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Abstract: We used surface-enhanced Raman spectroscopy (SERS) for the rapid and sensitive detection
and quantification of caffeine in solution. Such a technique incorporated into a portable device is
finding wide applications in trace chemical analysis in various fields, including law enforcement,
medicine, environmental monitoring, and food quality control. To realize such applications, we
are currently developing portable and handheld trace chemical analyzers based on SERS, which
are integrated with a sensor embedded with activated gold nanoparticles in a porous glass matrix.
In this study, we used this gold SERS-active substrate to measure aqueous solutions of the drug
caffeine as a test chemical to benchmark sensor performance by defining sensitivity (lowest measured
concentration (LMC) and estimated limit of detection (LOD)), determining concentration dependence
and quantification capabilities by constructing calibration curves; by evaluating the effects of pH
values of 3, 7, and 11; and by examining the reproducibility of the SERS measurements. The results
demonstrate that the SERS sensor is sensitive, with caffeine detected at an LMC of 50 parts per billion
(ppb) with an LOD of 0.63 ppb. The results further show that the sensor is very stable and can be used
to make reproducible measurements, even under extremely acidic to basic pH conditions. Vibrational
assignments of all observed SERS peaks are made and reported for the first time for caffeine on a
gold substrate.

Keywords: surface-enhanced Raman sensor; SERS; trace chemical detection; Au nanoparticles

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) has become a very powerful optical
technique and analytical tool that is finding wide use in a variety of application areas [1–7].
This surge in use can be attributed to the extreme high molecular specificity and sensitivity
this technique affords, with single-molecule detection being possible [8,9]. Raman and
SERS enhancement theories have been extensively discussed in the literature [10–15].

A variety of SERS substrates have been characterized and extensively discussed in the
literature [12,16–18], including numerous studies and reviews on using SERS for trace chem-
ical detection applications [16], many having utilized silver and gold colloidal solutions.
However, regarding colloid substrates, there are issues with sensitivity, stability under
extreme pH, and interfering spectral contributions due to the nature of the reducing agents
used. In this study, a gold sol–gel substrate was investigated as a colloid alternative. Similar
silver sol–gel substrates have been described in the literature [12,16]. It is well known
that silver and gold spherical nanoparticles used for the purpose of SERS typically have
diameters of 10–100 nm. It is also known that the absorption maximum (surface plasmon
resonance) of silver nanoparticles is near 410 nm and that of gold is around 510–530 nm,
and when aggregated, this plasmon band can be shifted to the NIR [19]. Previous stud-
ies reporting on a silver sol and various gold substrates show the formation of metal
nanostructures of fractal aggregates [20–22]. Preliminary SEM data of the silver-doped
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sol–gel analogue of the gold sol–gel used in this study [23] produced a silica network with
bound Ag nanoscale fractal aggregates (100–1000 nm diameter). The shifting of plasmon
absorption afforded by the extended aggregates of Ag or Au nanoparticles embedded in the
sol–gel makes this sensor useful in laser excitation from 532 to 1064 nm, and it is ideal for
use with our portable 785 nm Raman system. In this study, the drug caffeine was selected
as a probe molecule to evaluate this sensor, as it generates a strong SERS response at 785 nm.
The SERS of caffeine has been reported for various substrates, mostly silver colloids in
water, in extracts from tea and coffee, and in biofluids [24–35]. Caffeine SERS has been
measured and reported at 1 ppb on silver colloids [24] and 100 ppm on gold colloids [28].

The gold SERS substrate used in this study is unique in that the gold nanoparticles
are embedded in a porous sol–gel matrix, and when immobilized in a capillary or channel,
the sample analyte solution is simply flowed through the reduced plug, where the target
molecules dynamically and quickly come into intimate contact with the metal nanoparticles.
This is not a passive process, such as applying a sample on top of a coated SERS-active
surface and allowing diffusion to slowly bring the molecules into contact with the nanos-
tructure or mixing the sample as a colloid mixture. This gold SERS-active sensor is versatile
in that as little as 10 microL samples can be measured. Larger volumes can be flowed
through, which will preconcentrate the target molecules on the metal surface and thereby
improve sensitivity. Another advantage that this sensor offers is the sol–gel formulation,
as it can be modified with different Si alkoxides, which can affect the hydrophilic and
hydrophobic nature of the porous sol–gel plug and can thus fine tune the extraction ca-
pabilities and selectivity to detect a particular class of target chemicals. Due to its unique
advantages, ease in manufacturing, and low cost, we are in the process of developing
this sensor for a SERS-based analyzer for onsite drug detection in biofluids and other
applications.

The primary aim of this paper is to benchmark and evaluate the performance of the
gold SERS-active substrate to enhance the detection of caffeine as a representative drug
using a portable 785 nm Raman system. This study defines the performance metrics of the
sensor in terms of detection limits (experimentally observed lowest measured concentra-
tion and the estimated limit of detection), concentration dependence and quantification
capabilities, stability as a function of pH, and the reproducibility of the SERS measurements.

2. Materials and Methods
2.1. Materials and Reagents

The test chemical caffeine was obtained as a certified reference material from Cerilliant
via Sigma-Aldrich (Shanghai, China) at 1 mg/mL in methanol. All chemicals and reagents
used to prepare and activate the gold-doped sol–gels (SERS-active capillaries) were obtained
at their purest commercially available grade and used as received from Aladdin (Shanghai,
China)—tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O (s)), 70% nitric acid (HNO3
(l)), tetramethyl orthosilicate (TMOS (l)), and sodium borohydride (NaBH4 (s)). Methanol
(l) and the pellets of KOH used to preclean and pretreat the glass capillaries, and 1N NaOH
and 1N HCl used to adjust pH were obtained from Aladdin (China). The ultrapure water
used to prepare aqueous solutions and make dilutions was HPLC grade and generated
in-house (Millipore Milli-Q, 18.0 MΩ). All glassware and materials used to prepare samples
and transfer solutions were precleaned and dried prior to use.

2.2. Preparation of the SERS Substrate

The gold sol–gels were prepared according to a previously published procedure [36],
with modifications. Briefly, the gold chloride salt HAuCl4·3H2O was dissolved in ultrapure
water, with nitric acid added as a gelation catalyst, and then mixed with an equal volume
of neat TMOS. The resulting solution was thoroughly homogenized by vortexing for 1 min.
The SERS capillaries (precleaned with neat MeOH and pretreated with 0.2 M KOH (aq) and
then pure water) were prepared by drawing 15 microL of the gold-doped sol–gel solution
into 50 mm-long, 1.5 mm-diameter borosilicate glass capillaries (cut in half from 100 mm
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length, Kimble (Queretaro, Mexico)) to produce 0.5 cm plugs, and then they were sealed on
each end with rubber tips. The plugs were allowed to gel and cure overnight at 23.5 ◦C
in a vacuum drying oven (DZF-6021, Yiheng Scientific Instrument Co. Ltd., Shanghai,
China), after which the incorporated gold ions were reduced at room temperature with two
applications of dilute aqueous NaBH4 and a final water wash to remove residual reducing
agent. The activated SERS sensors are ready for immediate use. The non-activated sol–gel
plugs tightly sealed inside the capillary remain stable and optimal for at least 30 days.

2.3. SERS Measurements
2.3.1. Sample Preparation

Caffeine was diluted from 1 mg/mL stock (1000 parts per million or 1000 ppm) to
100 ppm using ultrapure water (Millipore Milli-Q, 18.0 MΩ) and then measured in the
SERS-active capillaries. A small aliquot (~20 microL) of sample, with enough volume to
cover the activated sol–gel plug, was used in each SERS measurement.

To determine the sensitivity (detection limits) of the SERS-active capillaries, expressed
experimentally as the lowest measured concentration (LMC), the solution at 100 ppm was
further diluted in ultrapure water to produce concentrations at 50 ppm, 10 ppm, 5 ppm,
1 ppm, 500 ppb, 100 ppb, 50 ppb, and 10 ppb (10 parts per billion or 10 ng/mL). To establish
quantitation capabilities, concentration calibration curves were constructed by plotting
the intensity of the baseline-corrected characteristic peak as a function of concentration. A
sample at 250 ppb was used as an unknown to test quantitation.

To determine the effects of pH, samples at 1 ppm were adjusted with a minimal volume
of 1N HCl or 1N NaOH to produce three solutions at a given concentration with pH = 3,
7, and 11 (PHS-3C pH meter, INESA Scientific Instrument Co. Ltd., Shanghai, China).
The pH-adjusted solutions were allowed to equilibrate at room temperature prior to SERS
measurements.

All measurements were performed in triplicate. A minimum of three spots were
measured on each capillary. Reproducibility studies were performed on three capillaries
made in one batch and a fourth capillary made in a separate batch on a different day
with freshly prepared caffeine at 1 ppm in ultrapure water. Note that all gold substrate
and drug sample preparations in this study were prepared in a laboratory chemical hood
(Guange SFH150), and standard safety precautions were followed. The normal Raman (NR)
spectrum of caffeine powder was obtained from a purchased FT-Raman library (Nicolet,
Madison, WI, USA).

2.3.2. Instrumentation

Surface-enhanced Raman spectra for caffeine were measured using a desktop dis-
persive Raman spectrometer (MOI, DTR785-1) manufactured in-house, and it provided
100–2875 cm−1 spectral coverage with variable 7–10.5 cm−1 resolution as shown in Figure 1A.
The SERS-active capillaries were fixed horizontally to an XY positioning stage (custom
made at MOI). The SERS was measured with 187.5 mW (50%) of 785 nm laser excitation,
with the probe configured to collect the 180 degree backscattered radiation. The integration
time was set to 0.3 s, with SERS spectra obtained based on the average of 4 scanning results.
The SERS spectra were preprocessed, including a baseline correction, and were clipped
from 400 to 1800 cm−1 to capture the regions of most important spectral significance. This
system is integrated into a small case and is made field portable with battery operation. Our
instruments are pre-calibrated by a standard operational procedure, and a quick calibration
can be automatically performed at the time the instrument is turned on with a small rod of
polystyrene.
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baseline-corrected peak intensity, N is the standard deviation noise, and 3 is the cutoff 
peak signal relative to the background or blank. (2) The second approach was based on 
the calibration curve, LOD = 3.3 σ/S, where σ is the standard error of the regression, and 
S is the slope of the linear portion of the curve. Statistical analysis of reproducibility data 
was performed within Microsoft Excel. 
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Figure 1. MOI instrument and sample configuration for (A) portable desktop Raman unit and (B)
gold SERS capillary sensors before reduction on the left and after reduction on the right. Note that
the rubber tips are attached after the sol–gel is drawn into the capillary, and they remain attached
during the curing stage and in storage (on left) and are then removed prior to the reduction step. The
reusable rubber tips are then reattached after the reducing agent is flowed through sol–gel plug and
subsequent water washing step, and they remain attached until it is time to add the sample (on right).

2.4. Data Analysis

The analysis of spectroscopic data was accomplished by the following: Spectral peak
positions for the NR and SERS were determined and calculation of signal/noise were
performed with an in-house LabVIEW-based program. Data processing (baseline correc-
tion), construction of concentration calibration curve, and linear regression analysis were
performed with Origin 8.0. Limit of detection (LOD) was calculated by two different
approaches (following ICH guidelines). (1) The first approach was based on the signal-to-
noise ratio, LOD = (C)/([S/N]/3), where C is the concentration in ng/mL, S is the signal
baseline-corrected peak intensity, N is the standard deviation noise, and 3 is the cutoff
peak signal relative to the background or blank. (2) The second approach was based on the
calibration curve, LOD = 3.3 σ/S, where σ is the standard error of the regression, and S is
the slope of the linear portion of the curve. Statistical analysis of reproducibility data was
performed within Microsoft Excel.

3. Results and Discussion
3.1. SERS Spectral Reference Measurement of Caffeine and Band Assignments

The normal Raman (NR) and SERS of caffeine were measured and analyzed as de-
scribed in the Materials and Methods Section, and they are presented in Figure 2 for
comparison. Table 1 summarizes the peak positions, shifts, and relative intensities of the
bands observed in the NR and SERS. The vibrational assignments of each observed Raman
feature are based on a combination of experimental and computational results previously
reported for the NR of solid and solution caffeine [32,37–40]. An examination of the NR
spectrum in Figure 2A shows two intense prominent features at 556 cm−1, which can be
assigned to an O=C-N deformation (bending mode) or, alternatively, to a pyridine ring
breathing mode, and at 1329 cm−1, which can be assigned as an imidazole trigonal ring
stretch, both characteristic of caffeine Raman. Two additional strong features characteristic
of caffeine Raman are observed at 1600 cm−1 and at 1698 cm−1, which can be assigned as
symmetric C=C and in-plane C=O stretches, respectively. The out-of-plane C=O stretch
counterpart is attributed to the peak of weaker intensity at 1657 cm−1. These and the
other reported assignments for caffeine NR (Table 1) form the basis for assigning the SERS
features observed on our gold sensor.
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cm−1 were set to 1.0) and then offset for clarity. 
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Figure 2. (A) Raman spectra of caffeine powder (with structure of caffeine shown) from commercial
Nicolet spectral library, FT-Raman, 500 mW at 1064 nm with 4 cm−1 resolution. (B) SERS of caffeine,
measured at 100 ppm in ultrapure water, in SERS-active gold sol–gel capillaries, on portable desktop
dispersive Raman unit, 187.5 mW at 785 nm laser excitation, acquisition 300 ms with 4× averag-
ing. The spectra were normalized to account for the different responses between the two Raman
instruments (where the intensities of the dominant Raman peak at 556 cm−1 and the SERS peak at
1609 cm−1 were set to 1.0) and then offset for clarity.

Table 1. The observed peaks in the Raman and SERS spectra and their vibrational assignments.
Raman bands were assigned according to the literature, and SERS bands were tentatively assigned to
corresponding NR features.

Raman (cm−1) SERS (cm−1) ∆ (cm−1) Vibrational Assignments

445 s 442 w −3 N-C-C deformation
483 s 499 m +16 C-N-C deformation

556 vs 557 m +1 O=C-N deformation (or pyridine ring
breathing mode)

610 vw 610 vw 0 o.p. CH deformation
644 s 650 m +6 O=C-N deformation

699 vw 679 vw sh −20 pyrimidine, imidazole ring deformation
741 s 758 m +17 O=C-C deformation

764 vw sh -
802 m 822 w +20 N-C-H deformation
928 m 925 w −3 imidazole ring deformation
975 w 987 m +12 pyrimidine ring deformation
1023 w 1044 m +21 i.p. C-C deformation
1072 m 1076 m +4 H-C=N bending
1135 w 1138 vw +3 CH3 bending

1190 vw 1179 w −11 CH bending
1241 s 1217 w −24 C-N stretching
1285 s 1278 m −7 C-N stretching

1329 vs 1319 s −10 imidazole trigonal ring stretching
1361 s 1369 m sh +8 C=N, C-N stretching

1384 w sh 1387 s sh +3 CH2 bending
1408 m 1411 m sh +3 C-N sym. stretching
1458 m 1437 vs −21 CH2 bending + imidazole ring stretching

1500 m sh 1526 s +26 CHn bending + C-N stretching
1554 w 1552 s −2 imidazole, pyrimidine ring stretching
1600 s 1610 vs +10 C=C sym. stretching
1657 m 1655 w −2 o.p. C=O stretching
1698 s 1707 vs +9 i.p C=O stretching

vs = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder, i.p. = in plane, o.p. = out
of plane.
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Initially, the SERS of caffeine was collected at a nominal concentration of 100 ppm in
ultrapure water using our activated gold sol–gel immobilized in glass capillaries, and it is
shown in Figure 2B. A comparison of the SERS to the NR shows spectral differences. This is
not unexpected, as the observed differences in peak position and the relative intensity reflect
variations in the surface interactions between the caffeine molecules and gold nanoparticles,
which enhance and shift various vibrational modes to different degrees. It is worth pointing
out that vibrational assignments of caffeine SERS on various silver substrates have been
made in reference to caffeine NR features [24,32], but, to the best of our knowledge, similar
assignments for all observed SERS bands have not been reported on gold. Furthermore,
the SERS spectral features presented here for gold are quite similar to the SERS of caffeine
on silver reported at basic pH, in which density functional calculations were used to help
make corresponding assignments in the NR and SERS [32].

Based on the previous band assignments of the NR and silver SERS at basic pH, and
the observed peak positions and relative intensities summarized in Table 1, we made
similar corresponding assignments for the SERS bands of caffeine on gold. We assigned the
dominant SERS peak at 1610 cm−1 and the strong peaks at 1437 cm−1 and 1707 cm−1 as a
C=C stretch, imidazole ring stretch, and i.p. C=O stretching mode to the corresponding
peaks assigned in the Raman spectrum, respectively. Additional unique peaks observed as
doublets at 1277 and 1314 cm−1 and 1522 and 1551 cm−1, with three distinct peaks found at
499, 557 and at 650 cm−1, are assigned in Table 1. We made further band assignments of the
observed SERS spectral features on the gold substrate to those corresponding features in
the NR, and these are tentatively assigned in Table 1. The most obvious contrast observed
between the NR and SERS is that the dominant NR peak at 556 cm−1 (O=C-N deformation)
is weakly enhanced and only shifted to 557 cm−1 in the SERS, while modes involving the
imidazole ring and C=C and C=O stretches at 1458, 1600, and 1698 cm−1, respectively, are
greatly enhanced and significantly shifted in the SERS, indicative of a strong interaction
with the gold surface.

It is worth noting that the absorption spectrum of caffeine in water reveals a band
maximum at 273 nm with zero intensity at wavelengths above 302 nm [41], which precludes
any direct resonance enhancement contribution to the spectrum with 785 nm laser excitation
as used here in this study. The relative intensity enhancement patterns and magnitude of
the peak shifts summarized in Table 1 suggest that both electromagnetic and charge transfer
mechanisms contribute to the overall SERS spectra of caffeine on this gold substrate, as has
been suggested for caffeine on silver.

One last point to make here is that the observed SERS features are consistent with the
reported spectra for caffeine on gold colloid substrates [27,28]. However, it is important
to note that the SERS spectra presented in this study are not complicated by additional
interfering peaks as has been observed in previous papers, which attributed such contri-
butions to the reducing and capping agents used in the synthesis of the gold and silver
colloid solutions to make measurements of caffeine and other drugs. This absence of inter-
fering contributions in the spectral regions of significance is an important feature of this
gold substrate and allows for a more effective SERS library to be constructed for chemical
identification purposes.

3.2. SERS LMC Determination, LOD Estimation, and Quantification of Caffeine

The sensitivity of the gold SERS-active substrate was examined for caffeine. Samples
in ultrapure water were measured by SERS across a range of different concentrations as
mentioned in the Materials and Methods Section. The sensitivity (limit of detection) is
experimentally defined here as the lowest measured concentration (LMC) in which the
characteristic and unique SERS spectral peaks can still be observed in the solution matrix.
The LMC spectra and corresponding concentration data are presented below in Figure 3.
The LMC for caffeine was found to be 50 ppb (50 ng/mL).
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centration regime from the LMC at 50 ppb to the plateau point at 500 ppb. Triangle represents a 250 
ppb caffeine test sample as an unknown. 
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Figure 3. (A) SERS stacked plot of caffeine at 100 ppm, 50 ppm, 10 ppm, 5 ppm, 1 ppm, 500 ppb,
100 ppb, and 50 ppb (top to bottom) in water on SERS-active gold sol–gel capillaries; all SERS spectral
conditions are the same as those in Figure 2. (B) Plot of 1707 cm−1 peak height as a function of
caffeine concentration corresponding to the spectra in (A) (solid squares connected by dashed line
for clarity over the entire concentration range measured). The inset shows the linear fit used in the
low-concentration regime from the LMC at 50 ppb to the plateau point at 500 ppb. Triangle represents
a 250 ppb caffeine test sample as an unknown.

The SERS (stacked plot) in Figure 3A reveals that the spectral peaks are preserved over
the concentration range used to determine the LMC. As the concentration was lowered,
the observed spectra were in general similar with respect to peak positions and relative
intensities. This stability of peak positions at lower concentrations is important, as it allows
for the detection and identification of trace amounts of drugs in unknown samples.

The LMC spectra of caffeine were used to calculate a theoretical limit of detection
(LOD) based on a signal-to-noise ratio (S/N) of three (that is, by assigning a cut-off peak
signal as three times the background signal). The baseline-corrected height of the peak being
profiled was divided by the standard deviation noise for the spectral interval between 40
and 60 cm−1, where there is only detector noise. The estimated LOD for caffeine using the
unique characteristic peak at 1707 cm−1 was calculated as follows: LOD = (LMC)/([Signal/std
Noise]/3) = (50 ng/mL)/([18.8/0.52]/3) = 4.1 ng/mL or 4.1 parts per billion.

Figure 3B shows the concentration calibration curve constructed for caffeine. The
baseline-corrected intensity of the strong unique characteristic peak at 1707 cm−1 was
plotted as a function of the sample concentration. The SERS peak intensities measured
over the entire concentration range were found to exhibit a nonlinear relationship that
follows a standard Langmuir adsorption isotherm curve [42]. For caffeine, the intensity
begins to plateau above 500 ppb and is observed to rollover above 50 ppm such that the
intensity at 100 ppm is less than that at 50 ppm. This plateauing effect and rollover are
attributed to the higher drug concentration saturating the surface of the gold nanoparticles
(i.e., as increasingly more drug molecules adsorb to the surface and exceed monolayer
coverage, the signal will level and begin to diminish). However, the region between 50 ppb
and 500 ppb is linear and can be used for quantitative purposes. This linear region for
peak intensity versus concentration is presented in the inset in Figure 3B, along with the
correlation coefficient R2 of the best fit equation, y = mx + b. The quantitation aspect
of the concentration curve was tested. As shown in Figure 3B, the triangle represents
a 250 ppb caffeine test sample (as an unknown) and is plotted against the best fit line.
Based on the 1707 cm−1 peak height, the linear equation predicted the concentration to
be X = [(58 − 9.92)/0.206] = 233.3 ppb, where the % error |(233.3 − 250)/250|(100) = 6.7%.
This demonstrates that such drugs in unknown samples can potentially be quantitatively
detected at ppb levels with this gold SERS sensor. The LOD can also be calculated from the
regression analytics obtained from the linear portion of the calibration curve, and it is more
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robust than the S/N approach above. Here, LOD = 3.3 σ/S, where σ is the standard error
of the regression of the slope, and S is the slope of the linear portion of the curve and gives
LOD = (3.3 × 0.0248)/0.137) = 0.63 ng/mL (0.63 ppb), which is lower than that calculated
above by the S/N approach (4.1 ppb).

3.3. Effects of pH on Caffeine Measurements with the SERS-Active Substrate

The possibility of pH effects on the SERS measurements was examined for caffeine on
the SERS-active gold substrate. Previously, pH-dependent SERS effects have been reported
for caffeine on silver colloids [32]. As described in the Materials and Methods Section,
aqueous solutions of caffeine were prepared and pH adjusted to values of 3, 7, and 11. The
results (SERS spectra, stacked plot at pH = 3, 7, and 11) are presented in Figure 4. The
spectra are very similar and exhibit no significant changes, as the pH is varied with respect
to the peak position and relative peak intensity on the SERS-active gold substrate used here.
A previous study on caffeine also noted that the SERS at pH > 10 and pH < 2 was weak due
to the instability of silver colloids [24]. However, as seen in Figure 4, the signal of caffeine
is clearly stable on this gold SERS-active substrate at both extreme acidic and basic pH. The
study on silver colloids shows the acidic spectra and basic spectra to be different due to
the orientation and form of the caffeine adsorbed onto the surface. It is clear in Figure 4
that caffeine orients and adsorbs the same, from acidic to basic pH, on the surface of this
gold sensor.
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3.4. Reproducibility of the SERS Substrate with Caffeine

Table 1 below presents the reproducibility data for 1 ppm caffeine measured on 3 gold
SERS-active capillaries prepared in the same batch at 10 different spots on each using our
portable desktop Raman unit. Five spots were measured at 1 mm intervals along the 0.5 cm
sol–gel plug, and five additional spots were measured by rotating the capillary. A fourth
gold SERS-active capillary prepared at a different time (from a different batch) was also
measured for comparison. The 1707 cm−1 peak height measured on each spot for each
capillary was baseline corrected, and the statistical analysis of this peak is tabulated in
Table 2. The % deviation between the three capillaries of batch1 measured for 1 ppm
caffeine on our portable desktop unit is 14.30%, and the % deviation between all four
individual capillaries of both batches is 15.43%, with the average % deviation between
the two batches being 16.56%. These results demonstrate that reliable measurements can
be made on the gold SERS sensors within a batch and from batch-to-batch preparations.
Standardization and automation of the entire process to manufacture these sensors should
greatly improve the overall reproducibility of the SERS measurements.
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Table 2. Peak heights and statistics for SERS measurements of 1 ppm caffeine in water in four gold
SERS-active capillaries prepared in batches (spectral conditions the same as those in Figure 2).

1 ppm
Batch1 Batch2

Average

cap1 cap2 cap3 cap4

spot1 118 160 125 152

spot2 116 174 179 170

spot3 142 160 159 164

spot4 143 111 170 167

spot5 148 116 184 174

spot6 167 152 176 118

spot7 132 156 163 117

spot8 105 158 163 109

spot9 125 163 135 134

spot10 122 162 114 110

Avg 131.8 151.2 156.8 141.5 145.325

Stddev 18.4 20.7 24.0 26.7 22.4

%Dev 13.93% 13.69% 15.29% 18.83% 15.43%

4. Conclusions

A modified sol–gel method incorporating gold nanoparticles was utilized to make a
universal sensor to detect trace chemicals in solution, in this case, the naturally occurring
drug caffeine. The LMC of caffeine was experimentally observed at 50 ng/mL (50 ppb)
with an LOD calculated at 0.63 ng/mL (0.63 ppb) on our portable desktop unit, which
is the lowest detection limit yet reported for this drug on gold. Importantly, the results
clearly show that the gold SERS-active sensors in this study are very sensitive, quantitative,
and reproducible, and they are also very stable and can make reliable measurements over
the pH range under extreme acidic to extreme basic conditions. This sensor is currently
being developed in our lab for future applications involving biomarker and drug analyses
in biofluids.

Author Contributions: T.Z. investigated and performed the experiments; L.W. investigated and
performed initial preliminary experiments; J.P. and X.L. offered helpful discussion in study design
and experimental methodology, provided technical expertise, and resources; H.L. acquired funding
for the project, provided helpful discussions, and reviewed the paper; F.I. analyzed the data and
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The work was financially supported by the Shenzhen Science and Technology Program
(Grant No. KQTD20190929173954826).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data used to support the findings of this study are included in
the article.

Acknowledgments: The authors wish to thank Wen Xu (MOI) for helpful technical discussions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Sensors 2022, 22, 1778 10 of 11

References
1. Kneipp, K.; Kneipp, H.; Itzkan, I.; Dasari, R.R.; Feld, M.S. Surface-Enhanced Raman Scattering (SERS)—A Tool for Single Molecule

Detection in Solution. In Single Molecule Detection in Solution: Methods and Applications; Enderlein, J., Keller, R.A., Zander, C., Eds.;
VCH-Wiley: Weinheim, Germany, 2001.

2. Creighton, J.A. Contributions to the early development of surface-enhanced Raman spectroscopy. Notes Rec. R. Soc. 2010, 64,
175–183. [CrossRef]

3. Moskovits, M. Surface-Enhanced Raman Spectroscopy: A Brief Perspective. In Surface-Enhanced Raman Scattering; Kneipp, K.,
Moskovits, M., Kneipp, H., Eds.; Springer: Cham, Switzerland, 2006; Volume 18, pp. 1–17.

4. Pilot, R. SERS detection of food contaminants by means of portable Raman instruments. J. Raman Spectrosc. 2018, 49, 954–981.
[CrossRef]

5. Vo-Dinh, T. Monitoring and characterization of polyaromatic compounds in the environment. Talanta 1998, 47, 943–969. [CrossRef]
6. Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.; Bazan, G.; Bell, S.; Boisen, A.;

Brolo, A.; et al. Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14, 28–117. [CrossRef] [PubMed]
7. Muehlethaler, C.; Leona, M.; Lombardi, J.R. Towards a validation of surface-enhanced Raman scattering (SERS) for use in forensic

science: Repeatability and reproducibility experiments. Forensic Sci. Int. 2016, 268, 1–13. [CrossRef] [PubMed]
8. Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L.; Itzkan, I.; Dasari, R.; Feld, M. Single Molecule Detection Using Surface

enhanced-Raman Scattering (SERS). Phys. Rev. Lett. 1997, 78, 1667–1670. [CrossRef]
9. Nie, S.; Emory, S.R. Probing Single Molecules and Single Nanoparticles by Surface-enhanced Raman Scattering. Science 1997, 275,

1102–1106. [CrossRef]
10. Jones, R.; Hooper, D.; Zhang, L.; Wolverson, D.; Valev, V. Raman techniques: Fundamentals and frontiers. Nanoscale Res. Lett.

2019, 14, 231. [CrossRef]
11. Efremov, E.; Ariese, F.; Gooijer, C. Achievements in resonance Raman spectroscopy: Review of a technique with a distinct

analytical chemistry potential. Anal. Chim. Acta 2008, 606, 119–134. [CrossRef]
12. Pilot, R.; Signorini, R.; Durante, C.; Orian, L.; Bhamidipati, M.; Fabris, L. A review on surface-enhanced Raman scattering.

Biosensors 2019, 9, 57. [CrossRef]
13. Asiala, S.; Schultz, Z. Surface enhanced Raman correlation spectroscopy of particles in solution. Anal. Chem. 2014, 86, 2625–2632.

[CrossRef]
14. Otto, A.; Mrozek, I.; Grabhorn, H.; Akemann, A. Surface-enhanced Raman scattering. J. Phys. Condens. Matter 1992, 4, 1143.

[CrossRef]
15. Fleischmann, M.; Hendra, P.; McQuillan, A. Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974, 26,

163–166. [CrossRef]
16. Mosier-Boss, P. Review of SERS substrates for chemical sensing. Nanomaterials 2017, 7, 142. [CrossRef] [PubMed]
17. Hsiao, H.; Ke, H.; Dvoynenko, M.; Wang, J. Multipolar Resonances of Ag Nanoparticle Arrays in Anodic Aluminum Oxide

Nanochannels for Enhanced Hot Spot Intensity and Signal-to-Background Ratio in Surface-Enhanced Raman Scattering. ACS
Appl. Nano Mater. 2020, 3, 4477–4485. [CrossRef]

18. Yang, Y.; Creedon, N.; Riordan, A.; Lovera, P. Surface Enhanced Raman spectroscopy: Applications in agriculture and food safety.
Photonics 2021, 8, 568. [CrossRef]

19. Galletto, P.; Brevet, P.; Girault, H.; Antoine, R.; Broyer, M. Enhancement of the Second Harmonic Response by Adsorbates on
Gold Colloids: The Effect of Aggregation. J. Phys. Chem. B 1999, 103, 8706–8710. [CrossRef]

20. Yu, F.; Zhang, C.; Zhang, G. The aggregation effect of metal ions on silver sol and the fractal structure formed. Acta Phys. Sin.
1987, 36, 1289–1297.

21. Singh, M.; Sinha, I.; Singh, A.; Mandal, R. Formation of fractal aggregates during green synthesis of silver nanoparticles. J.
Nanopart. Res. 2011, 13, 69–76. [CrossRef]

22. He, L.; Kim, N.; Li, H.; Hu, Z.; Lin, M. Use of a fractal-like gold nanostructure in surface-enhanced Raman spectroscopy for
detection of selected food contaminants. J. Agric. Food Chem. 2008, 56, 9843–9847. [CrossRef]

23. Huang, H.; Shende, C.; Sengupta, A.; Inscore, F.; Brouillette, C.; Smith, W.; Farquharson, S. Surface-enhanced Raman spectra of
melamine and other chemicals using a 1550 nm (retina safe) laser. J. Raman Spectrosc. 2011, 43, 701–705. [CrossRef]

24. Chen, X.; Gu, H.; Shen, G.; Dong, X.; Kang, J. Spectroscopic study of surface enhanced Raman scattering of caffeine on
borohydride-reduced silver colloids. J. Mol. Struct. 2010, 975, 63–68. [CrossRef]

25. Zheng, H.; Ni, D.; Yu, Z.; Liang, P.; Chen, H. Fabrication of flower-like silver nanostructures for rapid detection of caffeine using
surface enhanced Raman spectroscopy. Sens. Actuators B Chem. 2016, 231, 423–430. [CrossRef]

26. Souza, M.; Otero, J.; Tocón, I. Comparative Performance of Citrate, Borohydride, Hydroxylamine and Cyclodextrin Silver Sols for
Detecting Ibuprofen and Caffeine Pollutants by Means of Surface-Enhanced Raman Spectroscopy. Nanomaterials 2020, 10, 2339.
[CrossRef]

27. Farquharson, S.; Brouillette, C.; Smith, W.; Shende, C. A Surface-Enhanced Raman Spectral Library of Important Drugs Associated
with Point-of-Care and Field Applications. Front. Chem. 2019, 7, 706–721. [CrossRef]

28. Turzhitsky, V.; Zhang, L.; Horowitz, G.L.; Vitkin, E.; Khan, U.; Zakharov, Y.; Qiu, L.; Itzkan, I.; Perelman, L.T. Picoanalysis of
drugs in biofluids with quantitative label-free surface-enhanced Raman spectroscopy. Small 2018, 14, 1802392. [CrossRef]

http://doi.org/10.1098/rsnr.2009.0061
http://doi.org/10.1002/jrs.5400
http://doi.org/10.1016/S0039-9140(98)00162-3
http://doi.org/10.1021/acsnano.9b04224
http://www.ncbi.nlm.nih.gov/pubmed/31478375
http://doi.org/10.1016/j.forsciint.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27658121
http://doi.org/10.1103/PhysRevLett.78.1667
http://doi.org/10.1126/science.275.5303.1102
http://doi.org/10.1186/s11671-019-3039-2
http://doi.org/10.1016/j.aca.2007.11.006
http://doi.org/10.3390/bios9020057
http://doi.org/10.1021/ac403882h
http://doi.org/10.1088/0953-8984/4/5/001
http://doi.org/10.1016/0009-2614(74)85388-1
http://doi.org/10.3390/nano7060142
http://www.ncbi.nlm.nih.gov/pubmed/28594385
http://doi.org/10.1021/acsanm.0c00569
http://doi.org/10.3390/photonics8120568
http://doi.org/10.1021/jp991937t
http://doi.org/10.1007/s11051-010-0001-8
http://doi.org/10.1021/jf801969v
http://doi.org/10.1002/jrs.3079
http://doi.org/10.1016/j.molstruc.2010.03.085
http://doi.org/10.1016/j.snb.2016.03.045
http://doi.org/10.3390/nano10122339
http://doi.org/10.3389/fchem.2019.00706
http://doi.org/10.1002/smll.201802392


Sensors 2022, 22, 1778 11 of 11
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