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ABSTRACT: We present for the first time an investigation on the
spraying modality for the pyroelectrohydrodynamic (pyro-EHD)
system. We show that the pyro-EHD spray (p-Spray) works well in
the range from far field (d > 10 mm) to near field (d < 2 mm) without
the need of external voltage and without the needs to change the
experimental apparatus in that wide range of distances. Because the
proposed method works without a counter electrode, no limitations
are connected with the geometric shape of the substrate on which the
spray coating is deposited. We report on several examples of the
formation of disperse sprayed droplets, whose size can be varied
between hundreds of micrometers and hundreds of nanometers, as
well as on the production of sprayed pattern footpaths. The results
reported here demonstrate the direct writing of spray patterns of
nano/microdroplets with different materials in a very wide range, that
is, from low- to high-viscous liquid solutions. Finally, as an example of application, we show the use of the p-Spray for the
fabrication of silver-coated devices showing antimicrobial properties of the pattern produced by the p-Spray through a
customizable and environmental friendly approach.

B INTRODUCTION

Inkjet printing has attracted great attention for the fabrication
of micro/nanofunctional devices as it is a low-cost technology
that is easy to process and shows good material compatibility.
Additionally, inkjet printing works in a noncontact mode; that
is, it does not require a long-lasting and multistep process
allowing complex functional patterns to be printed precisely on
a flat and three-dimensional substrate with the help of moving
platforms. In particular, the convergence of exceptionally
superior output characteristics, low processing temperature,
and solution processability makes possible the realization of a
high-throughput and efficient fabrication process, thus ending
the gap between academic prototypes and industrial standards.
The industrial exploitation of the concept and use of inkjet
printing are still growing up including different fields of
applications in research, such as electronic and biomedical
industries. Recently, increasing attention has been paid to
electrospray as a suitable technique derived from the inkjet
printing apparatus and used to obtain completely printed

electric potential. During the flow, the electrical charges are
extracted from the fluid, and the internal electrical repulsion
forces the liquid to form very small droplets." The electrostatic
field can cause the liquid jet to be broken into smaller particles,
as a consequence of the Columbian interaction of charges
generated onto the liquid drop subjected to an electric field.””
There are many different methods used to fabricate printed
films, including ultrasonic spraying,® thermal evaporation,’
chemical vapor deposition,” mechanical atomizers and
molecule-by-molecule deposition onto a substrate, epitaxial
plating, intercalation or implantation, and aerosol jet
deposition.” The EHD spray system has several advantages
over the aforementioned technologies. In fact, it represents a
simple and cost-effective way to fabricate microthin films, in
which droplets produced from a solution or suspension of
selected materials are deposited directly to a target substrate.
The advantages of spray by EHD include simple operational
steps, an efficient process, an evenly deposited layer, and a
good compatibility of materials.*” The electrospray techniques

devices on large areas for different purposes and applications.
Electrospray is an electrohydrodynamic (EHD) technology
commonly used for film production. EHD spraying uses an
intense electrical forcer to atomize liquids, generating charged
droplets whose size can vary from micro- to nanoscale with a
narrow size distribution. In classical EHD spraying, the liquid
flows out of a capillary nozzle, which is maintained at a high
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Figure 1. (a) Conventional EHD spray apparatus consisting of external power supply (kV), electrodes, liquid pump, and microengineered nozzle;
the liquid is pumped through the nozzle forming the Taylor’s cone form which the spray starts. The substrate must be included between the nozzle
and the counter electrode. In the case of p-Spray, the activation is obtained by a temperature variation applied to the LN crystal, and the spray starts
directly from the free surface of a liquid reservoir drop lying in front of the target of interest. Two possible evolutions regard the oscillation of the
liquid surface that breaks into tiny droplets (b) and simultaneous cone elongation and droplet oscillation (c). The absence of counter electrode

allows to print on several devices ready to use.

a working distance of 10 cm (far field) so that the deposition
area is too large to collect the micropatterns.'”'® In order to
minimize the deposition area and focus the printing cone, one
effective way is to shorten this critical distance. The short
distance of about 2 mm used in so-named “near-field
electrospray” allows working where the jet is not fully opened
up and a small sprayed footprint is obtained."” Unfortunately,
it has been demonstrated that at a short distance, a sharp tip
needle may induce intense electrostatic stresses on the liquid
meniscus because of its small radius™ and has to be replaced
by a probe. The inconvenience of the set up modification is
added to the complication of spray patterns by probe in the
case of liquid solution and in particular for high-viscous
polymer inks.'” In fact, the resulting electrosprayed patterns
are not uniform; on the contrary, they appear different when
produced under sufficient liquid supply at the initial period of
the electrospray process, at the middle period when the
solution inevitably shrinks, and at the final period when the
solution covering the probe is insufficient. Moreover, this
required a change of configuration, in terms of distance and of
delivering ink, which would be a drawback for mass production
technology. Actually, great interest has also been focused on
the production of polymeric fibers films. Electrospinning (ES)
has been deeply investigated as a technology for fiber
production.”’ In an ES polymer, solutions are ejected from
the nozzle of a needle under a slight pressure while a voltage
between the needle and the collector substrate leads to the
formation and jetting of polymer fibers.”” Very recently, a
novel method based on pressurized gyration (PG) has been
proposed for processing polymer solutions for the mass
production of polymeric fiber films, with high production
rates that are orders of magnitude higher than classical ES.
Unlike ES, PG does not require the use of an electric field, and
it could be used for the fabrication of customizable film
products with varying morphologies and properties.”> In this
paper, we investigate and show for the first time a simpler
process for achieving a liquid and polymeric spray based on the
pyroelectric effect. It is very versatile, and it can be applied for
many liquids and polymers without incurring in clogging
effects. The pyroelectric effect is activated onto a lithium
niobate (LN) crystal.”*~>” We show that the pyro-EHD spray
(p-Spray) works properly in a very wide interval of working

distances, that is, in the range 2 mm < d < 10 mm.
Noteworthy, the p-Spray is activated directly from the free
surface of a liquid drop. As the p-Spray properties work at long
distances, we prove here a controllable process for micro/
nanoscale fabrication, including on-demand traces and layer-
by-layer sprayed film deposition onto any target substrates,
whereas in case of a short distance of 2 cm, we demonstrate the
formation of a sprayed pattern by the p-Spray, using a gap
longer than the typical one adopted in the near-field
application and thereby enlarging the opportunity of employ-
ment for spray coating. Moreover, by using the proposed
configuration, the limit for the target thickness is completely
removed””*” because in the p-Spray proposed here, there is no
counter electrode. In fact, we work in the forward mode,*® thus
allowing ink printability directly on several devices of interest.
In this work, by controlling the reservoir volume and keeping it
constant during the spray time, we demonstrate a good control
in the direct writing of disperse micropatterns of nanodroplets
without using nozzles, probes, or templates. We have
characterized the morphology of the pattern obtained by
spraying different materials from low- to high-viscous liquids,
using different liquids and polymer solutions. Compared to the
traditional electrospray, the p-Spray allows a better control of
the deposition, improving the functionalization and the
performance of any device for different fields of applications.
We propose the use of p-Spray also for the fabrication of silver-
coated devices showing antimicrobial properties, making easier
the deposition step actually realized during the device
assembling, through a customizable and environmental friendly
approach.

B RESULTS AND DISCUSSION

p-Spray Experimental Setup. In the more general case of
EHD printing, the liquid flows through a capillary nozzle
forming a meniscus at the end of the nozzle, and when the
electric force overcomes the surface tension, a fine jet is ejected
from the meniscus that finally breaks into a cloud of micro-
and nanodroplets within the interaction of Coulomb’s
repulsion. Typically, in electrospray, there are two groups of
forces that cause deformation and disruption of the liquid jet,
that is, bulk forces on the jet, and normal and tangential
stresses at the liquid surface.”® In the literature, different
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methods of producing sprays are reported, which differ by each
other depending on the shape of the meniscus, the pattern of
motion of the jet, and the mechanism of the formation of the
droplets. Usually, a standard EHD apparatus for a far-field
condition includes a nozzle and a counter electrode where
droplets are formed by applying a high voltage using an
external generator. This setup is usually expensive because it
requires micro/nanofabricated nozzles, controlled flow liquid
pump, and high-voltage power supply (kV). The liquid is
pumped and delivered through the nozzle, forming a Taylor
cone from which the liquid jetting starts. The organization of
the charged liquid droplets under the action of the EHD forces
breaks the liquid emission into an aerosol jet attracted in the
direction of the counter electrode (Figure 1a). In the case of
pyroelectric effect, the jetting starts directly from the free
surface of a liquid drop. When the liquid drop is subjected to
the pyroelectric field, it forms an inverted triangle shape called
“Taylor cone”. At the end of the Taylor cone, the jet of liquid
breaks up into a cloud of highly charged droplets because of
the EHD forces.”*”* A complete cycle of EHD spraying usually
occurs in a very short time and consists in meniscus
deformation, oscillation—pulsation, and drop and/or jet
separation from the capillary.

In the p-Spray, the pyroelectric effect induced by a
temperature variation applied to the LN crystal drives the
EHD pressure on the droplet reservoir.”*> Figure 1b shows
the experimental setup, where an LN crystal is connected to a
resistive probe used for the activation of temperature variation.
A liquid drop is deposited on a pillar base previously realized
on a standard glass coverslip to improve the uniformity of the
base drops and positioned on the same side of the crystal.”®
The p-Spray works at ambient temperature (Tamb) preserving
the great advantage of classical EHD, and a sudden
temperature variation of about 30—40 °C is needed to be
applied to the upper face of the LN crystal for the activation of
the spraying cone. Nevertheless, the temperature experienced
by the liquid droplet is about 10 °C lower than the value
measured on the crystal; in the case of some biological
molecules, this temperature should be below the value critical
for cell damage and death. However, in a previous work, we
have already demonstrated in the classical pyroprinting
configuration that the heating due to the temperature variation
did not cause damage on biological molecules for such rapid
temperature variations.”” Still, it is important to note that the
p-Spray can be activated not only by increasing the
temperature but also equally well by lowering it. In fact, the
pyroelectric effect, if induced by the absolute temperature
gradient, changes independently by the sign of temperature
variation. Therefore, in specific cases in which biomolecules or
cells can suffer damage, it is possible to adopt the strategy to
lower the temperature instead of increasing it.

When the electric fields exceed a critical intensity, the
droplet starts to deform under the action of the sufficiently
strong pyro-EHD field and releases from the conical tip
structure a simultaneous emission of microdroplets mono-
dispersed and sprayed with high accuracy onto the target. Two
typical meniscus profiles of the liquid drop are possible as a
function of the material: (1) the oscillation of the liquid surface
that breaks into tiny droplets (see Figure 1b) and (2) the
simultaneous cone elongation and droplet oscillation”*** as
illustrated in Figure lc.

These pulsations continue until the fields dissipate on
cooling of the pyroelectric material, and the ejection of the

droplets can therefore be reversibly turned on and off in this
manner. The heating creates a sort of “virtual nozzle” through
localized EHD effects, thereby omitting the need for real
nozzles. In fact, the proposed spraying process is triggered by a
temperature variation”*** introducing an important simplifi-
cation of the conventional inkjet printing apparatus.

During the experiment, the p-Spray effect was recorded
using a complementary metal-oxide semiconductor camera
integrated in a visualization line made of a light-emitting diode
blue source and a 5X objective. The spray process is very fast
and lasts only few microseconds. It cannot be detected by
human eye, but information about the spraying process can be
retrieved analyzing frame-by-frame the recorded movie. A
typical image frame is reported in Figure 2; the atomized
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Figure 2. Single frame extracted from the experimental movie
showing the direction of heating, the profile of the liquid drop, and
the cloud of pyro-EHD-sprayed droplets.

droplets are barely visible around the liquid drop. The droplets
are ejected from the reservoir as a consequence of the
activation of the pyroelectric effect. The sprayed droplets are
collected onto the target substrate. In our experiment, a
commercial microscope slide glass was used as the target
substrate just for the characterization of the spray process. It is
important to point out that the forward configuration adopted
for the pyro-EHD Spray will allow direct printing on every
kind of substrate of several devices ready to use, enlarging the
application of spray deposition of conventional EHD systems,
where the thickness of the substrate/device represents a
geometrical constrain and as a consequence a severe
limitation.”**”

The results we report here show how the pyrospraying is
obtained by appropriate selection and control of solution,
polymer properties, and EHD forces.**™** This could be seen
as an intrinsic limitation of our method, but we believe that
this article could be a first insight into the novel p-Spray
approach, furnishing some guidelines to experiment and
comprehend it. Further studies on the modeling, simulation,
and experimental works will be necessary in order to
understand the process physics, predict the process outcome,
and guide the process control. However, in order to investigate
these problems, we started with the characterization of
different solutions in terms of viscosity and surface tension
using the p-Spray (Table 1). As a first result of our work, we
observed that the solutions characterized by the mean value of
surface tension and low viscosity represent the optimum
condition of monodisperse p-Spray. In general, as reported in
Table 1, the pyro-EHD approach could be applied to different
liquids (inks) having various properties. Among the various
experimental parameters, the surface tension and the viscosity
of the fluid deeply affect the spraying, spinning, and printing
process. In particular, the surface tension opposes the electric

field applied at the fluid interface and affects the ability of a
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Table 1. Boiling Point (°C), Viscosity (cP) Measured at 25
°C, and Surface Tension (mN/m) of the Inks Experimented
Using Pyro-EHD

material  Teb (°C)  viscosity (cP) (25 °C) surface tension (mN/m)
NMP 202 1.655 40.8
DMF 153 0.802 37.1
GLY 290 1.41 x 10° 64.0
TTD 254 213 26.6
mOIL 800—870 242 x 10° 450
PDMS 3.50 x 10° 19.9

liquid to realize electrospray while the viscosity opposes the
fluid to atomize.

According to that, we experimentally observed that a high
surface tension increases the threshold electric field for an
ejection, whereas a high viscosity increases the size of the
deposited droplets. For this reason, solutions with a high
viscosity and low surface tension [i.e. plasma desorption mass
spectrometry (PDMS)] could be pyropatterned with a high
resolution in the forward conﬁgu1‘ation,25’28 whereas high-
viscous inks (i.e. mOIL) with a high surface tension are the
best candidates for pyroprinting in the conventional config-
uration achieving printing of pico-nanodroplets.*”*’ The
solutions [ie. inks 1-methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), and glycerol (GLY)] character-
ized by the mean value of surface tension and low viscosity
represent the optimum condition of monodisperse droplets by
p-Spray (as demonstrated in the following) while p-Spray
spinning would be possible working with low viscosity and low
surface tension solution (Ag NMP ink and AgTTD ink).
Focusing on the spray approach, here we present three
different typologies of p-Spray in the function of the nature of
the ink. It is important to note that by p-Spray, the jetting
could be switched to spraying patterning modality without the
need of probes, nozzles, and stamps. First, we report on a
monodisperse p-Spray using three different liquids (i.e. NMP,
GLY, and DMF) and thus showing the formation of a uniform
deposition of small drops in the size range from hundreds of
micrometers to hundreds of nanometers. The characterization
of the prepared samples was done using an optical microscope.
Deposition and distribution of tiny droplets onto the target
substrate were observed and measured. We also studied the
effect on the deposition quality changing the distance between
the reservoir and the target substrate. Moreover, we used a
polymeric solution of polyvinylpyrrolidinone (PVP) in ethyl-
ene glycol (EG) noticing a very different behavior where a
continuous liquid jet is spray-spun as a structured pattern of
drops. In case the of the polymer solution, a more complex
pattern can be printed. In fact, the sprayed droplets are also
affected by the whipping instability, thus tracing the typical

mats usually achieved by ES. Finally, as an example of
application, we tested spraying of Ag inks (NMP and TTD)
realizing patterns that could be useful for controlling
antibacterial properties of functionalized surfaces. On the
theoretical side, the multiphysical mechanism of electrospray
has not been understood in full. Instability analysis involves
multiple simplifications and assumptions and may not reflect
the actual process conditions, although the analysis results are
qualitatively coincident with the experimental results. We
believe that an additional theoretical and experimental
investigation could improve the comprehension of the p-
Spray approach for different inks.

Organic Solvent Spray. We made analysis and character-
ization of the p-Spray process in order to have a better control
on printing. Starting from a drop reservoir of 500 uL, we
applied the pyroelectric effect and observed the resulted
printing at well-defined working distances d between the liquid
reservoir and the target substrate: 2, 4, 7, and 12 mm.

Monodisperse sprayed droplets over a large area could be
realized using the solutions with medium values of viscosity
and surface tension. In particular, the solutions NMP, GLY,
and DMF in Table 1 were pyrosprayed and the pattern realized
by pulsation/oscillation of the droplet. The working distance
used for the spray activation reported is 4 mm. The measured
distribution is quite regular and comparable in terms of
dimension and distribution to conventional spray techniques
(Figure 3). The diameters of the droplets produced are
estimated to fall in the range 0.5—10 pm. The results have
been validated for the NMP ink even in the case of a uniform
dispersion of silver nanoparticles (NPs) (see Materials and
Methods). Controlling the working distance, it is possible to
vary the spot dimension of the spray produced and the
distance between the adjacent sprayed droplets. The spray in
the case of solvents characterized by a mean value of surface
tension and viscosity (NMP, DMF, and GLY) assumes a
circular shape centered in the region of the starting drop and
made up monodispersed droplets. The bigger central drops are
produced by the simultaneous elongation of the Taylor’s cone
with the drop oscillation. Figure 4 shows the sprayed patterns
obtained at two different distances 4 and 12 mm, respectively,
and by three consecutive sprayed shots. By increasing the
working distance, the spotted area became wider, and in the
case of multiple sprays, the droplets localized in the region
laying in front of the ink reservoir collapsed with each other
assuming volumes and dimensions different from the ones in
the peripheral regions.

In our experiments, we observed that in the case of little
sprayed droplets (radii 1—2 um) of volatile solvents, the
realized pattern could be difficult to detect. In fact, for DMF
and NMP, the evaporation of the solvent is very fast, and the
available time for the spray observation is limited. Thus, an

Figure 3. Monodisperse sprayed droplets of DMF (a), GLY (b), and NMP (c). The distribution is obtained by a single pyro-EHD shot at a

working distance of 4 mm. The target is a commercial glass coverslip.
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(a) (b)

Figure 4. Sprayed patterns at two different working distances 12 (a)
and 4 mm (b) obtained by three consecutive shots. When the target
moves closer to the reservoir drop, the sprayed area becomes smaller.

alternative way for visualizing the printed pattern for enhancing
the comprehension of the spray printing approach was
adopted. In this case, a yellow fluorescent (Lumogen F yellow
083, by BASF) dye was added with a concentration of 10 wt %
to their base solutions. On the contrary, GLY ink presented
much lower vapor pressure compared to inks DMF and NMP;
this allowed the use of ink GLY as it is without the addition of
a fluorescent dye. In the case of inks DMF and NMP after the
spraying and once the solvent was evaporated, the fluorescent
signal of the dyes was observed on a fluorescence microscope.
In this way, it was possible to visualize the sprayed area for
identifying the positions of the dispensed drops, thus allowing
the full characterization and analysis of the printed patterns.
The measured values are reported in Figure 5.

As expected, the extension of the sprayed area depends on
the working distance between the drop and the target. Figure
6a reports the plot describing this correlation between the
target-to-drop distance and the radius of the sprayed area. The
observed trend holds for all the different solutions tested, and
the radius increases from 0.5 mm, when d = 2 mm, to the
maximum of about 4 mm, reported in the case of DMF
solutions, when d = 12 mm. Increasing the dimension of the
sprayed drops leads to the increase of the distance between the
adjacent droplets (Figure 6b). This behavior is easily
understood under the assumption that the volume of the
material ejected for each test is constant and that the droplets
form a conical shape during the flight time. Therefore, the key
parameters for the control of the process and of the produced
patterns are the type of ink, the time of deposition, and the
distance between the reservoir and the target. The shape of the
sprayed jet resembles a truncated cone. The parameters
governing the area of the spray are therefore the diameter of
the starting drop (r), the distance between the drop and the
target (d), and the angle of inclination of the cone ().
Because of the geometric consideration, the final area of
coverage of the spray is A = 7 X (r + d sin(a))* In the
previous equation, the r and d parameters are purely related to
the working condition and can be adjusted as needed (in a
limited range). The a parameter is lightly related to the electric
field generated by the pyroelectric crystal and strongly related
to the nature of the fluid. For this reason, it is not easy to
exactly predict the final area of the spray, but it should be
experimentally determined whenever a new solvent is used.

Jet Instability Spray of Polymeric Solutions. As
previously described, the electrospray takes place during the
inkjet printing process by controlling the experimental
parameters. However, the spray modality it would be feasible
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Figure S. Fluorescent image acquired using the ink NMP doped with
yellow fluorescent dyes. The shadow of the sprayed droplets is not
visible, but their position is represented by the dyes. (a) Image
obtained by pyro-EHD-Spray at a working distance of 7 mm. (b)
Image obtained by pyro-EHD-Spray at a working distance of 12 mm;
in this case, the sprayed droplets are more distant from each other. (c)
Incremental number of fluorescent particles included into circles of
normalized radius x. The red line refers to (A) and the blue line refers
to (B).

even during the ES in the case of diluted polymer solutions.
Usually, in ES, polymer solutions are ejected from the nozzle of
a needle under a slight pressure while a voltage between the
needle and collector substrate leads to the formation of a
Taylor’s cone and starts jetting. Under appropriate conditions,
this jet forms a thin and continuous filament and is de?osited
on a target substrate with true microscale regularity.”’ More
recent methods avoid the electric filed and use solution
blowing and centrifugal spinning to produce large quantities of
homogenous fibers with a great control over the final product
morphology because of the increased number of parameters
that can be finely tuned.”>*" The forward configuration here
proposed for the spray technique works even in the case of ES
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Figure 6. Characterization of the pyro-EHD-Spray obtained by moving the working distance from 2 to 12 mm. The solutions used for the
characterization are NMP, GLY, and DMF; the distances used in the evaluation are 2, 4, and 7 and 12 mm. (a) By increasing the target-to-drop
distance, the radius of the sprayed area consequently increases with a parabolic trend. (b) By increasing the dimension of the sprayed drop, the
distance between the adjacent droplets subsequently increases.
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Figure 7. (a) Outline of the pyro-EHD-Spray; in the case of polymer solution, the liquid jet is subjected to bending and whipping instabilities very
common in conventional ES. Sprayed polymer patterns made of spiral drops when d =2 mm (b) and d = 7 mm (c) are intercepted onto the target.
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Figure 8. In the case of spray patterning, the conventional EHD setup must be modified. (a) In the case of a working distance of 10 mm (far field),
a template must be placed over the target reporting the profile required for patterning. In this case, every kind of experiment focused on a well-
defined pattern that needs a specific and designed mask, protracting the time required for fabrication and becoming more expensive. (b) In order to
use the conventional EHD system but to avoid the use of masks, the working distance must be reduced to about 1 mm. In this case, the intense
electrostatic stress grows on the liquid profile, and the nozzle must be replaced by a tip to allow a stable ejection process that could be used for
spray patterning. (c) In the case of the setup based on the pyro-EHD effect, the distance must be shortened to about 2 mm, and the jetting cone
will be already focused for patterning sprayed droplets with no invasive or complicated alteration of the apparatus.

using the polymer solution, such as PVP solution in EG
(Figure 7a). These two forms of printing, spraying and
spinning, are two aspects of the same technology. We observed
that, keeping the temperature constant, the spinning results
were obtained in the case of solution with the polymer amount
over the 10% in fact, in the case of lower polymer content, we
observed monodisperse spray formation, as shown in Figure 3.
Keeping constant the activation temperature of the pyro-EHD
effect, the increase of viscosity causes p-spraying to become p-
spinning. The PVP polymer was used here for demonstrating
the reliability of the technique because of its widespread use

17712

and the wide range of available solvents and concentrations.
Once applied the pyroelectric effect, we observed the
formation of an unstable Taylor’s cone, so that under the
action of the pyroelectric field, the flying polymer fiber broken
up into separated droplets. This is due to the disruption of the
continuous jet into single drops activated by the electrical
instability of the accumulated charges. The break-up formation
depends in fact on the unbalance between the external electric
charges and the surface charges on the polymer solution. In
particular, once the electric charges overcome the surface ones,
the thin polymer jet collapses into separated droplets. The jet
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began to oscillate in both the radial and axial directions, and
the amplitude of oscillations increased further downstream.
The jet became thinner before it broke up into droplets
because of ink instabilities."”” According to the form of
disintegration, more detailed spraying patterns such as jetting,
whipping, and unsteady cone jet were classified. These droplets
are influenced by the motion acquired during the bending
instabilities and intercept the target substrate into spiral drops
patterns. In the case of 2 mm distance, the spiral distribution
appears as a random mat of separated droplets (Figure 7b),
whereas increasing the spinning distance, the bending
instabilities arise, and the distribution is consequently more
chaotic (Figure 7c). The Taylor’s cone is very unstable at a
longer distance and moves spatially over the target substrate
losing the focusing properties visible at a smaller distance. With
the method proposed, sprayed and spun spiral structures are
obtained by an easy and versatile approach based on a single-
step process, thus avoiding repetitive, time-consuming, and
expensive lithographic procedures, or direct printing by
mechanical scanning.

Silver Ink Patterned Spray. Using the proposed p-Spray
approach and the working distance of 2 mm in the case of
silver-based ink, the jetting cone could be focused for printing
a restricted pattern made of adjacent sprayed droplets onto a
small area of interest. In particular, for the first time, in the case
of printing sprayed pattern, the working distance has not to be
shorten below 1 mm as it happens in the case of near-field
ES™*" where the nozzle-to-substrate has to be controlled in
order to minimize the deposition area. The pattern realized by
spray droplets could be very interesting in terms of biological
response; in fact, printing patterns with topography can be
much more effective than simply depositing a continuous
coating on the substrate. Usually, in classical spray for the
functionalization of a line or also a small area, it must be used
as a template intercepting the sprayed cloud so that after
removing the template, we could have a negative stamp.
Commonly various template/molding strategies are utilized to
fabricate micro/nanopatterns in far-field condition, so that
patterns are formed on the substrate after removing a special
designed t<=.mplate,36’37 which covers the target (Figure 8a).
The setup is very similar to the one proposed for classical EHD
spray, and the fabrication of the sprayed pattern is a direct
result of the template adopted, so that additional time and
template fabrication costs have to be added to the already
expensive EHD apparatus. In order to simplify the setup,
additional experiments at a shorter distance have been
conducted to allow a stable ejection process. Near field refers
to the regions where the jet is not fully opened up and a small
foot print is expected (Figure 8b). Unfortunately, it has been
demonstrated that sharp tip needles may induce intense
electrostatic stresses on the liquid meniscus because of its small
radius. In this case, one will have to change the nozzle with a
probe that may be a limit in the case of printing a continuous
liquid pattern in general and in particular high-viscous polymer
ink. Here, we show how in the case of silver-based ink that the
same setup used for the monodisperse spray approach could be
easily adapted to spray patterning by only adjusting the
working distance (Figure 8c).

The p-Spray once activated onto the Ag inks in TTD and
NMP, characterized by a very low value of viscosity and surface
tension, could lead to the direct printing of sprayed patterns.
This process can be used to deposit liquid suspension at
different concentrations. The limitation is related to the

viscosity and to the surface energy of the system. Very
concentrated suspensions, depending on the specific nature
and interaction of the solvent and the dispersed particles, can
lead to a change of behavior during the deposition, going from
the spray of very small drops to the spinning of continuous jets.
In the case of TTD ink, we used a concentrated suspension of
metal ink at ~50 wt %; the spraying results are comparable
with those of conventional EHD used to atomize the dense
suspension of NPs with high solid concentrations.* In our
work, the advantages of the p-Spray process over conventional
electrospray is to control the deposition of droplets for spray
pattern coating and for the fabrication of continuous and/or
disconnected small area patterns without the need of nozzles,
probes, molds, or masks. The final pattern design will be
defined by just controlling the motion of the target substrate.
For this experiment, the target substrate was mounted on a
two-axis motor stage. For the movement of the stage, we used
two stepper motors, consisting of a high-precision linear motor
with an x—y axis (SGSP26-100(XY) SIGMA KOKI CO.,
LTD) and a computer numerical control board (SIGMA
KOKI CO., LTD). The software was generated by a MATLAB
script and used to control the printing pattern and the moving
speed along each axis during the spray process. The patterns
designed for the experiments described in the following are
very simple and consist in separated droplets or a continuous
line realized by varying the moving speed, in order to study the
focused spray cone. Figure 9a shows the deposited sprayed

(a) (b)

Figure 9. Spray patterning through the pyro-EHD effect in the case of
two different silver-based inks: (a) sprayed patterns obtained using
the Ag-NMP ink, examples of printing separate sprayed droplets with
different periods (up and halfway) and a sprayed line (bottom). (b)
Commercial Ag ink in TTD solvent; in this case, the spray is less
focused, and we observe the formation of a central line of droplets
surrounded by other little sprayed droplets. Scale bars S0 pm.

dots with different periods and dimensions and a comparison
of deposited sprayed dots and line. In the first case, controlling
the deposition speed, it is possible to switch from the
deposition of separated droplets to a continuous line. In this
case, the target speed is decreased to 0.2 mm/s such that
atomized particles overleap into larger droplets. In the case of
silver ink based on NMP solvent, the sprayed pattern is quite
regular and focused on restricted areas (Figure 9a), making
possible the patterning of separated droplets and sprayed lines.
The ink used for the experiment reported in Figure 9b is
instead a silver NP based commercial solution made up of
TTD solvent (ULVAC GmbH); in this case, the profile
appears less regular.

Antibacterial Spray. Biofilms are detrimental to human
life and industrial processes because of potential infections,
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contaminations, and deterioration. The evaluation of microbial
capability to form biofilms is of fundamental importance for
assessing how different environmental factors may affect their
vitality.”® Therefore, the development of new methods for
controlling and reducing the bacterial growth are still
investigated.”” Recent works demonstrate the fabrication of
tellurium-loaded polymeric fibers and fiber meshes with
antimicrobial properties tested especially against the Escher-
ichia coli strain K12.*® Moreover, it is well-known that silver
and silver-based compounds exhibit a strong antibacterial
activity to a wide range of microorganisms which have been
used extensively in many bactericidal applications.*’ For this
reason, Ag-loaded nylon nanofibers have been used for a wide
range of biological applications, such as an antibacterial, wound
dressing, functional scaffold for tissue engineering, and
showing bacterial killing rates*"”" reaching ~100%. In this
work, the antimicrobial properties of the p-Spray were proved
in the case of silver-based spray using an NMP solution of Ag
NPs (see Materials and Methods section). In particular, the
NMP was chosen as a base ink and as a carrier for the
formation of a monodisperse pattern of silver NPs. The p-
Spray was first used for the functionalization of a commercial
Petri dish where bacteria usually grow. Once the silver solution
was sprayed, the Petri dish was sterilized and subjected to
temperature evaporation for 24 h in order to remove all the
remaining solvent. After that, the bacteria (E. coli DHS-alpha)
were incubated in the cell culture medium over the sprayed
patterns for 24 h at 37 °C. The antibacterial mechanism of Ag
NPs has not yet been completely understood. The most
possible mechanism is due to Ag* released from Ag NPs, which
strongly bind to thiol groups found in enzymes and proteins on
the cellular surface and can interfere with cell division and lead
to bacterial cell death.>' Moreover, Ag NPs can cause oxidative
damage with producing reactive oxygen species, leading to
attack enzymes and proteins and resulting in irreversible
damage to DNA replication.”” In our experiment, we observed
that after 24 h of incubation, the arrangement of bacteria was
different and the shape was changed from an elongated to a
circular one, as reported in the images of Figure 10. This

BT s  =aah

(a) (b)

Figure 10. (a) Bacteria incubated in a cell culture medium over a
microscope glass covered with a monodisperse spray of Ag-NMP ink
at time = 0. (b) After 24 h of incubation at 37 °C in a shaker, the
shape is changed from an elongated to a circular one, indicating the
bactericide effect of the silver sprayed on the target through p-Spray.
Scale bar 50 ym.

observation leads us to hypothesize that the bactericide effect
of the silver NPs sprayed on the target through p-Spray
affected the bacteria in terms of duplication and growth. The
antibacterial behavior displayed a dose-dependent manner,™
so that by controlling spray time, we could control the dose
dispensed to bacteria.

B CONCLUSIONS

In summary, an environmentally friendly, facile, and simple
method was demonstrated for the spray printing approach
activated by pyroelectricity. We demonstrated that p-Spray
could be activated directly from the free surface of a liquid
drop. Moreover, we show that the proposed method works
well in the range from far field to near field without the need of
external voltage and without the needs to change the
experimental apparatus. Furthermore, we showed that the
proposed method works without a counter electrode so that no
geometrical limitations are connected with the shape of the
target substrate enlarging the opportunity of employment for
spray coating. We reported on several examples of the
formation of disperse sprayed droplets, whose size can be
varied between hundreds of micrometers and hundreds of
nanometers, as well as on the production of sprayed pattern
footpaths using various kinds of solvents and polymers. In the
case of an E. coli bacterial culture, the application of silver-
based spray coating showed a good antibacterial activity,
demonstrating that p-Spray could be a promising technique for
application in a wide range of biomedical applications. Even if
further development of the process would require both
theoretical and experimental efforts, our results showed a
promising technique that could be used as a bottom-up
approach very useful in nanotechnology and for biomaterials
where a nanostructure is usually built from elementary
components.

B MATERIALS AND METHODS

DMF (CiH,NO), NMP (C{H,NO), EG (C,H(O,), and
glycerol (C;HgO;) were purchased from Sigma-Aldrich and
used without further purification. Fluorescent dyes (Lumogen
F yellow 083, by BASF) were added to DMF and NMP at a
10% concentration as a marker to improve the visualization
and analysis of the spray. Two solutions of PVP [(C,HyNO),,
M, = 360 000, bought from Sigma-Aldrich] in EG were
prepared at a 35% concentration. PVP was added to EG for 1 h
at 50 °C under magnetic stirring. In addition, a commercial
silver ink (Ag Nanometal ink, purchased from ULVAC,
dissolved into tetradecane (TTD), C,,H;O, TTD) and a
dispersion of silver nanopowder (Ag 99%, Sigma-Aldrich, <150
nm) in NMP (AgNMP) were tested in order to test its
bactericide activity.

E. coli DHS-alpha was plated and incubated on agar plates.
The day before the beginning of the experiment, a single
bacterial colony was picked up and cultured in a Luria—Bertani
(LB) broth medium (10 g/L NaCl, 10 g/L tryptone, S g/L
yeast extract) at 37 °C in a shaker incubator for 16—18 h to
achieve saturation conditions. A 1:5 volumetric dilution of cell
culture was then grown in the LB medium until reaching the
log phase corresponding to a cell concentration of 4 X 10°
cells/ml, verified by OD measurements at 600 nm. The cells
were then centrifuged at 5000 rpm for 10 min in order to
separate the cells from the medium and then resuspended in a
fresh LB medium to reach a concentration of 2 X 107 cells/mL.
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