100 pm were generated in
arapid and controlled manner.>**” The ease of mass-fabrication
of SAW devices provides SAW atomizers**® with an edge over
ultrasonic atomizers.****

From the application perspective, SAW-based atomization
has been reported as an effective technique for extraction of
bioreagents,*® transfer of analytes into a mass spectrometer for
peptide detection,* drug delivery,”** and the production of
insulin liquid aerosols and solid protein nanoparticles.*® Qi
et al.** demonstrated the usage of paper strips for SAW atom-
ization and extracted protein molecules and yeast cells (~5 pm)
from narrow paper strips. Sun et al.*® presented an integrated
SAW-based chip that could control the nebulization rate of the
non-volatile analytes during atomization. Huang et al.** utilized
the SAW-based nebulization for asthma treatment. Alhasan
et al.*® utilized this SAW atomization platform for efficient
pulmonary stem cell delivery. Rajapaksa et al.** demonstrated
the delivery of a pDNA vaccine in a large animal model using
SAW based hand-held nebulizer. Owing to the scaled-down

© 2022 The Author(s). Published by the Royal Society of Chemistry
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device and absence of nozzles, the SAW-based atomization
technique can be utilized for cooling electronic devices.*
Huang et al.*® investigated the effect of acoustothermal heating
and measured the temperature distribution of liquid atomiza-
tion during SAW actuation. To avoid the effect of acousto-
thermal heating in efficient transfer of proteins and cells,
literature suggests the usage of low SAW powers (<4 W).>**” Even
though the transport of droplet-encapsulated bioreagents has
been demonstrated in the literature, the effect of substrate
wettability on the characteristics of these transferred droplets
has not been investigated. This study is critical for the transfer
of monodisperse droplets which has relevance in various
applications such as cosmetics,*® food,* and chemical indus-
tries.” These droplets can also serve as microvessels for carrying
out various bio-detection techniques.*"*?

In the present work, we have investigated the characteristics
of the transferred droplets after impacting onto various
wettable substrates. These droplets are generated using SAW
technique on LiNbO; substrate and the source liquid used is in
the form of a thin liquid film which is proven to offer a higher
atomization rate as compared with that obtained using micro-
liter volume droplets.”**»** For such a study, surfaces of
different wettability with water contact angles (WCA) in the
range of 5° to 145° are prepared using a glass coverslip as the
base substrate. The transferred droplets on the different
wettable substrates are imaged to obtain the droplet charac-
teristics such as the size distribution and the polydispersity
index. A theoretical model is presented that predicts the average
initial size of the transferred droplets on the wettable
substrates. During these experiments, the wettability of the
LiNbO; substrate is unaltered since literature® suggests that as
the wettability of the LiNbO; substrate is changed to
hydrophobic/superhydrophobic the area fraction through
which the surface acoustic waves leak into the droplet decreases
and there will be no effect of surface acoustic waves. Finally, the
potential application of the technique is demonstrated by
transferring streptavidin protein molecules.

Experimental section

A schematic diagram of the experimental setup is depicted in
Fig. 1. Interdigitated electrodes (IDTs) of Cr/Au of thickness 10/
100 nm are fabricated on the surface of a 128° rotated Y-cut X
propagating lithium niobate (LiNbOj;) substrate (thickness 0.5
mm) using standard photolithography and metal etching
techniques. The width and inter-electrode spacing are taken to
be 100 um, and the corresponding resonant frequency f; is
found to be 9.91 MHz. Traveling surface acoustic waves (TSAWSs)
are generated on the LiNbOj; substrate by applying sinusoidal
AC voltage signals to the IDTs, which are produced using
a signal generator (SMC100A, Rohde & Schwarz, Germany) and
subsequently amplified by a power amplifier (75A250A, Ampli-
fier Research). The gain of the power amplifier is set at 35.6 dB
and the input power from the signal generator is kept at 0 dBm
(1 mW). By considering the electromechanical coupling coeffi-
cient®*® of 128° rotated Y-cut X propagating LiNbO; as 5.5%,
the RF power converted to the acoustic modes is 0.2 W.
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Mechanical relay switch (YL303H RS series) on an Arduino
circuit works as a timer set at 100 ms to keep the SAW power ON
for 100 ms after which the power is switched OFF for another
100 ms and the cycle continues.

A piece of polyester cellulose lint-free paper is used to wick
the liquid from a reservoir through capillary action and to
maintain a continuous liquid film front exposed to the SAWs.**
The surface of the liquid film undergoes capillary instability
resulting in the ejection of small droplets that are deposited on
surfaces of different wettability with a glass coverslip as the
substrate, as shown in Fig. 1. The side view of the liquid film is
captured using a high-speed camera (Photron Fastcam Mini
AX200).

The temperatures of the substrates were measured using
a thermal IR camera (A6701, FLIR). The IR camera is calibrated
against an external thermometer by measuring the temperature
of a water bath, which is heated using a hot plate.

Streptavidin (biotin-binding proteins) covalently attached to
a fluorescent label, Qdot™ 625 Streptavidin conjugate, is
transferred from the liquid film to the substrate. Optiprep™
(Sigma-Aldrich) is used as the density gradient medium to
ensure Streptavidin particles remain neutrally buoyant.

The images of the transferred droplets and the biotin-
binding proteins are captured using a 60x objective lens
attached to an inverted fluorescent microscope (IX71, Olympus)
in combination with a high-speed camera (SA5, Photron) and
a fluorescence attachment (Olympus U-HGLGPS). The size
distribution of the transferred droplets are analyzed using
Image] software.*”

Microscopic coverslips (Blue Star, India) of thickness
0.17 mm are used as the substrates for transferring the atom-
ized droplets (Fig. 1). The water contact angle of the coverslip
substrate (WCA) is varied in the range of 5° to 145°, as shown in
Fig. 2, by using the protocols described below. The various
contact angles are measured using a Goniometer and Drop
Shape Analyzer (DSA25, KRUSS GmbH). Each measurement is
repeated at least thrice on multiple substrates having the same
wettability to ensure repeatability and reproducibility.

PDMS base and curing agent at 10 : 1 ratio are thoroughly
mixed and the mixture is degassed in a desiccator to remove air
bubbles. The coverslip substrate is washed with isopropyl
alcohol in an ultrasonicator and dried by spraying high-
pressure N, gas. The PDMS mixture is spin-coated on a glass
coverslip at 4000 rpm for 50 s and cured at 140 °C for 1 h
resulting in a uniformly coated and cured PDMS layer. The
PDMS surface is then exposed to oxygen plasma (PDC - 002,
Harrick Plasma, U.S.A.) at 30 W for 90 s,*® and the WCA of the
PDMS surface immediately after the exposure is measured to be
5° £ 0.2° (Fig. 2a). In addition to the wettability of the substrate,
the surface roughness can also have an effect on the droplet
distribution. PDMS substrate will have nanometric roughness,
as reported in another study from our group.*® But here we keep
the surface roughness fixed and only study the effect of wetta-
bility. The variation of the wettability of a plasma exposed PDMS
surface with time has been investigated elsewhere,* which is
attributed to the adsorption of the -OH bonds into the PDMS
layer.®® From our measurements, we found the WCA of PDMS
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Fig. 1 Schematic diagram of the experimental setup depicting the generation of liquid film, SAW-based droplet atomization, and transfer of

atomized droplets to a substrate.

surfaces to be 18° + 0.1° after 8 h (Fig. 2b) and 37° + 0.3° after
24 h (Fig. 2c). The WCA of the cleaned coverslip and PDMS
surface without plasma exposure after curing for 140 °C for 1 h
is measured to be 60° + 0.2° and 84° + 0.3°, respectively (Fig. 2d
and e respectively), which are consistent with values reported in
the literature.®"*>

The obtained PDMS surface is considered rigid since the
elastocapillary number length®® (y/E) , where v is the liquid
surface tension and E is the Young's modulus of PDMS,* is
considered to be low (=10 % m). To achieve hydrophobic
surface, the spin-coated PDMS layer is cured at 180 °C for
90 min,*® and the WCA is measured to be 110° £ 0.3° (Fig. 2f). To
obtain a superhydrophobic surface, the glass coverslip is coated
with 30 nm diameter silica nanoparticles (Glaco Mirror coat, Soft
99, Japan) and heated at 110 °C for 1 h to reinforce the coating.*
The coating offers a surface having micro and nanoscale

dimensions and the WCA is measured to be 145° £ 0.2° (Fig. 2g).
The substrate has very low (~+2°) contact angle hysteresis which
ensures the minimal effect of the same in spreading and
retraction of the droplet upon impact. Since experiments with
each of the wettable surfaces are completed within 15 min during
which the WCA variation is insignificant,*® the effect of the
dynamic wettability change on the droplet characteristics can be
safely neglected. The different protocols used to achieve different
WCAs are summarized in Table 1.

Results and discussion
Formation of liquid film and transfer of droplets

Experiments are performed to establish a liquid film over the
LiNbO; substrate for the SAW-mediated droplet generation, as
shown in Fig. 3a. Lint-free paper of thickness 0.5 mm and

Fig.2 Water Contact Angles (WCAs) of the substrates after surface treat
(d) 60° (e) 84° (f) 110° and (g) 145°. Scale bar = 0.5 mm.
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ment of the coverslip by following different protocols (a) 5° (b) 18° (c) 37°
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Table 1 The different protocols used to achieve different WCAs of the substrates

Substrate surface Curing condition Plasma exposure time Waiting time WCA

Glass coverslip Not applicable Not applicable Not applicable 60° + 0.2°

Spin coated PDMS 140°C,1h 84° + 0.3°

Spin coated PDMS 180 °C, 90 min 110° £ 0.3°

Silica nanoparticle coating 110°C, 1 h 145° £ 0.2°

Plasma exposed PDMS Not applicable 30 W for one and half min Not applicable 5° £+ 0.2°
8h 18° £ 0.1°
24 h 37°+£0.3°

50 mm length is connected to a reservoir containing DI water at
one of its ends, which resulted in the complete wetting of the
paper within 60 s. The contact between the edge of the wetted
paper wick at the other end and the hydrophilic LiNbO;
substrate led to the formation of a liquid meniscus of thickness
0.2 mm and length 0.5 mm. The coverslip substrate is placed at
a vertical distance of 10 mm from the LiNbO; substrate as
shown in Fig. 1. When the liquid meniscus is exposed to SAW
actuation with the timer circuit set at 100 ms, the meniscus
spreads opposite to the direction of SAW propagation, and
a liquid film of height H = 0.3 mm and length L = 6 mm is
produced, as shown in Fig. 3a. Further, the capillary instability*®

SAW direction mmp

Liquid film
1

t=0s

Fig. 3

leads to the breakup of the liquid film producing droplets that
are collected on different coverslips having WCA in the range 5°
to 145°.

Since the experiments are performed for a duration of 5 s,
there might be the effect of acoustothermal heating which can
produce heating effect on the atomized droplets. Thus, the
temperature distribution of the substrate (with and without
thin liquid film) is measured using a thermal camera. The
emissivities of LINbO; and water are given as 0.71 (ref. 67) and
0.96.%® Fig. S1af shows the thermal IR image of the substrate
(with liquid thin film) when SAW is actuated for 10 s. A region of
interest (ROI) is created and the average temperature of ROI

(a) Experimental image (side view) illustrating the wick and the liquid film characteristics during SAW actuation. Scale bar = 500 um. (b)

Experimental images of the droplets on surfaces having different WCA at t = 0 s: (b-i) 5°, (b-ii) 37°. (b-iii) 60°, (b-iv) 145°. (c) Experimental images
of the droplets on surfaces having different WCA at t = 5 s: (c-i) 5°, (c-ii) 37°, (c-iii) 60°, (c-iv) 145°. Scale bar = 10 pm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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during SAW actuation is measured. Fig. S1bf provides infor-
mation about the average temperature rise for the dry substrate
and for the thin liquid film for the same ROI. The maximum
temperature rise for time ¢ = 5 s is observed to be 2.25 °C and
0.25 °C for the wet and dry substrates respectively. Thus, the
effect of acoustothermal heating can be negated during the
experiments.

Within 1.0 ms of SAW actuation, droplets are observed on
the coverslip substrate indicating that the timescale of insta-
bility and subsequent atomization is smaller than 1.0 ms and
hence the processes occur quite rapidly.””?” The experimental
images of the droplets collected on the various wettable surfaces
att=0sand ¢ =5 s are presented in Fig. 3b and c and S2.t Here,
t = 0 s denotes the time instant at which the droplets were first
observed on the coverslip substrate, and ¢ = 5 s represents the
time instant just after 5 s. When the droplets impact the
wettable coverslip substrates, depending on the WCA and the
time elapsed, the contact line diameter of the drops D,,, and the
droplet number density (Ng) on the coverslip will be different.

The size distribution of contact line diameters of the drop-
lets at ¢ = 0 s and ¢ = 5 s on different substrates having different
WCA are presented in Fig. 4a and b and S3.} From the captured
images, ROI is chosen which could accommodate the maximum
number of droplets. For consistency the coordinates of the ROI
is kept constant for all images. The edges of the transferred
droplets are detected using Image] through edge detection
process.

It is observed that for smaller WCA (5°, 18°, and 37°), the
droplet diameters fall in the range of 2to4 pm and 3 to 5 um at ¢

Contact Angle 5° Contact Angle 37°
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= 0 s and ¢t = 5 s respectively. With an increase in the WCA
between 60° and 145°, the droplet diameters are in the range of
3to5umand4to6pumatt=0sand¢=>5s respectively. This is
quite non-intuitive as the contact line diameter of droplets is
expected to be larger on surfaces having a smaller WCA. The
results suggest that droplets impact on the surface at a time
point earlier than one second, and smaller impacting droplets
can stay over surfaces having smaller WCA. On the other hand,
smaller droplets impacting over surfaces having higher WCA
roll-off or bounce back and only larger droplets formed through
coalescence with incoming droplets stay on such surfaces. For
all the surfaces, a polydisperse nature is observed in the size
distribution of the droplets. Depending on the contact angle of
the wettable substrate where these droplets are allowed to
impact, only some of the droplets are captured. As seen in
Fig. 4a and b, an increase in the diameter range betweent =0 s
and ¢t = 5 s is due to the coalescence of the droplets on the
surfaces. The evaporation of thin films (1-50 pl) is reported to
be in minutes.®® Since the SAW actuation and subsequent
atomization effects are performed within a few seconds, the
effects of evaporation on the droplet transfer can be neglected.
The effect of evaporation on the size of the transferred droplets
is not considered here.

Theoretical model - prediction of contact line diameter

We present a theoretical model by taking into account the
various energies acting on a drop approaching the surface
before impacting and during its spreading after impacting the
surface. A schematic diagram of the model geometry depicting

Contact Angle 60° Contact Angle 145°

a-ii
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0
2 3 4 5 6 7 8 0 1
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Fig.4 Droplet size distributions at (a) t = 0 s and (b) t = 5 s on surfaces having different WCA (a-i and b-i) 5° (a-ii and b-ii) 37° (a-iii and b-iii) 60°

(a-iv and b-iv) 145°.
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Fig. 5 (a) Schematic diagram of the model geometry depicting

adroplet before and after impact. (b) Comparison of the theoretical D,
values with the measured experimental average D,, values.

a droplet before and after impact is shown in Fig. 5a. Here, ‘i’
represents the splat thickness at the maximum spread position,
and D, is the diameter of an ejected droplet that is estimated by
characterizing the liquid film that is formed due to wicking.

Considering H and L as the characteristic height and length
scale of the liquid thin film, which is generated during SAW
actuation, Wang et al.*® reported an expression of the diameter
of ejected droplets (D,) as follows,

_ yHA(We,)”?
wfel?

where y and u represents the surface tension and the dynamic
viscosity of the liquid, respectively, f. is the frequency of the
surface waves and We, is the acoustic Weber number. We, is
defined as*

D,

1)

We, = pleow)’L @)
&y
where p is the liquid density, v is the liquid surface tension and
w = 27f; is the SAW angular frequency. € is taken as H/L and ¢, is
the SAW vertical displacement amplitude which is approxi-
mated as 2.8 nm from the following equation®”®

%0 = (8.15 x 10°P*2% 1 5 106 P"%) 3)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where P is the RF power and 1 is the wavelength. By placing the
values in eqn (2), We, was calculated to be 52.

Depending on the geometric profile of the generated liquid
film, i.e. (¢ = H/L) ratio, different expressions are suggested for
estimating the f.. For € < 1, the regime is considered to be
a capillary resonant condition due to the internal viscous
damping of the liquid and f, is estimated as

for MLH 4)

On the other hand, for € >> 1, the regime is considered to be
capillary resonant frequency due to the inertial forcing of the
drop and f; is estimated as

S it (5)

In the present case, since € < 1, as seen in Fig. 3a, and the
regime can be considered satisfying the viscous-capillary reso-
nant condition®****® and the capillary wave frequency can be
calculated from eqn (4) as f. ~ 0.27 MHz. Thus, by taking the
different values into eqn (1), D, is calculated as 3.08 um.

The ejected droplets from the liquid meniscus impact the
surface and undergo spreading to attain their equilibrium
contact line diameters at the maximum spreading position. A
general approach is to balance the sum of the initial kinetic
energy (KE;) and interfacial energy (SE;) of the ejected droplets
with the sum of the viscous energy dissipated during spreading
(VE) and interfacial energy at the maximum spread (IE,,) posi-
tion on the substrate.”””* Hence, from the principle of conser-
vation of energy we get,

KE; + SE; = VE + IE,, (6)
where,
1 (mtpD.*\ ,
SE; = Ty D’ (8)

Ty D (1 — cos 6)

IE,, = ®wyhD,, + 7] (9)

Here v represents the velocity of the droplet just before
impacting on the surface and 0 represents the WCA. Normally, &
is calculated” by equating the volume of a spherical droplet of
diameter D, with that of a cylinder of height # and diameter D,
as the splat is assumed to be cylindrical in shape as follows,

_ 2D,

h
3D,,>

(10)

Now, VE is estimated from the energy spent to overcome the
friction force,””* which is given as follows,

RSC Adv, 2022, 12, 23400-23410 | 23405
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VE = ch J $dQdr = Q1. (11)
Q

0

TDm%L
where Q = =

is the volume of the boundary layer at the

bottom of the droplet where viscous losses are significant, . is
a phenomenological time, taken as the time taken for the
droplet to spread completely, and ¢ > w(v/L)* is the viscous
dissipation function.”®7* Here, L = 2 ——— denotes the charac-

Vv2Re

teristic length in the vertical direction,” ¢. can be estimated” by
assuming the drop spreads to a diameter D, and height 4. By
integrating for the evolution of D,,,, the phenomenological time

. 8D,
is expressed as t. = °.

v
Upon substitution of the above parameters in eqn (11), VE is
expressed as

7 V21 p D’ D>

VE
3vRe

(12)

Combining the eqn (7)—(9) and (12) and substituting in eqn
(6), and taking the dimensionless maximum spreading

Dy
parameter as § = o0 we get
o

(3 — 3 cos 0+7.65&)53 —(We+12)8+8=0  (13)

vRe

where the dimensionless numbers We and Re are expressed as
D> D,V
we = 27 and Re = 227,

To obtain g, it is essential to know the velocity v of the
droplet during the impact. Due to experimental constraints in
measuring individual droplets during their impact on various
wettable substrates, the approximate value of the velocity is
taken into consideration. Through experimental observa-
tions, the time droplets taken to appear on the coverslip
substrate, after SAW actuation, is measured as 0.6 ms. From
literature, the time for the mist generation is known to be 0.2
ms,*”*” thus the time of flight is found to be 0.4 ms. The
coverslip substrate is kept at a distance of 10 mm from the
LiNbO; substrate, using this the velocity of the drop just
before impact is estimated to be v = 25 m s~ . By placing the
values in eqn (13), 8 is calculated and D, is obtained by taking
D, as 3.08 um.

This model predicts the initial droplet spreading diameter
when the time ¢ = 0 s and does not take into consideration the
impact of multiple droplets. Thus, the obtained theoretical values
is compared with the experimental average D, for various WCAs
which is measured at time ¢ = 0 s. The experimental average Dy, is
calculated from the Gaussian size distribution (Fig. 4a).

Based on the size distribution for the droplets captured, the
experimental average D,, for various WCAs is measured and
compared with the theoretical results obtained from eqn (13)
(Fig. 5b). The results show that the D,, decreases with the
increase in WCA experimentally and the same trend is observed
for the theoretical values also. Even though the error between
experimental and theoretical values is minimal (<1%), there is
scope of improvement for the theoretical model if the velocity of
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the drop can be measured accurately rather than estimating the
magnitude of the velocity.

Droplet polydispersity, number density, and average inter-
distance

As evident from the experimental images, the size distribution
of the droplets deposited on the substrate is nonuniform, which
can be characterized using the polydispersity index (PDI). The
polydispersity index (PDI) is defined”® as the square of the ratio
of standard deviation (¢) and mean (d) of the droplet sizes and is
mathematically defined as, PDI = (o/d)>.

The variation of PDI with WCA at time ¢ = 0 s and 5 s are
presented in Fig. 6a(a-i). It is observed that the PDI decreases
with an increase in the WCA, which can be attributed to the fact
that droplets deposited onto a hydrophilic surface tend to
spread more and therefore have a higher tendency to coalesce
leading to a higher PDI. For a given surface with a fixed WCA,
the successive coalescence of droplets gives rise to the forma-
tion of a larger number of uniform coalesced droplets, leading
to areduction in polydispersity with time, as observed between ¢
=0 and 5 s. The experimental images of coalescence of adjacent
droplets on surfaces having WCA = 5° and 18° are depicted in
Fig. 6b(b-i-iv).

We find that the PDI is dependent on the interdistance
between the adjacent droplets, which in turn is related to Ng. The
interdistance between adjacent droplets is smaller for a surface
with a smaller WCA (Fig. 6a(a-ii)). As WCA increases the droplet
spreads less on the surface and the tendency of the droplet to
rebound and leave the surface increases hence a lower droplet
density is observed with a higher WCA (Fig. 6a(a-iii)). On the
other hand, at lower WCA, the droplets tend to spread more
thereby maximizing their D,,’*”” and incurring higher viscous
losses which reduce their tendency to rebound from the surface
and also reduce the inter-distance between the droplets. In the
case of the superhydrophobic surface with WCA of 110° and
145°, PDI is found to be less than 0.1 for all times indicating
a mono-disperse nature.”®”® PDI is found to be >0.1 for all other
cases indicating the polydisperse nature of the formed droplets.

On superhydrophobic surfaces with WCA of 110° and 145°,
the droplets tend to rebound from the surface’”®* and some
disappear quickly after getting deposited onto the surface. In
Fig. 6c(c-i and ii) the droplets encircled with dotted lines
disappear after 0.5 s. With the reduction in droplet size, the
capillary forces become stronger leading to a higher rebounding
tendency than larger droplets.” Further, for smaller size drop-
lets, the surface area to volume ratio is higher leading to
a higher rate of evaporation. As some of the smaller droplets
rebound off the surface or quickly evaporate, the average inter-
distance increases thereby reducing the coalescence tendency.
This leads to a reduction in the droplet density thus providing
a monodisperse droplet distribution at higher WCAs.

Deposition of biomolecules on a surface - application of SAW-
based droplet transfer

The capability of the droplet transfer technique for the transfer of
biomolecules from a liquid sample onto the surface is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Plots depicting (a-i) polydispersity (a-ii) average inter-distance with time (a-iii) droplet density (b) optical images showing the dynamic

nature of the transferred droplets (b

-ijatt=0s (WCA=5°), (b-ii)att=0.5s (WCA = 5°), (b-iii) att =0 s (WCA = 18°) and (b-iv) att =0.5s (WCA =

18°). Scale bar = 10 pm. (c) Optical images showing the dynamic nature of the transferred droplets (c-i) at t = 0 s (WCA = 145°) and (c-ii) at t =

0.5 s (WCA = 145°). Scale bar = 10 um.

demonstrated by deposition of biomolecules onto a wettable
substrate. For such a study, it is necessary to choose a substrate
with an appropriate WCA. The droplets carrying biomolecules
should be deposited on the substrate rather than being repelled
away. Therefore, substrates whose WCAs are hydrophobic and
superhydrophobic are not considered. Even though the droplets
stick to the surface for superhydrophilic surfaces, the tendency of
merging (interdistance < 6 um as shown in Fig. 6(a-ii)) with other
droplets lead to large PDI nature (>0.16 as shown in Fig. 6(a-ii)).
Thus, we chose coverslip as the substrate whose WCA is 60°.

A liquid sample (10 pl) containing quantum dot conjugated
streptavidin solution and 10% Optiprep is prepared and loaded
onto the lint-free paper. After drying the paper strip at room
temperature, it is soaked with DI water from the reservoir
through the wicking process and a liquid meniscus containing
protein molecules is established. A fluorescent image of the
proteins in the liquid meniscus is shown in Fig. 7a. Initially,
before SAW actuation, the coverslip substrate is devoid of any

© 2022 The Author(s). Published by the Royal Society of Chemistry

protein (Fig. 7b). When SAW is actuated with the timer circuit
set at 100 ms, droplets containing the proteins get transferred
(inset of Fig. 7b) onto the coverslip substrate. The interface in
the inset of Fig. 7b demarcates the regions of the substrate
deposited with droplets containing protein molecules and the
bare substrate. An experimental image of the proteins trans-
ferred onto the substrate, after complete evaporation of the
droplets, is presented in Fig. 7c. While transferring the droplets
onto the wettable surface by SAW, the coffee ring effect was not
observed on the LiNbO; substrate. Suppression of the coffee
ring effect by acoustic waves has been reported in the litera-
ture.** The dynamic patterns of solute particle formed inside the
liquid film, during SAW actuation, inhibit the evaporation
driven transport of the particles towards the contact line,
thereby suppressing the coffee-ring effect. Thus, the low-power
non-contact method of producing droplets from a liquid
meniscus can be used for the transfer of bioreagents onto
preferred substrates.

RSC Adv, 2022, 12, 23400-23410 | 23407
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Fig. 7 Fluorescent images showing (a) the presence of proteins on SAW substrate before actuation. (b) Absence of proteins on coverslip
substrate before transfer (inset shows the transferred droplet with proteins). (c) Presence of proteins on the coverslip substrate after droplet

evaporation. Scale bar = 10 pm.

Conclusion

This manuscript demonstrates the generation and transfer of
micron-sized droplets onto varying wettable substrates using
SAW-based actuation. Thin liquid film produced over a hydro-
philic LiNbO; substrate using the wicking technique enables
the generation of atomized droplets and thus the size distri-
bution of contact line diameters of the droplets on different
substrates having different WCA is studied. The results show
that the droplet size distribution is smaller in the case of
a substrate with a smaller WCA, suggesting that smaller
impacting droplets can stay over surfaces having smaller WCA
but roll-off or bounce back over surfaces having higher WCA. A
theoretical model is reported that predicts the average size of
the transferred droplets on the substrates of different WCA, in
good agreement with the experimental measurements. The
atomized droplets are transported onto surfaces of different
wettability and their characteristics such as polydispersity, and
number density are investigated. Our study showed while the
polydispersity decreases with an increase in WCA, but at the
same time, the droplet-droplet interdistance increases or the
droplet number density decreases for a higher WCA. So,
depending on the application requirement, one can select
a substrate of appropriate WCA. As the WCA of the substrate
increases, the coalescence between adjacent droplets during its
transfer reduces which leads to an increase in the interdistance
between the droplets and a smaller polydispersity. The droplet
number density also decreases due to evaporation and
rebounding of the droplets from surfaces of higher WCA. The
SAW-based droplet atomization technique is used to demon-
strate the transfer of proteins from the liquid meniscus onto
a substrate, highlighting its relevance in biological assays.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

A. K. S. thanks the Department of Science & Technology (DST),
Government of India for providing financial support in the form

23408 | RSC Adv, 2022, 12, 23400-23410

of the Swarnajayanti Fellowship Award via Grant No. DST/SJF/
ETA-03/2017-18. The authors acknowledge the support of
CNNP, IIT Madras for the device fabrication. We also
acknowledge funding from IIT Madras via Project No.
SB20210808MEMHRD008509 through the Institute of Eminence
(IoE) scheme of the Ministry of Human Resources and Devel-
opment, Government of India via Grant No. 11/9/2019-U.3(A).

References

1 A. Pradeep, J. Raveendran and T. G. S. Babu, in Micro/
Nanofluidics and Lab-on-Chip Based Emerging Technologies
for Biomedical and Translational Research Applications — Part
B, 2022, pp. 121-162.

2 N. S. Satpathi, S. Z. Hoque, K. N. Nampoothiri, L. Malik,
K. Mirkale, H. Desu, G. Narendran and A. K. Sen, in
Microfluidics and Multi Organs on Chip, Springer Nature
Singapore, Singapore, 2022, pp. 15-50.

3 U. Banerjee, R. Igbal, S. Hazra, N. Satpathi and A. K. Sen,
Advanced Micro- and Nano-manufacturing Technologies,
in Materials Horizons: From Nature to Nanomaterials,
Springer, 2022, pp. 145-171.

4 P. E. Resmi, P. V. Suneesh, T. Ramachandran and
T. G. S. Babu, in Micro/Nanofluidics and Lab-on-Chip Based
Emerging Technologies for Biomedical and Translational
Research Applications - Part A, 2022, pp. 159-190.

5]. Zhuang, J. Yin, S. Lv, B. Wang and Y. Mu, Biosens.
Bioelectron., 2020, 163, 112291.

6]. Reboud, G. Xu, A. Garrett, M. Adriko, Z. Yang,
E. M. Tukahebwa, C. Rowell and J. M. Cooper, Proc. Natl.
Acad. Sci. U. S. A., 2019, 116, 4834-4842.

7 J. Oh, P. Birbarah, T. Foulkes, S. L. Yin, M. Rentauskas,
J. Neely, R. C. N. Pilawa-Podgurski and N. Miljkovic, Appl.
Phys. Lett., 2017, 110, 1-6.

8 W. Deng and A. Gomez, Int. J. Heat Mass Transfer, 2011, 54,
2270-2275.

9 Y. C. Tan, V. Cristini and A. P. Lee, Sens. Actuators, B, 2006,
114, 350-356.

10 P. Delrot, M. A. Modestino, F. Gallaire, D. Psaltis and
C. Moser, Phys. Rev. Appl., 2016, 6, 1-8.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04089a

Open Access Article. Published on 17 August 2022. Downloaded on 3/11/2026 4:51:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

11 C. D. Modak, A. Kumar, A. Tripathy and P. Sen, Nat.
Commun., 2020, 11, 4327.

12 X. Bian, Y. Lan, B. Wang, Y. S. Zhang, B. Liu, P. Yang,
W. Zhang and L. Qiao, Anal. Chem., 2016, 88, 11504-11512.

13 A. R. Metcalf, S. Narayan and C. S. Dutcher, Aerosol Sci.
Technol., 2018, 52, 310-329.

14 K. N. Nampoothiri and P. Sen, J. Micromech. Microeng., 2021,
31, 095006.

15 K. N. Nampoothiri, M. S. Bobji and P. Sen, Int. J. Heat Mass
Transfer, 2019, 145, 118709.

16 S. K. Cho, H. Moon and C. ]J. Kim, J. Microelectromech. Syst.,
2003, 12, 70-80.

17 S. H. Tan, N. T. Nguyen, L. Yobas and T. G. Kang, J.
Micromech. Microeng., 2010, 20, 045004.

18 U. Banerjee, C. Mandal, S. K. Jain and A. K. Sen, Phys. Fluids,
2019, 31, 112003.

19 K. Tang and A. Gomez, J. Aerosol Sci., 1994, 25, 1237-1249.

20 K. N. Nampoothiri, M. S. Seshasayee, V. Srinivasan,
M. S. Bobji and P. Sen, Sens. Actuators, B, 2018, 273, 862-872.

21 K. N. Nampoothiri, V. Srinivasan, M. S. Bobji and P. Sen,
Proc.-IEEE Int. Conf. Micro Electro Mech. Syst., 2017, 87-90.

22 A. Munaz, M. ]J. A. Shiddiky and N. T. Nguyen,
Biomicrofluidics, 2018, 12, 031501.

23 T. Dung Luong and N. Trung Nguyen, Micro Nanosyst., 2012,
2,217-225.

24 Y. Lei and H. Hu, Biomicrofluidics, 2020, 14, 061505.

25 A. Sudeepthi, A. Nath, L. Y. Yeo and A. K. Sen, Langmuir,
2021, 37, 1578-1587.

26 A.Qi, L. Yeo,]. Friend and J. Ho, Lab Chip, 2010, 10, 470-476.

27 M. K. Tan, J. R. Friend and L. Y. Yeo, Phys. Rev. Lett., 2009,
103, 8-12.

28 A. Qi, L. Y. Yeo and J. R. Friend, Phys. Fluids, 2008, 20, 1-14.

29 A. Sudeepthi, A. K. Sen and L. Yeo, Microfluid. Nanofluidics,
2019, 23, 1-11.

30 X.Ding,J. Shi, S. C. S. Lin, S. Yazdi, B. Kiraly and T. J. Huang,
Lab Chip, 2012, 12, 2491-2497.

31 X. Ding, S. C. S. Lin, M. L. Lapsley, S. Li, X. Guo, C. Y. Chan,
I. K. Chiang, L. Wang, J. P. McCoy and T. J. Huang, Lab Chip,
2012, 12, 4228-4231.

32 D.]. Collins, O. Manor, A. Winkler, H. Schmidyt, J. R. Friend
and L. Y. Yeo, Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys.,
2012, 86, 1-9.

33 R.]. Shilton, V. Mattoli, M. Travagliati, M. Agostini, A. Desii,
F. Beltram and M. Cecchini, Adv. Funct. Mater., 2015, 25,
5895-5901.

34 A.Qi,]. R. Friend, L. Y. Yeo, D. A. V. Morton, M. P. McIntosh
and L. Spiccia, Lab Chip, 2009, 9, 2184-2193.

35 D. Sun, K. F. Bohringer, M. Sorensen, E. Nilsson, J. S. Edgar
and D. R. Goodlett, Lab Chip, 2020, 20, 3269-3277.

36 J. Wang, H. Hu, A. Ye, ]J. Chen and P. Zhang, Sens. Actuators,
A, 2016, 238, 1-7.

37 J. O. Castro, S. Ramesan, A. R. Rezk and L. Y. Yeo, Soft Matter,
2018, 14, 5721-5727.

38 M. Kurosawa, T. Watanabe, A. Futami and T. Higuchi, Sens.
Actuators, A, 1995, 50, 69-74.

39 M. Alvarez, J. Friend and L. Y. Yeo, Nanotechnology, 2008, 19,
455103.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

40 A. J. Yule and Y. Al-Suleimani, Proc. R. Soc. A, 2000, 456,
1069-1085.

41 T. Otsuka, T. Kurosawa and K. Seya, Int. Congr. Acoust., 1962,
34, 6-8.

42 Q.-Y. Huang, Y. Le, H. Hu, Z. Wan, ]J. Ning and J.-L. Han, Sci.
Rep., 2022, 12, 1-17.

43 L. Alhasan, A. Qi, A. R. Rezk, L. Y. Yeo and P. P. Y. Chan,
Integr. Biol., 2016, 8, 12-20.

44 A. E. Rajapaksa, J. J. Ho, A. Qi, R. Bischof, T. H. Nguyen,
M. Tate, D. Piedrafita, M. P. McIntosh, L. Y. Yeo,
E. Meeusen, R. L. Coppel and J. R. Friend, Respir. Res.,
2014, 15, 1-12.

45 K. M. Ang, L. Y. Yeo, ]J. R. Friend, Y. M. Hung and M. K. Tan,
J. Aerosol Sci., 2015, 79, 48-60.

46 Q. Y. Huang, Q. Sun, H. Hu, ]J. L. Han and Y. L. Lei, Exp.
Therm. Fluid Sci., 2021, 120, 110257.

47 D. B. Go, M. Z. Atashbar, Z. Ramshani and H. C. Chang, Anal.
Methods, 2017, 9, 4112-4134.

48 J. Pavlackova, P. Egner, J. Polaskova, ]. Hojerova,
L. Pindakova, P. Mokrejs and V. varadova, J. Cosmet.
Dermatol., 2019, 18, 1410-1415.

49 A. A. Maan, K. Schroén and R. Boom, J. Food Eng., 2011, 107,
334-346.

50 A. Sathyan, Z. Yang, Y. Bai, H. Kim, A. J. Crosby and
T. Emrick, Adv. Funct. Mater., 2019, 29, 1-6.

51 H. Zhu, Z. Fohlerova, J. Pekarek, E. Basova and P. Neuzil,
Biosens. Bioelectron., 2020, 153, 112041.

52 B. Vogelstein and K. W. Kinzler, Proc. Natl. Acad. Sci. U. S. A.,
1999, 96, 9236-9241.

53 M. K. Tan, ]J. R. Friend, O. K. Matar and L. Y. Yeo, Phys.
Fluids, 2010, 22, 112112.

54 M. H. Biroun, L. Haworth, P. Agrawal, B. Orme, G. McHale,
H. Torun, M. Rahmati and Y. Q. Fu, ACS Appl. Mater.
Interfaces, 2021, 13, 46076-46087.

55 A. Sudeepthi, L. Yeo and A. K. Sen, Appl. Phys. Lett., 2020,
116, 1-6.

56 D. Ciplys and R. Rimeika, Appl. Phys. Lett., 1998, 73, 2417~
2419.

57 C. A. Schneider, W. S. Rasband and K. W. Eliceiri, Nat.
Methods, 2012, 9, 671-675.

58 B. Majhy, V. P. Singh and A. K. Sen, J. Colloid Interface Sci.,
2020, 565, 582-591.

59 B. Majhy, P. Priyadarshini and A. K. Sen, RSC Adv., 2021, 11,
15467-15476.

60 B. Majhy, R. Igbal and A. K. Sen, Sci. Rep., 2018, 8, 1-11.

61 D. Sriramulu, E. L. Reed, M. Annamalai, T. V. Venkatesan
and S. Valiyaveettil, Sci. Rep., 2016, 6, 35993.

62 K. Keshmiri, H. Huang and N. Nazemifard, SN Appl. Sci.,
2019, 1, 1-11.

63 R. A. Samy, N. S. Satpathi and A. K. Sen, EPL, 2020, 132,
44001.

64 R. A. Samy, N. S. Satpathi and A. K. Sen, Soft Matter, 2022, 18,
228-235.

65 Z. Wang, A. A. Volinsky and N. D. Gallant, J. Appl. Polym. Sci.,
2014, 131, 1-4.

RSC Adv, 2022, 12, 23400-23410 | 23409


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04089a

Open Access Article. Published on 17 August 2022. Downloaded on 3/11/2026 4:51:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

66 M. C. Jullien, M. Pascual, M. Kerdraon, Q. Rezard,
M. C. Jullien and L. Champougny, Soft Matter, 2019, 15,
9253-9260.

67 P. L. Kramer, M. K. R. Windeler, K. Mecseki,
E. G. Champenois, M. C. Hoffmann and F. Tavella, Opt.
Express, 2020, 28, 16951.

68 B. Leckner, Combust. Flame, 1972, 19, 33-48.

69 N. G. Di Novo, A. R. Carotenuto, G. Mensitieri, M. Fraldi and
N. M. Pugno, Front. Mater., 2021, 8, 631723.

70 M. Alghane, Y. Q. Fu, B. X. Chen, Y. Li, M. P. Y. Desmulliez
and A. J. Walton, J. Appl. Phys., 2012, 112, 084902.

71 C. Ukiwe and D. Y. Kwok, Langmuir, 2005, 21, 666-673.

72 S. Lin, B. Zhao, S. Zou, J. Guo, Z. Wei and L. Chen, J. Colloid
Interface Sci., 2018, 516, 86-97.

73 M. Pasandideh-Fard, Y. M. Qiao, S. Chandra and
J. Mostaghimi, Phys. Fluids, 1996, 8, 650-659.

23410 | RSC Adv, 2022, 12, 23400-23410

View Article Online

Paper

74 S. Chandra and C. T. Avedisian, Proc. R. Soc. A, 1991, 432, 13-
41.

75 N. S. Satpathi, L. Malik, A. S. Ramasamy and A. K. Sen,
Langmuir, 2021, 37, 14195-14204.

76 K. N. Clayton, J. W. Salameh, S. T. Wereley and T. L. Kinzer-
Ursem, Biomicrofluidics, 2016, 10, 1-14.

77 C. Antonini, A. Amirfazli and M. Marengo, Phys. Fluids, 2012,
24, 1-13.

78 T. Trantidou, A. Regoutz, X. N. Voon, D. J. Payne and O. Ces,
Sens. Actuators, B, 2018, 267, 34-41.

79 L. Tian, N. Martin, P. G. Bassindale, A. J. Patil, M. Li,
A. Barnes, B. W. Drinkwater and S. Mann, Nat. Commun.,
2016, 7, 1-10.

80 D. Khojasteh, M. Kazerooni, S. Salarian and R. Kamali, J. Ind.
Eng. Chem., 2016, 42, 1-14.

81 D. Mampallil, J. Reboud, R. Wilson, D. Wylie, D. R. Klug and
J. M. Cooper, Soft Matter, 2015, 11, 7207-7213.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04089a

	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a

	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a
	Surface acoustic wave-based generation and transfer of droplets onto wettable substratesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04089a


