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ABSTRACT: The need for highly sensitive, low-cost, and timely
diagnostic technologies at the point of care is increasing. Surface-
enhanced Raman spectroscopy (SERS) is a vibrational spectro-
scopic technique that is an advantageous technique to address this
need, as it can rapidly detect analytes in small or dilute samples
with improved sensitivity compared to conventional Raman
spectroscopy. Despite the many advantages of SERS, one drawback
of the technique is poor reproducibility due to variable interactions
between nanoparticles and target analytes. To overcome this
limitation, coupling SERS with the coffee ring effect has been
implemented to concentrate and localize analyte−nanoparticle
conjugates for improved signal reproducibility. However, current
coffee ring platforms require laborious fabrication steps. Herein, we present a low-cost, two-step fabrication process for coffee ring-
assisted SERS, utilizing wax-printed nitrocellulose paper. The platform was designed to produce a highly hydrophobic paper
substrate that supports the coffee ring effect and tested using gold nanoparticles for SERS sensing. The nanoparticle concentration
and solvent were varied to determine the effect of solution composition on ring formation and center clearance. The SERS signal was
validated using 4-mercaptobenzoic acid (MBA) and tested with Moraxella catarrhalis bacteria to ensure functionality for chemical
and biological applications. The limit of detection using MBA is 41.56 nM, and the biochemical components of the bacterial cell wall
were enhanced with low spectral variability. The developed platform is advantageous due to ease of fabrication and use, representing
the next step toward implementing low-cost coffee ring-assisted SERS for point-of-care sensing.

■ INTRODUCTION
With over 880 million doctor office visits in 2016 alone, and
the sustained prevalence of infectious diseases, the need for
faster and improved diagnostic technologies at the point of
care is on the rise.1,2 Microorganism culturing and polymerase
chain reaction (PCR) are two of the most common diagnostic
techniques, yet they have significant constraints. Both
techniques have complex methodology and slow turnaround
time for results due to multistep procedures. Recent advances
in real-time diagnostics, such as real-time PCR, are still lacking
due to significant limitations. Drawbacks such as a decrease in
efficiency from standard PCR, the requirement for specific
primer selections, and result dependency on sample handling
and processing inhibit the widespread implementation of real-
time PCR.3−6 Thus, there is a lack of highly sensitive and
specific, easy-to-use diagnostic technologies for point-of-care
applications. Vibrational spectroscopy, specifically Raman
spectroscopy, has gained popularity in addressing this need.
Raman spectroscopy is a molecule-specific technique that
provides a spectral fingerprint representative of the vibrational
chemical bonds present in the sample. Using these spectral
fingerprints, disease states and other medically relevant states

can be determined.7 Raman spectroscopy is a label-free,
nondestructive method that can be used in vivo or ex vivo on
collected tissue specimens or biofluids and can provide results
in real time. Finally, this vibrational spectroscopic technique
can be cost-effective and adapted for use in remote settings due
to recent advancements in the reduction of instrumentation
cost, improved sensitivity, and portability via handheld
spectrometers.8

While Raman spectroscopy is a sensitive optical technique,
the inherent weakness of the Raman scattering effect is a
limitation hindering its widespread clinical implementation. To
address this challenge, surface-enhanced Raman spectroscopy
(SERS) positions analytes near metallic colloids or roughened
metallic surfaces to produce spectral enhancements up to 1014

compared to conventional Raman scattering.9,10 This analytical
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technique is highly specific, sensitive, and can enable single-
molecule detection.11 Numerous applications have been shown
for SERS, including bacterial characterization and detection,
detection of tumor cells and deleterious metabolic alterations,
and detection of inflammatory molecules.12−16 Additionally,
SERS has gained popularity for nonbiological applications such
as environmental pollutant screening and detection of
inorganic molecules, ions, and toxic industrial chemicals.10,17,18

While SERS shows substantial enhancement compared to
conventional Raman spectroscopy, it has its own drawbacks.
One of the most significant limitations of SERS is poor spectral
reproducibility. This is caused by changes in the distance and
interaction of analytes with the metallic substrates, which
significantly alters the target and degree of enhancement.19 As
the interactions between the metallic substrates and analyte
change, the enhancement changes and induces high variability
in the SERS spectra.20 Therefore, coupling of SERS with an
analyte concentration technique, such as the coffee ring effect
(CRE), can enhance reproducibility by regulating interactions
between metallic substrates and analytes.21 This coupling
shows great promise for improving the reproducibility and
usability of SERS in the clinical setting.
The CRE is a natural phenomenon where solutions

spontaneously leave a ring on a surface upon drying. This
results in solutes concentrated in a ring, while the center of the
ring is left mostly empty. The main driving forces of the CRE
are contact line pinning and evaporation.22 Contact line
pinning occurs when the outer edge of a droplet cannot move
once dropped on a surface and can result from physical
properties, such as roughness, or chemical properties, such as
electrostatic interactions. These interactions between the fluid
and surface immobilize the outer edge of the droplet, allowing
for no further spread of the fluid. Evaporation of the droplet
induces a radial capillary flow within the drying droplet and
carries and deposits suspended particles to the contact line.23

This capillary flow results from the liquid flowing from the
center of the droplet to the edge to replace the fluid lost to
evaporation, as the edge evaporates the quickest.24 The natural
concentrating and separating effect of the coffee ring is
responsible for its widespread use in various scientific
processes. It has been used for nanochromatography via
separation of complex samples, screening environmental
pollutants in river water, and detecting contaminants for
food safety applications, among others.21,23,25 It has also been
utilized for biological applications such as identifying a malarial
biomarker, detecting thrombin down to 2 ng/mL, and
identifying point mutations in proteins based on protein
adsorption and organization behavior in the resulting coffee
ring.26−28

The combination of the CRE and SERS exploits the natural
separating mechanism of the CRE to increase reproducibility
of SERS, thus overcoming one of its most significant
limitations. Previously in the literature, the combined platforms
have been developed for applications such as detecting
adulterants in milk, phenylalanine in urine, breast cancer
cells in serum, and pharmaceuticals in urine.21,29−31 However,
these studies used nonideal substrates such as silicon wafers
and glass. Achieving ideal coffee ring formation on these
substrates can be time-consuming, with many applications
necessitating vacuum drying chambers and/or heat sources to
expedite this process. Extended drying times such as 12−24 h
and drying temperatures up to 70 °C have been
reported.29,32,33 Further, some cases demand pretreated
substrates for the ring effect to be observed, often requiring
extensively treated glass slides or silica wafers, or patterned
surfaces that physically restrict analyte flow to create the
CRE.34−37

To the best of our knowledge, few paper-based coffee ring-
SERS platforms exist yet lengthy fabrication processes are still
needed to adequately achieve the CRE. These procedures
include chemical hydrophobization, electrospinning, or
colloidal nanoparticle soaking.38−40 Additionally, poor center
clearance is seen in previously reported paper-based substrates
for coffee ring-SERS, which demonstrates a crucial drawback in
the future application of these platforms.40 The prolonged and
complicated drying methods, complex substrate production,
and incomplete analyte flow detract from the overall
accessibility of the process but provide room for further
improvements. Therefore, to simplify the substrate creation
process and improve center clearance, we propose to use wax-
printed nitrocellulose (NC) paper as an alternative paper-
based substrate.
This work aims to create an easy-to-fabricate, low-cost

paper-based SERS platform using hydrophobic wax and NC
paper in a two-step process. The wax printing and melting are
used to generate a hydrophobic substrate that sustains the
CRE. Herein, we investigate the effect of modifying gold
nanoparticles (AuNPs) concentration and solvent composition
on the CRE. This platform was validated using 4-
mercaptobenzoic acid (MBA) and Moraxella catarrhalis
bacteria. To the best of our knowledge, this work also
demonstrates the first utilization of paper-based coffee ring-
SERS for bacterial characterization.

■ RESULTS AND DISCUSSION
The importance of a hydrophobic surface in the formation of
the coffee rings has been well characterized in the literature
and has been found to improve the concentrating effect of the

Figure 1.White light images showing the contact angle measurements for (A) the wax-backed nitrocellulose (NC) paper and standard glass slides;
(B) the wax-backed NC paper has a significantly higher water contact angle indicating improved hydrophobicity (****p < 0.0001).
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analyte, resulting in up to a 6-fold signal intensity increase from
the ring.26 In general, surfaces with a water contact angle of
90° or greater are classified as hydrophobic.41 Therefore, other
coffee ring-SERS substrates reported in the literature typically
use multiple surface treatment to achieve hydrophobic surfaces
with contact angles between 96 and 135°.26,40,42 Herein, to
generate a low-cost, easy-to-fabricate coffee ring platform, the
printing and melting of wax on NC paper were explored. The
resulting paper-based substrate has a hydrophobic surface with
a water contact angle of 116.60 ± 8.13° (Figure 1A), which is
comparable to the other reported coffee ring substrates but
features a simple, two-step fabrication process. This platform is
also significantly (p < 0.0001) more hydrophobic than a
standard glass slide (30.45 ± 2.69°) as seen in Figure 1B.
Thus, the paper-based substrate developed here is highly
hydrophobic and reproducible. This hydrophobicity is due to
the presence of the wax backing and subsequent wax melting.
The melting of the wax partially through the paper creates a
homogeneous coating of the inner and deeper fibers within the
paper, resulting in confinement of liquids to the top surface
and without radial flow. Additionally, this platform has a water
contact angle in the range of other coffee ring-SERS platforms
yet features a simplified fabrication process, which can aid in
the widespread use of coffee ring-SERS.

Coffee Ring Characterization. To characterize the ring
formation using AuNPs, scanning electron microscopy (SEM)
and white light microscopy images of the coffee rings were
obtained on NC paper with and without the wax present,
respectively.
Figure 2A shows the SEM images of the coffee ring when the

wax backing is present on the NC paper and reveals the
localization of the AuNPs within a single ring (Figure 2A,
inset). The localization of the AuNPs at the ring was confirmed
using elemental analysis via energy-dispersive spectroscopy
(EDS), which show elemental gold confined to a single ring
with little to no gold in other areas of the paper (Figure 2B).

In comparison, when AuNPs were dropped on the bare NC
paper with no wax backing, a much fainter ring is formed,
indicating inadequate AuNPs flow and concentration at the
droplet edge (Figure 2C). Upon further analysis of the location
of elemental gold on the bare paper using EDS, the gold is not
localized in any specific area and instead is distributed
throughout the paper (Figure 2D). This further strengthens
the importance of hydrophobic wax backing in the coffee ring
formation process.
To confirm that contact lining pinning and the coffee ring

mechanism were taking place, 0.5 μL of green food coloring
solution was dropped on the wax-backed paper substrate and
was imaged every minute throughout the drying process
(Figure S1A). The droplet diameter was measured in two
orientations (horizontal and vertical) on each image and
averaged to create one diameter measurement for each
timepoint. Each diameter was then plotted against the time
to compare the droplet diameter across the total drying time
(Figure S1B). Since top-view imaging was performed, for the
first 1/3 of the drying process, the wider diameter of the
droplet was imaged rather than the contact line. After approx.
1/3 of the drying time, the droplet collapses, and the diameter
remains constant until fully dry and indicated no signs of radial
flow. The stability of the droplet diameter confirms contact line
pinning, thus confirming the drying mechanism via the CRE.
This verifies that this simplistic platform supports the CRE and
provides the added advantage of a 10 min drying time.

AuNPs Concentration Modulation. After confirming the
successful formation of the coffee ring on the hydrophobic
wax-backed NC paper, the effect of AuNPs concentration on
ring formation and center clearance was investigated. A coffee
ring formed under all AuNPs concentrations tested here (1.4,
7, 14 nM) (Figure 3A). Using RGB analysis, two metrics were
utilized to quantify the formation of the ring: the clearance in
the center of the ring and the concentration of particles at the
ring. The ring intensity increased from 1.4 to 7 nM AuNPs

Figure 2. (A) SEM image of the coffee ring formed using AuNPs on the wax-backed paper substrate (135× magnification), inset i: center of coffee
ring (5000× magnification, scale bar = 2 μm), inset ii: edge of coffee ring (12,000×, scale bar = 2 μm); (B) EDS map showing the location of
elemental gold in the ring formed on the wax-backed paper (135× magnification); (C) white light image captured with a smartphone of faint ring
formed without wax backing on paper; and (D) EDS map showing no localization of elemental gold when no-wax backing is used (95×
magnification).
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concentration. However, no statistical difference was observed
for the three concentrations at the ring (Figure 3B). This may
be due to the presence of specular reflectance, evident in the
images, affecting the RGB analysis. Regardlessly, at a 1.4 nM
AuNPs concentration, the mean center clearance is 95.53%,
demonstrating high clearance of the nanoparticles to form the
coffee ring.
As AuNPs concentration increased, a significant decrease in

center clearance was observed, yet at the highest AuNPs
concentration, the mean center clearance remained above 70%

(Figure 3C). This decrease in clearance could be partially due
to the increased evaporation rate caused by increasing the
AuNPs concentration. Nguyen et al. showed that as the
concentration of particles increases, the evaporation of the
droplet quickens.43 Thus, not all nanoparticles can travel to the
outer ring before the droplet fully evaporates, and they are
deposited in the center, decreasing the center clearance. These
nanoparticles deposited in the center rather than on the ring
could reduce the SERS signal and limit the usability of coffee
ring-assisted SERS for analyte detection, especially at low
concentrations. Therefore, using a lower concentration of the
citrate-capped nanoparticles in water is advantageous as it
could yield a strong SERS signal due to its high center
clearance and confinement of the particles to a singular
continuous ring.

Effect of Surfactant on Coffee Ring Formation.
Surfactants, such as Tween-20, are commonly used in assays
to prevent nonspecific binding. However, when used in a coffee
ring application, Tween can suppress the CRE due to
significant changes to the surface tension in an evaporating
droplet.44,45 To study this in a paper-based coffee ring, the 1.4
and 7 nM AuNPs concentrations were used to determine the
influence of Tween at varying concentrations (0.0005−2% (v/
v)). Visually, at higher concentrations of Tween [>0.001%],
the coffee rings were seen to be discontinuous, which is
believed to be due to micelle formation (Figure 4C).46−49 At
Tween concentrations of 0.001% and lower, there was no
visible disruption in the rings. Moreover, the presence of
Tween at these lower concentrations significantly improved
the center clearance of the AuNPs on the paper (Figure 4A,B).
At both 1.4 and 7 nM AuNPs concentrations, increasing
concentrations of Tween up to 0.001% increased the center
clearance from 95.53 to 98.78 and 86.56 to 92.13%,
respectively. We hypothesize that the Tween reduces any
nonspecific binding interactions present, which further
improves the clearance.50 Furthermore, the presence of
Tween shows a minimum effect on the ring intensities of
either AuNPs concentration in comparison to the results
obtained using no surfactant (Figure S2). Therefore, while
Tween has previously been shown in the literature to disrupt
the CRE, concentrations at or below 0.001% showed to
improve nanoparticle flow without disrupting ring formation;
thus, this platform can be utilized in applications necessitating
Tween.

Figure 3. (A) Green channel images (5× magnification) of coffee
rings formed using three different AuNPs concentrations; (B) no
significant differences seen among the intensity at the rings for the
different concentrations; and (C) center clearance of each ring shows
a significantly decreased center clearance at the highest AuNPs
concentration (14 nM) (**p < 0.01, ***p < 0.001).

Figure 4. Comparison of center clearance using varying concentrations of Tween-20 for 1.4 and 7 nM AuNPs concentrations: (A) trend of
increasing center clearance with the addition of Tween for the 1.4 nM AuNPs concentration; (B) percent center clearance of the ring is significantly
higher when using Tween 0.001% as compared to water for the 7 nM AuNPs concentration; and (C) green channel images (5× magnification)
showing the effect of varying the surfactant concentration (*p < 0.05, **p < 0.01).
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SERS Characterization Using MBA. To investigate SERS
signal intensity and the location of enhancement in the coffee
ring on the developed NC paper-based platform, we utilized
MBA, a common Raman reporter molecule, to generate SERS
maps and point measurements across the rings. First, to
validate that the coffee ring formation significantly improved
the SERS signal, Figure 5 shows a 20-fold signal increase when
utilizing the wax-backed NC paper compared to the NC paper
with no wax backing.

Second, a SERS map was generated for a coffee ring formed
using only AuNPs to establish a baseline in the absence of
MBA. Cluster analysis with hierarchical cluster analysis (HCA)
revealed nonspecific enhancement of the NC paper,
represented in cluster 2, particularly in the 1200−1400 and
1600−1700 cm−1 regions, and the unenhanced NC paper
spectra represented in cluster 1 (Figure 6A). However, this
enhancement shows minimal SERS signal (<1000 a.u.) and is
not evident at high concentrations of MBA (Figure 6B). SERS
maps were repeated for a coffee ring formed from a solution of
5 μM MBA with 0.7 nM AuNPs on the wax-backed paper.
A gradient was identified based on well-known peaks of 4-

MBA at 1076 and 1586 cm−1.51 After analysis with HCA, the
average spectra of each cluster were calculated and plotted
(Figure 6B). HCA analysis shows that this gradient is formed
with the highest intensity MBA signal in the dark red region
(cluster 4, Figure 6B) and two lower regions of MBA signal
(clusters 2 and 3, Figure 6B). The lower intensity MBA signal
at cluster 2 present at the center may be due to residual
nanoparticles since ∼95% center clearance was noted
previously (Figure 4A). To investigate the repeatability of
SERS measurements using this platform, five spectra were
taken at different points along the AuNPs ring and were
plotted separately. These measurements resulted in a mean and
standard deviation of the 1076 cm−1 peak of 3485.92 ± 349.71,
showing the repeatability of the SERS signal (Figure S3).

Limit of Detection. Next, the limit of detection (LOD)
was determined via point spectra obtained from the mixture of
various concentrations of MBA (0−5 μM) with fixed AuNPs
concentration on triplicate paper-based platforms (Figure 6C).
The SERS intensity at 1076 cm−1 peak, representative of

Figure 5. SERS spectra of 5 μM MBA with 0.7 nM AuNPs on the
wax-backed paper substrate (red) and on NC paper with no wax
backing (gray) (shaded error bars = standard deviation).

Figure 6. (A,B) SERS maps using (A) 0.7 nM AuNPs and (B) 0.7 nM AuNPs + 5 μM MBA; (C) stacked spectra of MBA mixed with AuNPs
highlighting the MBA peak at 1076 cm−1 peak (gray box), with the inset showing 1020−1120 cm−1 plotted for the MBA concentrations of 0−500
nM; and (D) scatter plot with the inset highlighting lower concentrations (10−500 nM MBA) with limit of detection (LOD) and goodness of fit
reported.
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benzene ring breathing modes, was plotted against the MBA
concentration (Figure 6D). The linear working range of the
wax-backed paper platform was determined to be 50 nM to 5
μM with an LOD of 4.156 × 10−8 M (Figure 6D). This LOD
is similar to those found in the literature for various other
paper-based coffee ring-SERS platforms (10−8 to 10−9 M) and
is within the range of LODs cited for non-paper-based coffee
ring-SERS substrates (10−6 to 10−12 M).29,36,39

SERS of Bacteria Using Coffee Ring Effect. To
demonstrate the applicability of the paper-based platform for
biological samples, M. catarrhalis was introduced to the coffee
ring substrate. The mixture of M. catarrhalis and AuNPs
produced a ring, with increasing gradient (Figure 7A).

Distinct bacterial spectral features are observed in both the
inner (region II) and outer portions of the ring (region I). The
most prominent peaks identified in the spectra include the 732
cm−1 peak known to be from adenine in the cell wall, the 1000
cm−1 phenylalanine peak, and the 1450 cm−1 peak indicating
protein-based structures (Table S1).9,52−55

The peaks represent cell wall components due to the
location dependency of SERS in which only molecules within
2−10 nm of nanoparticles are enhanced.56 These spectral
features correlate with prior publications on SERS of bacteria;
agreeance is also seen in publications detailing the SERS
spectra of Gram-negative bacteria, further reinforcing that the
M. catarrhalis is being enhanced.57 The center of the ring
shows a sharp peak at approximately 1280 cm−1 due to the
enhancement of the paper. However, minimal bacterial spectral
features were observed in the center, confirming that the coffee
ring platform was capable of concentrating the bacteria within
the ring.
To assess reproducibility, spectra collected from three

separate samples (five spectra per ring) were plotted with
shaded error bars (mean ± SD) (Figure S4). The mean and
standard deviation for the 732 cm−1 peak were calculated for
the inner portion and outer portion of the ring to be 4.30 ±
1.64 (inner) and 4.83 ± 1.47 (outer), respectively, showing
reproducibility. Further, the bacterial concentration utilized
herein (∼7.3 × 104 CFU/mL) is similar to the concentration
used by other works detailing SERS of bacteria (102−109
CFU/mL), highlighting the potential biological application of
this platform.58−60

■ CONCLUSIONS
Herein, a novel platform for coffee ring-enhanced SERS was
developed using commercially available NC paper and wax
printing. This paper-based platform is advantageous over
previously reported coffee ring-SERS substrates in its
simplified fabrication, ring drying time, and biological utility.
Previous substrates report complex fabrication, including a 5-
step washing and chemical treatment protocol, expensive
substrates such as quartz, or the use of potentially hazardous
materials. The platform proposed in this work decreases the
fabrication protocol to two steps, wax printing and melting,
utilizes commonly available NC paper, and does not require
any hazardous chemicals for production. Furthermore, the
developed platform poses a more beneficial drying process that
does not require an oven, a vacuum chamber, or a lengthy
drying time as reported by other methods. In addition to the
simplified fabrication process, this paper-based platform shows
comparable analyte localization and enhancement capabilities
to those reported in the literature for both chemical and
biological samples. To the best of our knowledge, this study is
also the first to demonstrate the use of paper-based coffee ring-
SERS for bacterial characterization. Future works look at
optimizing methods to reduce the background noise from the
paper and will further optimize the platform for dilute
biological applications. Overall, this paper substrate shows
great promise for the next step in the broad implementation of
coffee ring-assisted SERS for point-of-care diagnostics.

■ METHODS
Materials. NC membranes with a pore size of 0.45 μm and

brain heart infusion (BHI) media were purchased from Fisher
Scientific (Hampton, NH). Gold (III) chloride hydrate
(HAuCl4), nitric acid (HNO3), hydrochloric acid (HCl),
agar, trisodium citrate (Na3C6H5O7), 4-mercaptobenzoic acid
(MBA), and Tween-20 (polysorbate 20) were purchased from
Sigma-Aldrich (St. Louis, MO). Wax ink was purchased from
Xerox (Norwalk, CT). Moraxella catarrhalis (M. catarrhalis,
strain AmMS 116, ATCC #49143) was purchased from

Figure 7. M. catarrhalis on the paper substrate formed three regions
(I: outer ring, II: inner gradient of the outer ring, III: cleared ring
center): white light microscopy image (100× magnification) and
averaged spectra for each of the regions, black lines show bacterial
peaks of interest and gray box shows the area of the spectra that was
excluded in peak identification due to paper background.
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American Type Culture Collection (ATCC) (Manassas, VA).
All chemicals were of analytical grade and used with no
additional purification.

Hydrophobic Nitrocellulose Paper Substrate. The
hydrophobic wax-backed paper substrate was created using
the standard NC blotting membrane paper (pore size 0.45 μm,
GE Healthcare Amersham, Chicago, IL) and a wax printer
(ColorQube 8570, Xerox; Norwalk, CT). One side of the NC
paper was printed with black wax ink and then melted at 150
°C for 1 min to allow the wax to advance through the paper
without complete protrusion on the other side (Figure S5).
The hydrophobicity of the wax-backed substrate was verified
by measuring the water contact angle (Model 200-F4 Contact
Angle Goniometer and DROPimage Advanced Software
v.2.6.1; rame-́hart, Succasunna, NJ) 5 times to verify
reproducibility. As a comparison to the substrate’s hydro-
phobicity, the water contact angle of glass was measured five
times since glass is one of the most common substrates for
coffee ring applications.

Coffee Ring Characterization. AuNPs (25 nm, 1.4 nM;
Figure S6) were synthesized as described in the Supplementary
Information. The coffee rings were obtained by applying a 1
μL droplet of AuNPs to the wax-backed substrate and allowed
to dry at 25 °C until completely dry, which took approximately
10 minutes. A 1 μL droplet of AuNPs was applied to the NC
paper with no-wax backing to compare the effect of the
hydrophobic coating and was imaged using a smartphone
(OnePlus, OnePlus Technology, Shenzhen, Guangdong).
Scanning electron microscopy (SEM) (Merlin scanning
electron microscope, Carl Zeiss; Germany) was utilized to
visualize the dried coffee rings, and energy-dispersive X-ray
spectroscopy (EDS) (Xmax 50 Silicon Drift Detector EDS,
Oxford Instruments; United Kingdom) was performed to
examine the location of elemental gold, ensuring the
nanoparticles traveled to the edge of the ring. Finally, to
confirm the coffee ring mechanism, a 0.5 μL droplet of green
food coloring (25 μL food coloring:1 mL DI water) was
dropped on the wax-backed NC paper and imaged every 1
minute using white light microscopy (Leica microscope, Leica
Microsystems; Germany) at a 5× magnification (NA = 0.12)
until fully dried. The diameter of the droplet in each image was
measured using ImageJ (imagej.nih.gov).

Nanoparticle Concentration and Solvent Modulation.
Following the coffee ring characterization, the influence of
solution composition was investigated by modulating the
AuNPs concentration and introducing a surfactant, Tween-20.
First, nanoparticle concentrations of 1.4, 7, and 14 nM were
used (1×, 5×, and 10× respectively). A 1 μL droplet of each
concentration was applied to the substrate and allowed to dry;
each condition was repeated five times. After drying, an image
of each formed ring was taken using white light microscopy
(5× magnification) for RGB analysis via ImageJ. The effect of
the surfactant on ring formation was studied using varying
concentrations of Tween-20 in DI water for the 1.4 and 7 nM
AuNPs concentrations. The Tween-20 concentration was
varied between 0.0005 and 2% (v/v). The AuNPs were
centrifuged at 3300g for 5 min, and the supernatant was
removed and replaced with an equal volume of Tween-20
solutions. Again, 1 μL was dropped on the coffee ring paper
substrate and allowed to dry fully. After drying, an image was
taken in the same manner as above.

RGB Analysis. Each image was imported into ImageJ as a
JPEG file to undergo RGB analysis.61 Six regions of interest

(ROIs) were selected in each image: four background ROIs of
the area outside the ring, one ROI of the entire ring, and one
ROI of the inside of the ring following previously published
methods28 (Figure S7). The green channel was chosen for
analysis since the absorbance of the AuNPs is in the green
region of the electromagnetic spectrum. The mean of each
background ROIs was averaged together to quantify the
background intensity for each sample. The center clearance of
the ring, indicating how well the nanoparticles traveled toward
the ring, was quantified using percent center clearance. This
percent center clearance was calculated by normalizing the
average intensity from the inner ROI by the average
background intensity eq 1. To quantify the ring intensity, the
absolute value of the average inner and average full ring ROI
was normalized to the average background intensity, and the
difference was taken eq 2

=center clearance
inner ROI intensity

avg background intensity (1)

=ring intensity
full ROI intensity

avg background intensity
inner ROI intensity

avg background intensity (2)

SERS Characterization. After investigating the effect of
changing solution parameters, the SERS enhancement and
LOD of the substrate were determined using MBA. AuNPs
and MBA were mixed at a 1:1 volumetric ratio for a final
AuNPs concentration of 0.7 nM and MBA concentration
ranging from 10 nM to 5 μM. A 1 μL droplet of this solution
was applied to the substrate and allowed to dry fully; each
condition was repeated in triplicate. Additionally, a 1 μL
droplet of the 5 μM MBA + AuNPs solution was dropped on
the NC paper with no wax backing to investigate the effect of
the coffee ring formation on the SERS enhancement. This was
also repeated in triplicate. Subsequently, SERS measurements
were collected using a benchtop Raman microscope (Renishaw
inVia confocal Raman microscope, Renishaw; United King-
dom) equipped with a 785 nm laser diode in combination with
a thermoelectrically cooled charged-coupled device (CCD)
camera and a grating of 1200 l/mm. Multiple point spectra (5
per sample) were collected under 20× magnification (NA =
0.4) with 2.16 mW of power and a total integration time of 10
s. Spectra were taken from the edge of the ring and were
averaged to obtain one spectrum per sample. SERS maps were
also collected by point scanning at a 15 μm step size over the
entire area of the coffee ring using the same power as the point
measurements with a 2 s total integration time. After
collection, spectra and maps were processed with a 2nd
order Savitzky−Golay filter for noise smoothing and
asymmetric least-squares regression (ALSR) for background
fluorescence subtraction.62,63 Maps were then analyzed by
principal component analysis (PCA) for dimension reduction
followed by hierarchical cluster analysis (HCA) to separate and
visualize the SERS signal generated by MBA and the
substrate’s background.64 This was then plotted against the
map coordinates for each point, generating a color map of the
SERS signal from the coffee ring. The LOD was analyzed by
plotting the intensity of the 1076 cm−1 peak for each MBA
concentration and performing a linear fit.

M. catarrhalis SERS. The enhancement of a common
bacteria was investigated to demonstrate the utility of the
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developed coffee ring-SERS platform for biological applica-
tions. M. catarrhalis was cultured from a frozen stock on BHI
agar plates at 37 °C under 5% CO2 for 24 h. A liquid culture
was grown by transferring a single colony to 10 mL of BHI
broth and was allowed to incubate for 24 h (37 °C and 5%
CO2). The cultures were then washed with DI water twice
using centrifugation at 3300g for 8 min, and 1 mL of washed
culture was collected for optical density (OD) readings at 600
nm to quantify the bacterial concentration using an ultra-
violet−visible−near-infrared (UV−vis−NIR) spectrophotom-
eter (Agilent Technologies; Santa Clara, California). After
determining the OD, the bacteria were resuspended with
Tween 0.0005% in DI water. Washed liquid cultures (OD =
0.45, ∼7.3 × 104 CFU/mL) and AuNPs (14 nM) were mixed
using a 1:4 volumetric ratio by pipetting. A 1 μL drop of the
solution was applied to the substrate and allowed to dry. Five
SERS spectra were taken using the Raman microscope from
three regions of the dried coffee ring: the center of the ring, the
outer edge of the ring, and inside the outer ring. Spectra were
taken under a 100× magnification (NA = 0.85) with a power
of 0.2 mW at the sample with a total of a 5 s integration time.
At each of the three locations, the five SERS spectra were
averaged to obtain one spectrum per location per sample. The
experiments were conducted in triplicate. Spectra were
processed by smoothing and fluorescence subtraction, as
stated previously, and normalized using standard normal
variate (SNV).

Statistical Analysis. The contact angle of the coffee ring
substrate and standard glass was compared using an unpaired t-
test. The AuNPs concentration RGB values and influence of
Tween-20 concentration were analyzed using ordinary one-
way ANOVAs and Tukey’s multiple comparison tests.65 An α
value of 0.05 was used for all statistical analyses. Statistical
analysis was performed using GraphPad Prism 9 (GraphPad
Software; San Diego, CA), and HCA analysis was performed in
R in RStudio (RStudio; Boston, MA). Curve fitting to
determine LOD was performed in Origin (OriginLab,
Northampton, MA). Raman processing was performed in
MATLAB (MathWorks; Natick, MA). All data are presented
as mean ± standard deviation, except where otherwise
indicated.
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