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A B S T R A C T   

Surface enhanced Raman scattering (SERS) is a powerful tool for vibrational spectroscopy, providing orders of 
magnitude increase in chemical sensitivity compared to spontaneous Raman scattering. Yet it remains a chal
lenge to synthesize robust, uniform SERS substrates quickly and easily. Lithographic approaches to produce 
substrates can achieve high, uniform sensitivity but are expensive and complex, thus difficult to scale. Facile 
solution-phase chemical approaches often result in unreliable SERS substrates due to heterogeneous arrangement 
of “hot spots” throughout the material. Here we demonstrate the synthesis and characterization of a homoge
neous gold nanofoam (AuNF) substrate produced by a rapid, one-pot, four-ingredient synthetic approach. AuNFs 
are rapidly nucleated with macroscale porosity and then chemically roughened to produce nanoscale features 
that confer homogeneous and high signal enhancement (~109) across large areas, a comparable performance to 
lithographically produced substrates.   

1. Introduction 

Anisotropic metallic nanomaterials, including nanorods, nanowires, 
nanostars, nanourchins, and nanofoams, have gained traction in a wide 
variety of applications due to their unique chemical and physical 
properties [1]. These versatile materials exhibit high chemical stability 
and biocompatibility and can be readily tuned for enhanced near- 
infrared (NIR) optical absorption with large extinction cross-sections. 
As such, they have been broadly applied in catalysis [2], electrochem
istry [3], and sensing of chemical warfare agents or environmental 
pollutants [4]. Uses in biomedical platforms as photothermal agents, 
drug delivery carriers, and biosensing materials [5–7] have also been 
shown. 

Compared with other anisotropic nanomaterials, applications of 
nanofoams have lagged, in part due to their synthetic and structural 
complexity compared to particle formulations. Nanofoams are porous 
nanomaterials typically created from copper [8], silver [9], or gold 
[10,11]. They are most commonly fabricated by chemical etching of 
biphasic mixtures of metals in the presence of strong acids that de-alloy 
the sample, leaving behind a porous phase [12]. Other fabrication 
methods employ biopolymers in combination with autoclave heat 
treatments to form networks after hydrothermal synthesis [13], or use 
halide ions to induce aggregation of gold nanoparticles (AuNPs) to form 

3D networks [14]. More complex methods utilize electrodeposition and 
sintering [15]. Each of these has various limitations, either relying on 
dangerous precursors with high environmental hazards (e.g., concen
trated nitric acid [12]), or feature complex procedures resulting in 
nanofoams that are difficult to structurally tune. For example, control 
over pore size and tortuosity is important for biosensing applications, 
such as simultaneous point-of-use filtration and sensing via optical 
readout, yet current methods are unable to easily tune these parameters 
[12]. 

A central application of nanofoams where precise synthetic control is 
needed for effective biosensing readout is surface-enhanced Raman 
scattering (SERS). SERS is an attractive biosensing tool, as it is non- 
destructive, label-free, highly sensitive, provides a detailed chemical 
fingerprint of the sample, and is not influenced by water, meaning it can 
be performed in aqueous solutions such as wastewater or complex 
human biofluids [16]. SERS is an ultrasensitive extension of inherently 
weak spontaneous Raman scattering, whereby Raman signal originating 
from molecules in the near field of nanoscale anisotropic metallic ar
chitectures are dramatically enhanced by many orders of magnitude 
[16]. A SERS/Raman spectrum is comprised of peaks corresponding to 
numerous vibrational and rotational modes arising from a given chem
ical sample, providing sensitive and specific information about which 
molecules are present [17]. This information has been broadly applied 
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in biosensing to detect and diagnose diseases, such as cancer [18], 
cardiovascular diseases [19], and neurological diseases [20] as well as 
other applications such as environmental sensing and food testing [21]. 

One of the main obstacles to clinical translation of SERS is the nature 
of commonly used substrates, the best of which are typically created 
with expensive, specialized lithography equipment to pattern delicate 
nanostructures onto microscale planar surfaces [16]. It remains a grand 
challenge to rapidly and cost-effectively synthesize highly tunable 
hierarchically-ordered macroscale substrates with nanoscale SERS 
active features. Current tactics to generate such materials employ large- 
scale solution-phase synthesized anisotropic nanomaterials like nano
rods and nanourchins deposited onto surfaces to form SERS active 
substrates [22]. Other shapes such as nanostars [23], nanocubes [24], 
and nanotriangles [25], typically made from silver, have also been used. 
Yet these approaches are difficult to reproduce, often synthetically 
complex (necessitating several steps of inorganic chemical reactions and 
purification), and do not result in tortuous materials (e.g., foams) that 
could be used for in-line filtration. Additionally, nanoparticle deposition 
on planar surfaces often results in heterogeneous drying patterns with 
large spot-to-spot enhancement variation. Quantitative analysis of 

analytes using heterogeneous substrates is challenging since one cannot 
readily determine whether signal-intensity fluctuations are a result of 
analyte concentration or rather distribution and quality of “hot spots” on 
the substrate. There is a need to develop solution-phase synthesized 
macroscale nanofoams comprised of plasmonic metals for homogeneous 
SERS activity and sensing. 

To address this gap, here we introduce a new gold nanofoam (AuNF) 
material with nanoscale features endowing high, homogeneous SERS 
enhancement and with a tunable porous structure for potential in-line 
filtration and sensing applications. These AuNFs are easily synthesized 
via a rapid, one-pot, four-ingredient mixture at room temperature, and 
then concurrently purified and integrated into a stable filter by simple 
drop drying. Critically, our new synthetic scheme (Fig. 1) allows for 
control over the macro-, micro-, and nano-scale features. Highly tunable 
microscale pore sizes are controlled by modulating the starting con
centration of the two starting ingredients, a gold salt, and a citrate 
reducing agent. Nanoscale roughening is achieved via a subsequent gold 
deposition step and sonication. Macroscale structure is achieved by 
drop-drying as-synthesized AuNFs onto a paper filter. The resulting 
roughened nanofoam (RNF) assembly has high and homogeneous 

Fig. 1. a) Overview of hierarchically tuned nanofoam synthesis and deposition onto filter paper. b) UV–vis spectra and corresponding TEM images of nanofoams at 
time points 45 min, 4 h, 6 h, and after chemical roughening. Scale bar is 500 nm for all images. c) TEM images of the edges of normal foams at the 6 h timepoint (top) 
and roughened nanofoams (bottom), scale bar 100 nm. 
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Raman enhancement factors approaching and even surpassing litho
graphically produced commercial substrates. 

2. Experimental 

2.1. Materials 

Gold (III) chloride trihydrate (HAuCl4), trisodium citrate dihydrate, 
adenine, 4-mercaptobenzoic acid (4-MBA), poly (vinylpyrrolidone), 
MW = 10,000, (PVP-10), melamine, ethanol (EtOH), and N,N-dime
thylformamide (DMF) were purchased from Sigma Aldrich and used 
without any further modifications. Milli-Q (MQ) water (resistivity =
18.2 MW cm− 1) was used for all preparations. 

2.2. Nanofoam synthesis 

Gold nanofoams (AuNFs) were fabricated by mixing trisodium cit
rate dihydrate and HAuCl4 reactants at differing molar ratios of (R =
Ccitrate/Cgold). Initial experiments were carried out with R = 12 on a stir 
plate following rinsing with EtOH and drying under air. 31 mg of 
HAuCl4 was added to 32 mL of ultrapure water in a 50-mL round bottom 
flask with consistent magnetic stirring maintained at 550 rpm. 367.5mg 
of trisodium citrate dihydrate was added directly to the flask while 
stirring. The reaction proceeded at room temperature under constant 
stirring. The yellow solution quickly turned clear followed by darkening 
to a purple/black within an hour of the reaction start. Aliquots were 
taken from the solution at 2 h and 5 h, and the reaction was stopped at 8 
h. By this point, AuNFs had precipitated out of solution to form visible 
black masses at the bottom of the flask, and the solution became clearer. 
Foams were collected by gentle decantation or left in the flask for sub
sequent roughening procedure. 

2.3. Nanofoam roughening 

For roughening, the AuNFs were produced as above, except at the 6 h 
mark, excess volume was removed until 5 mL of the original solution 
(containing dispersed AuNFs) remained in the flask. A separate solution 
of 7 mL DMF, 0.1875 g PVP-10, and 40 μL of 50 nM HAuCl4 (in MQ 
water) was made and added to the original nanofoam mixture. The flask 
was clamped and an ultrasonication probe (Sonics & Materials INC., CT, 
USA) inserted into the solution while avoiding touching any of the glass. 
The mixture was sonicated for 15 min at 30% power (power = 130 W, 
frequency = 20 kHz) at which point a noticeable blue color shift 
occurred in the solution. Resulting roughened nanofoams (RNFs) were 
used in downstream assays as is with no further purification. 

2.4. UV–Vis spectroscopy 

Absorption spectra were collected using the NanoDrop One (Thermo 
Fisher) with a path length of 1 mm. 2 μL samples dispersed in MQ water 
were pipetted onto the readout platform, and subsequent measurements 
were taken. 

2.5. Electron microscopy 

Scanning electron microscopy (SEM) images were obtained using a 
Thermo-Fisher Quattro S (ThermoFisher Scientific, Waltham, MA, USA) 
to visualize AuNF surface morphology. The instrument is equipped with 
an Everhart− Thornley detector (ETD) for secondary electron imaging. 
Prior to imaging, filters were sputtered with 5 nm gold to reduce sub
strate charging from the electron beam. Substrates were then mounted 
on metal studs using two-sided black carbon tape, and the following 
typical imaging parameters were applied: working distance 10.0 mm, 
spot size 3.0, accelerating voltage 10.0 or 15.0 kV. Transmission elec
tron microscopy (TEM) images were obtained on a Talos L120C (Thermo 
Fisher Scientific, MA, USA). 2 μL of nanofoam solution was dropped onto 

copper formvar carbon support grids and allowed to dry before imaging. 

2.6. Raman spectroscopy 

All spectra were collected using a custom-built inverted Raman 
scanning confocal microscope with excitation wavelength of 785 nm 
and a 60×, 1.2 NA water immersion objective on an inverted IX73 
Olympus microscope. An Andor Kymera-3281-C spectrophotometer and 
Newton DU920P-BR-DD CCD camera were used for Raman spectra 
capture and Solis v4.31.30005.0 software was used for initial process
ing. The pinhole size was set to 1 mm, allowing operation in essentially 
epi collection mode with an increased depth of field. Careful focusing 
was carried out for each sample to ensure the bulk of the substrate is 
centrally located in the focal volume. For measurements, raster scans 
were performed as 20 × 20 pixels with a 400 nm step size equalling an 8 
μm by 8 μm area. Heat maps were generated by selecting a pronounced 
spectral feature with a normalized color scale. Five scans of 400 spectra 
(i.e., 20 × 20 pixels) were performed on each substrate and averaged. 
Analysis of the spectral data was performed using MATLAB v2021a 
(MathWorks, MA, USA) via a custom script. Briefly, spectra were 
background and baseline corrected. 

2.7. Nanofoam deposition to form filters 

Following the synthetic procedure, as-prepared nanofoam solutions 
were dropped using a Pasteur pipette onto 13 mm, 0.22 μm pore size, 
hydrophilic PVDF Durapore filter paper (MilliporeSigma) placed in a 
ceramic Büchner funnel under vacuum. Build-up of nanofoams was 
achieved by continuous dropping before allowing to completely dry. 
Adequate surface coverage was achieved after 75 drops of AuNF solu
tion, determined by creating filters with increasing numbers of drops (in 
increments of 25 up to 100 drops) and then measuring SERS signal at 
random spots throughout the substrate. SEM images of the surface 
coverage with corresponding pictures of the filters can be seen in Fig. S1. 
The Raman standard melamine was used as a test molecule due to SERS 
specific peaks that are only visible when the plasmon resonance is high 
enough. The emergence of enhanced signal across large areas of the 
substrate, as suggested by a measurable increase in reporter analyte 
signal, indicated sufficient AuNFs structure to generate SERS (Fig. S2). 
Subsequent filters were made with at least 75 drops of our reaction. 

3. Results and discussion 

We developed the AuNF synthesis scheme (Fig. 1a) using a one-pot 
aqueous chemical reaction, mixing gold (III) chloride with trisodium 
citrate dihydrate in a round bottom flask at room temperature, as 
adapted from a recent report [11]. The effective microscale pore size and 
nanofeatures could be tuned by varying the molar ratios of the two re
agents (R = Ccitrate/Cgold). Typical experiments used an R = 12 ratio of 
citrate to gold. Due to the slow reduction of the gold salt by the moderate 
citrate reducing agent, several intermediate structures are formed over 
the course of 6 h, each of which can be isolated by quenching the re
action via centrifugation and subsequent washing in ultra-pure water 
(Fig. 1b). The reaction starts as a pale-yellow color that turns clear 
within a few seconds of stirring. After ~45 min the solution turned gray 
and an intermediate structure resembling nanotadpoles is obtained [11]. 
After 4 h, integrated nanowire networks form as tadpoles coalesce. As 
the reaction proceeds to 6 h, the gold structures continue to grow and 
fuse, finally creating a three-dimensional nanofoam structure. UV-VIS 
spectra were obtained at each of the intermediate time points to track 
the AuNF evolution (Fig. 1b). As the foams continue to grow, they lose 
the nanofeatures that give rise to the characteristic absorbance peak 
(520 nm) and gain more broad features indicative of elongated rods and 
wires. After ~8 h highly porous black foams precipitate out of the so
lution, which can be isolated by decanting the liquid and drying it under 
air. 
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While the emergence of microscale porosity during nanofoam evo
lution gives rise to useful and desired tortuosity, the nanoscale di
mensions that enable SERS enhancement coarsen and thus are lost. To 
re-roughen the AuNFs, a solution of PVP-10 and gold (III) chloride in 
DMF was prepared and added to the AuNF seed solution at the 6 h mark 
(when foam networks were developed but not yet precipitated), and 
then probe ultrasonicated until the solution turned blue (~15 min). This 
color change indicates the presence of urchin-like features, forming a 
new material we refer to as roughened nanofoams (RNFs) (Fig. 1c). 

AuNFs or RNFs were each deposited dropwise onto filter paper to 
form a substrate of several packed layers of foams. Scanning electron 
microscopy (SEM) images indicate the emergence of clear nanoscale 
features on the foams (Fig. 2), showing the effectiveness of our chemical 
roughening procedure. Further, we measured the reappearance of the 
AuNP absorbance peak using UV-VIS spectroscopy (Fig. 1b) indicating 
that the smaller nanofeatures that give rise to SERS enhancement are 
once again ubiquitous throughout the substrate. 

We compared the SERS activity of AuNFs with RNFs using the 
common reporter molecule 4-mercaptobenzoic acid (4-MBA) [26]. Fil
ters for each substrate were generated and incubated with a solution of 
4-MBA. We chose 4-MBA as a Raman standard because of the well- 
characterized interaction of its terminal thiol group with gold sur
faces, which provides a straightforward method to approximate the 
surface coverage of our substrates [26]. At least 100 SERS spectra 
collected across several spots on each filter were collected, averaged, 
and used to compute the SERS enhancement factor (EF) by using the 
equation: 

EF =
ISERS

NSERS
×

NRS

IRS  

where ISERS is the SERS signal of a chosen frequency, IRS is the 

spontaneous Raman signal at that same frequency, NSERS is the number 
of molecules excited in SERS and NRS is the number of molecules excited 
in spontaneous Raman (i.e., 4-MBA measured under the identical optical 
conditions but without any foams) [26]. 

Fig. 3 shows representative SERS spectra (Fig. 3a) for the AuNFs and 
RNFs, where it is apparent that the RNFs are highly homogeneous from 
spot to spot. Fig. 3b-3e plot the SEM images and spectral maps at the 
chosen ISERS frequency of 1077 cm− 1 for the AuNF and RNF substrates, 
as well as two commercially produced substrates (Ocean Optics and 
Hamamatsu). EFs were calculated by estimating NSERS according to the 
percentage of SERS active surface, using the topological surface area by 
SEM analysis and the molecular surface area of 4-MBA (see Supple
mental Information). RNFs exhibited an impressive EF of 2.0 × 109 

compared to AuNF EF of 7.3 × 108. Hamamatsu substrates had an EF of 
4.0 × 109 and Ocean Optics substrates an EF of 5.8 × 109. Hence, the 
RNFs show a 2.7-fold magnitude increase compared to the AuNF and 
comparable EF to lithographically fabricated commercial substrates. 
Rasterized Raman scanning reveals that the RNFs exhibit high spot-to- 
spot homogeneity of SERS signal across its surface (Fig. 3c), besting 
commercial gold nanoparticle (Fig. 3d) and lithographically fabricated 
substrates (Fig. 3e). To assess the NF stability and shelf life, we tested 
foams four months after synthesis, which had been stored at room 
temperature. We were able to achieve the same degree of homogeneous 
EF signals from these scans (Fig. S4). 

Together, this data demonstrates that the additional chemical 
sharpening did indeed increase the EF (and EF homogeneity) of RNFs. 
PVP is a crucial player in the sharpening process from AuNFs to RNFs. 
PVP-10 is used in this process as both the capping and stabilization agent 
for sharpening the rounded AuNF precursor features. In general, 
reduction of gold salts by PVP can be tuned by varying PVP concen
tration to control the reaction kinetics of reduction of AuCl4− ions to 
atomic gold atoms, which subsequently cap the surface of the gold 

Fig. 2. SEM images of (a,b) 6 h AuNFs and (c,d) RNFs at magnifications of 20kx (left panels, scale bar is 4 μm) and 100kx (right panels, scale bar is 500 nm). 
Following chemical roughening, the emergence of high density, ~20–50 nm nanoscale features is apparent. 
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nanofoams at the poorly passivated {111} faces [27,28]. This process 
enables the formation of anisotropic gold features desirable for SERS 
enhancement [28]. We hypothesized that incorporating PVP-mediated 
sharpening as previously used to sharpen gold colloids into rod-like, 

or urchin-like morphologies [28], would similarly sharpen our AuNFs. 
Thus, the AuNF “seeds” were sonicated in a one-pot solution with PVP 
solubilized in DMF along with HAuCl4. We optimized PVP concentration 
to allow for surface passivation at non-preferred facets while minimizing 

Fig. 3. Raman scanning of various SERS substrates with 4-MBA. Each raster scan represents an 8 μm by 8 μm area with a step size of 400 nm. a) Representative 
spectra of 4-MBA for AuNFs (left) and RNFs (right). SEM image and raster scan intensity at 1077 cm− 1 for b) AuNFs, c) chemically roughened RNFs, and commercial 
d) Ocean Optics and e) Hamamatsu SERS substrates. All scale bars are 1 μm. 
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spontaneous generation of AuNPs in solution. This is the first report of 
using PVP-mediated sharpening to roughen AuNFs. 

Finite-difference time-domain (FDTD) simulation was performed to 
further evaluate the SERS EF provided by the AuNFs and RNFs [29]. The 
topological structure of the substrates as obtained by the SEM imaging 
(Fig. 4) was used as the model for 3D construction. Local E field was 
calculated via FDTD simulation at the wavelength of 785 nm used in this 

work. EF was approximated as 
(

E
E0

)4 
where E is the local electric field 

and E0 is the input source electric field [30]. Since standard SEM is 
limited in resolving 3D morphological structure, an alternative topo
logical model more closely aligned with the morphological nature of the 
AuNFs and RNFs was generated within a 500 nm × 500 nm simulation 
region, approximating the focal volume of optical measurement (see 
Supplemental Information). Here, RNFs exhibit a significantly higher 
average enhancement factor compared to AuNFs, which agrees with the 
experimental results. 

There is a gap in SERS substrates that are easy and inexpensive to 
synthesize, while also having high performance in enhancement and 
spot-to-spot homogeneity. These RNFs address this gap and will have 
value in point-of-use, disposable sensing applications. For example, due 
to their tortuous nature, they could be used for in-line fluidic analysis, 
and easily disposed of after use. We envision that automation of this 
simple synthesis process and filter development will allow fast, robust, 
and ready-to-use SERS substrates that provide sensitive readout of 
different samples—from environmental pollutants in water samples to 
potential chemical biomarkers in cancerous biofluids. 

4. Conclusions 

In this study, we generated porous AuNFs and developed a 

straightforward chemical roughening approach to further improve the 
nanostructure with respect to SERS enhancement. The resulting RNFs 
provided an increased EF with sensitive chemical SERS readout while 
increasing the signal homogeneity and providing a larger number of 
consistent hotspots throughout the material. These inexpensive and 
easily fabricated RNFs are comparable in EF to more expensive and 
complex lithographically produced commercial SERS substrates. Our 
results are an exciting step in the direction of increasing the efficacy of 
SERS biosensing by generating simple, robust, and reproducible SERS 
materials that may be applied to point-of-use sensing applications. 

Data availability 

The datasets generated during and/or analyzed during the current 
study are available in a Zenodo repository with the identifier https://d 
oi.org/10.5281/zenodo.5911304. MATLAB code used to process data
sets generated and/or analyzed during the current study are available 
from the corresponding author on request. 
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Fig. 4. FTDT simulation of electromagnetic enhancement. Topological features extracted from SEM images of AuNFs (a) and RNFs (b) were used to model the local 
EF of the substrates. RNFs feature a homogeneously increased EF throughout the substrate (insets represent roughly the optical focal area during scanning). Scale bar 
= 500 nm. 
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