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Abstract 17 

Surface-enhanced Raman spectroscopy (SERS) has great potential as an analytical technique for 18 

environmental analyses. In this study, we fabricated highly porous gold (Au) supraparticles (i.e., 19 

~100 µm diameter agglomerates of primary nano-sized particles) and evaluated their applicability 20 

as SERS substrates for the sensitive detection of environmental contaminants. Facile supraparticle 21 

fabrication was achieved by evaporating a droplet containing an Au and polystyrene (PS) 22 

nanoparticle mixture on a superamphiphobic nanofilament substrate. Porous Au supraparticles 23 

were obtained through removal of the PS phase by calcination at 500 °C. The porosity of the Au 24 

supraparticles was readily adjusted by varying the volumetric ratios of Au and PS nanoparticles. 25 

Six environmental contaminants (malachite green isothiocyanate, rhodamine B, benzenethiol, 26 

atrazine, adenine, and gene segment) were successfully adsorbed to the porous Au supraparticles 27 

and their distinct SERS spectra were obtained. A positive linear trend between the characteristic 28 

Raman peak intensity for each environmental contaminant and the aqueous concentration was 29 

found, thus indicating quantitative capability. The limit of detection (LOD) for the six 30 

environmental contaminants ranged from ~10 nM to ~10 µM depending on analyte affinity to the 31 

porous Au supraparticles and their intrinsic Raman cross-sections. The porous Au supraparticles 32 

enabled multiplex SERS detection and maintained comparable SERS detection sensitivity in 33 

wastewater influent. Overall, the Au supraparticles were shown to be practical SERS substrates 34 

for environmental analyses. 35 
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Introduction 50 

Rapid and reliable detection of environmental contaminants is critical for the minimization of 51 

public health risks that may arise through exposure. Many analytical techniques have been 52 

developed to detect environmental contaminants such as mass spectrometry, liquid/gas 53 

chromatography, and polymerase chain reaction (PCR) based biomolecular approaches.1–4 54 

Although these methods are widely accepted for environmental sensing, there are still certain 55 

limitations. The major challenge of conventional analytical techniques is that most require 56 

expensive centralized facilities and professionalized expertise. Additionally, there is the need for 57 

environmental samples to be properly processed to be analyzed by such sophisticated analytical 58 

instruments (e.g., filtration, extraction, and purification) which comes with arduous labor and 59 

material costs.5,6 These challenges can be a bottleneck for environmental analyses in resource-60 

restrained areas (e.g., rural areas, low- and middle-income countries). In this context, the 61 

development of sensitive and rapid analytical techniques for the detection of environmental 62 

contaminants with low cost is highly desirable.  63 

Surface-enhanced Raman spectroscopy (SERS) has shown its potential as an analytical 64 

technique with numerous applications to the environmental sector.7–14 Inelastic Raman scattering 65 

reflects the unique fingerprint of analytes that arise from the vibrational modes of analyte chemical 66 

bonds. SERS is the phenomenon whereby the Raman signal of an analyte is significantly enhanced 67 

by a factor of 105-106 when it is situated adjacent to the surface of a plasmonic metal substrate.15 68 

It has been found that the localized surface plasmon resonance (LSPR) of plasmonic nanomaterials 69 

provides a near-surface enhanced electromagnetic (EM) field where the Raman signal of an analyte 70 

is significantly enhanced, this process results in “SERS hot-spots”. To achieve high sensitivity for 71 

SERS detection, it is important to create a SERS substrate with a high density of hot-spots. In prior 72 



 
 

studies, colloidal gold (Au) nanoparticles have been used as precursors to create SERS substrates 73 

owing to their high SERS enhancement and their stability.16 Many studies have shown that dense 74 

SERS hot-spots can be obtained by Au nanoparticle aggregation.17–19 However, it remains a 75 

challenge to control the extent of aggregation and the association of target molecules with SERS 76 

hot-spots which influences the SERS spectrum and its intensity.20–22  77 

Recently, supraparticles have attracted attention in many areas of science and technology 78 

due to their potential role in drug deployment, catalysis, energy production, and storage 79 

materials.23 Supraparticles are agglomerates of primary micro- or nano-sized particles and have 80 

sizes of several 10 to 100 µm. Solid-state supraparticles have the benefits of facile handling and 81 

recovery in aqueous environments. More importantly, the use of supraparticles can minimize the 82 

mobility of nanoparticles that could be easily released into environmental streams. In this context, 83 

Au supraparticles as SERS substrates are expected to be advantageous for environmental analyses. 84 

Au supraparticles can not only readily provide dense SERS hot-spots from the agglomerates of Au 85 

nanoparticles, but also be easily transferred into and out of environmental samples owing to their 86 

large size and solid-state. Furthermore, a porous structure provides a large surface area, facilitating 87 

guest molecule association with the plasmonic nanoparticle surface. A porous Au supraparticle is 88 

expected to have SERS hot-spots that are highly accessible to guest molecules, thus providing 89 

excellent sensitivity.24  90 

Herein, we applied a highly porous Au supraparticle for sensitive SERS detection of 91 

environmental contaminants. Fabrication of binary supraparticles was achieved by evaporating an 92 

Au and polystyrene (PS) nanoparticle mixture on a superamphiphobic liquid-repellent 93 

nanofilament substrate. Then, porous Au supraparticles were made by removing the PS phase from 94 

the binary supraparticles by calcination.25 The porous Au supraparticles were evaluated as SERS 95 



 
 

substrates for sensitive detection of six different environmental contaminants. In addition, the 96 

multiplex capability and applicability in an environmental matrix of the porous Au supraparticles 97 

were investigated. 98 

 99 

Materials and Methods 100 

Materials 101 

All chemicals used in this study were ACS reagent or molecular biology grade. Malachite green 102 

isothiocyanate (MGITC) was purchased from Invitrogen Corp. (Grand Island, NY). Nitric acid 103 

(HNO3), hydrochloric acid (HCl), sodium citrate tribasic dihydrate (Na3Cit), hydrogen 104 

tetrachloroaurate hydrate (HAuCl4), trichloromethylsaline (TCMS), 1H,1H,2H,2H-105 

perfluorodecyltrichlorosilane (PFDTS), latex beads (PS nanoparticles; 600 nm mean particle size), 106 

rhodamine B (RhoB), benzenethiol (BZT), atrazine (ATZ), adenine, hexane, and toluene were 107 

purchased from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific (Hampton, NH). A gene 108 

segment with 86-base length was purchased from Integrated DNA technologies Corp. (Coralville, 109 

IA) with the request of polyacrylamide gel electrophoresis (PAGE) purification. Prior to use, all 110 

glassware was washed with aqua regia - 3:1 (v:v) HCl: HNO3. Nano-pure water (>18.2 MΩ ∙cm) 111 

was used as a solvent for solution preparation unless otherwise noted.  112 

Fabrication of Superamphiphobic Substrates 113 

Figure 1A illustrates the fabrication of a superamphiphobic substrate following the prior literature 114 

with minor revision.25 A silicon wafer with a diameter of 100 mm was cleaned with toluene, 115 

acetone, and ethanol to remove contaminants from the surface followed by gentle nitrogen flow 116 

drying. Then, the wafer was treated with an oxygen plasma with 30 W power for 2 mins. The wafer 117 

was incubated in a polypropylene (PP) disposable beaker containing 5 mL of toluene with 3.5 µL 118 



 
 

of TCMS for 12 hrs while sealed with PTFE paper. Following incubation, the substrate was rinsed 119 

with hexane and dried under nitrogen. The wafer was further treated with a 120 W  oxygen plasma 120 

for 2 mins and incubated in a PP disposable beaker with 5 mL of hexane with 7.5 µL of PFDTS 121 

for 30 mins sealed with PTFE paper. Then, the substrate was rinsed again with hexane and dried 122 

under nitrogen.  123 

Preparation of Porous Gold Supraparticles  124 

Citrate-coated Au nanoparticles were synthesized using the seed-mediated growth method.26,27 125 

The Au seed particles (≈13 nm) were made by boiling 100 mL of 1 mM HAuCl4 and 3.88 mM 126 

Na3Cit in a round-bottom flask on a heating mantle while refluxing for 30 mins. To synthesize 127 

larger-sized Au nanoparticles, 818 µL of Au seed particles were mixed into 100 mL of 0.254 mM 128 

HAuCl4 and 0.17 mM Na3Cit under boiling conditions. As-synthesized Au nanoparticles were 129 

filtered through a 0.22 µm PTFE filter to remove larger particles. The absorbance spectrum of the 130 

Au nanoparticle suspension was measured using an Agilent Cary 5000 UV – Vis – NIR 131 

Spectrophotometer (Santa Clara, CA). The absorbance at the peak wavelength of 533 nm was ~1.0 132 

which is equivalent to 0.1 nM based on Beer’s law. The Au nanoparticle suspension was 133 

concentrated by centrifuging 50 mL of the suspension at 2,000 ×g for 5 mins and reducing the 134 

volume to 2 mL and 2.5 nM (0.005%, volume percent). To fabricate the binary supraparticles, the 135 

Au and PS nanoparticle suspensions were mixed at volumetric ratios (R) of 1:5, 1:7, and 1:9 (i.e., 136 

0.025, 0.035, and 0.045% for PS nanoparticle suspension) and further concentrated to 1% under 137 

the same centrifugation condition.  138 

Finally, a 5 µL droplet of 1% of the Au and PS nanoparticle mixture was gently deposited 139 

onto the superamphiphobic substrate using 10-µL Eppendorf epT.I.P.S. LoRetention Reloads Tips 140 

inside a humidity-controlled chamber (Figure 1B). The relative humidity (RH) was maintained at 141 



 
 

40% to control the rate of droplet evaporation. Upon complete drying, the solid-state binary 142 

supraparticles were retrieved from the substrates by slightly tilting the substrate. To remove the 143 

PS phase from the binary supraparticle and to form a porous structure, the collected supraparticles 144 

were transferred into a ceramic cubicle and calcinated in a muffle furnace at 300-500 °C for 4 hrs. 145 

Characterization 146 

The morphology of the Au nanoparticles was imaged using a JEOL 2100 transmission electron 147 

microscope (TEM) and the diameter was determined using ImageJ.[ref] Images of the fabricated 148 

superaphiphobic substrate surface and the morphology of the supraparticles were obtained using a 149 

JEOL IT500 scanning electron microscope (SEM). Prior to SEM imaging, the samples were coated 150 

with a 5 nm layer of iridium using a Leica ACE600 sputter coater. For the supraparticles, two 151 

elements (Au and C –  representative of PS) were mapped in the SEM images using energy 152 

dispersive spectroscopy (EDS). The static contact angle of the droplet on the superaphiphobic 153 

substrate was measured using a ramé-hart Model 250 standard goniometer.  154 

SERS detection of environmental contaminants  155 

SERS spectra of six environmental contaminants were obtained using the porous Au supraparticles. 156 

One individual porous Au supraparticle was incubated in 100 µL of contaminant-containing 157 

solution. The sample was vortex-agitated for several hrs unless noted otherwise to allow the 158 

contaminants to adsorb to the porous Au supraparticle. After agitation, the porous Au supraparticle 159 

was transferred onto dry tissue paper. SERS spectra were obtained using a WITec Alpha500R 160 

Raman spectrometer with a 785 nm diode laser (Toptica Photonics, Germany) and a 10× objective 161 

lens. The laser power was set to 90 mW. The 300 grooves/mm grating was used, and the spectral 162 

center was set to 1500 cm-1. Following microscope focusing, 400 points (20×20; X×Y) were 163 

measured across a 10 µm	× 10 µm area with a 0.1 s integration time per point. The baselines of 164 



 
 

the collected SERS spectra were subtracted using the shape function in Project Five (v. 5.0; WITec, 165 

Germany). The SERS spectra were normalized by the pseudo-peak at 77 cm-1 generated by a long-166 

pass filter arising from plasmon-enhanced electronic Raman scattering (ERS). It has been reported 167 

that the Raman intensity at 77 cm-1 reflects the density of the SERS hot-spots such that ERS-based 168 

SERS normalization reduces spatial variations resulting from heterogenous SERS hot-spot 169 

distributions and thus enables improved SERS quantitation.28,29  170 

The effects of calcination temperature and the porosity of the Au supraparticle on SERS 171 

detection of environmental contaminants were investigated using MGITC as a representative 172 

contaminant. Porous Au supraparticles prepared at different calcination temperatures (i.e., 300, 173 

400, and 500 °C) were incubated in 1 µM MGITC solution and their SERS spectra were obtained. 174 

Additionally, porous Au supraparticles with different Rs (i.e., 1:5, 1:7, and 1:9) were used as SERS 175 

substrates for MGITC detection. After determining the optimal calcination temperature and 176 

porosity, the porous Au supraparticles were used as SERS substrates for the detection of six 177 

environmental contaminants: MGITC, RhoB, BZT, ATZ, adenine, and an oligonucleotide gene 178 

segment. First, the kinetics of sorption of environmental contaminants to the porous Au 179 

supraparticles were monitored with extended agitation times of 1, 5, 15, 30, 45, 60, 120, and 240 180 

mins. After the SERS spectra of environmental contaminants from the porous Au supraparticles 181 

were obtained, the times for the characteristic Raman peak intensities to plateau were determined. 182 

One characteristic peak for each SERS spectrum that exhibited the greatest Raman intensity and 183 

whose position did not overlap with others was chosen for monitoring. For biological analytes  (i.e., 184 

adenine and gene segment), we introduced 1 mM MgSO4 to quickly attach the molecules to the 185 

porous Au supraparticles since Mg2+ shields electronegativity between the Au and the analytes.30,31 186 

The SERS spectra for both were obtained after salt addition and 5 mins of agitation.  187 



 
 

For sensitivity analysis, solutions with different concentrations of environmental 188 

contaminants were prepared and incubated with the porous Au supraparticles. The characteristic 189 

Raman peak intensities were plotted against the logarithmic concentrations of the environment 190 

contaminant solutions. Furthermore, multiple contaminant mixtures were incubated with the 191 

porous Au supraparticles and their SERS spectra were obtained to investigate multiplex SERS 192 

detection capability. Lastly, the SERS spectra of MGITC in wastewater influent were obtained to 193 

investigate the applicability of the porous Au supraparticles as SERS substates in an environmental 194 

matrix.  195 

 196 

Figure 1. (A) Fabrication of the superamphiphobic substrate. (B) Preparation of the highly porous 197 
Au supraparticles. Deposition of a levitated droplet containing Au and PS nanoparticle mixture on 198 
the surface of the superamphiphobic substrates followed by evaporation in a controlled humidity 199 
chamber. After evaporation, the binary Au/PS supraparticles were collected by slightly tilting the 200 
substrate and then were calcinated in a muffle furnace at 500 °C to produce porous Au 201 
supraparticles.  202 



 
 

Results and Discussion 203 

Preparation of Porous Gold Supraparticles  204 

Au nanoparticle precursors were synthesized using the seed-mediated method.32 These Au 205 

nanoparticles exhibited a distinct LSPR peak at ~533 nm and have a spherical shape with a mean 206 

diameter of ~42.9 ± 6.2 nm (N=200) as determined by ImageJ analysis of collected TEM images 207 

(Figure 2A and B). To generate binary Au/PS supraparticles, a 5 µL droplet of an Au and PS 208 

nanoparticle suspesnion with a total volume concentration of 1% was deposited on a 209 

superamphiphobic substrate and evaporated under humidity-control. This superamphiphobic 210 

substrate was fabricated by physical and chemical surface treatment of a silicon wafer. The 211 

superamphiphobic substrate surface exhibited heterogeneously distributed nanofilaments that were 212 

coated with the fluorinated carbon from PFDTS (Figure 2C). The porous structure of the 213 

fluorinated carbon-coated branches provides hydrophobicity to the substrate, thus slightly 214 

levitating the mixed droplets of Au and PS above its surface (Figure 2D). The static contact angle 215 

of the droplet (~161.0°) confirmed the hydrophobicity of the substrate and provides a pin-free 216 

liquid contact line (Figure 2E). The contact angle was slightly decreased to 156.7° after 35 mins 217 

of evaporation and then dramatically decreased to 130.0° indicating the completion of evaporation 218 

(Figure 2F).  219 



 
 

 220 

Figure 2. (A) Absorbance spectrum of the Au nanoparticle solution. Inset is the TEM image of 221 
the Au nanoparticles. (B) Histogram of TEM-determined diameter of the Au nanoparticles 222 
(N=200). (C) SEM picture of the superamphiphobic substrate surface. (D. Picture of multiple 5 µL 223 
droplets containing a mixture of Au and PS nanoparticles (volume concentration: 1%) on the 224 
superamphiphobic substrate. (E and F) Monitoring of the static contact angle change with time for 225 
a levitated droplet of Au and PS nanoparticle mixture on the superamphiphobic substrate.    226 

After evaporation, the binary supraparticles were easily transferred onto weigh paper by 227 

slightly tilting the substrate. SEM images of supraparticles are shown in Figure 3A. Hollow dome-228 

shaped supraparticles were observed with ~50 µm thick shells. During evaporation, the 229 

concentration of nanoparticles at the air-liquid interface increased, causing shell formation via 230 

colloidal assembly.33 Unlike a nanoparticle-filled sphere, the hollow shell supraparticles are 231 

advantageous for SERS application since they have a shorter diffusion length, allowing more rapid 232 

sorption of target molecules to the Au surface.34 SEM images of the supraparticle surface under 233 

different magnifications are shown in Figures 3B and C. These images clearly show the close-234 

packed array of PS nanoparticles with Au nanoparticle aggregates filling the interstices between 235 

particles. Each large-sized PS nanoparticle (600 nm) was surrounded by numerous small-sized Au 236 

nanoparticles (43 nm). The colloids were distributed evenly across the surface and this can be 237 

attributed to slow evaporation since fast evaporation induced small particles to form an outer shell 238 



 
 

with large particles enriched at the core.35 The 50-µm thick shell consisted of multiple layers of 239 

Au nanoparticle aggregates that potentially provide a volumetric distribution of SERS hot-spots, 240 

thus enabling greater SERS enhancement.36 In addition, the homogeneous distribution of Au and 241 

PS nanoparticles was confirmed by elemental mapping of Au and C (Figure 3D). This image 242 

indicates that the two elements do not overlap across the binary supraparticle surface. It was thus 243 

expected that PS phase removal would generate a large porous structure and the remaining Au-244 

rich nanostructure can provide dense SERS hot-spots through effective LSPR coupling.24 245 

 246 

Figure 3. (A) SEM images of four-side views (top, left, bottom, right, clockwise) of binary 247 
supraparticles. (B and C) SEM images of the binary supraparticle surface under low and high 248 
magnification. (D) Elemental mapping of the supraparticle surface: overlapping (top) and C, 249 
representing PS (bottom left) and Au (bottom right) nanoparticles by energy dispersive 250 
spectroscopy (EDS). C and Au are green- and red-colored, respectively.  251 

 252 

Effect of Calcination Temperature and Porosity 253 

To produce a porous Au supraparticle, the PS phase in the binary supraparticle was removed by 254 

calcination. We investigated the effect of calcination temperature on the SERS performance of the 255 

porous Au supraparticles. SEM images of the porous Au supraparticle surface exhibited different 256 



 
 

porous structures as a function of calcination temperature (Figure 4A). At a calcination 257 

temperature of 300 °C, PS residuals were observed in the sites of PS nanoparticles, indicating 258 

incomplete removal. At 400 and 500 °C, the SEM images indicate full removal of PS nanoparticles 259 

from the original sites. However, some of the porous structures were filled with melted PS 260 

nanoparticles at a calcination temperature of 400 °C. Such differences in the SEM images reflect 261 

the relative SERS performances of the substrates. SERS spectra of 1 µM MGITC on the Au 262 

supraparticles at different calcination temperatures were obtained (Figure 4B). Obvious SERS 263 

spectra of MGITC were found from the Au supraparticles produced at the higher calcination 264 

temperatures (400 and 500 °C), while minimal SERS signal was observed for the Au supraparticles 265 

produced at lower calcination temperature (300 °C). This result demonstrates that larger amounts 266 

of PS residues at low calcination temperatures impede close contact of MGITC to the Au surface, 267 

thus limiting SERS enhancement. To ensure the complete removal of PS nanoparticles in the 268 

supraparticles, we calcinated the supraparticles at 500 °C in the following experiments.  269 

Since a porous structure provides a large surface area and facilitates analyte association 270 

with the surface, higher porosities are desirable. We optimized the porosity of the Au supraparticle 271 

by adjusting R. After the binary supraparticle was formed, the PS phase in the supraparticle was 272 

removed by calcination. The space formerly filled by the PS nanoparticles becomes void and acts 273 

as the porous structure of the supraparticle. Accordingly, an increased fraction of PS nanoparticles 274 

in the mixture is expected to increase the porosity of the Au supraparticle. Three Rs (i.e., 1:5, 1:7, 275 

and 1:9) were used to make Au supraparticles with different porosities. SEM images of the porous 276 

Au supraparticle surface with different Rs are shown in Figure 4C. All supraparticle surfaces 277 

exhibited clear porous structures thus indicating that the calcination of the PS nanoparticles 278 

succeeded in the formation of micropores with diameters of several 100 nm which is comparable 279 



 
 

to the diameter of the PS nanoparticles. Three-dimensional Au porous structures were expected to 280 

exhibit a strong EM field within their volume due to effective coupling of the LSPR.36 	281 

To further analyze the compositional distribution of the supraparticle surface after 282 

calcination, elemental maps of the SEM images were obtained using EDS (Figure 4D). All 283 

supraparticle surfaces exhibited high porosity. As R increased, increasingly porous structures were 284 

observed. The different concentrations of PS nanoparticles in the droplet provide distinct porous 285 

structures following calcination. For an R of 1:5, the surface only exhibited distanced holes that 286 

reflect the spaces previously filled by PS nanoparticles. For an R of 1:9, most void spaces following 287 

PS nanoparticle removal were interconnected and formed a continuous porous structure, which is 288 

essential to allow guest molecules to diffuse inside the supraparticle.25 Interestingly, in the EDS 289 

images, carbon was still observed within the porous structure along with Au. This result implies 290 

some fraction of PS remained after calcination. We suggest that the SERS signals may not be 291 

affected by PS considering its transparency and it would increase the affinity of hydrophobic 292 

analytes due to the carbon layer. The effect of the carbonized PS residues within the porous Au 293 

supraparticle on SERS detection of hydrophobic organic contaminants should be further explored.  294 

The effect of Au supraparticle porosity on SERS performance was investigated. The SERS 295 

spectra of 1 µM MGITC on the porous Au supraparticles with different Rs are shown in Figure 296 

4E. Clear SERS spectra of MGITC were obtained from all porous Au supraparticles, thus 297 

demonstrating successful SERS detection. To investigate the SERS performance of the Au 298 

supraparticles with different porosities, characteristic Raman peak intensities were compared 299 

(Figure 4F). The Raman intensity at 418 cm-1 of MGITC on the Au supraparticles increased with 300 

an increase in R: 0.334 (±0.020), 0.343 (±0.013), and 0.372 (±0.025) for Rs of 1:5, 1:7, and 1:9.  301 



 
 

The strong SERS performance of the porous Au supraparticles can be attributed to the 302 

existence of a large porous structure, making it much easier for MGITC to diffuse into the Au 303 

supraparticles. As a control, a pure Au supraparticle (i.e., solely 1% Au nanoparticle assembly, R 304 

= 1:0) was evaluated as a SERS substrate. It is worth noting that even a supraparticle made from 305 

single primary nanoparticles has naturally emergent nanoscale porosity that arises from formation 306 

of interstitial sites (i.e., the gaps between nanoparticle aggregates).23 Nonetheless, analyte 307 

molecules will primarily associate with the outer shell due to the small size of interstitial sites. For 308 

this reason, it was hypothesized that the microscale porous structure made by PS phase removal in 309 

the binary Au/PS supraparticle would increase the accessibility of the guest molecules to inherent 310 

SERS hot-spots, resulting in better SERS performance than pure Au supraparticles. Interestingly, 311 

the Raman intensity of MGITC for the pure Au supraparticle was 0.349 (±0.011) greater than 312 

those of the Au supraparticles with the Rs of 1:5 and 1:7. These results show that the introduction 313 

of micropores can improve the SERS performance of the porous Au supraparticles. However, the 314 

porosity should be high enough to exceed the effect of SERS enhancement by nanoscale interstitial 315 

sites from the pure Au supraparticle. Overall, the R of 1:9 was chosen as the optimal condition 316 

since it exhibited the best SERS performance.  317 

 318 



 
 

 319 

Figure 4. (A) SEM images of the porous Au supraparticles surface after calcination at different 320 
temperatures (B) Vertically stacked SERS spectra of 1 µM malachite green isothiocyanate 321 
(MGITC) were obtained from the porous Au supraparticles at different calcination temperatures. 322 
(C and D) SEM and EDS mapping images of the porous Au supraparticle surface with different 323 
volumetric ratios (Rs) (1:5, 1:7, and 1:9 from bottom to top) between Au and PS nanoparticles in 324 
the droplet for evaporation induced self-assembly. (E) Vertically stacked SERS spectra of 1 µM 325 
MGITC from the porous Au supraparticles with different Rs (F) Comparison of the characteristic 326 
Raman peak intensity at 418 cm-1 with different porosities of the Au supraparticles. The symbols 327 
and error bars indicate the means and standard deviation of the intensities from the 400 SERS 328 
spectra. Red-dashed line indicates the same peak intensity with the pure Au supraparticles. 329 
 330 

SERS Detection of Environmental Contaminants 331 

Based on the optimal conditions for calcination temperature and the porosity of the Au 332 

supraparticle, SERS detection of a range of environmental contaminants was explored. First, two 333 

synthetic organic dyes, MGITC and RhoB, were targeted. These chemicals are often considered 334 

omnipresent environmental contaminants due to their large-scale production and wide application 335 

in textiles, tanning, and printing.37 Some organic dyes are non-biodegradable such that they are 336 

not easily removed by conventional wastewater treatment plants.38 Next, two organic contaminants, 337 

BZT and ATZ, were chosen. BZT is one toxic compound widely used in the pharmaceutical 338 

industry and is classified as a priority pollutant by USEPA.39 ATZ is an example of a herbicide 339 



 
 

that has been widely used historically.40 In addition, nucleic acid and its main component, adenine, 340 

were targeted. Nucleic acids are of great interest for the characterization of microbial communities 341 

and biological function in many environments. For example, integrase-integron class 1 (intI1) 342 

facilitates the horizon gene transfer among bacteria such that its amount has been used as a proxy 343 

to indicate the number of antibiotic resistance genes.41 In this study, an 86-base length gene 344 

segment that is one part of intI1 was targeted (Table S1).  345 

Owing to its porosity, the Au supraparticle can enrich environmental contaminant 346 

concentration from an aqueous solution over a certain contact period. As a result, the distinct SERS 347 

spectra of environmental contaminants were successfully obtained from the porous Au 348 

supraparticles (Figure 5A). The strong distinct peaks arising from various vibrational modes are 349 

listed in Table S2. Characteristic peaks for each SERS spectrum that exhibited the greatest Raman 350 

intensity and whose position did not overlap with others were chosen as follows: MGITC (418 cm-351 

1, out-of-plane benzene ring deformation42), RhoB (1194 cm-1, C−C bridge band stretching43), 352 

BZT (1068 cm-1, C−C−C bending and C−S stretching44), ATZ (655 cm-1, the asymmetric 353 

deformation N–C–N/C–N–C and ring breathing45), and gene segment (730 cm-1, ring breathing 354 

of adenine46).  Since adenine is one of the main components of the gene segment along with other 355 

nucleotides (guanine, thymine, and cytosine), its SERS spectrum exhibited a similar profile to that 356 

of the gene segment.18 Due to these two structural similarities, the same characteristic peak was 357 

chosen. Figure 5B shows histograms of the characteristic peak intensities for the given 358 

contaminants across the 10 µm ×  10 µm scan area with 20 ×  20 (X ×  Y) points. For all 359 

environmental contaminants, the characteristic Raman peak intensities were normally distributed 360 

across the scan area. The coefficients of variation (CV) of the characteristic peak intensities ranged 361 

from 8.9 to 37.9%, illustrating the reproducibility of the substrate.   362 



 
 

 363 

Figure 5. (A) Vertically stacked SERS spectra of environmental contaminants from the porous Au 364 
supraparticles: malachite green isothiocyanate (MGITC; 1 µM), rhodamine B (RhoB; 100 µM), 365 
benzenethiol (BZT; 10 µM), atrazine (ATZ; 1 mM), adenine (50 µM), and gene segment (50 µM). 366 
The dark gray areas indicate the characteristic peaks for each spectrum (B) Histogram of the 367 
normalized Raman intensity of the characteristic peak for given contaminants across a 10 µm × 368 
10 µm scan area with 20 × 20 (X × Y) points. The insets show the spatial distribution of the 369 
Raman intensity across the scan area. 370 
 371 

Due to the different affinities of the environmental contaminants to the porous Au 372 

supraparticles, sorption kinetics were followed to find the time required to reach equilibrium. The 373 

Raman intensities of their characteristic peaks were plotted against the contact time (Figure S1). 374 

The sorption kinetics for adenine and gene segment were not obtained since salt-induced 375 

association (i.e., electrostatics mediated association at high concentrations of MgSO4) was 376 

applied.30,47 These latter samples were simply agitated for 5 mins after adding the salts to the 377 

solution. For other environmental contaminants, the Raman intensities increased over time as 378 

characterized by a curvilinear pattern. The results showed that the Raman intensities reached a 379 



 
 

plateau prior to one hr for MGITC and BZT and two hrs for RhoB and ATZ, respectively. The 380 

faster sorption of MGITC and BZT was expected because they contain a thiol group that readily 381 

forms a covalent bond with the Au surface.48  382 

To explore the sensitivity of the porous Au supraparticles as SERS substrates, all six 383 

environmental contaminants with different concentrations were incubated with one supraparticle 384 

for the predetermined contact periods. Following such incubation, the SERS spectra of 385 

environmental contaminants from the porous Au supraparticles were obtained. The characteristic 386 

Raman peak intensities were plotted against the logarithm of the environmental contaminants’ 387 

concentrations (Figure 6). The clear positive linear trends between the two variables were shown 388 

with the high R-squared values (> 0.89) for all six environmental contaminants. The results 389 

demonstrate the applicability of the porous Au supraparticles for quantitative SERS analysis. 390 

Based on the best-fit linear regression equations and the standard error of the regression, the limits 391 

of detection (LODs) for the six environmental contaminants were determined.49 Among six targets, 392 

MGITC and RhoB had the lowest LODs of 41.0 and 98.4 nM owing to their large Raman cross-393 

sections.50 MGITC was more sensitively detectable due to the affinity of its thiol group to the Au 394 

surface. The porous Au supraparticle in this study showed slightly better sensitivity for RhoB 395 

detection than a previously described Au nanoparticle-based approach.51 The LODs for BZT and 396 

ATZ were 1.8 and 37.7 µM. BZT had a lower detection limit than ATZ which can also be attributed 397 

to its thiol group.  398 

Among six targets, the most hydrophobic organic contaminant, ATZ, had the lowest 399 

sensitivity. This may reflect its low affinity to the substrate and its small Raman cross-section. We 400 

expect that increasing the hydrophobicity of the porous Au supraparticle would enable more 401 

sensitive ATZ detection. For example, pyrolysis of the PS phase (i.e., calcination without oxygen 402 



 
 

in the air) would generate more hydrophobic Au supraparticles. Since the surface affinity of the 403 

substrate plays a central role over target selectivity in SERS52, surface functionalization can also 404 

be applied for more sensitive ATZ detection. For example, molecularly imprinted polymer (MIP) 405 

functionalized Au nanoparticles were recently applied to achieve high selectivity against ATZ.53 406 

The gene segment and adenine had comparable LODs of 1.0 and 1.7 µM which is plausible based 407 

on their structural similarities. Unlike other contaminants, the SERS profiles of adenine and gene 408 

segment were quite similar. However, prior studies habe succeeded in discrimination of the SERS 409 

spectra of different gene sequences by comparing peak ratios or through use of multivariate data 410 

analysis.18,31 Thus, discriminatory SERS detection of different gene sequences should be possible 411 

using the porous Au supraparticles. 412 

 413 

 414 

Figure 6.  Sensitivity test for environmental contaminants detection using the porous Au 415 
supraparticles as SERS substrates. Plots of the characteristic Raman peak intensities against the 416 
logarithmic concentrations of the environmental contaminants. The symbols and error bars 417 



 
 

indicate the means and standard deviation of the Raman peak intensities from 400 SERS spectra. 418 
The best-fit linear curves were expressed as red-line with the R-squared values.   419 

 420 
Multiplex SERS Detection of Environmental Contaminants 421 

Because the porous Au supraparticle provides a large surface area with dense SERS hot-spots, we 422 

hypothesized that it could be used to detect multiple environmental contaminants simultaneously. 423 

To test such multiplexity, the SERS spectrum of a mixture containing MGITC, RhoB, and BZT 424 

with concentrations of 10 nM, 10 µM, and 5 µM was obtained (Figure 7A, left). The relative 425 

analyte concentrations were adjusted such that Raman signals from all three molecules were 426 

detectable. Since every molecule has different cross-sectional Raman signals, if one molecule 427 

exhibited high Raman intensity, it could block the Raman signals from others. The SERS spectrum 428 

of the mixture solution exhibited some distinct peaks arising from MGITC, RhoB, and BZT. (e.g., 429 

915 cm-1 from MGTIC; 1197 and 1276 cm-1 from RhoB; 998, 1021, and 1069 cm-1 from BZT). In 430 

addition, multiplex SERS detection of four nucleotides (adenine (A), thymine (T), guanine (G), 431 

and cytosine (C)) was also investigated. The SERS spectrum of the mixture solution containing 10 432 

µM of A, T, G, and C was obtained using the porous Au supraparticles (Figure 7A, right). The 433 

SERS spectrum of the mixture solution exhibited distinct peaks arising from A, T, G, and C (e.g., 434 

730 cm-1 from A; 780 cm -1 from T; 964 and 1465 cm -1 from G; 800 and 1304 cm-1 from C). Thus, 435 

confirming that the multiplex SERS detection of environmental contaminants was enabled using 436 

the porous Au supraparticles.  437 

SERS Detection in Environmental Matrix 438 

To investigate applicability in real environmental matrices, the porous Au supraparticle was tested 439 

in wastewater influent containing high amounts of organic matter and high ionic strengths (Table 440 

S3). Different concentrations of MGITC were spiked into wastewater influent and mixed with the 441 



 
 

Au supraparticles. The result shows the positive linear trend of the characteristic intensity of 442 

MGITC at 418 cm-1 in wastewater influent against the logarithmic concentration (Figure 7B). It 443 

seemed that each data point in wastewater influent was well-fitted within the 95% confidence band 444 

from those for MGITC in clean water. This result demonstrates there is limited interference 445 

between components in the wastewater influent on the SERS performance of the porous Au 446 

supraparticle. In addition, the porous Au supraparticle exhibited great stability in wastewater 447 

influent throughout the agitation, proving the easy recovery process after analysis. 448 

 449 

Figure 7.  Multiplex SERS detection of environmental contaminants and SERS detection in 450 
environmental matrix. (A) Vertically stacked SERS spectrum of mixture solution containing 10 451 
nM malachite green isothiocyanate (MGITC), 10µM rhodamine B (RhoB), and 5 µM of 452 
benzenethiol (BZT), and their individual spectra (left). Vertically stacked SERS spectrum of 453 
mixture solution containing 10 µM adenine (A), thymine (T), guanine (G), and cytosine (C), and 454 
their individual spectra (right). (B) Sensitivity test for MGITC detection in wastewater influent 455 
with different concentrations. The symbols and error bars indicate the means and standard 456 
deviation of the Raman peak intensity at 418 cm-1 from 400 SERS spectra. The best-fit linear curve 457 
and a 95% confidence band for MGITC detection in clean water were expressed as a red line and 458 
purple area. 459 

 460 

Conclusions 461 

In this study, the facile fabrication of highly porous Au supraparticles was achieved by droplet 462 

evaporation of an Au and PS nanoparticle mixture on a superamphiphobic substrate followed by 463 



 
 

PS phase removal by calcination. It was found that calcination at 500 °C completely removed PS 464 

and induced high porosity in the Au supraparticle. As the volumetric ratio between Au and PS 465 

nanoparticles in the mixture increased, a higher porous structure was formed in the Au 466 

supraparticle and exhibited higher Raman intensity of adsorbed molecules. A total of six 467 

environmental contaminants were mixed with one piece of the porous Au supraparticles 468 

respectively and the distinct SERS spectrum for each target was successfully obtained with great 469 

sensitivity. In addition, the porous Au supraparticle was successfully used for multiplex detection 470 

of environmental contaminants and exhibited great applicability in the environmental matrix. 471 

Interestingly, the pure Au supraparticle also exhibited great SERS enhancement from the 472 

formation of interstitial gaps between Au nanoparticles. We suggest that micropore formation from 473 

PS phase removal in this study plays important role in the future application of the Au 474 

supraparticles since it can capture the various size of guest molecules.  475 

The low affinity of the porous Au supraparticles to a certain target remains a challenge to 476 

detect a trace number of environmental contaminants. To expand the applicability of the porous 477 

Au supraparticles as SERS substrate for detection of environmental contaminants, additional 478 

engineering of the porous Au supraparticles would be required such as the surface 479 

functionalization or sample pre-concentration process. Overall, despite the challenge, the results 480 

in this study illustrate the great promise and strengths of the porous Au supraparticles as SERS 481 

substrates for environmental analysis. These supraparticles exhibit dense SERS hot-spots, large 482 

surface areas, and stability in the environmental matrix. In addition, it is worth noting that the 483 

porous Au supraparticle can be used as a single-particle probe with great sensitivity and convenient 484 

handling such that the sample volume can be minimized, advantageous for environmental analysis.  485 

 486 
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