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Computer-Aided Design and Analysis of Spectrally Aligned
Hybrid Plasmonic Nanojunctions for SERS Detection

of Nucleobases

Gemma Davison, Tabitha Jones, Jia Liu, Juhwan Kim, Yidan Yin, Doeun Kim,

Weng-1 Katherine Chio, Ivan P. Parkin,* Hyeon-Ho Jeong,* and Tung-Chun Lee*

Hybrid plasmonic nanojunctions with optimal surface-enhanced Raman scat-
tering (SERS) activity are designed via a computer-aided approach, and fabricated
via time-controlled aqueous self-assembly of core@shell gold @silver nanopar-
ticles (Au@Ag NPs) with cucurbit[7]uril (CB7) upon simple mixing. The authors
showed that SERS signals can be significantly boosted by the incorporation of a
strong plasmonic metal and the spectral alignment between the maximal local-
ized surface plasmon resonance (LSPR) and a laser wavelength used for SERS
excitation. In a proof-of-concept application, SERS detection of nucleobases with
a 633-nm laser has been demonstrated by positioning them within the nanojunc-
tions via formation of host—-guest complexes with CB7, achieving rapid response
with a detection limit down to sub-nanomolar concentration and an enhancement
factor (EF) up to =10°-10", i.e., the minimum required EF for single-molecule
detection. Furthermore, machine-learning-driven multiplexing of nucleobases

is demonstrated, which shows promise in point-of-care diagnosis of diseases
related to oxidative damage of DNA and wastewater-based epidemiology.

1. Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy
finds applications in trace chemical detection where molecular
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fingerprints in the form of Raman scat-
tering signals are significantly enhanced
when target molecules are in close prox-
imity to the surface of plasmonic nano-
structures.l!! In particular, SERS detection
schemes show promise in point-of-care
biosensing and on-site environmental
monitoring owing to their key advantages,
including high sensitivity, multiplexing
capability, minimal sample preparation,
water tolerance, and compatibility to port-
able devices. Nevertheless, their wide-
spread utilization is still hindered by the
challenge in developing a facile fabrication
scheme for highly precise and reproduc-
ible SERS substrates.

Self-assembly of plasmonic nano-
particles (NPs) and other related tech-
niques emerge as scalable approaches
for preparing SERS substrates. In order
to obtain reproducible SERS signals, sig-
nificant progress has been made on developing synthetic routes
toward dimers and oligomers of NPs with a precise interpar-
ticle spacing. In addition to SERS, plasmonic nanojunctions are
also important in photovoltaics and fluorescence-based detec-
tion analysis. Consequently, a plethora of different assembly
approaches have been investigated.l?! For instance, DNA-medi-
ated plasmonic nanojunctions, including core-shell NPs,!
dimers,¥ nanorod chains,’l and even chiral nanostructures,‘l
have been realized but their minimum gap size is larger than
1 nm due to essential pairs of DNA strands for assembly, ulti-
mately reducing the enhancement factor in SERS signal. Mean-
while, their mass-production remains a challenge for industrial
applications. The formation of multijunctions via aggregation
of colloidal NPs by breaking the charge balance between NPs
is another route for mass-production of SERS substrates, but
uniform nanojunctions, i.e., reliable SERS intensity throughout
the whole sample, have been difficult to achieve.

Notably, aqueous self-assembly of Au NPs mediated by
cucurbit[n]urils (CBn, n = 5-8), which are a family of mac-
rocyclic host molecules, remains arguably one of the most
facile means of forming plasmonic junctions with a precise
sub-nanometer gap, as it can be achieved by simply mixing
commercially available components.”# Moreover, one unique
feature of the CB-Au NP system is that target molecules can be
selectively captured by CBs that subsequently position them at
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Figure 1. Hybrid plasmonic nanojunctions for sensing of nucleobases. a) Formation of a host—guest complex between a nucleobase and CB7. b) Self-
assembled hybrid nanojunctions, made of Au@Ag core—shell nanoparticles and the CB complexes. c) Surface-area normalized scattering cross-sections
of the hybrid plasmonic nanojunctions at 633 nm as functions of their diameter (or diameter of the core for Au@Ag NP) and number in a linear chain;
top: Au NP, middle: Ag NP, bottom: Au@Ag NP. The strongest conditions for each are marked with roman numerals (i—iii). d) Their normalized scat-

tering spectra and associated optical field enhancements.

the center of a plasmonic hotspot within the nanoaggregates,
resulting in intense SERS signals.’] Previous work on CB-Au
NPs has demonstrated quantitative detection of neurotrans-
mitters,[%) explosive markers,! and biomarkers in urine.213!
Nevertheless, precedent examples mainly relied on commercial
Au NPs (d = 40-60 nm) that exhibit poor spectral alignment
between the localized surface plasmon resonance and the SERS
excitation laser when aggregation progresses.

Herein, we showed that a significant increase in SERS signal
(>fivefold w.r.t. CB-Au NPs formed by 40-nm Au NPs) can be
achieved via the incorporation of a strong plasmonic metal and
the spectral alignment between the localized surface plasmon
resonance (LSPR) and the 633-nm excitation laser using a
computer-aided design approach. Core-shell NPs consisting
of a 20-nm Au core and a Ag shell of variable thickness were
chosen as our model system due to ease of synthesis and their
tunable spectral properties.'*1%l The optimal thickness of the
Ag shell was predicted by computing the normalized scat-
tering cross-section at 633 nm using numerical simulation
for various degrees of aggregation, approximated by a linear
chain of Au NPs with 0.9-nm interparticle spacing (Figure 1).
CB7-Au@Ag NP hybrid plasmonic nanojunctions were then
prepared and investigated experimentally. In a proof-of-concept
application, SERS detection of nucleobases, which are bio-
markers for diseases related to oxidative damage of DNAI
and bacterial infection,?°22l has been demonstrated by posi-
tioning them at the nanojunctions via novel host-guest com-
plexation with CB7 Our scheme exhibits rapid response and a
detection limit down to 107° m in the case of spectrally aligned
CB7-Au@Ag NPs, which show an enhancement factor (EF) up

Adv. Mater. Technol. 2023, 2201400 2201400 (2 of 9)

to =10°-10%, achieving the minimum required EF for single-
molecule detection.??3] Furthermore, multiplexing of nucle-
obases in binary mixtures was realized with high accuracy
using an artificial neural network model.

2. Results and Discussion

2.1. Computer-Aided Design of Hybrid Plasmonic
Nanojunctions

Cucurbit[n]urils are effective mediators for controlled aggre-
gation of colloidal metallic nanoparticles to form accessible
plasmonic nanojunctions of <l-nm gap distance, since they
are rigid and can strongly bind to metal surfaces (Figure 1a,b).
Furthermore, the host—guest chemistry of CBs allows capturing
of single (or few) molecules within the plasmonic nanojunc-
tions, enabling highly sensitive (even single-molecular level)
SERS measurement.” Here, we used CB7s as a host to tightly
trap single nucleobases in the cavity (Figure la), generating
well-defined plasmonic junctions for theoretical modeling and
experimental data analysis (Figure 1b). According to CB7's
geometrical dimension and optical properties,””! for simplicity
in simulation, the gap distance between NPs in the aggregate
was fixed at 0.9 nm with constant refractive indices, n = 1.33
and k = 0, through the whole visible regime. The plasmonic
scattering and optical field enhancement were numerically
calculated at 633 nm wavelength, since SERS at 633 nm per-
mits flexibility in spectral engineering of the LSPR band while
only requiring simple optical rig working in the visible range
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(Figure 1c,d). Note that only bright plasmon modes were con-
sidered in this work, while further improvement can potentially
be achieved via simultaneously optimizing the dark modes that
are known to also to play a crucial role in the generation of
maximized local fields for spectroscopic performance.[?’!

Three types of plasmonic nanoparticles, Au NP, Ag NP, and
Au@Ag NP were modeled with different sizes (10-60 nm), and
numbers in a linear chain (2-8) (Figure 1c and Figure S1, Sup-
porting Information). In the case of Au NPs in the top panel
of Figure 1c, the dimer of =40-nm Au NPs shows the strongest
plasmonic scattering at 633 nm. However, in practice the con-
centration of dimer in the experiment decreases shortly after
the aggregation begins,” rapidly red-shifting the LSPR peak
into NIR (top panel in Figure 1d). It is thus practically not
preferable. In contrast, Ag NPs inherently show stronger and
blue-shifted plasmonic scattering than those found in the same
geometrical dimensions of Au NPs, as shown in the middle
panel in Figure lc. The trimer of =40-nm Ag NPs gives rise
to the strongest scattering of Ag NPs at 633 nm, which is five
times stronger than those supported by Au dimers. Moreover,
trimers can be formed readily at the early stage of the aggre-
gation and their spectral contribution can be sustained (see
below for experimental details). However, it is challenging to
synthesize Ag NPs with a predefined diameter and a narrow
size distribution in the absence of any strongly binding ligands
or surfactants, which will hinder the subsequent formation of
plasmonic nanojunctions and introduce undesired background
Raman signals.[?¢!

We thus exploited the advantages of each type of NPs by
formulating their core@shell NPs. The synthesis of Au NPs is
relatively easy with precise and accurate control over their size,
while growing Ag on Au NPs only involves the use of citrate
ions as the reducing agent and the ligand,?’) so we selected the
Au NP as a core and coated it with a continuous shell of Ag,
ie., Au@Ag NPs. The scattering cross-sections of 40-nm Au@
Ag NPs at 633 nm were then calculated for changes in both
sizes of their core and shell parts as well as the number of NPs
in a chain while keeping their overall diameter unchanged (=
40 nm), as shown in the bottom panel of Figure lc. Interest-
ingly, when the Ag shell thickness is thicker than =8 nm, the
Au@Ag NPs behave as Ag NPs of the same overall size, and
almost reach the strongest scattering of Ag trimers at 633 nm,
as expected. Informed by the modeling predictions, we aimed to
synthesize Au@Ag trimers whose core Au NP is smaller than
24 nm and coat the Ag shell layer to reach the overall diam-
eter up to 40 nm, which will then be aggregated in the form
of trimers (or spectrally similar nanostructures, see Figure S2,
Supporting Information, for details) with <l-nm spaced plas-
monic nanojunctions to achieve maximal SERS enhancement.

2.2. Facile Synthesis of Hybrid Plasmonic Nanojunctions

Fabrication of plasmonic junctions consists of three bottom-up
steps, Figure 2: (i) synthesis of colloidal Au NPs, (ii) Ag shell
coating around colloidal Au NPs in solution, and (iii) their self-
assembly mediated by CB molecules (see Experimental Section
for details). First, the colloidal solution of 22-nm Au NPs was
chemically synthesized as a core part of Au@Ag NPs. This size
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is deliberately chosen as it not only offers the colloidal Au NPs
with their narrow size distribution but also allows room for
controlling the thickness of the Ag shell layer to optimize the
SERS enhancement, eventually satisfying requirements from
the above simulation. Then, a continuous Ag shell layer was
subsequently formed around Au NPs using solution chemistry,
readily allowing us to tune their thickness with =1 nm precision
via repeating the coating process, Figure 2a. The colors of the
associated colloidal Au@Ag NPs changed from pink to orange,
and their structural dimensions were measured by transmis-
sion electron microscopy (TEM), as shown in the bottom panel
in Figure 2a. The core—shell morphology was also confirmed
using Scanning Transmission Electron Microscopy (STEM) —
Energy Dispersive X-ray spectroscopy (EDS) elemental map-
ping (Figure S3, Supporting Information). Since the atomic
number of Au is significantly larger than that of Ag, the darker
region of the Au@Ag NPs in the bright-field TEM images indi-
cates the Au core and the translucent region represents the Ag
shell layer. Average overall size (d) of the NPs was calculated
by plotting the size distributions of 150 NPs measured by TEM
for each growth step, Figure 2b. The Ag shell thickness (/) can
then be calculated by 0.5%(d-d,,), giving | ranging from 1.5 to
175 nm for d,, = 22 nm. These values agree with the results
from optical extinction spectroscopy, dynamic light scattering
and the numerical modeling, i.e., LSPR signals resulting from
the dimension and intrinsic nature of plasmonic materials of
Au@Ag NPs, Figure 2c and Figure S4 (Supporting Informa-
tion). The peak wavelengths of the LSPR features gradually
blue-shift from 526 to 410 nm as the thickness of the Ag shell
layer increases, useful for the subsequent spectral alignment
for SERS experiment below.

Finally, precise plasmonic nanojunctions with <1 nm gaps
can be formed upon addition of CB7 molecules that mediate
controlled aggregation of colloidal Au@Ag NPs (here, 9 nm Ag
shell thickness), Figure 2d. Evidence for the aggregation of NPs
was provided through the color change of the solution from
orange to brown upon the addition of CB7, and the appear-
ance of nanoaggregates in the TEM images. We also tracked
the aggregation kinetics via time-lapse dynamic light scattering
(DLS) measurements and extinction spectroscopy, Figure 2e—g.
The DLS data in the top panel of Figure 2e show the gradual
increase in the total hydrodynamic size of the aggregates,
matching to the increase in the effective chain length of the
NPs from single to dimers (two NPs), trimers (three NPs),
and so on. After an initial 30 min, the associated size distri-
butions largely fluctuated (the bottom panel of Figure 2e), due
to the randomly formed polydisperse, anisotropic aggregates
(see also Figure S5 (Supporting Information) for the change in
the averaged hydrodynamic size). The extinction spectra also
provide additional evidence with the change in the LSPR fea-
tures over a period of 2 h, collected every 5 min. The dimers
(two NPs) formed with 0.9 nm gap give rise to =587 nm of
the LSPR peak, which gradually red-shifts as the chain length
increases to trimers (three NPs) and tetramers (four NPs). After
=30 min, the LSPR intensity began to decay with significant
signal broadening, which is the optical feature of the randomly
aggregated plasmonic NPs. Optical extinction effects caused by
the NP aggregation can be isolated by subtracting proportion-
ated contribution of the unaggregated Au@Ag NPs (Figure 2f).
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Figure 2. Synthesis of hybrid plasmonic nanojunctions. a) Photographs of synthesized colloidal solutions of Au@Ag nanoparticles with different Ag
shell thicknesses, the corresponding bright-field TEM images of selected samples (bottom panel), and b) their sizes measured by TEM, and c) their
LSPR spectra. d) TEM images and photographs of sample solutions showing the aggregation of Au@Ag NPs upon addition of CB7. Time-lapse meas-
urements of self-assembly of hybrid plasmonic nanojunctions with CB7 via: e) DLS and f) LSPR spectra after subtraction of the proportionated LSPR
contribution from single Au@Ag NPs. g) The deconvoluted LSPR intensities of the dimers, trimers, and aggregates over time by using three Lorentzian

fitting at each associated peak wavelength.

Deconvolution of the resultant extinction signal was performed
by fitting three Lorentzian functions,” at 587 nm (dimer mode),
638 nm (trimer mode), and 781 nm (aggregate mode), as shown
in Figure S6 (Supporting Information). By tracking these three
bands over time (Figure 2g), we confirmed that the overall
LSPR is initially dominated by the dimer peak at 587 nm, but
the second peak attributed to trimer arises over time while
the dimer peak rapidly decays. The aggregation of the Au@Ag
NPs follows diffusion-limited growth, where higher CB7 con-
centration results in an increase in probability of NPs sticking
together upon collision.”) Crucially, under the same experi-
mental condition, the Au@Ag NP trimers (and other spectrally
similar nanostructures), optimal for the spectral alignment
found in the numerical simulation, can be dominantly achieved
by simply controlling the aggregation time, i.e., =30 min.

2.3. Nucleobase Sensing Using SERS of Hybrid Nanojunctions

For SERS application, molecular targets should ideally be posi-
tioned within or in close proximity to the plasmonic junctions.
This scenario can be readily achieved by exploiting the host—
guest chemistry of CB7, which can selectively encapsulate guest
molecules with complementary size, shape, and charge, prior
to mediating the formation of plasmonic junctions. Here, we
demonstrated host-guest complexation of CB7 with five dif-
ferent nucleobases (adenine, cytosine, thymine, uracil, and gua-
nine) for the first time.

To verify the formation of host-guest inclusion complexes
between CB7 and nucleobases, 'H NMR measurements of
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nucleobases in absence and presence of one equivalent of CB7
were performed, as shown in Figure 3a (and Figure S7, Sup-
porting Information) for adenine and Figures S8-S11 (Sup-
porting Information) for the others. When CB7 and nucle-
obase are mixed at 1:1 stoichiometry, characteristic upfield
shifts of the proton signals caused by the shielding effect of
CB7 were observed for all nucleobases, indicating that their
corresponding protons are located deep inside the CB7 cavity.
Energy-minimized molecular models of CB7-nucleobase com-
plexes calculated based on density functional theory (DFT)
support the host-guest geometries derived by 'H NMR results,
inset of Figure 3a. Note that molecular models of the complexes
were constructed by assuming the encapsulation of the unpro-
tonated, most stable tautomers in aqueous media at pH 7. The
effects of CB7-encapsulation on the pK, and the tautomerism of
nucleobases are subjects for further investigation and beyond
the scope of this work.

To investigate the validity of our computer-aided design,
we initially performed SERS measurements using adenine,
which exhibits the strongest SERS signals among other nucle-
obases, as shown in Figure 3b. In particular, the main Raman
bands of adenine powder are attributed to the ring breathing
(724 cm™), rocking (1251 cm™), stretching (1251 and 1333 cm™),
and bending (1333 cm™) modes.l?! SERS spectra of adenine
were obtained by mixing aqueous solutions of CB7 with ade-
nine for host-guest complexation, and subsequently adding the
resultant mixture to a colloidal solution of 40-nm (22-nm Au
core, 9-nm Ag shell) citrate-capped Au@Ag NPs, with final CB7
concentration of 10 um in all cases. Gratifying to observe, the
main SERS signal at 736 cm™ is =five times stronger than those
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Figure 3. Host-guest complexation of adenine with CB7. a) '"H NMR spectra (in D,0O) and b) Raman spectrum of adenine powder, and SERS spectra of
CB7 and 1:1 CB7-adenine host—guest complex using Au@Ag NPs in =2 mM aqueous citrate solution from top to bottom. In the middle, corresponding
energy-minimized molecular models at CPCM/wB97X-D/6-31G* level of theory. c) SERS intensity of 1 um adenine at 736 cm™ using Au@Ag NPs with
shell thickness [ ranging from 1.5 to 17.5 nm for da, = 22 nm, overlaid with computed surface-area normalized scattering cross-sections of different

effective chain lengths of Au@Ag NPs.

exhibited by the nanoaggregates of CB7 and 40-nm Au NPs
(Figure S12, Supporting Information), which perfectly agrees
with the numerical prediction in Figure 1c. The stronger SERS
intensity allows us to “see” a lower concentration of target
molecules, i.e., better sensing performance.

To further verify the effects of the Ag shell thickness, we per-
formed SERS measurements of CB7-adenine complexes using
Au@Ag NPs with shell thickness [ ranging from 1.5 to 17.5 nm
for dy, = 22 nm, and their SERS intensities at 736 cm™ are
plotted in Figure 3c. Our numerical simulation predicts that
for trimers the surface-area normalized scattering cross-section
at 633 nm reaches a maximum at a shell thickness of =9 nm,
whereas for dimers this value becomes 16 nm. Given that the
SERS spectra were measured at around 20-30 min after the
addition of CB7 complexes, the majority of the nanoaggregates
existed in the form of trimers and other spectrally similar
structures (Figure 2g). In this scenario, the experimental SERS
intensity per NP surface area increases up to a maximum as
the shell thickness increases to 9 nm due to maximal spectral
alignment, while decreases when the shell becomes thicker
than 9 nm due to a rapidly declining population of dimers.
Notably, our experimental observations in SERS closely agree
with the predictions of the numerical simulation for the ideal
core diameter, shell thickness, and effective NP chain length
(as shown in Figure 1). All in all, trimer and spectrally similar
nanoaggregates, which are readily formed via time-controlled
aqueous self-assembly, can serve as optimal nanostructures for
nucleobases sensing when a 633-nm laser is used for SERS
enhancement supported by the plasmonic nanojunctions of
Au@Ag NPs.

Based on the optimal design, we then demonstrated the
fidelity of the Au@Ag hybrid plasmonic nanojunctions
for quantitative SERS sensing of all types of nucleobases,
Figure 4a. In particular, adenine was dissolved in deionized
water and mixed with CB7 at various concentrations, then a
SERS titration was performed across a concentration range of
1 nm to 10 uM in the presence of 10 um CB7 and 40-nm Au@
Ag NPs (Figure 4b), where the Raman intensity was plotted
against the adenine concentration for the main band at 736
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cm™! (Figure 4c). At lower concentrations (1 nm-1 pwm), the
SERS intensity follows a power law (R? = 0.98), while the SERS
intensity starts to saturate above 1 um possibly due to the lim-
ited number of the CB7 cavities in the plasmonic junctions.
The theoretical limit of detection (LoD) for adenine has been
calculated by taking into account the signal-to-noise ratio (SNR)
of the spectra. The noise was measured from a region of the
spectrum with no Raman peaks attributed to adenine, CB7,
water or other background molecules (1600-1900 cm™). The
LoD was calculated by dividing the concentration (1 nm) by the
corresponding SNR (6), giving a value of 0.17 nm, Figure 4d.
The enhancement factor (EF) at 1 um adenine was estimated
to be between =2.6 x 10°-1.3 x 10 through considering the
saturated concentration of plasmonic hotspots and a reasonable
range of binding constants of the CB7-adenine complexes (see
Section S13, Supporting Information, for a detailed calculation).
Note that the achieved EF is considered sufficient for single-
molecule detection.

Detection of other nucleobases (cytosine, thymine, uracil,
and guanine) was also investigated to explore potential appli-
cations in medical diagnosis, Figure 4e,f. The SERS peaks of
the nucleobases (Table S1, Supporting Information) are slightly
shifted in comparison with those exhibited by their powder
form (Figure S14, Supporting Information), which can be com-
monly attributed to the weak interactions between the nucle-
obase molecules and the surface of Au@Ag NPs. SERS inten-
sity and concentration of cytosine, guanine, uracil, and thymine
are all well fitted with a power law, although the guanine data
showed a relatively poor R? (0.61-0.72) due to its low solubility
in water, Figure 4f. The LoD are 2.6 nm for cytosine, 1.4 nm for
thymine, 27 nm for uracil, and 15 nm for guanine (Figure 4d).
A comparison of nucleobase detection limits for solution-based
SERS systems reported in the literature is included in Section
S16 (Supporting Information).

As a proof-of-concept application, to mimic biologically rel-
evant media, nucleobases were dissolved in phosphate-buffered
saline (PBS) and mixed with CB7 SERS titrations were sub-
sequently performed for nucleobase concentrations between
0.1 and 5 um by adding the CB7-nucleobase complexes to
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Figure 4. Nucleobase sensing using SERS. a) Detection of nucleobases using hybrid plasmonic nanojunctions. b) SERS titration of adenine using
CB7-Au@Ag NPs in =2 mm aqueous citrate solution and c) associated Raman intensity as a function of concentration of adenine. d) The detection
ranges of nucleobases using the hybrid plasmonic junctions extracted from: e) SERS titrations of nucleobases, with: f) plots of Raman intensity against
concentration. All SERS spectra presented were measured in =2 mm aqueous citrate solution.

citrate-capped 40-nm Au@Ag NPs (Figure S14, Supporting
Information). The final concentrations of the solutes are given
in Table S7 (Supporting Information). The resultant SERS sig-
nals remain generally observable (except for thymine) but sig-
nificantly reduced, probably due to the weakened host-guest
binding between CB7 and the nucleobases as a result of com-
petitive binding of Na* and K* ions from the PBS. Despite the
weakened signal, SERS intensity and concentration can be well
fitted by power laws for all nucleobases but thymine. Interest-
ingly, guanine exhibited a similar signal intensity but a much
better correlation (R? = 0.98, Figure S14b, Supporting Informa-
tion) when predissolved in PBS than in water, likely due to its
enhanced solubility in PBS.

It is known that the average nucleobase concentration in
plasma and extracellular fluids is in the range of 0.4-6 pum.?"!
For instance, the concentrations of adenine liberated from
HelLa cells (derived from cervical cancer cells) and from A549
cells (from cancerous lung tissue) are 4.69 and 3.11 um, respec-
tively.% Thus, our SERS detection scheme based on hybrid
plasmonic nanojunctions of CB7-Au@Ag NP covers medically
relevant concentrations for all nucleobases. The nanomolar
LoD allows SERS measurements to be performed on highly
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diluted (e.g., 1000x dilution) biological samples that subse-
quently minimize the associated matrix effects.!"”

2.4. Machine-Learning-Driven SERS Multiplexing

Multiplexed detection was investigated for mixtures of adenine
and cytosine predissolved in water and in PBS. For both water
and PBS, 30 different compositions were analyzed with five
SERS spectra being recorded for each composition, Figure 5
in PBS and Figure S15 (Supporting Information) in water.
The concentration of each nucleobase ranged between 0 and
5 um, so that the total analyte concentration never exceeded
that of CB7 (10 um), minimizing the undesired effects of com-
petitive binding with CB7 between the two molecular targets.
The characteristic Raman peaks of adenine (736 cm™) and
cytosine (1310 cm™) identified in the single-analyte spectra
can be observed in the spectra of binary mixtures, serving as a
promising preliminary indication for the viability of quantita-
tive multiplexing.

To fully exploit the information of the entire SERS spec-
tral dataset, machine-learning models were applied to the full
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Figure 5. Multiplexing of a mixture containing CB7-adenine and CB7-cytosine complexes using Au@Ag NPs. a) Schematic. b) SERS measurements for
solutions consisting of various concentrations of CB7-adenine and CB7-cytosine, where the nucleobase targets were predissolved in PBS media, and

c) associated machine-learning-driven data analysis.

spectral range of all spectra.?! It is known that subtle spectral
features other than the main Raman peaks can contribute sig-
nificantly to the predictive capability of the model.3?l Here,
we employed multilayer perceptrons (MLPs), one of the most
popular types of feed-forward artificial neural network, for
quantitative multiplexing of adenine and cytosine.l*3l MLPs
consist of three layers of neurons—an input layer, one or
more hidden layers, and an output layer. For this work, the
MLPs have 449 input nodes (intensities at each wavenumber
shift in the SERS spectra after preprocessing) and two output
nodes (number of analytes in the study). Details of the opti-
mized MLP architecture are given in Section S19 (Supporting
Information). The water and PBS datasets each contained
175 spectra recorded from the 30 different adenine and
cytosine mixtures. Prior to any modeling, asymmetric least
squares (ALS) baseline correction was applied to the whole
spectra and standard normal variate normalization was per-
formed.34%! To prevent overfitting of the MLPs, the models
were evaluated using the bootstrapping random resampling
procedure.[3®37] A total of 1000 bootstrapping iterations were
performed and the mean R? and root-mean-square error of
prediction (RMSEP) values are calculated to assess the perfor-
mance of the models.

The results from the MLPs trained with the PBS dataset
are shown in Figure 5c (Figure S15, Supporting Information,
for the water dataset). In both cases, the predicted concen-
trations versus the actual concentrations are very close to
the y = x line, indicating excellently fitted models. For the
nucleobase targets predissolved in PBS (and in water), the
R? values for the adenine and cytosine predictions are 0.963
(0.948) and 0.889 (0.908), respectively. The RMSEP values for
the PBS (and water) samples are 0.341 um (0.411 um) for ade-
nine and 0.599 um (0.548 um) for cytosine. The impressive
performance of these MLP models demonstrates the power
of machine learning to identify subtle patterns in SERS
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spectra and use them to make accurate quantitative con-
centration predictions. In real-world applications, machine-
learning models, such as MLPs, can enable fast interpreta-
tion of complex, noisy spectra without the need for special-
ized, trained operators. However, care must be taken with
artificial neural networks. They are often described as “black
boxes” because it is difficult to determine how a particular
model make its predictions.*® These algorithms rely on reli-
able, representative datasets to make accurate predictions
and caution must be applied when gathering the dataset to
prevent overfitting.

Although only two nucleobases can be simultaneously
detected in this proof-of-concept study, these results illustrate
that the CB7-Au@Ag NP system has the potential, when com-
bined with machine learning, for the quantitative multiplexed
detection of nucleobases and consequently the diagnosis of
diseases.

3. Conclusion

To sum up, we have designed spectrally aligned hybrid plas-
monic nanojunctions based on CB7-Au@Ag NPs using a
computer-aided approach, where optimal thickness of the
Ag shell was predicted for a selected SERS excitation (i.e.,
633 nm in our case) using the numerical simulation for var-
ious degree of aggregation. Core—shell Au@Ag NPs were syn-
thesized by a facile seed-growth technique and then simply
mixed with CB7 to form CB7-Au@Ag NP precise nanojunc-
tions via aqueous self-assembly. The desired nanostructures
were confirmed by UV-vis, DLS, and TEM; while the aggre-
gation kinetics of the optimal CB7-Au@Ag NP was eluci-
dated by UV-vis and DLS, showing excellent consistency
between the two experimental datasets and with the com-
puted UV-vis spectra across various degree of aggregation.
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SERS detection of nucleobases via formation of novel CB7
complexes was selected as a proof-of-concept application
to illustrate the effectiveness of our design. Notably, spec-
trally aligned CB7-Au@Ag NPs (da, = 22 nm, | = 9 nm, d =
40 nm) exhibit significantly enhanced SERS signals (>fivefold
w.r.t. CB7-Au NPs formed by 40-nm Au NPs), which enable a
detection limit down to 107 M in the case of adenine and an
enhancement factor up to =10°-10'°, achieving that required
for single-molecule detection.>?3! Finally, multiplexing of
nucleobases in binary mixtures was realized with high accu-
racy using an artificial neural network model. These results
show promise in point-of-care diagnosis of diseases related to
oxidative damage of DNA, such as cancer and AIDS,!#193% a5
well as wastewater-based epidemiology.l )

Our approach showcases the use of various established
computational models in different stages of the workflow to
guide and complement the experimental effort, featuring the
numerical models for designing the plasmonic nanojunctions,
DFT models for predicting and rationalizing the host-guest
binding, as well as artificial neural network for multiplexed
SERS data analysis. This combined computational and experi-
mental methodology illustrates how design of novel hybrid
plasmonic nanosystems can be achieved in a simple and effec-
tive manner, which can inspire our vision in future design
processes.

4. Experimental Section

Numerical Simulations: Three-dimensional models were simulated
using COMSOL multiphysics 5.6 (incorporated wave optics module).
Dielectric functions of gold and silver were taken from the literature.[*#2!
To simplify the calculation, the refractive index of medium was kept as
constant n = 1.33. The absorption, scattering, and extinction spectra
were simulated in 5 nm steps in the wavelength range from 400 to
800 nm and wider range for longer chains up to 12 nanoparticles. The
computational domain size was defined with perfectly matched layers
in order to calculate in finite space and prevent reflection. The incident
light propagated along the z-axis with an x-axis polarization, which was
the direction of the chain of nanoparticles.

Materials:  Gold(l1l) chloride solution (HAuCly), silver nitrate
(AgNO3), and sodium citrate were all purchased from Sigma-Aldrich for
the Au@Ag synthesis. Adenine, cytosine, guanine, uracil, and thymine
were purchased from Sigma-Aldrich for the Raman measurements.
Cucurbit[7]uril (CB7) was synthesized according to the literature.*’l
All chemicals were used as received, and Milli-Q water was used in all
experiments.

Gold Seed Synthesis: Au NPs of =22 nm were synthesized using a
seeded growth method, based on the method described by Bastus
et al.¥ A total of 200 mL of 0.25 mm HAuCl , was heated in a two-
necked round-bottomed flask in an oil bath at 90 °C for 15 min, with
continuous stirring at 700 rpm. 1 mL of 500 mm sodium citrate solution
was then added to the HAuCl,, and the solution was heated at 90 °C for
30 min, stirring at 700 rpm until the solution turned ruby red.

Core—Shell Au@Ag NPs Synthesis: The 22-nm Au seeds were cooled
to 70 °C. 1.34 mL of 25 mwm silver nitrate and 1.34 mL of 60 mm sodium
citrate were injected, and the solution was maintained at 700 rpm, 70 °C
for 30 min. This was repeated to increase the thickness of the Ag shell.

Ultraviolet-Visible Spectroscopy: A UV—vis spectrometer (Ocean Optics
Flame spectrometer with DH-mini light source) was used to acquire
UV-visible spectra of the samples. Milli-Q water was used to store a
reference spectrum and a background spectrum. 1 mL of the Au@Ag
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NP solution was transferred into a 1-cm optical path length cuvette and
placed in the spectrometer. A 10 ms integration time was used, with 300
scans to average, and a boxcar width of 3. The absorbance spectra were
collected in a wavelength range of 180-880 nm.

Transmission Electron Microscopy: A 200 kV JEOL 2100 TEM with a
Orius SC200 1 camera was used to obtain images of the samples. A
pipette was used to transfer a few drops of the nanoparticle solution
onto a Holely carbon TEM grid (300-mesh, Cu), this was left to air dry.
Gatan digital micrograph software was used to analyze the images
obtained.

Dynamic Light Scattering: A Malvern Zetasizer was used to perform
dynamic light scattering (DLS) measurements. 0.5 mL of Au@Ag
solution was placed in a cuvette, and DLS measurements were taken
before and after the addition of CB7.

Nuclear Magnetic Resonance (NMR) Spectroscopy: All 'H NMR
spectra were recorded by a Bruker Avance Il 400 MHz spectrometer
at room temperature. All samples were prepared at 1 mm. Samples of
free adenine, cytosine, uracil, and thymine, and their 1:1 CB7 included
complexes were prepared in deuterium oxide (D,0). Samples of
free guanine and its 1:1 CB7-guanine complex were prepared in 1 mm
deuterium chloride (DCl). Chemical shifts (in ppm) were referenced to
D,0 with §=4.80 ppm for 'H.

Molecular Modeling: Molecular models were optimized using force-
field calculations by MMFF94 in Chem3D first and were submitted
for full optimization by density functional theory (DFT) calculations
at wB97XD/6-31G* and CPCM/wB97XD/6-31G* level of theory using
Gaussian. According to the reported pK, values,*>#l all these five
nucleobases existed as neutral form at pH 7, and according to the
tautomerism study,>#] the most stable tautomer of their neutral form
was employed in this work for computational simulations.

Raman Spectroscopy: Measurements were performed using our
in-house protocol.l¥l In brief, a Raman spectrometer (Ocean Optics
QE Pro Raman) was used with a 632.8 nm helium-neon laser, with a
laser power of 22.5 mW. Stock solutions of the nucleobases mixed with
CB7 in water were prepared. CB7 of final concentration of 10 um was
used to aggregate the Au@Ag NPs. The CB7-nucleobase complexes
were added to the Au@Ag NPs, and 1 mL of solution was placed in
a cuvette for measurements. Ten scans to average were taken, with
a scan time of 7 s. Origin software was used to perform a baseline
correction.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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