Showcasing research from Professor Simon Maher's
laboratory (www.liv.ac.uk/mass-spec), Department of
Electrical Engineering and Electronics, University of
Liverpool, UK.

Focusing ion funnel-assisted ambient electrospray enables
high-density and uniform deposition of non-spherical gold
nanoparticles for highly sensitive surface-enhanced Raman
scattering

A novel ambient focusing ion funnel coupled with
electrospray deposition (FIF-ESD) was designed to enable
direct, intact, large-area, high-density and uniform deposition
of nanoparticles (NPs), which was used to fabricate a high-
performance nanoplasmonic substrate for SERS analysis.
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Introduction

Focusing ion funnel-assisted ambient electrospray
enables high-density and uniform deposition of
non-spherical gold nanoparticles for highly
sensitive surface-enhanced Raman scatteringy

Baris Akbali,*® Cedric Boisdon,? Barry L. Smith,® Boonphop Chaisrikhwun,©
Kanet Wongravee,® Tirayut Vilaivan, Cassio Lima, ¢¢ Chen-Han Huang,
Tsan-Yao Chen,? Royston Goodacre ) ¢ and Simon Maher 2 *2

Surface-enhanced Raman scattering (SERS) is a powerful technique for detecting trace amounts of ana-
lytes. However, the performance of SERS substrates depends on many variables including the enhance-
ment factor, morphology, consistency, and interaction with target analytes. In this study, we investigated,
for the first time, the use of electrospray deposition (ESD) combined with a novel ambient focusing DC
ion funnel to deposit a high density of gold nanoparticles (AuNPs) to generate large-area, uniform sub-
strates for highly sensitive SERS analysis. We found that the combination of ambient ion focusing with ESD
facilitated high-density and intact deposition of non-spherical NPs. This also allowed us to take advantage
of a polydisperse colloidal solution of AuNPs (consisting of nanospheres and nanorods), as confirmed by
finite-difference time domain (FDTD) simulations. Our SERS substrate exhibited excellent capture capacity
for model analyte molecules, namely 4-aminothiophenol (4-ATP) and Rhodamine 6G (R6G), with detec-
tion limits in the region of 107 M and a relative standard deviation of <6% over a large area (~500 X
500 pum?). Additionally, we assessed the quantitative performance of our SERS substrate using the R6G
probe molecule. The results demonstrated excellent linearity (R? > 0.99) over a wide concentration range
(10~ M to 107° M) with a detection limit of 80 pM.

well-known optical phenomena caused by localised SPR
(LSPR).*® Coupling of plasmonic dipoles produces highly con-

Noble metal nanoparticles (NPs) sustain a dipole-like surface
plasmon resonance (SPR) through collective excitation of con-
duction electrons creating a significant and highly localised
amplification of the incident electromagnetic field close to the
metal NP." Surface-enhanced Raman scattering (SERS) is a
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centrated, localised electromagnetic hot spots and is therefore
considered a major source of the SERS phenomenon.®®
Plasmonic materials permit and encourage complementary
spectroscopic techniques when used as sensors, enabling the
detection of chemical species at very low concentrations based
on their vibrational ‘fingerprint’."**?

Typically, manufacturing SERS substrates involves mixing
plasmonic NPs with analytes, spin/drop-casting analyte solu-
tions on solid surfaces, or incubating particles with analyte
solutions."*'* While drop-casting has proven to be effective in
producing a satisfactory SERS substrate, it is susceptible to the
undesirable coffee-ring effect whereby suspended particles are
deposited mainly at the periphery of the drop following
solvent evaporation. This effect can have a detrimental impact
on the method’s reproducibility and sensitivity."> One way to
address this issue is to treat the surface of the substrate prior
to drop-casting, which can effectively mitigate the coffee-ring
effect."®'” For example, a method introduced by Dabodiya
et al.,'® relies on the evaporation of self-lubricating drops of
noble metal NPs and has achieved a remarkable detection
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limit of 107'® M with R6G dye-molecule. However, such
approaches require additional, and sometimes complex or
time consuming, preparative steps. Nevertheless, reproducibil-
ity of SERS experiments still needs to be carefully
considered,'®'? especially when the aim is to achieve highly
accurate quantitative results.'®>°

In order to enhance the uniformity of the SERS signal,
various substrates composed of long-range ordered noble
metal nanostructure arrays have also been developed utilising
template-assisted techniques,”"** electron beam lithography,*?
droplet-based biphasic reactions in microfluidic devices,***
and nanoimprint lithography.>®*” Recently Kanike et al. devel-
oped a droplet-based microfluidic approach to fabricate
ordered silver nanostructures over a surface area >60 cm?.*®
They achieved a limit of detection with R6G of 10~"> M. Whilst
these approaches have shown promise, they are often associ-
ated with high cost and complexity. Furthermore, they may not
be suitable for mass production, particularly when achieving a
consistent SERS signal across a large area is necessary.

Ambient electrospray deposition is a viable alternate
method for making SERS substrates.>® > By applying a high
DC voltage (of a few kV) to liquids contained in a micro-capil-
lary, ambient electrospray can ensue leading to the generation
of charged micro and nano-droplets capable of direct depo-
sition of polyatomic ions onto a targeted area with very small
kinetic energies (close to zero).® Several interesting studies
have reported on the deposition of NPs on conductive surfaces
by combining ambient electrospray and ion soft
landing.*"**%¢ This approach also offers tremendous potential
to deposit bespoke NP geometries (i.e., non-spherical) with
peculiar properties, whilst preserving their distinctive shapes -
which to the best of our knowledge remains unexplored. In
any case, despite successes in utilising electrospray to deposit
NPs, the process has inherent drawbacks. In particular, the
applied electric field and subsequent coulombic expansion
that occurs during Taylor cone formation leads to a spray
plume that is many times larger than the capillary diameter.
Furthermore, the distribution of charge within the plume is
non-uniform leading to a non-homogenous distribution of
NPs. In a bid to overcome these disadvantages some strategies
have been employed. For instance, Li et al.** implemented an
electrically floating metallic mask to elicit charge-induced
focusing of an ESI spray plume containing AgNPs. The mask
was manufactured with a series of holes creating a pattern of
circular, highly active areas on the SERS substrate located
behind the mask. In another study, Ahuja and co-workers elec-
trosprayed silver nanoparticles on to a dropcast film of analyte
for detection of Escherichia coli bacteria achieving a SERS
signal enhancement factor of 10° and a detection limit of 10
CFUmL™ .’

The main bottleneck for homogeneous deposition of
AuNPs on SERS substrates is the capacity to focus high inten-
sity plumes of NPs at atmospheric pressure. In moderate
vacuum (<30 Torr) this would generally be accomplished by
using radio frequency (RF) voltages with either an ion funnel
electrode arrangement®” or multipole guide structure.*® At
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atmospheric pressure the RF voltage required to focus ions is
impractically large and available approaches are limited.*
Recently, Hollerbach et al.*® reported a novel method for focus-
ing ions at atmospheric pressure using non-linear DC voltage
gradients applied across a conventional stacked ring ion guide.
They employed quadratic and exponential voltage gradients to
define a field curvature within the ion guide that forces ions
radially inward as they traverse its length. Independently and
prior to the interesting publication of Hollerbach et al.,*® we
designed and built an ambient ion focusing array that operates
on a similar principle, using a non-linear (exponential) DC
potential gradient. We hypothesised that ambient ion focusing
in this way can augment high density deposition of NPs,
including non-spherical NP geometries, enabling fabrication
of high-performance SERS substrates.

In this study we have designed, built, and optimised a novel
ambient focusing ion funnel, using a non-linear DC-only field,
which can focus ions onto a spot size of $6 mm?. Two model
compounds were chosen for testing, 4-aminothiophenol
(4-ATP) and Rhodamine 6G (R6G), as well-studied molecules to
assess the performance of the SERS substrate, specifically: the
enhancement factor, signal uniformity across the substrate,
and standard analytical figures of merit. Moreover, the per-
formance of the focusing ion funnel electrospray setup was
carried out with both spherical and non-spherical (i.e., rod
shaped) AuNPs to demonstrate that a diversity of SERS sub-
strates can be generated by this general approach.

Experimental

Materials and sample preparation

Gold(m) chloride solution (99.9% - HAucCl,), sodium boro-
hydride (99% - NaBH,), hexadecyltrimethylammonium
bromide (CTAB), silver nitrate (99.9% - AgNO3), 4-aminothio-
phenol (97% - 4-ATP), Rhodamine 6G (95% - R6G) and CuCl,
were purchased from Sigma Aldrich. Other reagents were of
analytical grade and used without any further purification or
treatment. Deionised water (DI) (~18.2 MQ) was purified using
a Milli-Q Advantage A10 water purification system (Millipore,
MA, USA) before use in this study. Stainless steel sheets with a
thickness of 100 um were purchased from RS Components Ltd
(Northants, UK).

Preparation of gold nanorods (AuNRs)

The synthesis of AuNRs was performed based on a modified
seed-mediation growth technique.*’™** Briefly, 10 mL of 0.2 M
CTAB (stabiliser template) was combined with 10 mL of
0.5 mM HAuCl, (gold precursor). Subsequently, 1.2 mL of 0.01
M NaBH, as a strong reducing agent was injected which
results in a transformation from yellow to brown colour. The
obtained colloidal mixture was sonicated and successively uti-
lised as the seed solution for AuNR synthesis. Then, the
growth stock solution was prepared by mixing 50 mL of 0.2 M
CTAB, 50 mL of 1 mM HAuCly, and 0.25 mL of 4 mM AgNO;.
To generate the AuNRs, 0.7 mL of 0.0788 M ascorbic acid was

This journal is © The Royal Society of Chemistry 2023
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added to the growth stock solution, followed by the addition of
0.12 mL of the seed solution with rigorous mixing. The growth
solution was incubated for 1 h at 25 °C in a water bath. Within
30 min, the colour of the colloidal mixture changed to dark
pink which indicates the formation of AuNRs. Finally, 50 mL
of the AuNR solution was combined with 50 mL of 0.2 M
glycine (pH 8.0) with overnight incubation at ambient temp-
erature. Centrifugation was used to recover the AuNRs by
removing excess reagents.

Preparation of gold nanospheres (AuNSs)

AuNSs were prepared using a seed mediation protocol.***?

Appropriate microliters of HAuCl, (2.5 mM) and CuCl, solu-
tions (10 mM) were mixed with 0.3 mL of tri-sodium citrate
(1%) and then the total volume was adjusted to 1.5 mL using
Milli-Q water under vigorous stirring for 5 min. The average
diameter of AuNSs could be controlled by the amount of CuCl,
solution added. In this study, 27.5 pL of CuCl, solution used
was to obtain AuNSs with a mean diameter of 65 nm (con-
sidered to be the optimum size for the preparation of a high-
performance SERS substrate*®*”). The obtained mixture was
rapidly infused into 50 mL of water and heated to 90 °C with
vigorous stirring, resulting in a rapid colour change of the col-
loidal solution. The obtained suspension was further heated at
a temperature of 90 °C for an additional 60 min before cooling
down to room temperature. For all SERS experiments, stainless
steel was used as a solid substrate since it does not produce a
background Raman signal in the region of interest.*®*°

For comparison with our method, AuNPs were also coated
onto the substrate by using a drop casting method and conven-
tional electrospray deposition (without any ion focusing). For
drop casting, 35 pL of AuNS solution was dropped onto a stain-
less-steel substrate and left to dry out overnight in a fume
hood. Electrospray deposition was carried out by using an elec-
trospray ionisation (ESI) probe retrieved from a Quattro LC
mass spectrometer (Waters Corporation, Milford, MA, USA).
The ESI capillary exit was held 8 mm above the stainless-steel
substrate. The AuNP solution was diluted 1:1 with DI water
and fed to the ESI probe using a syringe pump (Harvard
Apparatus) at a liquid flow rate of 3 uL min~" to ensure the
volume of AuNPs deposited (coated) on the substrate was con-
sistent for a fair comparison.

Instrumentation

A Raman spectrometer (Renishaw invia Raman microscope)
equipped with a 785 nm laser diode was used to acquire a
SERS signal from the substrate. Spectral data were acquired in
the range of 300-2500 cm™" using a 50x magnifying objective,
laser power of ~17 mW, integration time of 2 s, three accumu-
lations per spectrum, and 1200 lines per mm grating. Multiple
spots were scanned on the substrate, with a total number of 10
spectra per spot collected every 2 um. UV-Visible spectroscopic
measurements (Thermo Scientific Gensys 10S) were carried
out to characterise the size distribution of the colloidal solu-
tion in the range of 200-1100 nm. SEM images were captured
using a Hitachi S-4800 scanning electron microscope. The
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microscope was operated in high vacuum mode with accelera-
tion voltages ranging from 5 to 30 kV. The images were
obtained using a secondary electron imaging (SEI) detector.

Finite-difference time domain (FDTD) simulations

FDTD simulations (Lumerical Solutions Ltd) were carried out
to infer the intensity of the near-field surrounding different
geometries of gold nanoparticles electrosprayed on a stainless-
steel substrate. The electromagnetic field distribution was
computed for AuNSs measuring 65 nm in diameter, and for
AuNRs measuring 60 nm long and 15 nm wide. For the AuNSs/
AuNSs, AuNRs/AuNRs, and AuNSs/AuNRs systems, the inter-
particle distance was kept at 1 nm. A plane wave of light
polarised along the z-axis with a wavelength of 785 nm was uti-
lised. To optimise field enhancement resolution and minimise
simulation duration, a mesh override region of 1 nm and a
total simulation time of 500 fs were specified.

Ambient DC-only focusing ion funnel

The basic premise for this study, is a novel ambient ion funnel
that can be used to focus charged particles on to a conductive
surface with high density (Fig. 1). To realise an exponential DC
voltage gradient across a series of ring electrodes requires
exponentially increasing resistor values to drop the voltage
consecutively across each resistor. Eqn (1) defines the exponen-
tial voltage, V, and is characterised by two terms, the exponent,
m, and the exponential multiplier, C. Furthermore, in eqn (1),
N is the electrode number, and C is further subtracted so that
the zero electrode registers 0 Volts.

V=Cxexp™N _cC (1)

The C and m values required to generate the exponential
gradients used in this study are shown in Table 1, which are
referred to throughout this article by their multiplier value, C.

Standard
Electrospraying

No FIF
——w/FIF
T
£ ]:103 Counts
=]
'S
C -
o
[T w
c
‘3
3 ] A
= 400 600 800 1000 1200 1400 1600
Raman Shift (cm™)
Fig. 1 lllustration of electrospray ionisation deposition coupled with a

focusing ion funnel (FIF) in comparison with standard electrospray
deposition (ESD). Corresponding SEM images taken from surfaces pre-
pared using ESD with and without a FIF are also shown, as well as repre-
sentative SERS spectra acquired with 10~ M 4-ATP for both setups.
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Table 1 Exponential voltage gradients used in this study, the variables
C and m are defined in eqn (1)

Gradient C m

10 10 0.6907
50 50 0.5128
100 100 0.4369
500 500 0.2892
1000 1000 0.1991

A visual representation of applied voltages across a 9-elec-
trode ion funnel are shown in Fig. S1.1 The gradients are mir-
rored about the x-axis to operate the focusing ion funnel with
the target substrate held at —5 kV. Note, the electrospray is
operated at approximately 5 kV above the first electrode voltage
to maintain a consistently decreasing potential from emitter
tip to SERS substrate. Also shown in Fig. S17 is a conventional
linear gradient funnel, whereby the same value resistor is used
between each electrode (this also acts as a control for
comparison).

The associated resistor values to facilitate generation of
each exponential gradient are found in Table S1f and calcu-
lated to ensure the available power supply current (I, = 2 mA)
is not exceeded. The nearest available standard resistor value
was purchased or generated by series/parallel combinations if
the standard value deviated by more than 2% from the values
calculated in Table S1.1 Note, the large voltage drops (>1 kV)
across the last few resistors in the steepest exponential gradi-
ents (Fig. S11) necessitated procurement of resistors with high
standoff voltage ratings.

The stacked ring ion guide was constructed from printed
circuit boards (PCBs) similar to the literature®® and shown in
Fig. S27 (cut-away view). Briefly, as depicted in Fig. S21 with
numerical labels, nine ring electrodes (9), with an inner dia-
meter of 16 mm, were constructed using conventional PCBs
and slotted into an interface PCB (3) containing evenly spaced
slots to set the linear distance to 1 mm between ring electro-
des. A PCB accommodating the resistor chains (2) set out in
Table S1t is attached to the interface PCB by standoffs (1).
Spring loaded pins (4) transfer voltages to each ring electrode
via connections on the interface board. Swappable resistor
PCBs enable rapid switching and testing of different exponen-
tial resistor chains. High voltage connections to the resistor
PCB are made through high voltage banana plugs (5). AuNPs
in solution are pumped into an ESI emitter (6) via a syringe
driver (not shown in Fig. S21) and sprayed towards a conduc-
tive stainless-steel sheet (8). A small circular region (7) illus-
trates the deposition of AuNPs on the substrate surface.

Simulation of focusing ion funnel

Particle trajectory modelling was performed in Simion 8.1
using a statistical diffusion simulation (SDS) model. The con-
ductive geometry (Fig. S21) was coded in a .gem file containing:
ESI emitter (5 mm x 0.2 mm) held at 5 kV, nine ring electrodes
(ID = 16 mm, OD = 20 mm, thickness = 1.6 mm, spacing =
1 mm) with corresponding voltages as shown in Fig. S1,T and
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SERS target held at —5 kV. 2000 ions of mass 200 000 and
charge +10 where arbitrarily chosen to represent the AuNPs.
The simulation is devised to provide a qualitative indication of
the focusing effect from the ambient DC-only ion funnel and
not as a quantitative design tool since several important pro-
cesses are not modelled, e.g., momentum of electro-sprayed
droplets emanating from ESI emitter, nebulising nitrogen gas
flow due to unknown velocity and spatial charging, etc.

Fig. 2 shows the qualitative simulation results for each
exponential gradient examined, and also a linear gradient for
comparison. The linear gradient, which is akin to a conven-
tional drift tube-ion mobility spectrometer (DT-IMS)** type ion
guide, provides a baseline comparison. As expected, an
immediate expansion of the ion cloud is evident due to high
E-field created by the ESI emitter at 5 kV. Upon entering the
ion guide, the ions traverse with generally constant velocity
and limited radial focusing. The non-uniformity of velocity
and slight focusing effect observed is due to field penetration
from the ESI emitter and the conductive SERS substrate.
Usually in a DT-IMS the entrance would have a gridded elec-
trode across it to prevent field ingress.

In stark contrast, the steepest exponential gradient, C = 10,
exhibited a much broader ion cloud expansion due to essen-
tially a field free region around the first few electrodes where
the applied voltage is close to 0 V. The ESI emitter field can
therefore penetrate much further into the ion guide resulting
in a more widely dispersed ion cloud. In fact, for this particu-
lar case, which is the steepest exponential gradient tested, the
ion cloud diameter actually exceeds that of the inner diameter
of the electrodes, which reduces the overall ion transmission.

Physical processes not modelled here would presumably be
useful, in practice, to assist ions through this field free region.
For instance, the nitrogen gas will, through collisions, impart
an assisting velocity in the positive x direction. As ions traverse
the ion guide the field curvature created by the exponential
gradient effectively ‘funnels’ ions radially inwards. Field maps
for each gradient can be seen in Fig. S3,T clearly demonstrat-
ing that for steeper exponential gradients a higher degree of
inward field curvature is generated.

Trajectory Plots for Each Gradient Tested

m=0.1792, C=1000 x10%
2

Linear x10%

o D0onnonany

m=0.2603, C=400 10

J000N000a)- =t DuNGnonA)y-
& = -
e 11111 1T e

) 10 2 ) ) 10 2 3 ) 10 2 )
X Position (mm) X Position (mm) X Position (mm)
m=0.3932, C=100 x10% m=0.4615, C=50 m=0.6217, C=10

ot J0000000K-: =t Doonognon) oo

- J000onang:” "=t Donnonooni 0aoanny.

20
X Position (mm) X Position (mm) X Position (mm)

Ton Velocities (mm/js)

on Velocities (mm/ps)

¥ Position (mm)
oo w

5
0
5

¥ Position (mm)

on Velocities (mmy/jps)

lon Velocities (mm/ps)

¥ Position (mm)
1

¥ Position (mm)
¥ Position (mm)

Bk o m B o mox

Fig. 2 Particle trajectory maps colour-coded to ion velocity for various
voltage gradients as labelled.
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Fig. S4AT (left panel) shows a series of hit maps for y and z
coordinates of simulated ions where they strike the substrate
at the end of the ion guide, for each gradient. The radius of
the observed landing pattern decreases with an increase in the
exponential gradient corroborating the field map data.
Transmission of ions is 100% for the first four gradients simu-
lated, after which the ion plume starts to expand beyond the
inner dimensions of the funnel and discharge on the first and
second electrodes (C = 10). Therefore, the density (ions per
mm?) is highest for the field gradient denoted by C = 50
(Fig. S4A,} right panel). The simulated ion densities broadly
follow the experimental data for the linear ion guide which
exhibited a higher intensity Raman spectrum than C = 1000
and C = 400 (shown later in Results and Discussion section,
Fig. 5C). It is important to note that the simulation study is
only designed to give a qualitative indication of the electrody-
namic effects one can expect from the ion funnel. It does not
consider other physical phenomenon at play, for instance the
influence of the nebuliser gas on the particle dynamics which
can also influence the distribution of NPs deposited on the
substrate. To examine the surface coverage, we also obtained
SERS line scan data, for linear and C = 50, with corresponding
photographs of the deposited areas also shown in Fig. S4B}
insert. These results demonstrate consistent SERS signal inten-
sity across each AuNP-coated region, indicating good uniform-
ity (RSDs of 6.5% and 5.7% for linear and C = 50, respectively).
Further consideration of this is given in the Results section

(Fig. 3).

Ambient electrospray deposition (ESD) of AuNPs by focusing
ion funnel

To reduce the surface tension and speed up solvent evapor-
ation, the solution was diluted with an equivalent volume of
DI water. Using the syringe pump, the diluted suspension was
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infused into the ESI probe at the desired liquid flow rate. The
spray nozzle exit was directly coupled to the entrance of the
focusing ion funnel, to focus the ionised beam of AuNPs on to
the substrate, which was charged at 3.5-5.0 kV with a high-
voltage power supply. The ESI probe also incorporates a nebu-
liser gas (nitrogen) which was supplied from a Nitrogen gen-
erator (Genius XE35, Peak Scientific USA), with a flow rate of 1
L min~" to enhance desolvation of the electrosprayed solution.
Also, an IR lamp (HEO015, Vet-Tech, UK) was placed directly
above the ESD setup for the same purpose, to aid solvent evap-
oration. The average temperature in the vicinity with the IR
lamp on was ~55 °C. The substrate was attached to the last
electrode of the focusing ion funnel and negatively charged at
- 3.5-5.0 kV by using the same high-voltage power supply.
AuNPs were electrosprayed for one hour at ambient pressure (1
atm) onto the substrate with a flow rate of 3 L min~". Heating
the nebuliser gas is an effective means to improve desolvation,
as is routinely the case for regular electrospray ionisation mass
spectrometry. Since we did not have this feature available, we
utilised an IR lamp instead. A simple experiment was con-
ducted to demonstrate its influence within the experimental
setup, whereby a series of SERS measurements were carried
out with and without the IR lamp. As expected (Fig. S51), in
the absence of IR heating, an increased variability of the SERS
signal intensity is observed. Fig. S5B and Cf further show
corresponding scanning electron microscopy (SEM) images of
AuNP surface coverage with and without the IR lamp, respect-
ively. Without the additional heat from the IR lamp, there is
evidence of AuNP aggregation on the surface (Fig. S5Bf).
Under ambient conditions, this can be ascribed to insufficient
evaporation of the electrospray droplets. At room temperature
there is an increased likelihood of droplets landing on the sub-
strate, resulting in localised wetting and on-surface evapor-
ation. Hence, the increased temperature afforded by the IR

ﬂ Y& Focusing lon Funnel
@ Conventional Electrospraying
A Dropcasting

Focusing lon Funnell{
Conventional ESD
—— Dropcasting

Raman intensity

. Focusing lon Funnel G).
s Conventional ESD 1 ]
= Dropcasting

RSD =5.7480% ] J ]

o
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* 7 d between the capillary and
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Fig. 3 SEM images after depositing gold nanoparticles by (A) dropcasting, (B) conventional ESD, (C) ESD with ambient focusing ion funnel, (D) SERS
spectra comparison of the 3 substrate samples, (E) SERS intensity variation with different concentrations of 4-ATP, (F) SERS signal uniformity analysis
from 10 random locations for each sample, (G) SERS intensity variation versus distance between the ESD capillary and the 1** electrode of the focus-
ing ion funnel. For the focusing ion funnel experiments, Cgragient = 50 (at 10 kV) was used. All scale bars are 500 nm.

This journal is © The Royal Society of Chemistry 2023
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lamp is an important facet of the experimental apparatus. To
examine the effect of nebulising gas on the distribution of NPs
deposited on the surface, we performed further experiments in
the absence of the gas. As presented in Fig. S6A and B, the
SERS intensity variation across the surface increases when the
nebulising gas is turned off. Corresponding SEM images,
shown in Fig. S6C and D,T support the observed SERS signal
intensity variations. Therefore, nebulising gas and IR heating
were used throughout this study.

Results and discussion

The density and relative positions of deposited noble metal
nanoparticles determine the enhancement behaviour of the
substrate.’>>® Therefore, SEM was used to evaluate the density
of AuNPs coated on the substrate prepared by the different
methods: dropcasting, ESD, and ESD-with a focusing ion
funnel. Fig. 3A to C shows typical images of the density of
AuNPs (spherical) following each coating procedure (dropcast-
ing, standard ESD and focusing ion funnel ESD, respectively).
The highest density of AuNP coverage was obtained with ESD-
focusing ion funnel at 926 NPs per pm® (calculated using
Image] software). This represents a ~6.5-fold and ~38.6-fold
increase in AuNP density over conventional electrospray (143
NPs per um?) and dropcasting (24 NPs per pm?), respectively.
In Fig. 3D, the SERS spectra of 1 ppm 4-ATP for the three depo-
sition methods are presented. The a; modes at 1079 cm™* and
1585 cm ', which are linked to C-S and C-C stretching
vibrations, respectively, are the most dominant bands in the
SERS spectra. The electromagnetic effect is primarily respon-
sible for the amplification of the a; modes, which is thought
to reflect 4-ATP’s vertical or tilled orientation on the gold
surface.’® The SERS intensity of ESD by focusing ion funnel is
almost 70-fold and, 20-fold more intense than dropcasting and
conventional electrospray, respectively. This is roughly in
accordance with the increased AuNP densities as calculated
from SEM images.

In Fig. 3E, the calibration curve corresponds to the signal
intensity of the Raman band at 1585 cm™" for all three sub-
strate preparation methods. ESD by focusing ion funnel shows
good linearity (R* > 0.987) over a concentration range of 0.01 to
100 ppb for 4-ATP. The limit of detection (LoD), RSD and R*
values are calculated for conventional ESD and dropcasting
techniques. The LoD for conventional ESD was 9 ppb while
dropcasting yielded 801 ppb with relatively poor linearity in
both instances. The enhancement factor of the substrate will
be discussed later.

Along with sensitivity, homogeneity of the substrate and
reproducibility of the SERS signal are also crucial elements in
real-world SERS applications. In addition to increased AuNP
density, we speculated whether the additional control afforded
to ESD by using a focusing ion funnel could also help to create
a uniform coating providing a basis for reproducible SERS ana-
lysis. To demonstrate this, we performed a series of SERS
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measurements across each substrate monitoring the Raman
response for the same probe molecule, 4-ATP which was drop-
cast onto each substrate after AuNP deposition. On the three
different substrate preparations the 4-ATP Raman signal was
clearly visible, as seen in Fig. 3F. Within each substrate 10
random locations were selected to determine the relative stan-
dard deviation (RSD) for each. These were calculated from the
Raman band at 1585 cm™" for focused-ESD, conventional ESD
and dropcasting, yielding 5.75%, 19.51%, and 22.71% respect-
ively. The findings indicate that the utilisation of a focusing
ion funnel with ESD provides an effective means for producing
a consistent SERS signal, thus making it a viable substrate for
SERS.

We also investigated the effect of changing the distance
between the ESI capillary and the first electrode of the focus-
ing ion funnel, as presented in Fig. 3G. Many ESI interfaces
allow adjustment of the distance between the ES emitter and
sampling inlet in a conventional sense. Typically, for ESI mass
spectrometry (MS), this gap ranges from 2 to 10 mm, with
larger distances favoured for higher solution flow rates. When
the distance is shorter, more of the ES plume can be sampled
by the MS instrument, but this can reduce ionisation
efficiency.”® To investigate this relationship for our setup,
we kept the applied voltage, flow rate and the focusing
ion funnel gradient fixed, while varying the distance between
the emitter and the first electrode. The substrate itself is, in
totality, >10 cm away from the ESI capillary, due to the length
of the focusing ion funnel (10 cm). As seen in Fig. 3G, as the
distance between the ESI capillary and first electrode increased
from 4 to 8 mm, the SERS signal from the resultant substrate
increased also. We suspect that this increase in distance pro-
vides additional time for droplet evaporation.’® When the dis-
tance is further increased (beyond 8 mm), the SERS intensity
tends to decrease. This is due to the fact that the subsequent
reduction in the electric field is no longer strong enough to
direct ionised particles to the inside of the funnel and thus
charged particles cannot reach the substrate (attached to the
last electrode).

Based on the scaling law developed by De La Mora and
Loscertales, the current delivered by a cone-jet electrospray
increases proportionally to the square root of the flow rate.”” It
is also well known that there is a strong correlation between
the electrospray voltage and the current.’® Therefore, to find
the optimum voltage that needs to be applied, the ESI voltage
was also varied systematically from 6.5 to 10.0 kv while
keeping the other parameters constant, as shown in Fig. 4.
SERS results show that the intensity of the 4-ATP molecule
tends to increase with increasing ESI potential. It suggests that
the number of nanoparticles per unit area is directly pro-
portional to the ESI potential. In Fig. 4B, the SERS signal
intensity is plotted against substrates fabricated with increas-
ing ESI voltage, showing a piecewise linear relationship. In
Fig. 4C, corresponding SEM images for substrates prepared
with ESI voltages ranging from 6.5 to 10.0 kV are presented.
SEM results tend to agree with the trend observed in Fig. 4B.
As seen in the SEM images, the surface coverage density

This journal is © The Royal Society of Chemistry 2023
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(A) SERS intensity variation for different applied voltages, (B) corresponding calibration curve and (C) SEM images for different ESI voltages as

labelled. All scale bars are 500 nm. In (B) and (D) means are shown with standard deviation error bars from 10 replicates.

(AuNPs per unit area) increases with ESI voltage increase. The
highest AuNP coverage was obtained with 10.0 kV ESI voltage
(the maximum voltage output of the power supply available).

Focusing ion funnel-ESD of a mixture containing different
AuNP geometries

The focused ESD technique reported herein has been opti-
mised to develop substrates with high density AuNPs and high
uniformity, making them ideal for quantitative SERS analysis.
Additionally, we further investigated our focusing ESD setup to
determine whether it can facilitate effective deposition includ-
ing mixing within charged droplets comprising diverse AuNP
geometries (including non-spherical shapes), which can poten-
tially be advantageous for a SERS substrate. Although the pro-
duction of spherical AuNPs has been researched extensively,
rod-shaped gold NPs have also gained a lot of interest due to
their optical anisotropic nature.’®®® Specifically, gold nano-
rods have two plasmonic bands, which can be tuned based on
the aspect ratio of the nanoparticle, making them particularly
versatile and useful.®* %

Even though combining different shapes of nanoparticles
can be advantageous in terms of SERS efficiency, it requires
either complicated chemical synthesis or lengthy sample
preparation steps.®*"®® In Fig. 5, we presented SERS results of
electrospray deposited gold nanorods (NRs) and gold nano-
spheres (NSs) separately, and furthermore a mixture of the two
geometries (AuNRs/AuNSs), in comparison with dropcasting.
SERS results are shown in Fig. 5A, clearly showing the superior
performance of ESD by focusing ion funnel compared to drop
casting for all samples. The ESD process allows for better

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) SERS spectra comparison and (B) SERS intensity comparison
of AuNSs and AuNRs by FIF-ESD and dropcasting techniques, where
bars represent mean values and the error bars are standard deviations
from 10 replicates (inset: SERS intensity vs. mixture ratio) (C) SERS
spectra obtained from ESD by focusing ion funnel with different gradi-
ents (inset: mean SERS intensity variation by changing the inter-elec-
trode distances for C-1000; error bars relate to standard deviations from
10 replicates), (D) SEM images from dropcasting, and ESD by FIF using
C-400 and C-50 gradients.

control of NP density on the substrate surface, which can be
quite challenging for dropcasting methods. Additionally, our
FDTD calculations (Fig. S71) support the observation that coat-
ings of AuNRs yield better enhancement than AuNSs, regard-
less of the coating technique used. As demonstrated in
Fig. S7A,f the local electric field intensity enhancement of
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AuNRs is higher than that of AuNSs. However, when the
mixture of AuNRs and AuNSs are drop-casted (or dropcasted
AuNRs and AuNSs in sequence, as presented in Fig. S87) separ-
ately onto SS substrates, their SERS signal intensities are quite
different from each other, as seen in Fig. 5A and B. To investi-
gate this, we performed SEM measurements, as shown in
Fig. 5D. We presented results for dropcasted and ESD-focusing
ion funnel with gradients C-400 and C-50. It is clearly seen
from SEM images that the density of nanoparticles on the
focused ESD surface is higher than that of dropcasted. We also
tested different focusing ion funnel exponential voltage gradi-
ents in terms of their SERS signal response, as presented in
Fig. 5C. Our results indicate that the highest SERS signal
intensity was obtained with C-50 gradient. Furthermore, in the
inset of Fig. 5C, we displayed the SERS signal intensity results
for three different electrode spacings of focusing ion funnel (5,
10 and 15 mm) exhibiting marginal differences in the corres-
ponding SERS response.

In addition to density, the aggregation behaviour of the
AuNRs/AuNSs mixture determines the enhancement factor of
the substrate. UV-VIS absorption spectra of the mixture, in
comparison with AuNRs and AuNSs, are presented in Fig. S9.f
Absorption spectra of the mixture showed that there is no
interaction between AuNRs and AuNSs as shown by the preser-
vation of the same plasmon bands. As presented in Fig. S10,}
when the mixture is dropcast on the substrate, AuNRs and
AuNSs do not aggregate with each other in contradistinction to
a focused-ESD substrate. Nanorods and nanospheres are close
enough to each other to create plasmonic hot spots on the
surface. We further investigated this by employing FDTD calcu-
lations to reveal the effect of nanorod and nanosphere aggrega-
tion on the surface, as shown in Fig. S7.1 In order to closely
resemble a realistic scenario, only the aggregation of nanorods
(both horizontally and vertically oriented) and nanospheres
were considered for FDTD calculations. Our calculations
showed that the nanorod/nanosphere system has the strongest
near-field enhancement among three configurations. Thus,
greater enhancement is not only due to high density of nano-
particles but also due to having higher near-field enhancement
within the vicinity of the AuNRs-AuNSs system. The ratio of
AuNSs/AuNRs was also investigated by considering the SERS
enhancement, as depicted in Fig. 5B. We found that the
highest SERS signal was obtained from a 40:60
(AuNSs : AuNRs) mixture ratio.

Enhancement factor of the substrate

The substantial amplification offered by SERS is commonly
believed to stem from two factors: the enhancement of the
electromagnetic field (EM) and the enhancement of the chemi-
cal effect (CE). Chemical enhancement is often observed for
molecules which exhibit a high binding efficiency on the
metal NP surface (i.e., those that are adsorbed onto the metal).
As presented above, 4-ATP is known for its high binding
energy on metal NP surfaces and both EM and CE take place.
To validate the performance of our substrate regarding EM
enhancement, R6G was chosen as an alternative probe to
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explore the label-free SERS activities of the focused ESD sub-
strate. The distinguishing Raman peaks for the concentration
dependence of the SERS intensities for R6G are displayed in
Fig. 6A. At a concentration of 10~ M, typical Raman band
assignments for R6G include the peaks at 1645, 1505, and
1358 cm ™, which are linked to the carbon skeleton stretching
modes.®® Additionally, the peaks at 611, 771, and 1180 cm™"
are assigned to the C-C-C ring in-plane, out-plane bending,
and C-C stretching vibrations, respectively.®’ It is noteworthy
that the C-O-C stretching mode at 1127 cm™", which is hardly
visible in the Raman spectrum, is distinctly observable. The
characteristic Raman peaks of R6G for the concentration range
of 107" M to 107'° M are clearly visible. The linear fit curves
for the vibrations of R6G located at 612, 1362, and 1510 cm™*
relative to concentration are displayed in Fig. 6B, showing
excellent linearity (R* was 0.992 for 612 cm™', 0.991 for
1362 cm™*, and 0.991 for 1510 cm ™).

The effectiveness of the focused-ESD-SERS substrate devel-
oped herein can be evaluated by considering the enhancement
factor (Eg), which measures the contribution to the enhanced
Raman spectra of R6G molecules. To calculate the enhance-
ment factor of the substrate, the most dominant Raman peak
located at 1585 cm™" was chosen. The enhancement factor is
calculated by using the following formula (eqn (2)),***°

Tsers.
By — s )

Nnr
where Iyg and Isgrs are the Raman signal intensities for
normal Raman and SERS measurements, respectively. Nggrs
and Nyr are the average number of molecules within laser
irradiation for normal Raman measurements.”’ The value of
Isers and Iyg were measured as 7.204 x 10* and 2.871 x 102
respectively. For Nyr and Nggrs calculations, assuming that
R6G constitutes a single layer on the surface of the SERS sub-
strate, Nsgrs can be determined by dividing the laser illumina-
tion area (approximately 2 pm in diameter) by the area
of a single R6G molecule (~1.5 nm?), resulting in a value of

B) = 1510cm™
1362 cm”
A 612cm’

A)
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Intensity (a.u.)
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Fig. 6 SERS spectra of (A) R6G on ESD by focusing ion funnel substrate
from 10™* M to 107° M and (B) the Raman signal intensity of R6G at 612,
1362, and 1510 cm™ peaks as a function of molecular concentration
(log scale).
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~2.09 x 10° molecules. Similarly, Nyr can be estimated as
~2.8 x 10" molecules. Therefore, the Ep is estimated to be
~3.4 x 105,

Conclusions

We have successfully developed an ambient (DC-only) focusing
ion funnel coupled with electrospray deposition (ESD) that
enables uniform, high-density, large-area and intact coating of
noble metal nanoparticles, including non-spherical geome-
tries, for high performance SERS substrate fabrication.
Compared to dropcasting and conventional electrospray, our
ESD-focusing ion funnel arrangement demonstrated signifi-
cantly more intense SERS signals with ~70-fold and ~20-fold
increase, respectively. Additionally, our uniformity analysis
showed that the ESD-focusing ion funnel provides an excellent
coating of AuNPs with a relative standard deviation <5.75%.
We also optimised some operating parameters of the focused-
ESD technique, such as the distance between the ESI capillary
and the focusing ion funnel, spacing between the electrodes,
exponential focusing ion funnel gradient, and applied voltage,
which affect the coating quality of AuNPs in terms of uni-
formity and density. Moreover, we demonstrated that the
focused-ESD approach can be used to successfully coat mix-
tures of AuNSs and AuNRs, whereby the electrosprayed
mixture provides a better signal enhancement than electro-
spraying either the AuNSs or AuNRs separately. FDTD calcu-
lations indicate that the near-field enhancement between
adjacent AuNRs and AuNSs is higher than the enhancement
between AuNSs or AuNRs. Using R6G as a model analyte, we
assessed the enhancement factor of the SERS substrate,
finding it to be ~3.4 x 10° Furthermore, the substrates
developed by focused-ESD were further examined in terms of
their analytical figures of merit. A calibration curve was gen-
erated for R6G which exhibited excellent linearity (R*> > 0.99)
over a wide concentration range with a detection limit of
80 pM.

The fabrication method in this work provides a sound basis
that other researchers can readily implement. Possible
improvements to this work might include using a heated nebu-
liser gas, with optimised gas temperature and flow rate.
Furthermore, the electrospray flow rate and capillary diameter
can be further optimised depending upon the colloidal solu-
tion to be deposited. Indeed, this approach can also be readily
coupled to nano electrospray. However, particular attention
should be given to the internal diameter of the capillary and
any associated tubing when using NPs to avoid blockages. The
same focusing-ESD apparatus can also be used to apply
analyte solution to the same SERS substrate, which may yield
even better SERS signal uniformity. Moreover, as demonstrated
herein, this approach allows non-spherical NP geometries to
be soft landed, thus there is an exciting opportunity to deposit
a range of bespoke NPs with peculiar geometries. It is also
worth noting that this surface preparation method is not
limited to SERS substrate fabrication with AuNPs. Indeed, elec-
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trospray ionisation can be carried out with a wide range of
materials including non-metallic plasmonic NPs. The high
uniformity and precise control over the amount of material de-
posited using the focused-ESD setup could prove useful for a
range of other applications. In conclusion, ESD by focusing
ion funnel offers a versatile and effective method to augment
uniform and high-density coating of both spherical and non-
spherical, homo- and hetero-dispersed metal colloidal nano-
particle solutions for high performance SERS analysis.
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