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SUMMARY

We report the fabrication and demonstrate the superior performance of robust,
cost-effective, and biocompatible hierarchical Au nanoparticles (AuNPs) deco-
rated Ag nanodendrites (AgNDs) on a Silicon platform for the trace-level detec-
tion of antibiotics (penicillin, kanamycin, and ampicillin) and DNA bases (adenine,
cytosine). The hot-spot density dependence studies were explored by varying the
AuNPs deposition time. These substrates’ potential and versatility were explored
further through the detection of crystal violet, ammonium nitrate, and thiram.
The calculated limits of detection for CV, adenine, cytosine, penicillin G, kana-
mycin, ampicillin, AN, and thiram were 348 pM, 2, 28, 2, 56, 4, 5, and 2 nM, respec-
tively. The analytical enhancement factors were estimated to be ~107 for CV,
~10° for the biomolecules, ~10° for the explosive molecule, and ~1 0° for thiram.
Furthermore, the stability of these substrates at different time intervals is being
reported here with surface-enhanced Raman spectroscopy/scattering (SERS)
data obtained over 120 days.

INTRODUCTION

Raman spectroscopy is a conventional and adaptable analytic technique to diagnose characteristic signa-
tures, the structure of analytes, as well as interfacial reactions in areas of interest such as medical diagnosis,
chemical analysis, environmental monitoring, food safety, and defense, and so forth. (Wu et al., 2013; Yang
et al., 2016; Bremer and Dantus, 2013; Portnov et al., 2008; Dubey et al., 2021). However, the detection of
biological species is often complicated and liable to interference with another molecule of interest. Ideally,
a label-free investigation is necessary for the direction of biomarker detection. Surface-enhanced Raman
spectroscopy/scattering (SERS) is one of the most fascinating analytic techniques for rapid, in-field, sin-
gle-shot detection of analyte molecules finding impending applications in biomedicine, clinical, environ-
mental detection, food safety, and so forth. (Vendamani et al., 2022; Verma and Soni, 2022; Tzeng and
Lin, 2020; Zhang et al., 2013; Powell et al., 2017; Ouyang et al., 2018; Xu et al., 2018; Zhu et al., 2021).
This technique has also been favored in food inspection via examining antibiotic deposits in animal prod-
ucts (Lirio et al., 2016; Li et al., 2015). SERS is one of the most versatile, label-free analytical techniques for
rapid, in-field detection of biomolecules in a single shot experiment. Bio-compatible noble metal (Ag/Au)
based SERS-active substrates are highly desirable and potential intrants for the investigation of a variety of
biomolecules. Food safety is probably one of the most profound aspects of human life in the category of
safety concerns. In this circle of a topic, it is appalling that many millions of people worldwide have been
affected by contaminated food substances. Hence, with the rapid developments in the modern world,
chemical, environmental, and microbiological contaminants are significant pollutants that should be
moderated and detected easily. The rapid growth and involvement of molecular sensing encouraged
numerous researchers to explore various technologies toward the fabrication of economical, reproducible,
and highly sensitive SERS-active substrates for label-free molecular detection (Vendamani et al., 20183,
2018b, Ravi Kumar et al., 2021; Moram et al., 2018; Bharati et al., 2018; Beeram et al., 2022; Rathod
et al., 2022; Banerjee et al., 2022). The plasmonic nanostructures (NSs) with different dimensions on rough
surfaces attracted researcher’s interests owing to the exploration of SERS by Fleischmann et al. in the se-
venties, witnessed through Raman enhancement of pyridine in the order of ~10° on a rough metal silver
electrode (Fleischmann et al., 1974). There are various plasmonic NSs, such as single metallic nano-spheres,
nano-wires, nano-pyramids, nano-stars, bimetallic nano-mushrooms, alloy nano-particles, and so on, which
have been recommended as a SERS substrate for attempting incredible efforts on molecular sensing via
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localization of the electromagnetic field (Velazquez-Salazar et al., 2019; Tim et al., 2021; Bora, 2018; Sun
et al., 2019; Tao and Yang, 2005; Barbillon, 2020; Shen et al., 2014; Yu et al., 2020; Zhang et al., 2016).
The fundamental properties and behavior of plasmonic NSs can be modulated by altering their sizes,
shapes, and dimensions (Amiens et al., 2016; Burda et al., 2005; Kelly et al., 2003). Indeed, this can enrich
the application prospects in diverse fields such as optoelectronics, catalysis, energy, environment, and
detection (Velazquez-Salazar et al., 2019; Tim et al., 2021; Bora, 2018; Sun et al., 2019; Tao and Yang,
2005; Barbillon, 2020; Shen et al., 2014; Yu et al., 2020; Zhang et al., 2016).

Recently, enormous efforts have been disseminated in formulating different architectures of silver-based
NSs (e.g., AgNPs, Ag nanoflowers, core-shell NSs, dendrites, and other complex nanostructures) for the
SERS activity because of its strong inter-particle near field coupling effects and strong surface plasmon res-
onances in the visible to the near-infrared spectral regime (Ma et al., 2020; Li et al., 2012; Chaudhari et al.,
2018; Wei et al., 2018; Tian et al., 2019; Jiang et al., 2017; Verma and Soni, 2021; Podagatlapalli et al., 2015;
Ceballos et al., 2022). Among the existing AgNSs, silver nano-dendrites (AgNDs) have occupied a partic-
ular spotin SERS-based sensing applications spotted owing to their outstanding properties such as (a) ease
of synthesis (b) adaptability (c) specific surface area (d) cost-effectiveness, (e) broadband hot electron gen-
eration, and so forth. (see, for example, Bandarenka et al., 2020; Yakimchuk et al., 2019; Zhao et al., 2016; Lo
Faroetal., 2019; Chengetal., 20193, 2019b, 2019¢; Wang.et al., 2021). The AgQNDs, possessing fractal struc-
tures with multi-level branches and trunks can produce tunable multi-band resonances for localized near-
field enhancements along with a provision for the presence of randomly distributed multiple hot-spots
(Huangetal., 20153, 2015b; Wang et al., 2021; Cheng et al., 2019a, 2019b, 2019¢). These multi-level branch-
ing structures typically offer inter-branch gaps/junctions, corners, edges, and high surface-to-volume ratio
making them suitable for surface-sensitive applications such as surface plasmon resonance-based sensing,
SERS, and catalysis (Cheng et al., 2019a, 2019b, 2019¢; Kima et al., 2017; Gu et al., 2015; Cheng et al., 2020).
Therefore, in comparison with smooth SERS-active surfaces, multi-level branched NDs have reached matu-
rity and provide an excellent opportunity for SERS-based sensing in the chemical industry, food safety,
environmental pollutants, and biomedical applications (Bandarenka et al., 2020; Yakimchuk et al., 2019,
Zhao et al., 2016; Lo Faro et al., 2019; Cheng et al., 201%a, 201%9b, 201%¢).

Electroless etching is a recognized wet etching process to prepare AgNDs on a solid platform. In recent
years silicon has frequently been used as a reducing agent owing to its versatility, superior bio-compati-
bility, and multi-functionality (Weakliem and Redfield, 1979; Ngan et al., 2017; Kuntyi et al., 2019). Accord-
ing to the Scopus research report retrieved recently, there were >60 articles on AgNDs that originated from
SERS sensing in the last five years. However, Ag NSs suffer from lower chemical stability and are highly sen-
sitive toward oxidation (during exposure to ambient atmosphere), which can deteriorate the operating life-
time of Ag-based SERS substrates (Huang et al., 2015a, 2015b; Khaywah et al., 2015). To circumvent these
limitations and improve the long-term accessibility of AgNDs in sensing, it is imperative to passivate/deco-
rate them (Yin et al., 2015; Gutes et al., 2012). For this approach, we have considered gold nanostructures
(AuNSs) that have exhibited excellence in surface passivation owing to their feasible dimensionality, bio-
compatibility, high stability, various functionality, and reusability in specific cases and outstanding
tunability of the optical properties in the visible and near-infrared frequencies. In this process, several
research articles focused recently on the design of bimetallic Ag/Au hybrid NSs such as Au@Ag nanorods,
Ag-Au-PVA thin films, and Au-Ag core-shell for the betterment of SERS-activity with good stability and ul-
tra-sensitivity (Rao and Radhakrishnan, 2015; Pastorello et al., 2020; Samal et al., 2013). Therefore, the uni-
form distribution of AuNSs over the targeted surface is highly essential for effective productivity.

AuNPs and AuNSs are accentuated among the existing NSs for various applications and there are various
methods such as atomic layer deposition, laser ablation, sputtering, and so forth, that exist in the literature
for preparing them (Byram et al., 2019; Hatakeyama et al., 2011; Hashemi et al., 2020; Palazzo et al., 2017).
By counting on the cost-effectiveness and ease of handling, the preparation of AuNPs favors a facile
galvanic displacement (GD) process, which results in the homogeneous distribution of NPs over the aimed
surface (Gutes et al., 2011; Srikanth and Jeevanandam, 2012; Shepida et al., 2019; Magagnin et al., 2002;
Zhang et al., 2015). The existing findings in the literature on Au and AgNSs motivated us to fabricate bime-
tallic Au/Ag nanostructures by combining a facile electroless and galvanic deposition process. It has been
demonstrated recently that the synergistic effects of both AuNPs chemical stability and the AgNDs strong
plasmonic effects have considerably improved the SERS activity and time stability (see, for example, Huang
et al, 2015a, 2015b; Khaywah et al., 2015; Yin et al.,, 2015). We have performed comprehensive
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AuNPs@AgNDs-3

Figure 1. Photographs of the bare three inches Si wafer (left), AgNDs on Si wafer (middle), and AuUNPs@AgNDs
on Si wafer (right). The AuNPs were decorated in ~3 h (i.e., AuUNPs@AgNDs-3)

investigations on the formation of AUNPs@AgNDs while varying the AuNPs density (deposition time) and
their application toward trace level detection of diverse biomolecules such as antibiotics (penicillin, kana-
mycin, and ampicillin), DNA bases (adenine, cytosine), an explosive molecule (ammonium nitrate - AN), and
thiram, a pesticide molecule along with time-stability studies. Our experimental results demonstrate that
the bimetallic AuNPs@AgNDs nanostructures can be highly efficient for excellent SERS activity. To the best
of our knowledge, no reports are available on the detection of antibiotics using AuNPs decorated AgNDs.
Furthermore, we have demonstrated the preparation of these substrates on a large scale (3 inches wafer)
with no limitations. This could be easily extended to six-inch wafers and that could be prepared in 30 min.

Experimental procedures

Materials and chemicals

A three inch p-type, boron-doped single-crystal Si wafers with a resistivity of 1-10 Q-cm were purchased
locally (M/s Macwin India) and appropriately cleaned before use. The silver salt (AgNO3) from Finar,
ethanol (reagent grade), and highly concentrated hydrofluoric acid (48%HF) were purchased from
Merck. The AuCly:3H,0, antibiotics (Penicillin G-CqgH1gN204S, Kanamycin- CigH36N4O171, Ampicillin-
C1H18N3NaO,4S), and DNA bases (Adenine- CsHsNs, Cytosine- C4HsN3O) with a purity of 99.99% were pur-
chased from M/s Sigma-Aldrich. The dye molecule crystal violet (CosN3H30Cl) and Thiram (CgH12N2S4) were
also obtained from Sigma-Aldrich. The explosive molecule, Ammonium Nitrate (NH;NO3), used for SERS
studies was procured from the High Energy Materials Research Laboratory (HEMRL), Pune, India.

Synthesis and characterization of surface-enhanced Raman spectroscopy/scattering substrates
Silver nano-dendrites are synthesized by adopting low-cost, simple methodological electroless-etching; the de-
tails of which are described in one of our earlier reports (Vendamani et al., 2020). In brief, a three” Si wafer has
been cleaned with acetone and diluted HF to remove chemical residues and native oxide, respectively. The
cleaned Si wafer is immersed in (30 mM) AgNO3 and (4.6 M) HF composed electrolytic solution for dendrite for-
mation at 30°C. Followed by dendrite samples are cleaned with DI water and dried in an ambient atmosphere.
The cleaned three” AgNDs sample was fragmented to a 1 cm? model for subsequent studies. The stability,
compatibility, sensitivity, and commercialization of these AgNDs substrates are believed to be greatly enriched
by incorporating gold AuNPs under the facile galvanic deposition approach. This wet-chemical process permits
precise control of the size, shape, and distribution of NPs, allowing for enhanced plasmonic behavior for superior
bio-sensing. In the direction of viable SERS-active substrate design, the critical factor of hot-spots regions was
improved by increasing the density of AuNPs on 1 cm? AgNDs at 30 min, 1 h, 2 h, 3 h immersion time in 1 mM
HAuUCl;:5 mM HF solution, and the corresponding sample tags are AUNPs@AgNDs-0.5, AUNPs@AgNDs-1,
AuNPs@AgNDs-2, AUNPs@AgNDs-3, respectively.

The dense bimetallic hot-spots generated at 3 h (AuNPs@AgNDs-3) were identified to be highly desirable for
obtaining an effective Raman signal from the biomolecules. The resulted 1 cm? sample was equally divided
into four pieces for subsequent characteristic investigations. The optical images of the three” plain Si wafer,
AgNDs sample, and the AuNPs@AgNDs-3 are shown in Figure 1. The AgNDs obtained with 3 h AuNPs immer-
sion time (i.e., AuNPs@AgNDs-3) were utilized for further characteristic investigations. It started with a morpho-
logical examination using a field emission scanning electron microscope (FESEM; Carl ZEISS, Ultra 55-5 eV for
imaging, and 20 eV for EDX). The corresponding elemental mapping was performed on AgNDs using the
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Figure 2. Graphical representation showing the growth of single AgNDs formation over the time of electroless etching (In the present report, the
etching time is 15 min)

Energy-dispersive X-ray spectroscopy (EDS) technique. X-ray photoelectron spectroscopy (XPS) analysis was
accomplished using a Thermo Scientific (K-Alpha-KAN9954133) instrumental setup to confirm the metallic Ag
nature of the formed structure. Transmission electron microscope (TEM; Technai, equipped with a thermo-ionic
electron gun working at 200 keV) and X-ray diffraction (XRD-Bruker D8 advance) investigations were used to
confirm the crystalline quality of the AgQNDs and AgNDs@AuNPs. The optical reflection was evaluated by a
UV-Visible spectrophotometer (UV-Vis—Jasco V-670) to identify the surface plasmon resonance band for
different SERS activities. A micro-Raman spectrophotometer (Horiba LabRam Raman Spectrometer) was em-
ployed to study essential aspects of molecular detection under Nd: YAG laser excitation. The SERS activity
has been tested with various kinds of probe molecules like () dyes (crystal violet - CV) (ii) explosives (ammonium
nitrate - AN) (iii) pesticides (thiram) and (iv) biomolecules, especially DNA bases (adenine, cytosine), which could
be a DNA and RNA builder and tracing of these solutions is essential in biomarker investigations, and antibiotics
(penicillin-G, kanamycin, and ampicillin) are effective in preventing and treating infections in humans and animals
(Chen etal., 2017; Jiang et al., 2019). In 1999, European Union established the maximum residue limits (MRL) of
antibiotics in foodstuff which was 4 pg/kg of penicillin-G and 150 ng/kg kanamycin. In the present study, we could
achieve a limit of detection that is compatible with the requisite MRL values. For achieving a better consistency in
the Raman signal, the measurements were performed using a 50X objective, 10 s acquisition time, and using
532 nm excitation. The spot size estimated at the focus was ~1.5 um. Eventually, the visualization of the near-
field enhancement around the NDs was explored by simulations with the support of COMSOL.

Substrate preparation for measurements

As prepared AgNDs were ultrasonicated in ethanol and drop-casted on Cu grids for the TEM measure-
ments. The antibiotics and adenine molecules were dissolved in Milli-Q water to make a stock solution.
Furthermore, required concentrations of analytes were diluted from the stock solution. The solution of an-
alytes (~20 pl) was drop-casted on SERS-active (AuNPs@AgNDs-3) substrate for subsequent SERS inves-
tigations. For real-time stability studies, a 20 pL CV analyte was drop-casted on the same substrate at
various intervals and up to 120 days of ambient exposure.

RESULTS AND DISCUSSION

A straightforward electroless deposition process formed many silver nano-dendrites (AgNDs) on the Si
wafer. Electroless etching and immersion baths are easy to handle and used in achieving a high density
of hot-spot locations, which are highly desirable for trace-level molecular sensing. AgNDs prepared at
various AgNO3 molar concentrations and different etching temperatures were demonstrated in our earlier
report (see Vendamani et al., 2020). The dendrite nanostructure comprises primary and secondary
branches attached to the central stem. The generated AgNDs were highly symmetric with 8 and 6 um pri-
mary and secondary branches, respectively. The angle between the stem and branches was in the range of
50°-65°. The schematic representation shown in Figure 2 illustrates the growth of AgNDs formation over
different times of the electroless etching process.

This structure was further decorated with AuNPs to generate strong field points effectively. Also, AuNPs
deposition results in surface passivation owing to its dimensionality, bio-compatibility, high stability, lower
oxidation effect, various functionality, reusability in specific cases, and outstanding tunability of the optical
properties in the visible and near-infrared frequencies. Figure 3A illustrates the growth of AQNDs at 30 mM
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Figure 3. FESEM images of AgNDs with AuNPs at different concentrations of Au seed solutions

FESEM images of (A) as prepared AgQNDs and AuNPs decorated AgNDs at various molar concentrations of Au seed solutions at (B) 0.05 mM, (C) 0.1 mM, (D)
0.5 mM, (E) 1 mM, (F) 1.5 mM, (G) 3 mM, (H) 5 mM, (I) 7 mM at room temperature.

AgNO3 concentration and Figures 3B-3l represents the fixed deposition time (i.e., 15 min) of AuNPs at
various molar concentrations (i.e., 0.05, 0.1, 0.5, 1, 1.5, 3, 5, 7 mM, respectively) of gold seed solution.
The data presented demonstrate that on increasing the gold solution, the decoration of the AuNPs on
the walls of AQNDs was noticeably increased.

At lower concentrations of the gold solution (data shown in Figures 3B-3E), a sparse layer of Au NPs was
observed on AgNDs. With increasing concentration levels, especially at 1.5 mM, apparent changes in the
density of AuNPs decoration were observed, as shown in Figure 3F. The higher density of AuNPs grew at
3 mM to cover almost the whole dendrite structure, as shown in Figure 3G. When we proceeded to higher
concentrations such as 5 mM, 7 mM (data shown in Figures 3H and 3l), the AuNPs have completely con-
cealed the dendrite structure, which may not be apposite for the SERS measurements owing to the absence
of dendritic nature. After keen examination of all the concentrations of AuNPs, we deliberately chose the
optimistic AuNPs deposition at 1 mM concentration with isolated and uniform distribution.

For a detailed understanding, we aimed to investigate the effect of AuNPs (1 mM concentration) deposi-
tion time for density dependence correlation. Figure 4 represents the FESEM micrographs of AgNDs at

iScience 25, 104849, August 19, 2022 5
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Figure 4. FESEM images of AgNDs with AuNPs at different times of deposition

SEM images displaying morphology of the AgNDs decorated with 1 mM AuNPs at various times of deposition (A)

30 minutes (i.e., AuNPs@AgNDs-0.5), (B) 1 h (i.e., AuNPs@AgNDs-1), (C) 2 h (i.e., AuNPs@AgNDs-2), and (D) 3 h (i.e.,
AuNPs@AgNDs-3) (highlighted yellow-coloured circles represent the AuNPs decoration on AgNDs at a few places for
clarity).

different AuNPs deposition times, varying from 30 min to 3 h. Figure 4A displays the few isolated AuNPs
(deposition at 30 min) over the sample surface. At the consequent deposition at 1 h and 2 h, well-isolated
AuNPs partially covered the branches of AgNDs as shown in Figures 4B and 4C. Interestingly, as the reac-
tion time proceeded to 3 h, the distribution of AuNPs was homogeneous and the amount of AuNPs
increased progressively (image shown in Figure 4D). This indicated that the high density of AuNPs on
AgNDs at 3 h could elevate the strength of the Raman signal by exhibiting strong surface plasmonic reso-
nance compared to other reaction times. We believed that these 3D plasmonic nanostructures not only
generate efficient field hot-spots but could also contribute to adsorption of target analytes owing to the
large surface availability. These features are substantial for attaining superior SERS activity. The highly qual-
ified samples were subsequently used for further characteristic examinations.

Figure 5A-5C present the different magnification images of AuNPs decorated at 3 h of reaction time
(AuNPs@AgNDs-3), which clearly illustrate the morphological features in detail. Furthermore, the
elemental identification of AUNPs@AgNDs-3 was carried out by performing the EDX mapping; the data
of which is shown in Figure é. It is extracted from the EDX mapping data that the dominant peak corre-
sponds to Ag, with multiple Au signals from AuNPs, and Si (as expected from the base substrate). In addi-
tion, oxygen and minute carbon impurities were observed owing to natural oxidation and the solvents
used. Following the compositional examination, the metallic nature of prepared AgNDs and AuNPs coated
AgNDs is examined by recording XPS survey scans. Figure 7A shows the typical comprehensive scan, de-
picting the peaks at 99, 150, 573, 68, 84 eV, which are attributed to the Si 2p, Si 2s, Ag 3p, Ag 3days, and Au
41, respectively. Although oxygen and carbon signals have also been noticed, they were present in the sam-
ples only at lower concentrations. The data presented in Figure 7B illustrates the significant Ag signals,
such as the Ag 3d doublet line with binding energies of 368.2 eV for Ag 3ds/, and 374.2 eV for Ag 3d3/2,
Ag auger peaks (573.5 eV for Ag 3p1, 604.3 eV for Ag 3p3), and low-intensity plasmon loss peaks (repre-
sented as *) indicating the metallic nature of AgNDs being formed under electroless etching. Figure 7C
demonstrates the XPS data confirming the successful formation of AuNPs deposition at various deposition
times over the AgNDs surface. Au 4f XPS spectra exhibited two asymmetric peaks, Au 4f;,, at 84.1 eV and
Au 4fs/, at 87.8 eV, with a splitting of 3.7 eV confirming the Au metallicbond (Li et al., 2018). The other signal
at 83.22 eV is attributed to metallic alloy formation at the Au-Ag interface and is not observed in Figure 7C.
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Figure 5. SEM images of the AuNPs (on AgNDs) decorated at 3 h reaction time (AuNPs deposited at 1 mM
concentration) (i.e., AUNPs@AgNDs-3) viewed at different magnifications

Furthermore, the atomic percentage of gold has been quantified under XPS analysis. It is addressed to be
increased progressively as on improving the Au deposition time as expected, the data of which is pre-
sented in Figure 7D.

XRD and TEM data were used to investigate the crystallinity of the prepared AgNDs. Figure 8 shows typical
XRD diffraction patterns of AQNDs and AuNPs@AgNDs substrates. AgNDs deliver well-crystallized face-
centered cubic structures, which are characterized by a set of reflections from planes of (111), (002),
(220), (022), (004), (113), and (222) (JCPDS Card No0.98-005-0882). The response at (002) with a slight broad-
ness represents the polycrystalline nature of AGNDs. The observed high-intensity peak (111) in the spectra
implies that the growth direction was predominantly along the crystal plane. All the spectra are stacked and
normalized (with respect to the intensity) for a clear spectral representation. The normalized intensity of the
significant peak at (111) is attributed to the presence of Ag and Au, which were found to be increasing with
growing AuNPs deposition time. Likewise, the deposition of AuNPs over AgNDs was confirmed and in-
dexed the peak at (222). Figure 9A (TEM image) shows clear morphological evolutions of AgNDs, which
consisted of trunks and branches with definite directions (about 60° angles concerning the central trunk).
These features are consistent with those observed in the FESEM images. The IFFT image shown in
Figure 9D was collected from the yellow dotted rectangular line indicated on the HRTEM image (shown
in Figure 9C). The estimated inter-planar spacing between lattice fringes of AgNDs was ~0.24 nm, which
corresponds to the Ag’s (111) crystal plane. Furthermore, it endorses the predominant growth direction of
AgNDs along the (111) plane. The SAED pattern depicted in Figure 9B exhibits the single-crystal nature of
AgNDs, which is in good agreement with the XRD investigations.

AuNPs@AgNDs-3E P,
o 583 T £

Figure 6. EDX mapping presents the elemental composition of the AUNPs@AgNDs-3 sample, which depicts a

high concentration of Ag, Au, and Si, and a lower concentration of O as expected
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Figure 7. XPS data of Si, AuNDs and AuNDs + AuNPs

XPS survey scan data of (A) bare silicon, AgNDs, and AuNPs coated AgNDs, (B) XPS presents specially plotted Ag nano-
dendrites (small portion of the data taken from (A)), (C) XPS data of AuNPs @AgNDs at different times of AuNPs depo-
sition, and (D) the atomic percentage of elemental gold over the time of deposition.

The reflection properties of AgNDs and AuNPs capped AgNDs are shown in Figure 10. Itis noticed that the
reflection decreased with increasing time of the AuNPs deposition on AgNDs, which is owing to a change in
the surface roughness. After keen observations of reflection data, we concluded that the AuNPs@AgNDs-3
sample has demonstrated lower reflection properties at lower wavelengths. Besides, for anisotropic struc-
tures such as AgNDs there is a longitudinal and transverse SPR band. The longitudinal band occurs at
higher wavelengths relative to the transverse band in elongated structures. In our case 426 nm corresponds
to transverse mode and 696 nm corresponds to longitudinal mode of AgNDs (Agustina et al., 2020; Bijan-
zadeh et al., 2012; Cheng et al., 2019a, 2019b, 2019¢; Wang et al., 2021). The dip is predominant for longi-
tudinal mode relative to the transverse mode indicating a greater anisotropy. The dip at 464 nm is weak and
needs further investigations to exactly assign it. This peak could be owing to the different sizes, shapes, and
configurations of the AuNPs on AgNDs which themselves are available in different sizes and shapes. For
Ag-based fractal structures like dendrites, multiple resonance peaks were reported previously (Wang
et al., 2021; Cheng et al., 2019a, 2019b, 2019¢). Similarly, the characteristics of AQNDs were dominated
by branches with high aspect ratios, which are responsible for the longitudinal bands observed in the
higher wavelength regions. The positions of SPR bands contribute to maximum electric field strength,
which helps identify a suitable excitation wavelength with better resonant conditions for SERS measure-
ments on these AgNDs-based active substrates. The excitation wavelength at 532 nm has been considered
after evaluating the UV-Visible data for further investigation of the SERS study.

SERS performance is a critical parameter to understand and evaluate the quality of substrates. Hence, we
have evaluated the SERS activity of AuNPs@AgNDs-3 substrates by subjecting diverse molecules like dye,
explosives, DNA bases, and antibiotics as probing molecules. In the first stage, to evaluate the substrate
quality in terms of sensitivity and capability, the active substrates were subjected to basic cationic dye
molecule as CV, because it has strong absorption in the visible region under 532 nm laser excitation. Fig-
ure T1A depicts the concentration-dependent (10 uM—-1 nM) plot on the active substrate, in which the
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Figure 8. X-ray diffraction (XRD) pattern of AgNDs and AuNPs decorated AgNDs at various deposition times

vibrational modes of CV were identified at 918 cm ™", 1181 cm™’, and are assigned following the literature
(Fateixa et al., 2018). The details of the modes observed and assignments are summarized in Table S2. A
significant intensity change was noticed in the primary characteristic peak at 918 cm ™', which demonstrates
that the intensity gradually decreased with a decrease in the concentration, which was expected. The log
intensity versus analyte at lower concentrations of the Raman mode at 918 cm ™' was estimated to be linear
with an R? of 0.99; the data being presented in Figure 11B. Apart from the SERS activity of substrate, the
most prominent factor is to assess the degree of sensitivity by evaluating the analytical enhancement factor
(AEF) by the inclusion of adsorption factor n (which is extracted from the intensity versus concentration plot)
in the standard formula described in our earlier reports (Hamad et al., 2014; Shaik et al., 2016; Vendamani
et al., 2021). The evaluated AEF for 1 nM CV was ~3.2x107, which is shown in Table 1.

Furthermore, the SERS based on plasmonic nanostructures could pave an effective way to analyze DNA bases
such as adenine and cytosine. Adenine is an energy source for human cells, which could be a DNA and RNA
builder. In this regard, the trace detection of adenine solution is essential in biomarker investigations. Figure 12A
illustrates the SERS spectra of adenine with concentration range from 1 mM to 100 nM range; it is discerned that
the intensity value drops down while approaching trace level concentration. The Raman modes were observed
at534em™, 621 em™, 722 em ™, 1125 em™, 1246 cm™", 1330 em™', 1481 cm ™', and the corresponding vibra-
tions are shown in Table S2 (Madzharova et al., 2016). The intensity of the significant characteristic peak of

~" was observed even at a lower concentration level. The distinct Raman mode at

adenine at 722 cm
722 e~ delivers linear dependence on log intensity versus analyte at lower concentrations and shows higher
R? value of 0.99; the details are shown in Figure 12B. Another DNA base as cytosine has also been detected with
AgNDs@AuNPs-3 substrate. Cytosine is one of the sequences of four DNA bases that can encode the genetic
instructions of human cells. The sensitivity of cytosine was examined with different solutions (1 mM-10 nM con-
centration range), and the SERS spectra are shown in Figure 12C. The characteristic vibrational peaks of cytosine
were indexed at 604 cm™", 792 cm™", 1115ecm ™", 1251 ecm™", 1368 cm ™", 1524 cm ™", 1641 cm™", and the corre-
sponding vibrations are shown in Table S2 (Madzharova et al., 2016). The intensity of a specific mode at 792 cm™"
shows a signature peak even at lower-level detection, which proves that the AuNPs composed AgNDs play a
significant role in biomarker detection. The associated log intensity versus analyte at lower concentration plot
produced linearity with an effective R? of 0.99, as shown in Figure 12D. The AEF at different concentrations of
adenine and cytosine are shown in Table 1. Specifically, the AEF of 100 nM adenine, 10 nM cytosine were esti-

mated to be 1.7x10°, 8.1x10°, respectively.

In sequential molecular detection, we have focused on antibiotics, which are proficient in preventing and
treating infections in humans and animals (Wali et al., 2019; Chen et al., 2017). The abnormal utilization of
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Figure 9. TEM images of AuNDs

(A) TEM image of AgNDs (inset depicts the higher magnification of the same image), (B) SAED pattern, (C) HRTEM image
and the red dotted rectangular line indicates the area of selection for IFFT, and (D) IFFT data obtained from HRTEM
image.

antibiotics causes bioaccumulation in water, animal food, and the environment, which is one of the wide-
spread problems to be solved. As a part of the solution, SERS activity has been considered to be a reliable
technique in the importance of antibiotic detection. In the present research, we mainly focused on detect-
ing various antibiotics such as penicillin-G, kanamycin, and ampicillin. Firstly, the derivatives of penicillin-G
have been considered for detection with concentrations ranging from 1 mM to 10 nM. The intensity discrim-
ination of penicillin-G as a function of analyte concentration is shown in Figure 13A. The leading bands of
penicillin-G are located at 985 cm ™", 1586 cm™", and 1668 cm™", and the corresponding mode assignments
are shown in Table S2 (Wali et al., 2019; Chen et al., 2017). The tracing of penicillin molecules at 10 nM con-
centration has also been noticed by observing the characteristic peaks at 985 cm™". These observations
support the AuNPs composed of NDs possessing superior detection abilities. The linearity dependence
was extracted by plotting the log intensity versus log concentration depicted an R? of 0.97, as shown in Fig-
ure 13B. Another essential antibiotic, kanamycin has also been considered for detection because the resid-
ual amount of kanamycin in clinical cases causes serious side effects such as loss of hearing, allergy reac-
tions, and foodstuff leading to pathogenic-bacterial strains (Zengin et al., 2014; Jiang et al., 2020). The
ability to detect at various concentrations (1 mM-100 nM) of kanamycin is shown in Figure 13C data. The
signature peak at 975 cm™' has been detected at the lowest concentration of 100 nM of kanamycin.
The linear dependence was confirmed by log intensity versus concentration plot with the linear fitting
with an R% value of 0.98. The data and the fit are shown in Figure 13D. In the end, we focused on estimating
these substrates’ sensitivity toward ampicillin antibiotic, which is enormously used in livestock production
and bacterial infections. The illegal use may affect human health through food contamination. Figure 13E
reports the intensity modulations of the Raman mode at 988 cm™" at various concentrations of ampicillin
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Figure 10. Reflectance spectra of AgNDs and AuNPs decorated AgNDs at various deposition times (inset shows
the magnified SPR band one in 400-500 nm)

(varying from 1 mM to 10 nM). It is proved that the SERS-active substrate could detect 10 nM concentration
in this case.

The linearity was extracted from the log-log plot at lower analyte concentration resulting in an R? of 0.98,
and the data are shown in Figure 13F. The primary and essential parameter AEF was estimated for
penicillin-G, kanamycin, and ampicillin as 5.4%10° 2.8%10° 7.2x10°, for 10, 100, and 10 nM, respectively.
The AEFs retrieved from the detailed studies at other concentrations are shown in Table 1. The uniquesen-
sitivity and versatility of the substrate have been proved categorically for the detection of explosives and
pesticides. This can extensively promote the importance and adaptability of AuUNPs@AgNDs active sub-
strates to investigate a wide variety of molecules. Ammonium nitrate is an explosive used as standard fer-
tilizer and well exploited in defense. Also, it is critical in detection owing to its limited sensing ability and
matrix properties. The sensitivity of the substrate was tested by introducing various concentrations of AN,
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Figure 11. SERS spectra and mapping data of various analyte molecules

SERS spectra of CV (dye) on AUNPs@AgNDs-3 at (A) (i) 10 uM (i) 5 uM (iii) 1 pM, and (iv)100 nM (v) 10 nM and (vi) 1 nM
concentrations and (B) corresponding linear relationship of log (intensity) versus log (lower concentration) of the 918 cm™!
Raman peak. The error bars represent +5% variation in the experimental values.
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Table 1. Summary of estimated AEF and LOD for the detected analytes

Peak Analytical
Analyte position enhancement
molecules (em™ Concentration factor (AEF) LOD
Crystal violet 918 10 uM 2.1x10° 348 pM
5 uM 2.5%10°
1uM 6.8x10°
100 nM 2.5%10°
10 nM 7.1x10°
1nM 3.2x107
Adenine 722 1mM 2.1x10° 2nM
100 pM 1.2x10*
50 uM 1.7x10*
10 uM 2.9%10%
100 nM 1.7x10°
Cytosine 792 1TmM 2.2x10° 28 nM
100 pM 1.4x10%
50 uM 2.2x10%
10 uM 2.8x10%
100 nM 2.1x10°
10 nM 8.1x10°
Penicillin-G 985 1mM 1.9%10% 2nM
100 pM 1.7x10%
50 uM 1.9%10%
10 uM 3.2x10%
100 nM 2.0x10°
10 nM 5.4x10°
Kanamycin 975 1mM 1.0x10° 56 nM
100 pM 5.1x10°
50 uM 5.8x10°
10 pM 9.1x10°
100 nM 2.8x10°
Ampicillin 988 1 mM 1.1x10° 4 nM
100 uM 8.3x10°
50 uM 1.2x10%
10 pM 3.7x10%
100 nM 1.7%10°
10nM 7.2x10°
Ammonium Nitrate 1045 50 uM 1.9x10* 5nM
10 uM 6.3x10%
5uM 5.8x10%
1uM 1.7x10°
100 nM 5.0%10°
Thiram 1384 10 uM 4.5%10° 2nM
5 uM 5.8x10°
300 nM 3.1x10*
100 nM 2.3x10°
10nM 1.1%10°
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Figure 12. SERS spectra and mapping data of various analyte molecules

SERS spectra of adenine (DNA bases) on AuNPs@AgNDs-3 at (A) (i) 1 mM (i) 100 uM (iii) 50 uM, and (iv)10 uM, and (v)
100 nM concentrations, (B) corresponding linear relationship of log (intensity) versus log (concentration) of the 722 cm™
Raman peak, (C) Cytosine (i) 1 mM, (ii) 100 uM, (iii) 50 uM, and (iv) 10 uM M, (v) 100 nM, and (vi) 10 nM concentrations, and
(D) corresponding linear relationship of log (intensity) versus log (concentration) of the 792 cm™' Raman peak. The error

1

bars represent +4% variation in the experimental values.

ranging from 50 uM to 100 nM, as shown in Figure 14A. The observed Raman modes of AN at 711 cm~" and
1045 cm™" and the corresponding vibration assignments are shown in Table S2 (Zhou et al., 2021). It is
keenly observed that the intensity of the signature peak at 1045 cm™' changed predominantly as a function
of analyte concentration which is shown in Figure 14A. The logarithmic plot of intensity versus analyte at
lower concentrations demonstrated the linearity with R? of 0.99, as shown in Figure 14B. The calculated
AEF for 100 nM concentration was ~5.0%10°. Table 1 depicts the AEFs obtained at other concentrations
of AN. From the SERS data presented and analyzed in our earlier work of AN (Vendamani et al., 2021)
we conclude that the AuNPs@AgNDs-3 substrate produced an additional ~40% enhancement in the
Raman intensity measured (10 M) compared to the simple AgNDs. The observed significant intensity
enhancement is owing to the higher stability (reduced natural oxidation effect) of AgNDs post-deposition
of the AuNPs and also the cooperative (synergistic) effect of both AuNDs and AuNPs. The present studies
have also been extended toward the detection of trace thiram, which is one of the common pesticides in
food safety (Verma and Soni, 2019; Verma and Soni, 2021). The determination of substrate quality toward
the thiram detection with a range of concentrations (10 pM-10 nM) was considered and the detailed data
obtained are shown in Figure 15A. The Raman band assignments at 1140 cm~ ', 1385cm ™, and 1428 cm ™!
and the corresponding assignments are shown in Table S2 (Bharati et al., 2019). The most prominent mode
at 1385 cm™' was noticed to be decreased with an increase in the concentration, and the data are pre-
sented in Figure 15A. A linear relation was investigated by a log plot of intensity versus concentration
with 0.98 fitting accuracies, as shown in Figure 15B. Thiram with different concentrations was assessed
by calculating the AEF shown in Table 1. At a definite 10 nM concentration of thiram, the AEF was estimated
to be 1.1x10° for 10 nM concentration.

In addition to the SERS activity, sensitivity and reproducibility are indispensable factors in evaluating the
final practical utility of the SERS substrate. To investigate the reproducibility of AuNPs@AgNDs substrate,
signals of 5 uM CV and 50 uM cytosine were acquired at 10 random spots and the data are shown in
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Figure 13. SERS spectra and mapping data of various analyte molecules

SERS spectra of penicillin G (antibiotic) on AUNPs@AgNDs-3 at (A) (i) 1 mM, (i) 100 uM, (iii) 50 pM, and (iv) 10 pM M, (v)
100 nM, and (vi) 10 nM concentrations, and (B) corresponding linear relationship of log (intensity) versus log (concen-
tration) of the 985 cm™' Raman peak (C) Kanamycin (i) 1 mM, (i) 100 uM, (iii) 50 pM, and (iv)10 pM, and (v) 100 nM con-
centrations, and (D) corresponding linear relationship of log (intensity) versus log (concentration) of the 975 cm~' Raman
peak, (E) Ampicillin (i) T mM, (i) 100 uM, (i) 50 uM, and (iv)10 pM, (v) 100 nM, and (vi) 10 nM concentrations, and

(F) corresponding linear relationship of log (intensity) versus log (concentration) of the 988 cm ™" Raman peak. The error
bars represent +5% variation in the experimental values.

Figures 16A and 16B. The peak intensity distributions of 918 cm~" and 792 cm™" for CV and cytosine ex-
hibited smaller deviations with RDS values of ~8%, and ~7%, respectively, in the bar graph shown in Fig-
ure 16C. The recently reported limit of deviation for various substrates was ~5%, suggesting that our sub-
strates produced good signal reproducibility. However, there is scope for improvement through the
optimization of the AuNPs sizes and distribution. Furthermore, in connection with reproducibility, time sta-
bility (meaning how much the substrate performance degrades over time) is also a significant aspect of
judging the substrate quality and effectiveness. The sensitivity of the sample is examined by comparing
the Raman signals of CV on AuNPs@AgNDs-3 substrate, which were exposed to ambient environment
at different periods (i.e., 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 120 days). The data are shown in Fig-
ure 16D. It is noticed that distinctive intensity and position changes were not observed in the significant
Raman peaks over the period of 4-5 weeks of exposure. Subsequently, the intensity of the Raman peak
(918 cm™") decreased over time to ambient exposure. We had noticed characteristic peaks of the CV mole-
cule even after 120 days of exposure. Based on the above data, we concluded that the combination of

14 iScience 25, 104849, August 19, 2022

iScience



iScience

A ] B 3.0

- 2.5k { Ammonium Nitrate g

- .

g 2.0k 2.74

< 1.5k R2=0.99
2 2.4 :

S 2
o
1.0k j\ (ii) 214

®
c
8
£500.0/ . ST
N (iv) 1.8
0.0 Lot i AN. 1045 cm-1
600 700 800 900 100011001200 ~ 7.0 -65 -6.0 -55 -5.0
Raman Shift (cm-1) log(C)

Figure 14. SERS spectra and mapping data of various analyte molecules

SERS spectra of AN (explosive) on AUNPs@AgNDs-3 at (A) (i) 50 uM, (i) 10 uM, (i) 5 uM, and (iv) 1 uM, and (v) 100 nM
concentrations, and (B) corresponding linear relationship of log (intensity) versus log (concentration) of the 1045 cm™!
Raman peak. The error bars represent +4% variation in the experimental values.

AgNSs and AuNSs promises better reproducibility and stability. Besides, we firmly believe that the stability
can be improved further by storing the samples in a high vacuum immediately after preparation. Moreover,
we are exploring the aspect of coating these substrates with 2D materials such as graphene, MoS; for addi-
tional enhancements (chemical) and stability that are a subject of our future studies.

The Raman mapping was performed with crystal violet (concentration of 1 uM) at a randomly chosen large area
of 45 x 45 um? with 4 pm spacing with 10x microscope objective. We collected nearly 120 SERS spectra on the
sample using an inbuilt microscope for achieving the mapping and the data are shown in Figures 17A-17C. The
RSD value of the 80 selected spectra (from Figure 17B mapping data) shown in Figure 17C was <5%. Similarly, the
RSD value of the 170 selected spectra (from Figure 17B mapping data) shown in Figure 17C was <7%. The acqui-
sition time was set to 3s with three spectra averaged at each point. Later, small area Raman mapping was also
performed within an area of 20 x 20 um? with a spacing of ~1.5 pm by collecting nearly 200 spectra. The SERS
intensities across the mapping area are represented using color maps for Raman modes of CV 918 cm ™" corre-
sponding to ring skeletal vibrations (Vendamani et al., 2020). The color scale indicates the intensity counts for
each mode. The color maps show a homogeneous distribution for a large part except for small areas resembling
islands in the whole mapping area. This can be attributed to a high density of hotspots in some regions of the
sample owing to the distribution of AgNPs on the AgQNDs and the overlapping of AGNDs as seen in the FESEM
images (Figure 3). The signal variation can also be attributed to non-homogenous adsorption of the analyte on
the substrate, orientation of the molecules, and coupling of the molecules with the nanoparticles and the laser,
along with the distance between the molecules and the hotspot. It is pertinent to note here that the signal collec-
tion during the mapping was from a single plane and not from the highest signal plane of the substrate. These
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Figure 15. SERS spectra and mapping data of various analyte molecules

SERS spectra of thiram (pesticide) on AuNPs@AgNDs-3 at (A) (i) 10 uM (ii) 5 uM (iii) 300 nM (iv)100 nM and (v) 10 nM
concentrations, and (B) corresponding linear relationship of log (intensity) versus log (concentration) of the 1384 cm™!
Raman peak. The error bars represent +4% variation in the experimental values.
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Figure 16. SERS spectra and mapping data of various analyte molecules
Spectral reproducibility of (A) CV at 5 uM, and (B) cytosine at 50 uM concentrations, (C) corresponding histogram with RSD
values, (D) stability estimation of AUNPs@AgNDs-3 substrate at 5 pM CV over 120 days.

are three-dimensional anisotropic dendrites and the position of these dendrites along with the AuNPs deter-
mines the total Raman signal. Further improvements are possible if one uses an automated z axis scanning to
autofocus combined with a small program to collect the best Raman signal from each point. This will certainly
reduce the RSD value but increase the scanning time. Another aspect one can consider is to increase the
enhancement factors by 3-4 times which will then render these relatively higher RSD values insignificant because
the overall enhancements are much higher. The Raman signal deviation is, however, relatively less in small area
mapping. Similar studies were carried out for cytosine of concentration 10 uM with 792 cm ™" peaks as mapping
region with an area of 100 X 100 um?, 20 x 20 pm? as indicated in Figures 17D=17F. Figure 17A shows better
reproducibility for CV with large area Raman mapping (40 x 40 um?). However, 20 X 20 um? (Figure 17B) depicts
a slightly inferior reproducibility because the spacing used during the mapping was 1.5 um with a laser spot size
of 2.6 um. This means that there was an overlap of collection area throughout the region which could have led to
photodegradation effects in the dye, thereby, decreasing the Raman signal. Figure 17F is the Raman mapping
data of cytosine under the same conditions and exhibits a better reproducibility as opposed to the dye. There-
fore, we believe that this low reproducibility for dye is possibly an attribute of laser-induced effects from the dye
because of the overlap in the collection area.

To visualize near-field enhancement around the nanostructures fabricated in the present study, we have
performed simulations using Comsol, shown in Figures 18A and 18B. Electromagnetic wave polarized in
the X-direction and propagating in the Y-direction with 532 nm wavelength was used for excitation. The
field maps indicate that the sharp edges of the silver dendrites offer a significant advantage by employing
higher field enhancements through the lightning rod effect. Pentagon-shaped gold nanoparticles above
these dendrites were added further and clearly, additional enhancement is shown in Figure 18B. We
believe that these hybrid SERS substrates have strong potential for practical applications with additional
optimization studies in terms of the sizes and density of the Au NPs on Ag NDs.

We have compared the detection capabilities of various Ag and Au-based SERS substrates with the
present work, and the results are shown in Table S1. After considering all the listed substrates and
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Figure 17. SERS spectra and mapping data of various analyte molecules

(A) Selected large-area Raman mapping (45 x 45 um?) of SERS substrate with 532xnm laser excitation, 10X microscope objective, 25 mW laser power with
CV as probe molecule for 918 cm™" Raman mode with 3s acquisition time, averaged over three spectra (B) Small area (20 x 20 um?) SERS mapping of CV
(C) corresponding representative spectra of the mapping region, (D) Selected large-area Raman mapping (100 X 100 um?) - cytosine as probe molecule for
the 792 cm™' Raman mode (with similar acquisition parameters mentioned in (A)) (E) Small area (20 x 20 um?) SERS mapping of 10 uM cytosine (F)
Corresponding representative spectra of the mapping region (presented in (E)). The background (gray color) in (A) and (D) depicts the optical microscope
images of the substrates.

their data, we found that the SERS substrate synthesized in the current work demonstrated superior
qualities to many of the recently reported ones. Besides the keen observation of SERS activity, the
limit of detection (LOD) is an imperative parameter to justify the quality factor. The demonstrations
of LOD calculation are shown in Figures S1-S5. In brief, the extracted LODs for all the molecules
are shown in Table 1. The AEFs for other concentrations of molecules are reported in S1. In other
words, the present demonstrations will be extensively promoted toward detecting other hazardous an-
alytes and biomolecule mixtures. Additional challenging modifications such as incorporating 2D mate-
rials (i.e., graphene, MOS,, and so forth) on these substrates will probably improve the molecular AEFs
and stability further via synergetic effects.

Conclusions

It is reported that the combination of Au and Ag NSs shows tremendous effects on SERS sensing. Here
we proposed an AuNPs decorated AgNDs for superior bimolecular detection. The density correlated
with the Raman signal by controlling the AuNPs deposition time as 30 min, 1 h, 2 h, and 3 h. The biocom-
patible AUNPs@AgNDs-3 produced trace level detection in a wide range of molecules such as CV, DNA
bases (adenine, cytosine), antibiotics (penicillin G, kanamycin, ampicillin), an explosive (AN), and a pesti-
cide (thiram) molecule. The LODs obtained for CV, adenine, cytosine, penicillin G, kanamycin, ampicillin,
AN, and thiram were 348 pM, 2, 28, 2, 56, 4, 5, and 2 nM, respectively. The sensitivity for each analyte was
confirmed by assessing the analytical enhancement factor (AEF), which was ~10” for CV, ~10° for biomol-
ecules, ~10° for explosive, and finally achieved ~10° for thiram. The spectral reproducibility was inves-
tigated and our data presented RSD values of 8 and 7% for CV and cytosine, respectively. The passiv-
ation of AuNPs over AgNDs promoted good stability over the period of 120 days of exposure. These
robust, extremely low-cost substrates (when compared to some of the commercially available substrates
(Bharati and Soma, 2021)) will be used for further investigations on the bimolecular mixtures.
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Figure 18. SERS spectra and mapping data of various analyte molecules

Near field maps simulated using COMSOL for (A) Ag dendrites (B) Ag dendrites with Au nanoparticles for electromag-
netic wave polarized in the x-direction and propagating in the y-direction with 532 nm excitation (shows field enhance-
ment around Au nanoparticle).

Limitations of the study

In the present report, the decoration of AuNPs on AgNDs was achieved by a simple electro-less deposition
approach. The effect of various dimensional AuNSs on AgNDs is huge and the complete studies on
different sized AuNSs decorated on AgNDs will be studied later and an understanding of the underlying
effects on Raman enhancements will be explored. The SERS technique has been used to diagnose the mol-
ecules at trace level concentrations. However, there is future scope for investigating the mixtures of bio-
molecules and explosive molecules.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
Silver salt (AgNO3) Finar, India CAS No. 7783-90-6

Ethanol
Hydrofluoric acid
AuCly:3H,0

Antibiotics (Penicillin G, Kanamycin, Ampicillin)

DNA bases (Adenine, Cytosine)
Ammonium Nitrate

Thiram

Supelco, India

Sigma-Aldrich, India
Sigma-Aldrich, India
Sigma-Aldrich, India
Sigma-Aldrich, India
HEMRL, Pune, India
Sigma-Aldrich, India

CAS No. 64-17-5

CAS No. 7664-39-3

CAS No. 16961-25-4

CAS No. 113-98-4; 64013-70-3; 7177-48-2
CAS No. 73-24-5; 71-30-7

NA

CAS No. 137-26-8

Software and algorithms

Origin www.originlab.com Origin 2018

COMSOL www.comsol.com COMSOL 5.3

Gatan DM3 www.gatan.com Gatan Microscopy Suite 3.x
Others

Si wafers (1-10 Q-cm, p-type)
Field emission scanning electron microscope

Transmission electron microscope

X-ray Diffractometer

UV-Visible spectrophotometer

X-ray photoelectron microscope

Micro-Raman spectrometer

Macwin India Ltd.
Carl ZEISS, Ultra 55

Technai

Bruker D8 advance

Jasco V-670

Thermo Scientific

Horiba LabRam

NA
https://www.felmi-zfe.at/instrumentation/sem/zeiss-ultra-55/
https://www.fei.com/products/tem/tecnai-g2-spirit-for-life-
sciences/#gsc.tab=0
https://www.bruker.com/en/products-and-solutions/
diffractometers-and-scattering-systems/x-ray-
diffractometers/d8-advance-family/d8-advance.html
https://www.jasco.de/en/content/V-670/~nm.13~nc.407/V-
670-UV-VIS-NIR-Spectrophotometer.html
https://www.thermofisher.com/in/en/home/electron-microscopy/
products/xps-instruments/k-alpha.html

https://www.horiba.com/ind/scientific/products/detail/action/
show/Product/labram-hr-evolution-1083/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Prof. S. Venugopal Rao (soma_venu@uohyd.ac.in).

Materials availability

This work has not released any new products. This study did not generate new unique reagents.

Date and code availability

The data reported in the present manuscript can be shared by the corresponding author upon reasonable

request.

The codes used in this work can be shared upon reasonable requests.
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METHOD DETAILS

Silver nano-dendrite formation

Silver nano-dendrites were synthesized by adopting a low-cost, simple method of electroless-etching.
Firstly, a 3" Si wafer was cleaned with acetone and diluted HF to remove chemical residues and native ox-
ides. The cleaned Si wafer was immersed in (30 mM) AgNO3 and (4.6 M) HF composed electrolytic solution
for dendrite formation at 30°C. Subsequently, the dendrite samples were cleaned with DI water and dried
in an ambient atmosphere. The cleaned 3" AgNDs sample (substrate) was fragmented to a 1 cm? models
for subsequent studies.

Gold nanoparticle decoration

The stability, compatibility, sensibility, and commercialization of the as-prepared AgNDs substrates are
greatly enriched by incorporating AuNPs under the facile galvanic deposition approach. In this process,
AgNDs samples were immersed in T mM HAuCl4::5 mM HF solution at 30 min, 1 hour, 2 hours, and 3 hours
immersion time to get a various density distribution of AuNPs over the AgNDs surface.

Characterization techniques

Morphological examination using a field emission scanning electron microscope (FESEM; Carl ZEISS, Ultra
55-5eV forimaging, and 20 eV for EDX). The corresponding elemental mapping was performed on AgNDs
using the Energy-dispersive X-ray spectroscopy (EDS) technique. X-ray photoelectron spectroscopy (XPS)
analysis was accomplished using a Thermo Scientific (K-Alpha-KAN9954133) instrumental setup to confirm
the metallic nature of the formed structure. Transmission electron microscope (TEM; Technai, equipped
with a thermo-ionic electron gun working at 200 keV) and X-ray diffraction (XRD-Bruker D8 advance) inves-
tigations were used to confirm the crystalline quality of the AGQNDs and AgNDs@AuNPs. The optical reflec-
tion was evaluated by a UV-Visible spectrophotometer (UV-Vis—Jasco V-670) to identify the surface plas-
mon resonance band for different SERS activities. Eventually, visualization of the near-field enhancement
around the NDs was explored by simulations with the support of COMSOL.

Simulation methods

COMSOL Multiphysics was used for simulating the dendrite structures. We have used RF module with fre-
quency domain physics for solving the Maxwell’s equations using Comsol. Electromagnetic wave polarized
in the X-direction and propagating in the Y-direction with 532 nm wavelength was used for excitation.
Dielectric function for Ag and Au were taken from the Johnson's work (Johnson and Christy, 1972).

Surface enhanced Raman spectroscopy

A micro-Raman spectrophotometer (Horiba LabRam Raman Spectrometer) was employed to study essen-
tial aspects of molecular detection under Nd:YAG laser excitation. The SERS activity has been tested with
various kinds of probe molecules like (i) dyes (crystal violet - CV) (i) explosive molecule (ammonium nitrate -
AN) (iii) pesticide molecule (thiram) and (iv) biomolecules, especially DNA bases (adenine, cytosine), which
could be a DNA and RNA builder and tracing of these solutions is essential in biomarker investigations
along with antibiotics (penicillin-G, kanamycin, and ampicillin) that are effective in preventing and treating
infections in humans and animals. For achieving a better consistency in the Raman signal, the measure-
ments were performed using a 50X objective, 10 s acquisition time and using 532 nm excitation. The
spot size estimated at the focus was ~1.5 um.

QUANTIFICATION AND STATISTICAL ANALYSIS

The limit of detection (LOD) was extracted by exploring the Raman peaks of CV, adenine, cytosine,
penicillin-G, kanamycin, ampicillin, AN, and thiram located at 918 em™1, 722 ecm™, 792 cm™, 985 cm ™,
975 cm~', 988 cm™", 1045 cm™", 1384 cm™', respectively. Figures S1A, S2A, S2C, S3A, S3C, S4E, S4A,
and S5A present the intensity versus analyte concentration plot, the corresponding linear fits at lower con-
centrations are also shown in Figures S1-S5. The LOD is expressed as 307y, where o is the SD of non-SERS
substrate (i.e. Silicon), and b is the slope of linear fit [Figures S1B, S2B, S2D, S3B, S3D, S3F, S4B, S5B]. The
LODs extracted were found to be 348 p.m., 2, 28, 2, 56, 4, 5, and 2 nM, for CV, adenine, cytosine,
penicillin-G, kanamycin, ampicillin, AN, and thiram, respectively.
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