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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) is a
promising cellular identification and drug susceptibility testing
platform, provided it can be performed in a controlled liquid
environment that maintains cell viability. We investigate bacterial
liquid-SERS, studying plasmonic and electrostatic interactions
between gold nanorods and bacteria that enable uniformly
enhanced SERS. We synthesize five nanorod sizes with longitudinal
plasmon resonances ranging from 670 to 860 nm and characterize
SERS signatures of Gram-negative Escherichia coli and Serratia
marcescens and Gram-positive Staphylococcus aureus and Staph-
ylococcus epidermidis bacteria in water. Varying the concentration of
bacteria and nanorods, we achieve large-area SERS enhancement
that is independent of nanorod resonance and bacteria type; however, bacteria with higher surface charge density exhibit significantly
higher SERS signal. Using cryo-electron microscopy and zeta potential measurements, we show that the higher signal results from
attraction between positively charged nanorods and negatively charged bacteria. Our robust liquid-SERS measurements provide a
foundation for bacterial identification and drug testing in biological fluids.
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Rapid bacterial detection, identification, and antibiotic
susceptibility testing is a critical clinical challenge.

Standard bacterial diagnostics requires culturing steps that
are naturally slow, accompanied by separate identification and
antibiotic susceptibility tests that together span several days.1

Molecular diagnostic tools such as polymerase chain reaction
(PCR),2 matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF),3 and lateral flow
enzyme immunoassays (EIA)4,5 can expedite the process but
still require hundreds of thousands of cells, significant capital
investment, and/or cell-specific labels for high-fidelity testing;
they are also destructive tests and hence are ill-suited for real-
time drug susceptibility testing.
Vibrational spectroscopy-based approaches such as Raman

and Infrared spectroscopy promise culture-free, label-free, fast,
accurate, and sensitive identification of bacteria with minimal
sample preparation and without significant cell damage.6−11

These techniques provide a spectroscopic fingerprint of
bacterial cells, with signal enhancements afforded by plasmonic
substrates via either surface-enhanced Raman spectroscopy
(SERS) or infrared absorption spectroscopy (SEIRA).12−15

For portable, low-cost diagnostics, SERS has gained particular
traction: the visible-frequency excitation and detection of
SERS allows single-cell-level16 sensitivity as well as cheaper
detectors and light sources. Further, its integration with

microfluidics17−19 along with the development of paper-based
SERS assays20 and portable Raman microscopes21 increases its
accessibility for clinical application.22 Still, although consid-
erable advances in the field of bacteria identification with SERS
have been shown, many studies to date use dried samples
because of the ease of sample preparation and spectral
acquisition.17,23 In contrast, clinical samples are generally in
the liquid state, as drying can be detrimental to the cells,
removes or modifies important biological information from the
SERS spectra, and does not allow dynamic study on the effect
of antibiotics on bacterial cells.
Although clinically desirable, liquid Raman measurements

present several challenges. Scattering from the inhomogeneous
bacterial liquid with variations in dielectric constants leads to
signal loss. Liquid SERS also requires devising easy-to-use and
safe (i.e., free of hazardous bacterial exposure) platforms with
optically compatible components. Efforts have been made to
enable SERS measurements from liquid droplets on sub-
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strates.24−26 However, the droplets were open to air, increasing
the risk of aerosol/droplet exposure to the individuals
performing measurements on pathogenic bacteria. Addition-
ally, droplets tend to dry over a period of minutes, possibly
providing insufficient interrogation time for bacteria identi-
fication and especially antibiotic susceptibility testing. This
approach also limits the number of cells that can be analyzed to
the size of the droplet. Microfluidic approaches18,27−32 have
gained traction in advancing liquid SERS; here, the flow rate
even at the single-cell level can be synchronized with the
Raman signal acquisition for achieving targeted cell sorting, as
demonstrated in yeast strains Saccharomyces cerevisiae.33 This
approach, however, can only handle small sample volumes.
Additionally, the strong Raman background from the
commonly used PDMS material interferes with weak Raman
signals from smaller cell types like bacteria compared to yeast.
Moreover, for all existing liquid SERS approaches, there
remains the need to understand and optimize plasmonic
particle and bacterial cell interaction for efficient, uniform
SERS enhancement.
Here we demonstrate a liquid bacterial SERS platform with

consistent, large-area SERS enhancement. In particular, we
investigate the effects of bacterial surface charge, the gold−
nanorod aspect ratio, and nanoparticle concentration to
systematically determine the optimal parameters for liquid
SERS. We use Gram-negative E. coli and S. marcescens and
Gram-positive S. aureus and S. epidermidis as model bacteria to
study their interaction with gold nanorods. By optimizing the
nanorod to bacteria concentration ratios, we obtain SERS
signatures from liquid bacteria samples with signal intensities
uniformly enhanced to detectable levels (compared to no
signal with bacteria in water) across a 100 × 200 μm2 area.
Interestingly, the enhancement does not significantly vary with
distinct nanorod aspect ratios, regardless of overlap with the
laser excitation and Raman region of the bacteria; however,
Gram-positive bacteria do show more significant enhancement.
Cryo-electron microscopy (cryo-EM) reveals variations in
nanoparticle binding affinities to Gram-positive and -negative
bacterial types, depending on the charge of the bacteria
membrane. As such, the bacteria with higher surface charge
density also exhibit significantly higher SERS signal. Our work
lays a foundation for performing, optimizing, and under-
standing liquid SERS measurements from biological fluids en
route to clinical SERS and real-time drug susceptibility testing.
We created a liquid chamber (hereafter “well”) for live

bacterial SERS measurements as shown in Figure 1a. The well
consists of a silicon wafer base, ∼100 μm tall spacer layer, and
glass coverslip; double-sided adhesive was used for the spacer
layer, punched using single paper hole punchers to create
reproducible liquid well sizes. The liquid bacterial sample is
pipetted into the well, then sealed with a coverslip and placed
on a microscope stage for SERS imaging. Gold nanorods with
longitudinal plasmon resonances ranging from 670−860 nm,
governed by their aspect ratio, were colloidally synthesized via
a seeded growth: reduction of HAuCl4 with sodium
borohydride creates a spherical seed solution. The seed
solution and additional gold salt is mixed with AgNO3, HCl,
ascorbic acid, hexadecyl(trimethyl)ammonium bromide
(CTAB), and sodium oleate for nanorod formation (see
Figure S1). The target aspect ratio is controlled by the
concentrations of each agent, as described in the literature.34

All nanorods are coated with sodium oleate and CTAB, giving
them a slightly positive charge, as confirmed by zeta potential

measurements (see the Figure S11). UV−vis absorption
spectra (Figure 1b) and transmission and scanning electron
micrographs (TEM and SEM) of the gold nanorod samples
(Figure 1c) confirm the red-shifting of the longitudinal
plasmon resonance peak with increasing aspect ratio.
We varied the bacteria and Au nanorod mixing ratio and

preparation conditions to obtain maximally enhanced SERS
signatures while keeping the bacteria viable. Importantly,
because the CTAB surfactant from the gold nanorods is
cytotoxic, we tested the number of water washing steps needed
for aggregation-free nanoparticle dispersion with minimal
surfactant coverage to preserve bacterial cell viability. Figures
S2 and S3 include bacterial growth/viability tests following
mixing with nanorods (NRs) that are not purified with water

Figure 1. Overview of liquid-SERS chamber and plasmonic
nanoparticles employed. (A) Liquid well imaging setup with bacteria
(green) and nanorods (gold) both suspended in water and mixed
together in the well. The well is fabricated using a Si wafer base and a
double-sided adhesive spacing layer and sealed with a coverslip (see
also Figure S15). (B) Absorption spectra of nanorods in the liquid
well with longitudinal plasmon resonances ranging from 670−860 nm.
Inset shows aspect ratios plotted against peak resonance wavelength.
The dashed line indicates the 785 nm incident laser used for
measurement. The region from ∼835−915 nm (annotated with
redline) represents the bacterial Raman shift region. (C) TEM (left)
and SEM (right) of synthesized gold nanorod particles used for liquid
SERS measurement, showing monodispersity in nanorod size and
shape. Additional images are included in Figure S1.
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and purified with water at 1, 2, and 3× washing. We find that
cell viability is maintained with one washing step, as evidenced
by cell growth; additional washing steps lead to comparable
bacterial viability but significant nanorod aggregation. We also
investigated the concentration of nanorods to bacteria,
spanning 10, 30, 50, and 100% (double volume of nanorod
to bacteria) volumetric ratios. As shown in Figure S2 and
Table S2, all ratios maintain cell viability and show significant
SERS, with the highest signal generally observed for the largest
ratio. Hence, a 1:1 volumetric ratio (5 μL of 1 × 109 cells/mL
bacteria with 5 μL of NR) is used for ease of experimental
workflow.
Using a 785 nm laser, we obtained strongly enhanced SERS

signatures from the liquid wells with bacteria and nanorods
compared to bacteria-only samples. All measurements are
obtained using a 5×, 0.12NA objective lens with a 30 μm focal
spot and experimental conditions chosen to maximize
translation to point-of-care clinical applications (i.e., portable,
low-cost systems). Figure 2a includes representative SERS
spectra from E. coli suspended in water (∼1 × 109 cells/mL,
from log-phase of bacteria culture) showing the significant
Raman signal enhancement achieved in liquid samples when
mixed with nanorods compared to E. coli only. Figure 2b shows
the average spectra, each collected with 10 s acquisition time,
from the four bacterial species E. coli, S. marcescens, S. aureus
and S. epidermidis, respectively. With the 670 nm resonant
nanorods, bacterial signature spectral peaks near 1000, 1350,
and 1500 cm−1 are observed. The liquid-SERS signatures are
nearly identical with the SERS signatures seen with dried
specimens;23 we note that in both dried and liquid cases, the
SERS results from a combination of cellular structures
(membrane proteins, lipids, and intracellular components) as
well as excreted metabolites (including metabolites resulting
from stress responses to nutrient-poor aqueous media, as in
our well).19 As Figure 2a, b shows, spectra from the samples
without nanorods have no signal under the same interrogation
settings; hence detectable spectra are attributed to enhance-
ment from nanorods (see Figure S4).
Next, we collected SERS spectra across a 100 × 200 μm2

region within our liquid well. Again, using our 670 nm
resonant nanorods, we obtain uniform Raman signal enhance-
ment for each of the four bacteria, as shown in Figure 2c and
Figure S5. Importantly, the peak signals vary by ∼25% across
the entire scanned area, which is reasonable given the size of
the area scanned and the large spot size of 30 μm. We also
tested the well-to-well reproducibility by using S. epidermidis
mixed with our 860 nm resonant nanorods. As seen in Figure
S6, each liquid well shows comparable spectral enhancement
with the mean of measurements across the 100 × 200 μm2 area
across five separate wells with a variation of ∼15%.
We explored how each nanorod with specific longitudinal

plasmon resonance peaks enhances the liquid SERS signals.
We considered the five NRs of Figure 1b and constructed 30
distinct liquid wells, each containing 1:1 bacteria:NR
volumetric ratio mixtures. These NR aspect ratios are chosen
such that their peak plasmon resonance wavelength spans the
relevant optical ranges for SERS including incident illumina-
tion (785 nm) and the bacterial Raman shift region (∼835−
915 nm). As seen in Figure 3, all NR samples show strong
SERS signatures. Interestingly, the NR-to-NR variability in
signal is comparable to the well-to-well signal variability (see
Figure S6) for a given aspect ratio and bacteria sample.

Therefore, within the error of these measurements, all NRs
show strong enhancement.
The lack of trend in enhancement factor with NR aspect

ratio (peak plasmon resonance) counters standard intuition
from dried SERS measurements. In liquids, the nanorods are
fairly uniformly distributed throughout the liquid volume.
Hence, both incident and scattered light strongly interact with
the nanorods as light travels across the liquid volume beyond
the measurement plane. This interaction becomes particularly
strong when the nanorod resonance overlaps with either the
excitation wavelength or the bacteria Raman scattering
wavelengths. Accordingly, a “competition between extinction
and enhancement” effect as described by van Dijk et al. and
Sivapalan et al.35,36 arises, compromising the expected higher
enhancement at these wavelengths. On the contrary, when the
NR resonance is blue-shifted away from these regions of strong

Figure 2. Spectral enhancement consistency across a large surface
area of the well and among multiple liquid-SERS chambers. (A)
Comparison of E. coli Raman spectra with and without the 670 nm
nanorods, acquired at 60 s with 5 accumulation, showing no
significant spectral signature from liquid E. coli samples without
nanorods. (B) Liquid-SERS spectra of the four bacterial species mixed
with the 670 nm nanorods with the average and standard deviation of
15 measurements at 10 s acquisition across 100 × 200 μm2 dimension
on the well (inset in C). (C) Heatmap plot of the S. epidermidis
spectra shown in B highlighting the consistency of enhancements
across the large area. Each row is a spectrum recorded from unique
locations on the well. The inset is a schematic showing the xy map
region scanned on the liquid well.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c03189
Nano Lett. 2020, 20, 7655−7661

7657

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03189/suppl_file/nl0c03189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03189?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03189?ref=pdf


competition, the overall setup shows a relatively higher
enhancement profile.
Interestingly, higher counts are observed for the NR with the

lowest aspect ratio, most blue-shifted from the laser excitation
(see Figure S7). Such enhancements have also been
corroborated by other liquid-SERS studies on trap-coated
methylene blue molecules and attributed to reduced extinction
effects. As discussed above, when using nanorods with
resonances matched to the incident laser or the Raman region,
both the laser and the Raman scattered light are absorbed by
the nanoparticles themselves before reaching the bacterial cells
and the detector, respectively. However, when using blue-
shifted nanorods, these extinction effects are avoided.35,36 Still,
within the variability of multiple measurements from distinct
wells, we have not observed a statistically significant difference
for SERS from rods of any size. In addition, it can be seen from
Figure 3 that the most red-shifted nanorods still contribute to
signal enhancement significantly in S. epidermidis and S. aureus
cases. Our results indicate that all nanorod aspect ratios
provide significant enhancement for recording SERS signatures
from liquid bacterial samples compared to bacteria-only
samples suspended in water (see Figure S4).
Gram-positive and highly negatively charged S. epidermidis

and S. aureus overall show more distinct, higher intensity
spectra than the Gram-negative E. coli and S. marcescens
species. Specifically, S. marcescens shows consistent reduced
spectral signal intensity across the nanorods tested and
multiple trials while E. coli tends to be lower or comparable
in repeat studies (see Figure S8). In our study the selected
Gram-negative species harbor lower negative surface charge,
with E. coli and S. marcescens having negative surface charge
densities of ∼0.01 and ∼0.04 (r/e (−)/(1 × 10−6) mm2),

respectively, whereas the Gram-positive S. epidermidis and S.
aureus have negative surface charge densities of ∼1 and ∼0.3
(r/e (−)/(1 × 10−6) mm2). S. epidermidis, in particular, has
nearly two orders of magnitude higher negative charge density
which could significantly contribute to stronger electrostatic
interactions with the positively charged nanorods (see also
Table S1). Figure 3e illustrates the higher enhancement
observed in higher surface charge harboring species. We plot
the integrated intensity for spectral peaks near 1000, 1300, and
1500 cm−1 wavenumbers for two sets of nanorods (additional
nanorod SERS data is in Figure S9). Across all nanorods,
significantly higher SERS signal is observed for S. epidermidis
and S. aureus, which have higher negative surface charge
compared to E. coli and S. marcescens.
To better understand the local interaction between the cells

and NRs in our liquid well, we performed cryo-EM. We froze
our liquid bacteria−NR mixture onto a 200-mesh Cu lacey
carbon grid to image the nanorod distribution on the bacteria
as-is in liquid (see Figure S10 of dried SEM images). We
imaged with a low dose at −177 °C. The cryo-EM images
show distinct differences in the arrangement of NRs around
Gram-negative and Gram-positive bacteria. As seen in Figure 4,
the NRs surround Gram-positive S. epidermidis by closely
binding to its membrane surface, whereas in the case of Gram-
negative E. coli, the nanorods do not show specific adherence
to the bacterial membrane surface. The observed close binding
is because of the positive surface charge of the NRs (resulting
from the CTAB surfactant on their surface, confirmed by the
zeta-potential measurements shown on Figure S11) interacting
with the negative surface charge on the bacterial membrane. In
particular, S. epidermidis has ∼30× higher negative charge with
significantly smaller surface area compared to E. coli (see Table

Figure 3. SERS spectra comparison across nanorods and bacteria. (A) S. epidermidis spectra combined with the five NRs, color coded and arranged
such that the most blue-shifted is on top and most red-shifted at the bottom. (B) S. aureus, (C) E. coli, and (D) S. marcescens SERS spectra when
mixed with the five nanorods tested. (E) Area under the peak values for signature bacterial peaks near 1000, 1300, and 1500 cm−1 showing higher
values for S. epidermidis and S. aureus, which have higher negative surface charge compared to E. coli and S. marcescens. The bar plots shown are for
the 670 and 863 nm resonant nanorods (see Figure S9.
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S1). The large charge distributed over a small surface area
allows S. epidermidis to have nearly two orders of magnitude
higher charge density than E. coli, resulting in a stronger
electrostatic interaction with the positively charged NRs.
We also confirmed no significant change in the full-width

half max and plasmon peak location (there is a slight red shift
with addition of bacteria which can be attributed to the slight
increase in refractive index of the solution) of the nanorods
when mixed with the bacteria species (see supplemental Figure
12). Interestingly, the spectral data from three isolated trials
comparing the SERS enhancement for S. epidermidis and E. coli
do not show statistically significant differences upon repeated
measurements as shown in Figure S13. Therefore, although
differences in surface charge lead to different NR coverage on
individual bacterial cells and thus variations in enhancement,
the NRs still effectively enhance the overall SERS signal as the
NRs and cells can freely interact in the dynamic liquid
environment. Furthermore, bacterial NR mixtures were
measured within a few minutes, after 5 h, and after 24 h and
were tested and show new peaks arising near 1600 cm−1 with
time (24 h), which can be attributed to cellular death showing
the potential use of such liquid wells for monitoring live cell
changes across time, see Figure S14.
In summary, we have demonstrated a simple and robust

liquid Raman well setup that enables uniform, large-area SERS
enhancement of bacteria in liquid while maintaining cell
viability and prevents exposure to pathogenic bacteria under
investigation. Our results show that bacteria with higher
negative surface charge better attract the positively charged Au
NRs, leading to higher SERS enhancements. Furthermore,
several NRs with longitudinal plasmon resonance peaks
ranging from 670 to 870 nm can be used to obtain SERS
enhancements despite the differences in peak location.
Our work could facilitate clinical translation of Raman-based

diagnostics. For example, in the realm of antibiotic testing,
combination therapy is gaining traction as a more effective
treatment approach compared to single antibiotic treatments;37

a reliable liquid-SERS environment integrated with inflow and

outflow channels could be used to test the effect of combined
antibiotic therapy on pathogens by monitoring dynamic
changes in the bacteria directly from Raman spectral changes.
Liquid-SERS could also enable real-time drug susceptibility
testing on cancer cells, without the need for fixing or freezing
of the cells, potentially at the single-cell level. Additionally,
liquid SERS could enable viable bacterial identification at low
concentrations, which is especially important for bacteria that
are difficult to culture, such as in microbiome studies and
environmental microbiology.38 Lastly, in pharmaceutical
applications such as drug discovery, liquid-SERS could be
used to monitor chemical composition of excreted factors in
combined cultures while maintaining cellular viability.39,40 Our
simple sample preparation platform and rigorous under-
standing of liquid bacterial SERS hopefully provides a
foundation for such studies and more en route to low-cost
point-of-care diagnostics.
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