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Abstract: In this study, we proposed and tested different procedures for the preparation of Au/Si
cantilevers for Tip-enhanced Raman spectroscopy (TERS). The preparation of Au/Si TERS sensors
was based on three methods: chemical (electroless) deposition, thermal evaporation of Au on the tip
of commercially available cantilevers in a vacuum, and electrochemical etching of Au microwires. We
fabricated and tested four types of TERS probes, and then used these probes for TERS measurements
using graphene oxide (GO) as the target analyte. The probe tips were characterized using scanning
electron microscopy (SEM). This article presents a comparative analysis of the fabrication methods,
quality of the obtained probe tips, and enhancement factors (EFs) for the four types of TERS cantilevers
(probes) produced by chemical deposition, sputtering, and electrochemical methods.

Keywords: Tip-enhanced Raman spectroscopy (TERS); electrochemical etching; electroless deposition;
sputtering; all-metal Au cantilevers

1. Introduction

Surface-enhanced Raman scattering (SERS) is a localized surface plasmon resonance
technique that enhances Raman scattering by molecules adsorbed on rough noble metal
surfaces or by nanostructures up to 10% times. The development of molecular sensors
based on SERS is a novel and fast-developing technology with a wide range of applications,
including in material science, biology, forensics, medicine, and as an innovative technology
in space research [1,2]. This surface spectroscopy-based technology helps to detect and
recognize molecules on different surfaces or the molecules adsorbed on SERS substrates
from gas or liquid environments with femtomolar sensitivity. However, SERS substrates
require nanostructured surfaces or nanoparticles of appropriate sizes, and the SERS signal
is collected from the area of laser beam focus excitation with a minimum size of about
0.5 microns. As a result, SERS technology is not suitable for studying material surfaces or
biological objects, such as cells, with higher resolution. Tip-enhanced Raman spectroscopy
(TERS) is a variant of SERS that combines scanning probe microscopy (SPM) with Raman
spectroscopy. This combination of the chemical sensitivity of SERS with the high spatial
resolution of scanning probe microscopy enables us to solve the spatial resolution problems
of SERS sensors and to achieve chemical imaging of the surface at the nanometric scale [3-5].
However, the technology for manufacturing reproducible TERS probes is still a challenge.
Over the past decade, there has been growing interest in TERS development, which has
enabled an increase in spatial detection resolution. During this time, TERS cantilevers
have also been commercialized. Nonetheless, the cantilevers available on the market need
improvement, and manufacturing high-quality TERS tips remains a challenge [6].

In TERS, sharp all-metal Au or Ag tips, as well as coated silicone tips, are brought
close to the analyzing surface of a sample [4,5]. The main three SPM techniques used for
controlling the distance between the tip and the substrate are: (1) atomic force microscopy
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(AFM), (2) scanning tunneling microscopy (STM), and (3) shear force microscopy (SFM).
The focused laser beam induces an enhancement of the electromagnetic field due to a
combination of localized surface plasmon resonance and the lightning rod effect. The
increasing electromagnetic field enhances the Raman signal from the molecules, which
are on the surface of a substrate and in the vicinity of the metal tip apex. The overall
average enhancement factor may reach 10* for AFM-based TERS and 10°-10° for STM-
based TERS [7].

Since the tip is the dominant source of Raman signal enhancement, it is imperative
to design and fabricate reliable, reproducible, and efficient TERS tips. It is known that
the tip material, the radius of curvature (ROC) of the tip apex, the cone angle, and the
morphology of the tip material influence the Raman signal enhancement and spatial reso-
lution of TERS. The material of the tip determines the incident laser wavelength that can be
used for excitation to achieve the maximum enhancement in resonance. Au and Ag are
the most commonly used materials for TERS due to their high free electron density, strong
local plasmon resonance effect, and relatively high stability. Although Ag tips produce a
higher Raman signal than Au [8-10], the Ag tip oxidizes in air. To avoid these limitations,
gold TERS tips could be fabricated with an Au wire by electrochemical etching [11]. Elec-
trochemical etching is one of the most common, low-cost, and approachable methods to
fabricate STM and SFM TERS cantilevers. Hydrochloric acid and its mixtures are commonly
used as an etchant for the fabrication of Au cantilevers by electrochemical etching [12-14].
Although different types of etchants and processes have been developed and tested to
obtain probes with nanometer-sized tips, the conditions (e.g., temperature, environmental
humidity), applied voltage, and ion concentration in the etchant solution must be carefully
controlled to achieve the desired tip shape. Therefore, the common problem with all these
methods is that the shape of the fabricated tip is barely controllable. Yang, B. and co-authors
suggest an etching method based on a three-electrode system by adjusting the applied
electrochemical potential [15]. Another common way to fabricate Au cantilevers is chem-
ical deposition, such as galvanic displacement (or replacement) reaction [16], electroless
deposition [17], and vapor deposition [18,19] of metal onto a commercially available Si
cantilever. Compared with the vacuum deposition processes, chemical deposition has
emerged as a simpler, environmentally friendly, and cost-effective nanofabrication method.
There are now also available advanced nano-structuration techniques such as electron
beam-induced deposition (EBID) and focused ion beam (FIB) milling [20]. Despite the
progress made in TERS tip fabrication, there is still a need for a production process that
ensures high repeatability, cost-effectiveness, and scalability in industrial settings. As a
result, researchers are exploring various TERS probe generation technologies to achieve
specific objectives.

Currently, in space research, there is a growing need for highly sensitive methods to
detect single molecules, which can help researchers better understand the chemical and
biological processes occurring in space. In recent years, surface-enhanced Raman spec-
troscopy and tip-enhanced Raman spectroscopy have emerged as promising techniques for
achieving single-molecule sensitivity in a variety of applications, including the analysis of
molecular contamination and biosensing. One major application of TERS in space research
is the detection of molecular contamination on spacecraft and other space equipment. Even
small amounts of organic molecules, such as those found in spacecraft outgassing or from
biological organisms, can cause significant problems in space missions. TERS can provide
highly sensitive detection of these molecules, enabling researchers to identify and mitigate
sources of contamination. In addition, TERS has the potential to revolutionize biosensing
in space research. The technique can be used to detect and analyze biological molecules,
such as DNA and proteins, with extreme sensitivity and specificity. This could enable
researchers to study the effects of microgravity and other space conditions on biological
systems, as well as to develop new diagnostic and therapeutic tools for use in space and on
Earth. However, TERS is still a relatively new technique, and there is a need for further
development of methods and tools to improve its sensitivity and applicability in molecular
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contamination analysis and biosensing. With continued advancements in TERS technology,
we can expect to see even more exciting developments in space research and other fields in
the coming years [21-23].

Our work aimed to develop molecular sensors for space exploration applications
based on surface-enhanced Raman spectroscopy methods. The focus of this work was the
development of novel fabrication methods for TERS probes, to test and select the most
efficient TERS fabrication method, and to demonstrate the efficiency of the developed TERS
cantilever for chemical sensing of biological materials.

2. Materials and Methods
2.1. Reagents

A gold microwire 150 pm in diameter and of a purity of 99.99% was purchased
from Goodfellow, UK. AFM silicon cantilevers were purchased from NT-MDT Inc. Ap-
pendorn, The Netherlands, and graphene oxide flakes were purchased from Graphene
Supermarket (Graphene Laboratories Inc., Ronkonkoma, NY, USA). Nitric acidHNOj3 (65%),
Chloroauric(IIl) acid HAuCly, ammoniaNH;3-H,O (28%), hydrogen peroxide H,O; (30%),
ethanol (96%), tin(Il) chloride dihydrate SnCl,-2H,0, hydrochloric acid HCI (35%), and
Palladium(II) chloride PdCl,, Hydroxylamine hydrochloride NH,OH-HCI, Ammonium
chloride NH4Cl were purchased from Sigma-Aldrich. All chemicals were used as received
without further purification.

2.2. Preparation of Au TERS Cantilevers

Initial probes used for the preparation of Au TERS probes by chemical (electroless)
deposition and thermal evaporation in a vacuum were the commercial TopVisual AFM-
TERS cantilevers (model VIT_P, produced by NT-MDT Inc. Apperdorn, The Netherlands).
All-metal Au TERS probes were prepared by electrochemical etching of Au micro-wire.
The target analyte for TERS measurement was graphene oxide (GO). GO was deposited
on the surface of the polished Si wafer by dropping ~0.1 mL of diluted GO aqueous
solution (5 mg/L), followed by evaporation of water at ambient temperature. The Raman
measurements of GO were taken using a reflection mode (“upright” configuration) with
an excitation laser beam focus diameter of about 500 nm (using an X100 objective) and an
acquisition time of 1 s.

Relative enhancement (RE) of the Raman signal of Au TERS probes was evaluated
by calculating the ratio of TERS signal intensity (I;eqrfiels Signal) and micro-Raman signal
intensity (I fiels signal) according to:

RE — _ ITERS  _ Tnear—field O
Lnicro—Raman Ifarffield

The reproducibility of obtained Au TERS probes was evaluated by measuring the
radius of curvature (ROC) for each tip, fabricated by the same method. Dispersion around
the mean value of the tip radius of curvature (ROCpean) Was estimated by the standard
deviation (SD) according to:

1& _
SD = |+ Y (%= %) @)
i
where:

SD—standard deviation of the tip radius of curvature;
n—number of values in the data set;

x;—the measured value of the radius of curvature for each tip;
X—mean value of the tip radius of curvature (X = ROCmean)-

It has to be noted that the basic mechanism of surface-enhanced Raman scattering is
well understood, and it is known that EF depends on the near-field strength around the tip.
However, an appropriate understanding of and the ability to control the near field around
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the tip end is critically important in TERS instrumentation and especially in chemical Raman
imaging and chemical map interpretation. Research made by several groups demonstrated
the effects of several parameters playing an important role in the application of TERS,
e.g., excitation light polarization, angle of incidence, the wavelength of the excitation laser,
the material of the tip, and tip length. The electrical field distribution in the vicinity of
the tip and the field enhancement have been derived for different geometries of the tip
and sample material combinations by solving Maxwell’s equation numerically [11,24]. A
good agreement between theory and experiment was obtained. Furthermore, it remains
difficult to determine the underlying TERS parameters responsible for the Raman scattering,
given that the influence of tip radius and probe cone angle geometry, probe material, and
tip-to-sample distance are interrelated. The analyte molecule located under the tip and
its orientation in the field additionally influence the enhancement of the field. We used
the tilt angle between the sample and the tip cone at 45° in all experiments for different
TERS probes to minimize the uncertainties. The angle of the excitation laser beam with the
sample surface was 90°.

2.2.1. Preparation of Au TERS Cantilevers by Chemical Deposition Technique

The electroless deposition of Au on the surface of the Si tip of a commercial AFM-TERS
cantilever was performed at ambient temperature (20 £ 1 °C) in the aqueous solution,
containing a mixture 1:1 of tetrachloraurate(Ill) complex ions [AuCly] ~, as the gold source
using 1.0 mM chloroauric(Ill) acid (HAuCly), and 2.0 mM hydroxylamine hydrochloride
NH,;OH-HC(], as reducing agent.

2.2.2. Preparation of Au TERS Cantilevers by Sputtering Technique

The nano-layer of Au on the surface of the Si tip of the AFM-TERS cantilever was
deposited by thermal evaporation in the vacuum chamber. Primarily, to improve the
adhesion of the Au coating to the surface of the Si tip, a sublayer of Cr was deposited.
During the thermal evaporation, the pressure of residual gas in the vacuum chamber was
~2.0 x 107* Pa (~2.0 x 107° bar). The evaporation rate of metals was ~0.11 nm/s for Cr
and ~0.28 nm/s for Au. The distance between the cantilever and the evaporation trays in
the vacuum chamber was ~100 mm. The thickness of the Cr sublayer of ~10 nm and the
Au top layer of ~50 nm was monitored utilizing a quartz crystal microbalance.

2.2.3. Preparation of Au TERS Cantilevers by Electrochemical Etching: Shear-Force Type
All-Metal Au TERS Cantilevers

All-metal Au TERS probes were pre-treated by annealing the Au micro-wire (J
0.125 mm) at 700 °C for 30 min in a muffle furnace. The chemical pre-treating (decon-
tamination) of the Au micro-wire was done in the oxidizing mixture of ammonia water
NH3-H,O (28%), hydrogen peroxide H,O, (30%), and ethanol (96%) (volume ratio of
components 1:1:4) at room temperature (up to 3 min) and rinsed in distilled water.

The electrochemical etching to form a probe nano-tip was performed in an aqueous
solution of 5 M (near saturation) of ammonium chloride NH4Cl. The obtained Au probe
was washed in distilled water and ethanol (96%) and dried in the air. Electrochemical
etching experiments to sharpen the tip were performed in an electrochemical cell at ambient
temperature (20 £ 1 °C), under a voltage in the range from 1.0 to 4.5 V with a sinusoidal
waveform frequency of 500 Hz, controlled utilizing a potentiostat/galvanostat (BioLogic
SP-150, Corrtest Instruments, Wuhan, China). The cut-off moment was controlled manually
when the current amplitude dropped to zero. The scheme of experimental set-up is
presented in Figure 1.
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Figure 1. The principal set-up scheme for the preparation of all-metal Au probes by electrochemical
etching of an Au micro-wire in the flow-through electrochemical cell.

The resulting Au probes were washed with deionized water and ethanol (96%), air-
dried at room temperature, and glued to a quartz tuning fork (32.768 kHz) before being
installed in an AFM-Raman set up for TERS signal acquisition. The quartz tuning forks
were soldered to special adapters. Theethyl-2-cyanoacrylate-based adhesive was used
for its low viscosity. The rest of the micro-wire from the glued Au probe was cut off by
electrical discharge at Upc = 85 V and Imax = 999 mA. The conical end of the all-metal Au
probe, glued to the quartz tuning fork, was gently tilted up for 30-35 degrees employing a
thin (~0.1 mm of thickness) stainless steel plate.

2.2.4. Preparation of Au TERS Cantilevers by Electrochemical Etching: AFM-Type
All-Metal Au TERS Cantilevers

The all-metal Au TERS probes were pre-treated by annealing Au micro-wire (&
0.125 mm) at 700 °C for 30 min in a muffle furnace. The Au wire was flattened for2/3 of the
length of the ~15 mm long pieces of Au micro-wire between two polished Si wafers to form
a flat mirror surface, followed by bending of the remaining part (1/3) of the unflattened
part of the pieces of Au micro-wire for ~35 degrees to form the arm of cantilevers (blank
all-metal Au cantilever); the ultrasonic decontamination of blank all-metal Au cantilevers
was done in warm (40-50 °C) deionized water (up to 5 min), followed by chemical decon-
tamination of the Au micro-wire in the oxidizing mixture of ammonia water NH3-H,O
(28%), hydrogen peroxide HyO, (30%) and ethanol (96%) (volume ratio of components
1:1:4) at room temperature (up to 3 min).

The electrochemical etching was done in an aqueous solution of 5 M (near saturation)
of ammonium chloride NH4Cl. The obtained Au probe was washed in distilled water and
ethanol (96%) and dried in the air. Electrochemical etching experiments were performed in
an electrochemical cell at ambient temperature (20 &= 1 °C), under a voltage in the range
from 1.0 to 4.5 V with a sinusoidal waveform frequency of 500 Hz, controlled utilizing a
potentiostat/galvanostat BioLogic SP-150. The cut-off moment was controlled manually
when the current amplitude dropped to zero.

The obtained Au cantilevers were rinsed with deionized water and ethanol (96%),
air-dried at ambient temperature, and after initial examination of the shape and apex of
the tip and selection of the probe with the minimal apex diameter, the probe was glued
with the appropriate distance between the flattened mirror surface and the tip of the probe
to a silicon chip, to be used as a standard AFM cantilever in an integrated AFM /Raman
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microscope set-up. The low-viscosity ethyl-2-cyanoacrylate-based adhesive was used to
glue the cantilever to the silicon chip.

2.3. Evaluation of Prepared Au Cantilevers

Cantilever evaluation was based on visual inspection of the shape and according
to parameters such as reproducibility (shape and radius of curvature of the tip), relative
enhancement (RE), signal contrast (C), and enhancement factor (EF) of the TERS signal.
The repeatability of the resulting Au probe tips was evaluated by measuring the radius of
curvature (ROC) of six tips fabricated by the same method [25].

The cantilever’s shape was controlled by lower magnification and resolution Scanning
Electron microscopy (SEM) measurements using Scanning Electron Microscope Hitachi
TM3000 (Japan). The Scanning Electron microscope Hitachi S-3400N (Hitachi, Hokkaido,
Japan) with high magnification and resolution was used for tip apex imaging and analysis.

The evaluation of localized plasmon resonance properties of developed Au cantilevers
and application for Raman chemical imaging (mapping) was performed by TERS spec-
trometer (NTEGRA Spectra, NT-MDT Inc. Appendorf, Nijmegen, The Netherlands) with
an “upright” configuration, 100 x objective magnification, numerical aperture NA = 1.49,
optical beam focus spot diameter of 500 nm. The excitation source used in experiments was
the green laser with A = 532 nm, optical beam power of 25 mW, and beam power on the
surface spot of 2 mW.

The evaluation and demonstration of developed cantilevers for biosensing with the
submicron resolution were done using hybrid Au/Si cantilevers as Tip-enhanced Raman
scattering probes for detection and investigation of the distribution of graphene oxide
nanoparticles in Mouse Hepatoma MH-22A cells obtained from Vytautas Magnus Univer-
sity, Biology department Kaunas, Lithuania.

Cell culture preparation was carried out in vitro using mouse hepatoma cell lines
(MH-22A). Cells were grown in 25 cm? tissue culture flasks in DMEM (Dulbecco’s Modified
Eagle Medium) supplemented with 10% FBS, 1% L-glutamine, 90 ug/mL streptomycin,
and 100 U/mL penicillin (total DMEM) in a humidified atmosphere of 95% air and 5%
culture medium, CO; and at 37 °C. All chemicals were purchased from Sigma-Aldrich
(Steinheim, Germany). When the cells reached confluence, they were separated from the
bottom of the flask with 1.5 mL of a 0.25% trypsin—0.02% EDTA solution. Then, 2.5 mL of
complete DMEM was added to the cell suspension, centrifuged for 2 min at 1000 rpm in a
Biosan LMC-3000 centrifuge (Riga, Latvia), and resuspended in 1 mL of complete DMEM.

The methodology of cell sample preparation for AFM, scanning confocal microscopy,
and Raman spectroscopy imaging and study is presented below. The 100 puL of the cell
suspension (1 x 10° cells/mL) was spread over the surface of the lithium niobate plate
into each petri dish filled with 2 mL of complete DMEM. Lithium niobate plates were
chosen for their good surface properties for cell growth and subsequent analysis by Raman
spectroscopy due to low background signal. The cells were then incubated for 48 h until
a monolayer of confluent cells was reached. The control was performed without GO
treatment. The GO dispersion was sonicated as described above. GO (12.5 pg/mL) was
added to Petri dishes with cells for subsequent incubation. The incubation was done for
24 h, after which the cells were rinsed with ultra-pure water, fixed with 4% formaldehyde
(in PBS) for 10 min at room temperature, rinsed again with ultra-pure water, and left to dry
for the following microscopic and TERS and Raman spectroscopy investigations.

3. Results and Discussion
3.1. Characterization of Au TERS Cantilevers Prepared by Chemical Deposition Technique

It was observed that the method based on the electroless deposition of Au is quite
simple and allows for the fabrication of Au TERS probes with a sufficiently uniform Au
coating on the surface of the Si tip and with medium reproducibility of the ROC. SEM
images of the uncoated Si tip of a commercial AFM-TERS cantilever and the same tips
coated with Au for different electroless deposition times (Figure 2) show that a thick Au
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coating formed on the surface of the Si tip after 3 min of the electroless deposition process,
and the radius of curvature (ROC) of this tip exceeds 200 nm (Figure 2B). Thus, shortening
the electroless deposition time up to 2 min allowed for obtaining a gold-coated Si tip with
a ROC that decreased by up to ~80 nm (Figure 2C). Shortening the electroless deposition
time up to 1 min led to the formation of a smooth Au coating that replicated the cone shape
of the Si tip well.

Figure 2. SEM images of uncoated Si tip (A) and Si tips, coated with Au for different electroless
deposition times in an aqueous mixture of 1.0 mM HAuCl and 2.0 mM H,OH-HCl (volume ratio
1:1): 3 min (B), 2 min (C) and 1 min ((D-F), three separate samples). Magnification: 50,000 times.

The calculated mean value and standard deviation (SD) of tip ROC of three Au TERS
probes, prepared under the same electroless deposition conditions (Figure 2D-F), are
ROCean = 52.7 nm and SD = 7.1 nm. This indicates that the preparation of Au TERS
probes by the chemical electroless deposition method has good reproducibility. The TERS
parameters for the Figure 2D cantilever are RE ~ 20, C ~ 19, and EF ~ 2.600.

Relative enhancement of the Raman signal was calculated from the ratio of peak
intensities, observed in TERS and micro-Raman spectra of graphene oxide (Figure 3) at
1340-1360 cm~! (D band) and 1600-1620 cm ™! (G band). The highest relative enhancement
of the Raman signal of graphene oxide reaches up to 20 times when such a probe was used
for TERS measurements.
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Figure 3. Raman spectra of GO, when Si tip coated with electroless Au (deposition time 1 min) is in
contact with the surface of Si substrate, coated with a film of GO (TERS of GO), and when this tip is
retracted from the surface of the substrate (Micro-Raman of GO).

3.2. Characterization of Au TERS Cantilevers Prepared by Sputtering Technique

The fabrication of Au TERS probes using thermal evaporation in a vacuum requires
special equipment. However, as seen in Figure 4, this method allows obtaining a very
smooth Au coating on the surface of Si tips with a high reproducibility of the coating shape
and ROC of the tip. The reproducibility of the thermal evaporation process in terms of the
morphology of the Au coating and ROC of the coated tips was evaluated by SEM analysis
of three Si probes, obtained by the same thermal evaporation in the vacuum conditions
(Figure 4B-D). The calculated mean value and standard deviation (SD) of tip ROC of
three Au TERS probes, prepared under the same conditions of thermal evaporation in the
vacuum, are ROCpean = 33.0 nm, SD = 2.9 nm. This indicates that the preparation of Au
TERS probes by the thermal evaporation method has high reproducibility. TERS parameters
for Figure 4B cantilever: RE = 4.5; C ~3.5; EF ~ 850 (when AFM set point is 1.0); RE ~ §;
C~7; EF = 1.700 (when AFM set point is 1.5); and RE ~ 12; C =~ 11; EF ~ 2.700 (when
AFM set point is 2.0).

The TERS measurements made using the fabricated probes have demonstrated that the
Au TERS probes prepared by the thermal evaporation method exhibit a moderate relative
enhancement of the Raman signal of graphene oxide by up to 12 times. This value was
calculated from the ratio of peak intensities observed in TERS and micro-Raman spectra
of graphene oxide (Figure 5) in the 13401360 cm ! and 1600-1620 cm~! bands (D and
G bands, respectively). It was also observed that the relative enhancement of the Raman
signal increases with the increasing set-point value at the contact mode of tip-surface
interaction (Figure 5). This is related to the decreasing nano-gap between the apex of the
Au TERS probe and the surface of the substrate coated with the layer of an analyte, i.e.,
flakes of graphene oxide, as the AFM set-point parameter increases.
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OC~ 30 nm

Figure 4. SEM images of uncoated Si tip (A) and three Si tips, separately coated with Au (B-D)
under the same conditions of thermal evaporation in a vacuum. Magnification: (A-D) 7000 times
and (insertions of (A-D)) 100,000 times.

T T
TERS of GO, sp=2.0

192 - Relative enhancement up to 12 times

128

0 1 1 1 1

TERS of GO, sp=1.5
138 | Relative enhancement up to 8 times

H
(=2}
T
1

1 1

TERS of GO, sp=1.0
Relative enhancement up to 4.5 times |

Intensity, counts
[«
~ o
T

(4.
=
T

0 1 1
Micro Raman of GO, sp=0.0

21

1 1 1 1

1200 1400 1600 1800 2000
Raman shift, cm™

Figure 5. Raman spectra of GO, when Si probe coated with Au by thermal evaporation in the vacuum
technique is in contact with the surface of Si substrate coated with a film of GO (TERS of GO at
different values of set point (sp), sp = 1.0, 1.5 and 2.0), and when this probe is retracted from the
surface of the substrate (MicroRaman of GO, sp = 0).



Chemosensors 2023, 11,218

10 of 17

3.3. Characterization of Au TERS Cantilevers Prepared by Electrochemical Etching: Shear-Force
Type All-Metal Au TERS Cantilevers

The preparation of shear-force type cantilevers with glued-on quartz tuning fork all-
metal Au probes, obtained by electrochemical etching of Au micro-wire, is a complex and
time-consuming method that requires special equipment and qualified staff. However, the
use of a newly developed neutral electrolyte, based on an aqueous solution of ammonium
chloride, for electrochemical etching of Au micro-wire allows the fabrication of very sharp
all-metal Au probes with high reproducibility of the tip shape and ROC.

The electrochemical reactions that took place on the surface of the anode (Au micro-
wire) and cathode (Pt wire ring) during electrochemical etching in NH4Cl electrolyte can
be described according to:

AU(S) + 2C17(aq)_> [AuClz]i(aq) +le™

(electrochemical dissolution of Au micro-wire)

[AuCl]™ (ag) + 2C17 (aq) = [AUCl4]™ (ag) + 2€7

AU(S) + 4C1_(aq)_> [AuCl4]_(aq) +3e”

2C1_(aq)—> ClZ(aq) +2e” (side reaction)

Cathode (-): 2NH4+( +2e” — 2NH3(aq) + HZ(g)

aq)

It was found that electrochemical etching of Au micro-wire at an alternating voltage
in the range from 1.0 to 4.5 V with a sinusoidal waveform frequency of 500 Hz in the newly
developed electrolyte, based on an aqueous solution of 5 M NH4Cl, allows very sharp
all-metal Au probes (Figure 6) to be calculated. The calculated mean value and standard
deviation (SD) of tip ROC of six all-metal Au probes, fabricated under the above-mentioned
conditions, are ROCean = 37.3 nm and SD = 9.4 nm. The aspect ratio (AR) of these probes
varies in the range from 1.7 to 2.9. Prepared all-metal Au probes were glued to the quartz
tuning forks immediately before they were used for TERS measurements. The conical end
of glued all-metal Au probes was inclined to 30-35 degrees to enable the top illumination
of the tip by an exciting laser beam. The application of prepared all-metal Au probes with
a very sharp tip (ROC < 40 nm) for TERS measurements allowed us to reach a relative
enhancement of Raman signal of up to 13 times. This value was calculated from the ratio
of the peak intensities observed in TERS and micro-Raman spectra of graphene oxide
(Figure 7) at 1340-1360 cm~! and 1600-1620 cm ™! bands (D and G bands, respectively).
TERS parameters for Figure 6E cantilever: RE ~ 13 C ~ 12; EF ~ 3.800.

All-metal Au TERS probes, prepared by the electrochemical etching method, demon-
strate moderate relative enhancement of the Raman signal of graphene oxide (up to
13 times).

3.4. Characterization of Au TERS Cantilevers Prepared by Electrochemical Etching: AFM Type
All-Metal Au TERS Cantilevers

The preparation of AFM-type cantilevers glued to the silicon AFM chip all-metal Au
probes, obtained by electrochemical etching of Au micro-wire, is the most problematic
method in terms of reliable control and reproducibility of geometric parameters of a
cantilever’s tip. This method also requires special equipment and appropriately qualified
staff. SEM analysis revealed that the obtained tips have an apex diameter in the tenths of
nanometers with a tip ROC of less than 60 nm (Figure 8). However, a disadvantage of the
method is the fabrication problem related to the reproducibility and reliable control of the
distance between the tip and the flattened mirror surface of the all-metal Au cantilever. The
maximum distance between these two points should not exceed 120 um (ideal distance
~100 pm) (Figure 8A) to ensure proper alignment of the AFM laser beam to the flattened
mirror surface of the Au cantilever for AFM feedback and the laser beam for Raman signal
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excitation on the tip apex of the all-metal Au probe for TERS measurements. This limitation
is due to the technical constraints of the optical system used and the thickness of the
all-metal Au cantilever, which determines its mechanical properties. TERS parameters for
Figure 8A cantilever: RE ~ 6 C = 5; EF ~ 500.

A B
ROC 46 nm

200 um 5 200 pm

200um 3 200 um

Figure 6. (A-F) SEM images of six all-metal Au probes, fabricated by electrochemical etching of
Au micro-wire in 5 M NH4Cl aqueous solution at an alternating voltage from 1.0 to 4.5 V with a
sinusoidal waveform frequency of 500 Hz. Immersion depth of Au wire in electrolyte: ~1.5 mm.
Circuit cut-off current: <1 mA. Magnification: (A,C-F) 250, (B) 200, (insertions) 150,000 .
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TERS of GO Relative enhancement up to 13 times
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Figure 7. Raman spectra of GO, when the all-metal Au probe is in contact with the surface of Si
substrate, coated with a film of GO (TERS of GO), and when the Au probe is retracted from the
surface of this substrate (Micro-Raman of GO).
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Silicon chip

Silicon chip

ROC ~ 58 nm

ROC ~ 50 nm

Flattened mirror surface of
Flattened mirror surface of full metal Au cantilever

full metal Au cantilever

i »i

~120 micrometers

- >
~160 micrometers

N D141x300 300 um

N D132x300 300um

Figure 8. SEM images of two all-metal Au probes, attached to silicon AFM chips, with proper (A)
and improper (B) distance between the tip and the flattened mirror surface of thinner (A) and thicker
(B) all-metal Au cantilevers. The tips of these all-metal Au probes were obtained by electrochemical
etching in 5 M NH4Cl aqueous solution at an alternating voltage from 1.0 to 4.5 V with a sinusoidal
waveform frequency of 500 Hz. Magnification: 300x (insertions 30,000 x).

The plasmonic activity of the all-metal Au probe, prepared by the electrochemical
etching technique and attached to a silicon AFM chip, was also tested using GO as the
target analyte. Raman spectra of GO were obtained with the AFM-type all-metal Au TERS
probe in contact with the surface of a Si substrate coated with a film of GO, and when the
cantilever was retracted from the surface of the substrate. The results are presented in
Figure 9. Au TERS cantilevers prepared by this method demonstrated the lowest relative
enhancement of the Raman signal of graphene oxide (up to six times). The low EF can be
explained due to the shape and size of the cantilever and possible blockage of the excitation
laser beam, preventing the focus of a laser beam on the apex of the tip.

500 T r T T
TERS of GO Relative enhancement up to 6 times
8
&
]
8 . . . !
% Micro-Raman of GO
S 80f -
E
60 | 4
40 | 1
20
0 L L L L 3
1200 1400 1600 1800

Raman shift, cm ™’

Figure 9. Raman spectra of GO, when the all-metal Au probe, attached to the silicon AFM chip, is in
contact with the surface of Si substrate, coated with a film of GO (TERS of GO), and when the Au
probe is retracted from the surface of this substrate (Micro-Raman of GO).

3.5. Comparison of Au TERS Cantilevers

The RE values for Au cantilevers prepared by different methods are presented in
Figure 10. The highest enhancement was achieved with Au TERS cantilevers prepared by
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the chemical deposition technique (up to 20 times; refer to Section 2.2.1 for the method
details). The least effective method, due to its low RE, high cost, time consumption, and
complexity, is the electrochemical etching method for the fabrication of Au TERS probes,
specifically the AFM type all-metal Au TERS cantilevers (refer to Section 2.2.4 for details).

Up to 20 times

20
18
16 Up to 12 times Up to 13 times
14
12
10
8 Up to 6 times
6
4
2
0
221 224

222 223

Enhancement, times

Method of cantilever preparation

Figure 10. The comparison of the relative enhancement of Raman signal observed with Au TERS
probes prepared by different methods. The presented results respond to analyte molecule GO. The
results can vary depending on the analyte molecule type.

The evaluation of probes prepared by four different methods is summarized in Table 1.

Table 1. The comparison of the methods for the preparation of Au TERS cantilevers.

References of the

Reproducibility .
Method h e EFs Special
(Chapter No) (Tip Shape and Difficulty EF Previously Equipment
ROQ)
Reported

Section 2.2.1 Medium Medium 2600 [26-29] No
Section 2.2.2 High Medium 850-2700 [26,30] Yes
Section 2.2.3 High High 3800 [26,31] Yes
Section 2.2.4 Low High 500 [26,29] Yes

Au is one of the most commonly used metals for the preparation of TERS probes. It
has been observed that TERS technology is rapidly improving and the spatial detection
resolution is scaling down to the single-molecule level. Various types of SPM-TERS systems,
metal TERS probes, and advanced modalities are being utilized in bio-imaging, medical
sensing, etc., and can be further utilized to increase the TERS enhancement level.

Bao et al. used SiO; nanometer films for coating the Au or Ag TERS tips to enhance
their mechanical and chemical stability during experiments, especially during liquid ex-
periments [32]. A newly developed system positions a metal tip on the side of a quartz
material tuning fork [29,31]. This novel type of combination of the SERS-TERS system,
where the substrate consists of Au and Ag nanoparticles randomly distributed on the
substrate surface, can help to reduce the fluorescence background and increase the Raman
signal [33].

Furthermore, Wang et al. reported an improvement in the TERS gap mode using Au
nanosheets. A gap mode based on the localized surface plasmon resonance effect creates
electromagnetic hotspots in the space between the TERS tip and the substrate. The strength
of the TERS signaling response correlates with the thickness of the Au nanoplates [34].The
enhancing effect of spatial plasmon hybridization was also reported by Chen et al., who
found that this assembled TERS system has excellent high-resolution optical imaging
capabilities [35]. Ovali et al. developed a new TERS technology using an nm-sized quantum
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emitter (QE) placed on the metal tip of the AFM, and deposited nanoparticles on the surface
of the Si substrate. The researchers found that after illuminating the tip with a femtosecond
laser, a plasmon was formed, and the QE-assisted plasmon lifetime increased approximately
17 times [36]. Therefore, the TERS enhancement depends on the parameters of the TERS
metal tip, including the tip structure, tip radius, focal radius, and near-field depth and
angle of incidence. It is worth noting that all methods are very sensitive, and even small
errors can lead to undesirable results.
Top of Form

3.6. Distribution of GO in Mouse Hepatoma MH-22A Cells Measured with Developed Hybrid
Au/Si TERS Cantilever

The biochemistry of nanoparticle uptake by cell and distribution inside the cell isa
complex mechanism and a still poorly understood phenomenon. Various techniques such
as SEM, TEM, and fluorescence microscopy can be used to investigate the mechanism
of nanoparticle uptake by the cell. The GO nanoparticles are used as a drug delivery
carrier, and Raman imaging is a promising technology to investigate the drug delivery
inside the cells in their native environment due to strong Raman activity of GO [37]. The
interaction of GO nanoparticles with the cell goes through two phases. During the first
phase, the GO nanoparticle is adsorbed from the colloid by the cell membrane, and during
the second phase the membrane—cell interaction is managed by several mechanisms of
cell biochemistry. It is known that nanoparticles may enter the cell. Internalization of
nanoparticles occurs via endocytosis-based mechanisms and was studied in the work [38]
using surface-enhanced Raman spectroscopy with gold nanoparticles.

It was shown [39] that adsorbed nanoparticles strongly interact with the cell membrane
and that exposure of CHO cells to TiO, nanoparticles caused morphological changes in
the cell membranes and influenced the viability of cells. Therefore, the TERS can be an
efficient instrument to investigate the interaction of nanoparticles with the cell membrane.
Our experiment aimed to test the possibility of developing TERS probes for the chemical
mapping of GO nanoparticles adsorbed on the cell membrane surface. The GO has good
biocompatibility; therefore, it was selected as a test material to demonstrate the efficiency
of the developed cantilevers for chemical imaging. The Raman imaging of the distribution
of GO nanoparticles on the bio-cells membrane was performed on HM22A cells incubated
in a GO solution. The hybrid cantilever developed by methodology 2.2.2 was selected. The
experimental spectra and TERS signal map is presented in Figure 11.
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Figure 11. Scanning laser microscopy image of mouse hepatoma MH-22A cells with adsorbed GO
nanoparticles. (a), AFM-based TERS chemical imaging map of GO full spectra (1000-3200 cm ')
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(b), the overlapped image of a-b (c), TERS spectra from point 1 (d), TERS spectra from point 2
(e), TERS spectra from point 3 (f). The colors and distribution intensity in Figure 11c correspond to
the intensity of the GO TERS signal. The GO nanoparticles were not detected in the white areas. The
different-intensity GO spectra were observed in colored areas: the highest GO intensity was detected
in the red area and decreasing intensity in the blue areas. The cell’s optical image obtained using
scanning laser confocal microscopy is represented by grey color.

The TERS imaging results are consistent with those of other authors who studied the
cellular internalization of Au nanoparticle-loaded GO using SERS. GO is heterogeneously
distributed on the surface and within cells [40].

4. Conclusions

Four different methods have been proposed for the preparation of Au TERS cantilevers
with a nanometric tip ROC.

The novel method of electrochemical etching of Au micro-wire in a non-fuming and
harmless neutral electrolyte, based on an aqueous solution of ammonium chloride, allows
for the production of sharp all-metal Au probes with high reproducibility of the tip shape
and a ROC of less than 60 nm.

The relative enhancement of the Raman signal of graphene oxide was compared using
different Au TERS probes fabricated by these four methods.

For a quick and simple preparation of Au TERS probes with medium reproducibility
and high relative enhancement of the Raman signal, it is recommended to modify the Si tips
of commercial AFM-TERS cantilevers using the chemical (electroless) deposition method.

The advantage of the preparation of Au TERS probes by chemical deposition (gal-
vanic displacement and electroless deposition) is that such a technique does not require
specialized and expensive equipment.

A more complex and time-consuming method of preparation of shear-force cantilevers
with all-metal Au probes, obtained by an electrochemical etching method, can be reasonably
used when higher relative enhancement of Raman signal and/or sensitivity is required
during TERS measurements.

The experimental investigation of the developed cantilevers demonstrated the high
efficiency of hybrid Au/Si TERS cantilevers. This technique enabled chemical imaging of
graphene oxide adsorbed by MH-22A cells.
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