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Abstract 8 

Surface-enhanced Raman scattering (SERS)-based detection of suspension phase 9 

analytes holds great promise for a variety of applications; however, plasmonic colloidal 10 

SERS substrates are not stable in many solution conditions unless they are protected by 11 

a stabilizing shell. Mesoporous silica shells on plasmonic nanoparticle cores have been 12 

demonstrated to perform well in a variety of liquid matrices. However, this silica shell can 13 

be seen as barrier from the perspective of the analyte, as the analyte molecules need to 14 

reach the plasmonic core after they pass through the shell. In this work, mesoporous 15 

silica-coated gold nanorods have been synthesized and characterized as aqueous 16 

colloidal SERS substrates systematically considering how SERS performance is 17 

impacted by three different factors: adsorbed molecules, the silica shell, and bulk solvent 18 

media. The results show that SERS signal intensities from the model hydrophobic 19 

analyte, trans-1,2-bis(4-pyridyl) ethylene (BPE), is enhanced when the pore size, 20 

hydrophobicity of the shell, and ionic strength are increased, indicating more favorable 21 

interaction between the substrates and the analyte. The silica shell presented herein 22 

facilitates efficient adsorption of the analyte to the gold core and enhanced sensitivity to 23 
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environmental refractive index changes. This efficient adsorption can be further enhanced 24 

by controlling the incubation temperature. Overall, this work reveals how substrate 25 

exposure conditions can be tuned to maximize analyte SERS signals without 26 

compromising the silica shell that protects the plasmonic properties of the SERS-27 

enhancing core. 28 

 29 

Introduction 30 

     In recent years, researchers have exploited nanoscience to pioneer and develop 31 

various technologies in fields such as manufacturing materials, biomedicine, and optics.1–32 

4 The tremendous demand for advanced nanomaterials has prompted research into a 33 

variety of nanoparticle platforms; among the most investigated since the early 1990s is 34 

the core-shell nanoparticle.5–7 The core-shell structure often enhances the functional 35 

properties of nanomaterials by modifying the constituent materials, morphologies, or the 36 

ratio of core to shell.8 Often, this core-shell structure yields enhanced stability of the inner 37 

core material, conserving critical physical and chemical properties and expanding the 38 

potential applications of these nanoparticles into many fields.9,10  39 

     Surface-enhanced Raman scattering (SERS) spectroscopy, a detection method that 40 

shows great potential in chemical sensing, can benefit greatly from the core-shell 41 

nanoparticle structure. SERS was discovered when Van Duyne et al. recognized the 42 

enhanced Raman scattering signals of adsorbed pyridine molecules on roughened silver 43 

electrodes in 1977.11 This discovery generated significant interest to understand the 44 

electromagnetic and chemical mechanisms of SERS enhancement and in the 45 

development of materials to maximize enhancement factors. Over 40 years of debate and 46 



research have shown that far-field SERS enhancement is largely governed by the 47 

localized surface plasmon resonance (LSPR), the coherent oscillation of conduction band 48 

electrons at the surface of plasmonic nanostructures that generates electromagnetic 49 

fields; these fields enhance the induced dipole in molecules near the plasmonic structure, 50 

thus enhancing the Raman scattering signals.12 The LSPR is strongly dependent on the 51 

nanostructures’ material properties and morphologies.13,14 Regardless of the plasmonic 52 

material chosen, from gold or silver to copper or palladium,15  the molecule to be 53 

enhanced must dwell within a few nanometers of the nanostructure surface; this 54 

requirement leads to an obvious tension between having molecules near to or adsorbed 55 

at a nanostructure surface and the need for stable plasmonic nanostructures. As such, 56 

the stabilization of the plasmonic properties of metals has been a critical challenge for 57 

researchers to design effective SERS platforms. For example, in 2010 Tian and co-58 

workers fabricated the shell-isolated nanoparticle-enhanced Raman spectroscopy 59 

(SHINERS) platform by coating gold nanoparticles with thin shells of alumina or silica.16 60 

Many researchers have expanded and diversified this SHINERS platform by synthesizing 61 

ultrathin shell-coated gold or silver nanoparticles with different materials such as silica, 62 

carbon, alumina, and manganese oxide.17–20 Recently, iodide-coated silver and liposome-63 

based, protein-coated gold nanoparticle substrates have also been developed as 64 

biocompatible SERS substrate platforms.21,22 65 

     For the purpose of stabilization and isolation of metal nanoparticle cores from the 66 

external environment, silica has much potential as a shell and has been studied in many 67 

laboratories with distinct synthetic approaches.10 The biocompatibility of silica has been 68 

demonstrated; this highly condensed dielectric shell is generally much more robust than 69 



other bio-friendly molecular coating materials such as chitosan or dextran.23 Furthermore, 70 

to enhance colloidal stability and modify the chemical properties of the silica shell, 71 

different types of silanes, such as those with polyethylene glycol functionality, can easily 72 

be condensed onto the surface of the shell in one pot syntheses.24 The particle size can 73 

be tuned and recent studies show the clear scalability to produce a large amount of 74 

particles from a synthetic standpoint.25,26 Thus, for colloidal SERS, addition of a silica 75 

shell to promote maintenance of the plasmonic core shape and LSPR can be used to 76 

obtain stable and consistent SERS performance. Clearly, it is also critical that the silica 77 

shell present porosity so that the target analytes can reach the core surface. Several 78 

research groups have developed and studied mesoporous silica-coated AuNRs 79 

(AuNRs@mSiO2) for various applications such as imaging, biosensing, and cancer 80 

theragnostic platforms.27–29 In 2016, we investigated the ability of AuNRs@mSiO2 as an 81 

in-solution SERS substrate.30 In that initial work, cetyltrimethylammonium bromide 82 

(CTAB) micelle formation was used during the coating process to generate mesoporous 83 

structures within the silica shell. These mesopore structures afforded analyte access to 84 

the gold cores and acted as a physical cut-off filter, limiting the molecular size of analytes 85 

that could reach the plasmonic core.  86 

     Herein, we probe further into the chemical and physical characteristics that control 87 

access of hydrophobic analytes, in this case trans-1,2-bis(4-pyridyl)ethylene (BPE), to the 88 

substrate of AuNRs@mSiO2 for  aqueous colloidal SERS. The results demonstrate that 89 

the hydrophobicity of and pore size within the silica shell influence access of the analyte 90 

molecules to the enhancing core. The bulk solution environmental parameters, such as 91 

ionic strength and temperature were tuned to observe the diffusion and adsorption 92 



behaviors of the analytes in varying conditions. Further, extreme solvent mixture 93 

conditions were prepared to see if the viscosity, which is related to the diffusion rate of 94 

the analytes and substrates, affects the time-dependent SERS signal magnitude 95 

significantly. Overall, this work demonstrates that the interaction between BPE and 96 

AuNRs@mSiO2 can be affected by the physical and chemical state of the silica shells as 97 

well as bulk environmental conditions. Importantly, the silica shell of the substrate 98 

successfully maintained plasmonic properties of the gold cores in all conditions 99 

considered, allowing stable diffusion and adsorption of BPE and thus, strong Raman 100 

signals. Overall, this systematic investigation will benefit all those working to exploit 101 

suspension-phase SERS sensing of hydrophobic analytes as well as those using core-102 

shell nanostructure-based sensors with other signal transduction mechanisms.  103 

 104 

Materials and methods 105 

Materials   106 

CTAB-stabilized AuNRs (LSPR max = 798 nm) were purchased from Nanohybrids. 107 

Tetraethylorthosilicate (TEOS, 98%), hexadecyltrimethylammonium bromide (CTAB, 108 

98%), chlorotrimethylsilane (TMS, 98%), 1,2-di(4-pyridyl)ethylene (BPE, 97%), and 109 

glycerol were purchased from Sigma Aldrich. 2-[methoxy(polyethyleneoxy)9-110 

12propyl]trimethoxysilane (PEG, molecular weight 591-723 g/mol) was purchased from 111 

Gelest. All chemicals were used without further purification. 112 

 113 

Synthesis of silica-coated gold nanorods 114 

A modified Stöber method was used to synthesize mesoporous silica-coated gold 115 



nanorods (AuNRs@mSiO2).31 Powdered CTAB and decane were added to water to yield 116 

concentrations of 1.0 mM CTAB and 1.5 mM of decane; the solution was then sonicated 117 

for one hour before further use. After sonication, the micelle suspension was formed and 118 

had a slightly blue hue. The suspension was then removed from the sonication bath and 119 

allowed to cool undisturbed at room temperature. Next, 10 mL of the as-purchased AuNR 120 

suspensions from Nanohybrids (1 mM CTAB-stabilized in water, OD = 1.1, 0.045 mg/mL 121 

of Au) was centrifuged at 8000 rcf for 30 min to lower the CTAB concentration. Any 122 

additional centrifugation resulted in destabilization and aggregation among the 123 

suspended AuNRs. The supernatant was removed, and the pellets were resuspended in 124 

1 mL of the CTAB-decane micelle suspension to yield a concentration of 1 nM AuNRs. 125 

This suspension was transferred to 15 × 34 mm vials containing a magnetic stirring bar 126 

that stirred the suspension for at least 3 hours at room temperature. Then, 5 L of 0.1 M 127 

NaOH was added to adjust the pH to >10.0, and the suspension was further stirred for 30 128 

min. Next, 4 L of 20% TEOS in ethanol was added, and the suspension was stirred again 129 

for 24 hours.  130 

 131 

For non-surface-modified AuNRs@mSiO2, the silica-coated nanorods were transferred to 132 

centrifuge tubes and centrifuged at 8000 rcf for 20 min. To remove the surfactant, the 133 

supernatant was removed, and the pellets were re-suspended in 6 mL of ethanolic 134 

ammonium nitrate solution (6 g of NH4NO3 in 1 L ethanol) and refluxed twice for 30 min 135 

at 60°C. After reflux, the suspension was washed three times via centrifugation in 99% 136 

ethanol. For TMS-modified AuNRs@mSiO2, after 24 hours of hydrolysis and 137 

condensation of TEOS to form silica shells, 5 L of 0.1 M NaOH was added again and 138 



stirred for 30 min. 4 L of TMS was then added to the suspension, and the suspension 139 

was stirred for 48 hours. The purification method was the same as described above, and 140 

the final products were stored in 99% ethanol until use. 141 

 142 

Material Characterization 143 

Transmission Electron Microscopy (TEM). TEM images were taken with FEI Tecnai T12 144 

at 120 kV. The purified nanoparticles were dispersed in ethanol, and Formvar/carbon-145 

coated copper grids (Ted Pella, INC, Redding, CA) were dipped into the ethanolic 146 

suspensions. The grids were then dried in air to prepare the TEM samples.  147 

Dynamic Light Scattering (DLS) and ζ-Potential Measurements. A Brookhaven 90Plus 148 

particle analyzer (Holtsville, NY) equipped with a 35 mW red diode laser (660 nm) was 149 

used to measure the hydrodynamic diameters of the nanoparticles. The AuNRs@mSiO2 150 

nanoparticles were suspended in water at a AuNR concentration of 0.2 mg/mL. For each 151 

measurement, a one-minute run was performed three times and averaged. To eliminate 152 

any possible interference (e.g. from dust), the suspensions were filtered with 0.45 m 153 

GHP filter before measuring. For the ζ-potential measurements, the same concentration 154 

of nanoparticles was used, and a Brookhaven ZetaPALS Zeta-Potential Analyzer 155 

(Holtsville, NY) was utilized for the measurement. Five runs, each consisting of ten cycles, 156 

were run for each measurement. In each case, the ten measured zeta potentials were 157 

averaged, and then the five runs were further averaged.  158 

UV-Vis Spectroscopy measurement. UV-Vis extinction spectra were measured with DH-159 

2000 light source (Oceans Optics, Largo, FL). For the measurement, 300 L of pure water 160 

or varying concentration of aqueous BPE solution was added into disposable micro UV 161 



cuvettes. Then, 20 L of concentrated (15 mg/mL, AuNR concentration) CTAB-stabilized 162 

or AuNRs@mSiO2 were added to the cuvettes and mixed well before UV-Vis spectra 163 

measurement.  164 

 165 

SERS measurement 166 

1,2-di(4-pyridyl)ethylene (BPE) was chosen as the model hydrophobic analyte for this 167 

work based on being well-characterized for SERS and similar in size to many small 168 

molecules that are important SERS targets (Figure S1). The BPE was dissolved in 10 mL 169 

of DI-water at a concentration of 100 ppm with sonication. The analyte solution was then 170 

filtered to remove any undissolved BPE and serially diluted to achieve different 171 

concentrations. Concentrated nanoparticle substrate suspensions were prepared by 172 

transferring AuNRs@mSiO2 (or AuNRs@mSiO2-TMS) in ethanol to water at a final 173 

concentration of 1.0 to 6.0 mg/mL of AuNRs. Next, 10 L of this concentrated substrate 174 

suspension was transferred to centrifuge tubes containing 110 L of the analyte solution. 175 

After a brief vortexing, 8 L of the analyte-substrate mixture was transferred to a plastic 176 

chip well. The well contents remained inside the well due to capillary forces despite the 177 

chip being held upright for SERS measurement (Figure S2a). The Snowy Range Sierra 178 

spectrometer used in this work has a laser excitation wavelength of 785 nm, and the 179 

parameters used for the experiments were 9 mW power and 30 second integration times.  180 

 181 

For incubation in high ionic strength solutions, BPE aqueous solutions of 200 mM sodium 182 

chloride, ammonium acetate, and lithium perchlorate were prepared along with BPE salt-183 

free aqueous solution. After the concentrated substrate suspensions were added in the 184 



same way described above, SERS spectra were measured immediately after mixing and 185 

then after 30 and 60 minutes of incubation at room temperature. 186 

 187 

For SERS experiments with varying parameters, the basic procedure was the same with 188 

slight modifications. For each different type of experiment, the analyte-substrate mixtures 189 

were incubated under slightly different conditions to test the importance of each condition. 190 

For the experiment varying incubation temperatures, 4 aqueous mixtures of BPE and 191 

AuNRs@mSiO2-TMS were prepared, and each solution was incubated at a different 192 

temperature for 10 minutes after the addition of the substrates. SERS spectra were 193 

measured every hour for each mixture. 194 

 195 

For the SERS measurement with glycerol mixtures, two different experiments were 196 

performed. In the first experiment, 20 L of concentrated AuNRs@mSiO2 in glycerol (6.0 197 

mg/mL) was added to the vial first. Then, 1 mL of aqueous 50 ppb BPE solution were 198 

added to the vial. Each vial of the same concentration of the substrate and the analyte 199 

was then incubated at different temperatures as described earlier with/without stirring for 200 

10 minutes. In the second experiment, 50 ppb of BPE solution in different glycerol/water 201 

mixtures (no glycerol, 30, 50, 70, and 90% glycerol by volume%) were prepared first. 202 

Then, into 110 L of each mixture, 10 L of concentrated AuNRs@mSiO2 (1.0 mg/mL) in 203 

water were added to each mixture, and SERS spectra were measured at different time 204 

points.  205 

 206 

 207 



Results and Discussion 208 

Synthesis of Colloidal SERS AuNRs@mSiO2 Substrates 209 

     The synthetic scheme to make AuNRs@mSiO2-TMS is described in Figure 1a. The 210 

as-purchased AuNRs arrived suspended in 1 mM CTAB, so the AuNRs were centrifuged 211 

once to lower the CTAB concentration. Any further centrifugation or use of the centrifuge 212 

at higher relative centrifugal forces resulted in AuNR aggregation. After centrifuging, 213 

particles were re-suspended in aqueous CTAB-decane solution, where the molar ratio of 214 

decane to CTAB was 1.5 to generate a swelled micelle formation.32 Under basic 215 

conditions, hydrolysis and condensation of TEOS around AuNR cores generate a 216 

mesoporous silica shell with pore diameters of roughly 4 to 5  nm and silica thickness of 217 

roughly 15 nm. More complete studies of nanoparticle pore structure and silica shell 218 

thickness, and the effects of these parameters on analyte diffusion through the pores, can 219 

be found in previous work.34,36 After the silica coating, the resultant nanoparticles were 220 

suspended in ethanolic NH4NO3 under reflux to remove any residual CTAB. Considering 221 

the well-established exponential decay of the plasmonic electromagnetic fields from the 222 

gold surfaces (i.e. a decay length of roughly 2 nm33), we hypothesized that this CTAB-223 

removal step via ion-exchange is critical for efficient analyte adsorption and SERS signal 224 

appearance. The UV-vis extinction spectra in Figure 1d show a ~23 nm blue-shift of the 225 

LSPR after purification. Previous literature suggests that addition of the silica shell on 226 

gold induces a red-shift in LSPR extinction, because the refractive index of silica is higher 227 

than that of standard solvents.25,34 However, in most of these published studies, extinction 228 

measurements were made without complete CTAB removal, as we accomplished via ion-229 

exchange, and it is likely that residual CTAB remained within the nanoparticle mesopores. 230 



Thus, we assume that the literature-reported red-shift in LSPR extinction is attributable to 231 

the collective refractive index change of residual CTAB and the silica coating. Like the 232 

work presented herein, there are previous studies showing a blue-shift in LSPR extinction 233 

after CTAB removal.35,36 Furthermore, a recent study demonstrated that enlarged 234 

mesopores within a silica shell enable more aqueous solvent to permeate the shell, and 235 

thus surround the gold core.37 From these observations, we infer that the lower density of 236 

the silica in our substrate and the ion-exchange step during purification enable efficient 237 

removal of CTAB molecules and more access of bulk aqueous media near the gold, 238 

resulting in a blue-shift in LSPR extinction compared to CTAB-stabilized AuNRs. This 239 

complete CTAB removal and the added silica shell with large pores results in a 240 

comparatively large LSPR red-shift upon adsorption of a new organic molecule (BPE), 241 

which will be discussed in the following section. Figure 1b and 1c show TEM images of 242 

synthesized and purified AuNRs@mSiO2-TMS. Both images reveal monodisperse 243 

particles with obvious mesoporous silica shell structures. In some cases, the silica shell 244 

was further modified with a small hydrophobic molecule, chlorotrimethlysilane (TMS). The 245 

zeta potentials of AuNRs@mSiO2 and AuNRs@mSiO2-TMS are depicted in Figure 1e. 246 

Before coating, AuNRs have a zeta potential of ~ +40 mV imbued by the CTAB bilayers. 247 

After coating with silica, both nanoparticles present negative zeta potentials, attributable 248 

to the silanol groups on the silica surface. Nanoparticles modified with TMS display a less 249 

negative zeta potential, shifted from -50 to -24 mV, indicating that condensation of 250 

hydrophobic silanes reduces the number of silanol groups at the surface.  251 



 252 

Figure. 1 AuNRs@mSiO2-TMS scheme for synthesis and characterization. (a) The 253 

synthetic pathway for AuNRs@mSiO2-TMS. (b-c) Representative TEM images of 254 

AuNRs@mSiO2-TMS. (d) UV-vis spectra of the aqueous suspensions of CTAB-coated 255 

AuNRs (black) and AuNRs@mSiO2-TMS (red) after synthesis and purification. (e) Zeta 256 

potentials of CTAB-coated AuNRs, AuNRs@mSiO2, and AuNRs@mSiO2-TMS. The error 257 

bars represent the standard deviation from 5 replicate measurements. 258 

 259 

Effect of silica shell property in colloidal SERS system 260 

     The environment around the gold core in AuNRs@mSiO2-TMS can be divided into 3 261 

different regions: the silica shell, the molecules adsorbed onto the gold, and the bulk 262 

solvent. We hypothesized that all 3 components would affect the access and adsorption 263 

of BPE onto the metal core. To investigate the effect of molecular functionalization of the 264 

mesoporous silica shell first, a series of SERS experiments were performed using 1,2-265 

di(4-pyridyl)ethylene (BPE) as an analyte. First, 10 L of 1.5 mg/mL substrate 266 

suspensions were added to 110 L of 1 ppm BPE solution, and the aliquots of the 267 

mixtures were transferred for SERS measurement at various time points (Figure S2). 268 

Three characteristic vibrational modes of BPE were monitored throughout these 269 

experiments, including those at 1201, 1608 and 1638 cm-1 shift, corresponding to a C=C 270 



stretching mode, an aromatic ring stretching mode, and an in-plane ring mode, 271 

respectively.38,39 As shown in Figure S2, the two spectral features at 1608 and 1638 cm-272 

1 shifts are of particular interest throughout this research as these features are far from 273 

any other non-BPE background Raman signals in our experimental set up. In Figure 2, it 274 

is clear that the SERS signal intensities from BPE increase as incubation time increases. 275 

The Raman bands approach their maximum intensity after approximately 12 hours of 276 

incubation and likely decreases after that based on small shifts in substrate plasmonic 277 

properties. Even though neither mixture was shaken or sonicated, both substrates 278 

showed time-dependent signal enhancement behaviors. Not only did signals from 279 

AuNRs@mSiO2-TMS demonstrate more intensity increments between each 280 

measurement time, but the maximum intensities from AuNRs@mSiO2-TMS were about 281 

2-fold higher than those of AuNRs@mSiO2. This result suggests that the total amount of 282 

BPE on the gold surface for AuNRs@mSiO2-TMS was higher than that of AuNRs@mSiO2. 283 

It is likely that these improved signals from AuNRs@mSiO2-TMS can be attributed to the 284 

added small hydrophobic trimethylsilyl groups, which are condensed not only on the outer 285 

surfaces of the shells, but also on the inner walls of the silica shell pores. Clearly, with 286 

more favorable hydrophobic interaction between the substrate and analyte,40,41 the TMS 287 

surface modification impacted the equilibrium by preconcentrating BPE molecules close 288 

to gold core.  289 

 290 



 291 
Figure 2. Colloidal SERS spectra of mixtures of 10 L 1.5 mg/ml substrates and 110 L 292 

of 1 ppm of BPE in water as a function of incubation time (final mixture BPE concentration: 293 

5.0 × 10-6 M). No shaking or stirring was performed over the time course of the experiment. 294 

The spectra were baseline corrected. (a) AuNRs@mSiO2 substrate and (b) 295 

AuNRs@mSiO2-TMS substrate. 296 

 297 

      Not only the chemical functionalities, but also the physical properties of the silica shell 298 

can be tuned to enhance the accessibility of the analytes to the metal cores. In previous 299 

work, our group found that mesopore size can significantly affect the resulting Raman 300 



signals, as only molecules small enough to pass through the pores in the silica shell were 301 

able to adsorb on the plasmonic cores.30 In a similar way, we were curious if the change 302 

in pore size can affect the overall SERS signal magnitude for a given analyte. Because 303 

the pores in the silica shell are the passage for analyte access to the gold core, a larger 304 

pore size might enable more BPE access and adsorption. However, the detailed 305 

directional morphology of the pores and available LSPR surface upon the change in pore 306 

size were not obvious. Even if the pore size become larger, the possibility that an altered 307 

pore direction limits access and that the final available metal surface area doesn’t change, 308 

must be considered. As shown in Figure 3, two types of AuNRs@mSiO2-TMS 309 

(with/without decane) were prepared and added into the same BPE concentration solution 310 

separately. TEM images clearly show enlarged pore sizes when decane was added 311 

during micelle formation. The decane can function as an oil phase in aqueous media, and 312 

the small amount of decane can be surrounded by CTAB surfactant, resulting in enlarged 313 

micelle formation compared to CTAB-only micelles.32 The BPE Raman signal intensities 314 

were always higher for the mixture of the substrate with enlarged pores at all measured 315 

time points. From this result, we can conclude that, at least within this size regime, the 316 

pore size within the silica shell directly impacts the amount of analyte that has access to 317 

the substrate cores. However, from this experiment it is not possible to determine if the 318 

enhanced signal is due to increased area of the adsorption-available Au surface, more 319 

efficient through-mesopore transport, or both. It is possible that BPE molecules passing 320 

through the shell might adsorb on the pore wall, blocking access for other BPE molecules; 321 

this situation would be more likely to occur with the smaller pore size. Thus, the enhanced 322 

SERS signal magnitude with the larger diameter pore substrates could be due to 323 



mitigating that blocking process.   324 

 325 

 326 

 327 

 328 
Figure 3. (a) TEM images of AuNRs@mSiO2-TMS (no decane added, smaller 329 

mesopores) (b) TEM images of AuNRs@mSiO2-TMS (decane added, larger mesopores) 330 

(c) Time-dependent SERS signal intensities at 1608 cm-1 shift from the mixtures of 331 

BPE/AuNRs@mSiO2-TMS (no decane added: blue) BPE-AuNRs@mSiO2-TMS(decane 332 

added: orange). The SERS was measured with the mixture of 10 L 1.0 mg/mL substrates 333 

and 110 L of 100 ppb of BPE in water (final mixture BPE concentration: 5.0 × 10-7 M). 334 

The full spectra are available in Figure S3. The dotted lines show the logarithmic fitted 335 

lines for the data points of each mixture. The error bars represent the standard deviation 336 

from three independent measurements.  337 

 338 

 339 

Effect of CTAB molecules in colloidal SERS system 340 

     We also considered that the presence/absence of the structure-directing CTAB 341 

molecules within the shell pores or adsorbed on gold could impact the performance of the 342 

colloidal SERS system. To evaluate the impact of CTAB, we dissolved BPE in pure water, 343 



and three different concentrated substrate suspensions were prepared: 1mM CTAB-344 

stabilized AuNRs, 10 mM CTAB-stabilized AuNRs, and CTAB-free AuNRs@mSiO2-TMS.  345 

Then, each suspension was mixed into a BPE solution of the same concentration, and 346 

UV-Vis extinction and SERS spectra were measured at different time points during 347 

incubation. The purpose of the extinction measurements was to observe any LSPR 348 

change due to the adsorption of BPE. As shown in Figure 4a, the concentrated 1mM 349 

CTAB-stabilized AuNRs suspension showed a drastic decrease in extinction at 798 nm 350 

after the suspension was added to the BPE solution. In the BPE-AuNRs mixtures, the 351 

CTAB concentration dropped from 1 mM to 67 M. In such a case, the AuNRs would be 352 

de-stabilized, and this destabilization was accelerated upon the BPE adsorption, as the 353 

sites occupied by BPE will disturb the CTAB bilayer. Compared to this dramatic change 354 

in LSPR, the UV-Vis spectra from 10 mM CTAB-stabilized AuNRs didn’t show such 355 

change in LSPR, but maintained the original extinction from the gold core (Figure 4b). In 356 

this case, the CTAB concentration decreased from 10 mM to 670 M, and this 357 

concentration was still high enough to protect the gold from dissolution or aggregation. 358 

For the BPE/AuNRs@mSiO2-TMS mixture, even though there was no CTAB present, the 359 

silica shell maintained the LSPR extinction as in the 10 mM CTAB-stabilized AuNR 360 

mixture (Figure 4c). However, in the SERS spectra, the two apparently stable mixtures 361 

showed significant spectral differences (Figure 4d). Unlike the 10 mM CTAB-stabilized 362 

AuNR mixture where very low magnitude BPE Raman signals are measured even after 363 

long incubation, the BPE/AuNRs@mSiO2-TMS mixture showed clear and high intensity 364 

SERS BPE signals, even higher than that of the BPE/1mM CTAB-stabilized AuNR 365 

mixture. Furthermore, when the BPE concentration was high, only the AuNRs@mSiO2-366 



TMS mixture showed a significant LSPR red-shift from 775 nm to 798 nm (Δ λ = 23 nm, 367 

Figure S4). This red-shift is due to the high concentration and adsorption of BPE to gold 368 

cores, resulting in a significant change in local refractive index,42 indicating much more 369 

enhanced accessibility of BPE to the gold core when CTAB has been removed by 370 

purification. This experiment shows that the silica shell not only promotes colloidal stability, 371 

but also facilitates aqueous BPE access compared to AuNRs with CTAB bilayer-based 372 

protection.  373 

 374 

 375 
Figure 4. (a) Time-dependent extinction spectra of the mixtures of an aliquot of the 376 

concentrated suspensions of 1 mM CTAB-coated AuNRs and 50 ppb BPE solution. (b) 377 

Time-dependent extinction spectra of the mixtures of an aliquot of the concentrated 378 

suspensions of 10 mM CTAB-coated AuNRs and 50 ppb BPE solution. (c) Time-379 

dependent extinction spectra of the mixtures of an aliquot of the concentrated 380 

suspensions of AuNRs@mSiO2-TMS and 50 ppb BPE solution. (d) SERS spectra of 381 

BPE/AuNR mixtures: (red) AuNRs@mSiO2-TMS, (green) 1 mM CTAB-coated AuNRs, 382 

and (blue) 10 mM CTAB-coated AuNRs after 2 hours of incubation. For all mixtures, BPE 383 

concentration was 50 ppb and AuNR concentration was 2.0 mg/mL. (Final mixture BPE 384 

concentration: 2.5 × 10-7 M, Inset: the time dependent SERS signal intensities from three 385 

mixtures at 1608 cm-1 shift.) 386 



 387 

 388 

 389 

Effect of bulk solvent property on colloidal SERS system: ionic strength 390 

    As can be seen in Figures 3 and 4, the chemical and physical properties of the silica 391 

shell can affect the intensity of SERS signals and enable more efficient interaction 392 

between BPE and AuNRs than conventional CTAB layers in colloidal state. With this in 393 

mind, we wanted to explore how the properties of the solvent can influence analyte-394 

substrate interaction. In our colloidal SERS system, both substrates and analytes were 395 

dispersed, and the characteristics of the bulk solvent can impact their colloidal properties 396 

and thus, SERS signals. Previously (in Figure 1e), we saw that TMS modification induced 397 

a change in the zeta potential toward less negative values. This change might enable 398 

more favorable approach of hydrophobic BPE to the shell. As an alternate approach to 399 

achieve the same goal, we considered the widely known fact that increasing the aqueous 400 

ionic strength screens the zeta potential of the silica shell. To investigate the zeta potential 401 

screening effect explicitly, BPE molecules were dissolved in aqueous solutions of 200 402 

mM sodium chloride, ammonium acetate, or lithium perchlorate, and salt-free water to 403 

obtain four different 50 ppb BPE solutions. The colloidal SERS spectra from these 404 

solutions were measured with AuNRs@mSiO2-TMS as SERS substrates. Figure 5 shows 405 

SERS spectra of BPE scattering features in the 1550 to 1700 cm-1 shift range at three 406 

different incubation time points. No observable signals were measured immediately 407 

following dispersion in any of the four mixtures, but after 30 mins and 60 mins of 408 

incubation, it was clear that BPE in all three aqueous solutions with higher ionic strengths 409 



showed more enhanced signal intensities than BPE in salt-free water. Interestingly, 410 

Raman signals in the NaCl solution were much more intense  than the signals from other 411 

salt solutions, likely due to chloride activation; chloride anion is known to adsorb onto the 412 

colloidal metal surface and enhance the Raman signal intensities of certain single 413 

molecules, such as pyridine.43–45 However, considering that other anions are not known 414 

for the similar activation, and that perchlorate especially has extremely weak affinity for 415 

gold surfaces,46,47 the zeta potential screening effect that draws hydrophobic molecules 416 

appears influential on enhancing Raman signal intensities in this colloidal SERS system. 417 

 418 

 419 
Figure 5. (a) SERS spectra of BPE and AuNRs@mSiO2-TMS mixtures, focused on 420 

scattering features at 1608 and 1638 cm-1 shift. Each mixture had 200 mM of the identified 421 

salt during incubation, except for the salt-free water control. The spectra were taken right 422 

after 10 µL of 1.5 mg/mL AuNR@SiO2-TMS was added to each 110 µL 50 ppb aqueous 423 

BPE solution. (b) 30 mins after mixing. (c) 60 mins after mixing (final mixture BPE 424 

concentration: 2.5 × 10-7 M). 425 

 426 

 427 

Effect of bulk solvent on colloidal SERS system: temperature and solvent 428 

     We also investigated how varying temperature of the bulk solvent impacted the 429 

performance of the colloidal SERS system. Initially, we wanted to observe the diffusion 430 



and adsorption behaviors of the BPE separately to characterize which was the more 431 

critical step for achieving high intensity SERS spectra. First, we systematically studied 432 

the effects of incubation temperature. We hypothesized that more rapid Brownian motion 433 

of the substrates and analytes would result in more effective diffusion of the analyte to 434 

the substrate cores. BPE/colloidal substrate mixtures were prepared as they were in the 435 

previous experiment. Each mixture was then incubated at a different temperature: 6, 23, 436 

32, or 55 °C for 10 minutes. The incubation time was limited to several minutes as the 437 

high temperature might affect the properties of the AuNRs with longer incubation times. 438 

From our UV-Vis spectra, we concluded that the LSPR change due to 10 minute 439 

incubation is minimal at all temperatures (Figure S7). As shown in Figure 6, the Raman 440 

spectra clearly display more enhanced signal intensities when the mixtures were 441 

incubated at higher temperatures. Compared to the sample kept at room temperature for 442 

incubation, incubation at lower temperature might lead to slower diffusion while higher 443 

temperature induced more rapid diffusion and increased interactions between the 444 

substrates and the analytes. However, attributing enhanced Raman intensities only to 445 

rapid diffusion might be too simplified an answer, as temperature can affect many factors 446 

such as adsorbed analyte arrangement and mutual interactions, metal-adsorbate 447 

interactions, and Fermi distribution of electrons.48,49  448 

 449 



 450 
Figure 6. SERS spectra of BPE and AuNRs@mSiO2-TMS mixtures, incubated in four 451 

different temperatures for 10 minutes after the mixing. The mixture was formed by mixing 452 

10 L of AuNRs (1.5 mg/mL) to 110 L of 50 ppb BPE solution (final mixture BPE 453 

concentration: 2.5 × 10-7 M). 454 

 455 

 456 

 457 

     To follow up, we used the same four temperatures but modified the procedure 458 

(Scheme 1a). First, we centrifuged and re-dispersed the mixtures before the incubation 459 

in different temperatures to remove residual BPE in solution (Scheme 1b). Thus, no 460 

further diffusion through the pores occurred during incubation in different temperature. 461 

Second, only AuNRs@mSiO2-TMS suspensions were incubated in different 462 

temperatures before being mixed with BPE to see if any change in gold cores affect the 463 

measured SERS spectra (Scheme 1c). As shown in Figure 7b and 7c, compared to the 464 

control experiment in Figure 7a, no Raman signal magnitude difference among different 465 

incubation temperatures was observed. This result reveals that the enhanced SERS 466 

intensity in higher temperature wasn’t from any change in the gold surface. More 467 

importantly, from Figure 7b, it is clear that the BPE molecules already adsorbed onto the 468 



metal didn’t make a difference in Raman signal intensity even though the mixtures were 469 

incubated in different temperatures. However, it still wasn’t clear at this point whether the 470 

higher SERS signal intensity was mainly caused by more rapid diffusion or more facile 471 

adsorption of BPE.  472 

 473 

 474 

 475 
Scheme 1. Three experimental schemes to confirm that the enhanced SERS signal 476 

intensities in higher temperature incubation were caused by increased amount of BPE 477 

adsorbed on the surface rather than by different chemical interaction between substrate 478 

and analyte or change in the substrate itself.  479 

 480 

 481 

 482 
Figure 7. (a) SERS spectra of BPE and AuNRs@mSiO2-TMS mixtures, focused on 483 

scattering features at 1608 and 1638 cm-1 shift from Scheme 1a. (b) SERS spectra of 484 

BPE and AuNRs@mSiO2-TMS mixtures, focused on scattering features at 1608 and 485 

1638 cm-1 shift from Scheme 1b. (c) SERS spectra of BPE and AuNRs@mSiO2-TMS 486 

mixtures, focused on scattering features at 1608 and 1638 cm-1 shift from Scheme 1c. All 487 

samples were formed by mixing 10 L of AuNRs (1.5 mg/mL) to 110 L of 50 ppb BPE 488 



solution (final mixture BPE concentration: 2.5 × 10-7 M). 489 

 490 

 491 

 492 

 493 

 494 

     To observe the effect of diffusion more clearly, we used the binary solvent system of 495 

glycerol and water. The two solvents are miscible but possess very different viscosity of 496 

934 × 10−3 Pa∙s and 0.89 × 10−3 Pa∙s, respectively. Correspondingly, the two solvents 497 

show very different diffusion coefficients: 0.014 × 10−9 m2/s for glycerol and 1.025 × 10−9 498 

m2/s for water (the values were obtained from  mutual diffusion coefficient calculation and 499 

extrapolation from previous literature).50 We expected that both BPE and 500 

AuNRs@mSiO2-TMS would diffuse much more slowly in glycerol than water, and this 501 

would give us more insight regarding the relationship between the diffusion behavior of 502 

BPE and the SERS signal intensity. First, we assessed whether or not mechanical 503 

agitation could expedite diffusion. In one experiment, two of the same BPE and 504 

AuNR@SiO2-TMS mixtures in pure water were prepared, and one of the mixtures was 505 

stirred with a magnetic bar. In Figure S6, the plots of the time-dependent SERS signal 506 

intensities at 1608 cm-1 shift from the two mixtures were nearly identical, and this indicates 507 

that in pure water, mechanical agitation didn’t improve the diffusion. The result was 508 

expected, as in water, both the analytes and the substrates were homogeneously 509 

dispersed in our colloidal SERS system, and this homogeneous dispersion in bulk 510 

solution would be maintained even with the agitation. Thus, the stirring would move the 511 

entire analyte and substrate and not alter the rate of diffusion through the pores. 512 



 513 

      To observe the diffusion behaviors of the substrates and analytes more clearly, we 514 

generated an extreme solution condition by preparing a binary system. In this experiment, 515 

we prepared a concentrated AuNRs@mSiO2-TMS suspension in glycerol, and these 516 

suspensions were added to several vials first (Scheme 2 inset photo). Then, aqueous 517 

BPE solutions were added to the vials. We found that upon the BPE solution addition, 518 

due to the miscibility between glycerol and water, the mixtures became visually 519 

homogenous quickly. For half of the prepared vials, we added stir bars and stirred the 520 

mixtures for 10 minutes of incubation, and the rest of the vials remained unstirred while 521 

the mixtures were incubated at four different temperatures. The results in Figure 8 show 522 

that in all temperature conditions, the BPE SERS signal magnitudes for the stirred 523 

mixtures were higher than that of the non-stirred mixtures. The agitation in this set-up 524 

helped more rapid diffusion of glycerol into water, resulting in faster diffusion of 525 

AuNRs@mSiO2-TMS to the BPE solution and more frequent contact between the analyte 526 

and the substrate. When comparing the mixtures incubated in varied temperatures, the 527 

stirring condition induced more significant changes in the SERS signal intensity compared 528 

to those that were not stirred. Because of the high viscosity of glycerol, one would expect 529 

the stirring to have a larger impact than temperature change in terms of expediting 530 

diffusion. In a previous experiment, Tripathi et al. showed that in a low temperature 531 

environment, where diffusion is limited, stirring significantly enhanced the SERS signal 532 

intensity for thiophenol adsorbed on gold, and the saturation occurred roughly 25 times 533 

faster than in an unstirred solution.51 It is important to note, however, that in their SERS 534 

system, the gold substrate was stationary so the stirring would be more impactful for the 535 



contact between the analyte and substrate. Similarly, in our experimental condition, the 536 

signal intensities from the unstirred mixtures in each condition were still higher than those 537 

of the stirred mixtures in the next lower temperatures. Considering the high viscosity of 538 

the glycerol and effect of mechanical agitation in this binary condition, it is sensible that 539 

the agitation should affect the diffusion rates more than temperature. Thus, we speculate 540 

that rather than diffusion, a thermodynamic factor is more critical for acquiring higher 541 

SERS intensities. With the results measured here, it is reasonable to argue that in our 542 

colloidal substrate-analyte interaction, the diffusion of BPE through the silica mesopores 543 

is not likely a critical step for the SERS signal production compared to adsorption. 544 

Concurrently, the higher SERS signal magnitude for the mixtures incubated in higher 545 

temperature is more likely to be related to more efficient adsorption (physisorption) and 546 

the activation energy of chemisorption. Based on the results shown here, it is fair to argue 547 

that the higher temperature helped BPE to overcome the activation energy required to 548 

chemically adsorb onto the gold surface, resulting in increased SERS signal intensities.51 549 

Thus, the hypothesized delayed diffusion rates due to the silica shell intervention between 550 

BPE and the gold core seems minimal or negligible, compared to the chemical adsorption 551 

of BPE for the production of the SERS signal.  552 

     To support our hypothesis, we’ve analyzed the peak area ratio of the peak at 1608 cm-553 

1 shift to the peak at 1638 cm-1 shift at each temperature. A previous study shows that 554 

this ratio depends on the fraction of BPE molecules bound to the gold surface.52 The 555 

authors state that the BPE vibrational mode at 1608 cm-1 shift exhibits a larger 556 

deformation potential and a stronger chemical coupling to the metal, and it is enhanced 557 

more than the 1638 cm-1 shift mode. Thus, the increased ratio values indicate an 558 



increased molar fraction of BPE molecules bound to the gold over total BPE molecules 559 

observed in Raman spectra. The experimentally obtained ratios from our results show 560 

that the ratio is temperature-dependent: higher temperature induced a higher ratio. Thus, 561 

it is reasonable to argue that the binding between BPE molecules and the gold cores 562 

were favored at higher temperatures, where the chemical interaction is favored. It appears 563 

that chemical binding between BPE molecules and the gold surface is the more critical 564 

factor for achieving improved Raman intensity, compared to simply locating BPE 565 

molecules near the gold surface via diffusion through silica shell pores.  The unstirred 566 

mixtures showed smalled ratio values than the stirred samples but this difference was not 567 

statistically significant.  568 

 569 

 570 
Scheme 2. Schematic description of the mixtures of aqueous BPE solution and 571 

AuNRs@mSiO2-TMS in glycerol incubation with (a) stirring (rapid diffusion) and (b) non-572 

stirring (slow diffusion). 573 

 574 

 575 



 576 
Figure 8. SERS spectra of the mixture of aqueous BPE solution and AuNRs@mSiO2-577 

TMS glycerol droplet, focusing on scattering features at 1608 and 1638 cm-1 shift after 10 578 

minute incubation in four different temperatures. For each temperature, the mixtures were 579 

not stirred (solid line) or stirred (dotted line) during the incubation. The spectra were 580 

measured after 10 minutes of incubation, following the mixing of 20 µL of 6.0 mg/mL 581 

AuNR@SiO2-TMS in glycerol and 1 mL 50 ppb aqueous BPE solution (final mixture BPE 582 

concentration: 2.7 × 10-7 M). 583 

 584 



 585 
Figure 9. Relative peak area ratios (1608 /1638 cm-1 shift) of the mixtures of aqueous 586 

BPE solution and AuNRs@mSiO2-TMS in glycerol droplets after 10-minute incubation in 587 

four different temperatures. The experimental conditions were the same as in Figure 8. 588 

The error bars represent the standard deviation from three independent measurements. 589 

 590 

 591 

     From the previous experiment, it appeared that the adsorption of BPE onto the gold 592 

surface was more critical than diffusion. To verify this deduction, we hypothesized that 593 

even in a set of solvents with varying volume ratio of glycerol in water at a given 594 

temperature, where both the analyte and substrates would diffuse more slowly with 595 

increasing volume percentage of glycerol, we would still measure similar SERS signal 596 

magnitudes for all samples. This binary system, depending on the volume percentage of 597 

glycerol, has different diffusion coefficient values.53 We prepared five different solvent 598 

conditions (water only, 30% glycerol, 50% glycerol, 70% glycerol, and 90% glycerol by 599 

volume) to investigate if the solvent conditions and varied viscosities affect the molecular 600 

diffusion behaviors and resulting SERS intensities. We focused on the peak area at 1608 601 

cm-1 shift from each mixture, and the data were collected at different time points for 10 602 



hours. The absolute peak area showed that increased volume of glycerol in the solvent 603 

caused lower BPE signal intensities (Figure 10a). This phenomenon can be explained by 604 

three factors. First, the increased viscosities and the resulting diffusion rates limited the 605 

number of BPE molecules on the gold surface in each solvent condition. Second, the 606 

solvents with more glycerol have higher solubility for BPE than water, thus more BPE 607 

molecules will be dissolved in the solvent than on the substrate surface in final equilibrium 608 

state. Last, adsorbed glycerol on the gold surface resulted in a less BPE adsorption on 609 

the surface. Our interest was the effect of diffusion on the time-dependent SERS spectra, 610 

not the absolute peak intensities. Thus, the peak area at different time points was divided 611 

by the maximum peak area in each condition. The normalized relative peak area for 10 612 

hours showed the adsorption behaviors of the analytes on the substrates (Figure 10b). 613 

The mixture of 90% glycerol was omitted as no relevant BPE peaks were observed during 614 

the measurement. In previous literature, researchers have investigated the diffusion 615 

behaviors of small molecules through mesoporous silica in different conditions, such as 616 

varied solvents,54 varied pH of media,55 varied hydrophobicity of the molecules,56 and in 617 

a hybrid microsphere structure57 with appropriate transport models. Herein, we assume 618 

that the BPE molecules occupy each site on the gold surface via chemical binding. We 619 

used a simplified Prout−Tompkins model to evaluate the first-order chemical kinetics:51 620 

 621 

                                                       𝑦 = (1 − 𝑒−𝑘(𝑡))                                                                                                                (1) 622 

where 𝑦  is fraction of bound BPE, 𝑡  is the incubation time, and 𝑘  is the binding 623 

association rate constant.  624 

     Thus, when the temporal data points were fitted using equation (1), all mixtures 625 



showed Langmuir-type association plots. The acquired rate constants can be found in 626 

Table 1. The trend in rate constants among different solvent conditions shows that the 627 

higher glycerol percentage led to lower rate constant values, even though the differences 628 

were small, especially when the viscosities for different solvents were considered. This 629 

indicates that the contribution of diffusion rates on the Raman signal intensity in this 630 

colloidal SERS platform is minimal. We were also curious if there is a difference in the 631 

rate for the chemical binding when BPE is dispersed in different solvents. Similar to Figure 632 

9, the peak area ratio of 1608 cm-1 shift to 1638 cm-1 shift at each time point was obtained 633 

and normalized by the maximum ratio in all conditions (Figure 10c and 10d). Interestingly, 634 

the trend was opposite to Figure 10b: the acquired rate constants increased as the 635 

glycerol percentage went up. This result suggests that when there is more glycerol, the 636 

system more rapidly reaches the equilibrium state for BPE binding to the gold surface. 637 

We speculate that this occurs because the solubility of BPE is higher in glycerol than in 638 

water, thus among BPE molecules near the gold surface, the molar faction of BPE 639 

adsorbed on gold is lower with higher glycerol percentages in the glycerol/water mixture. 640 

When the results from Figure 10b and Figure 10d are combined, it is clear that the effect 641 

of diffusion rates varied via solvent composition is not substantial for determining the 642 

Raman signal magnitude.  643 

 644 



645 
Figure 10. (a) Time-dependent absolute BPE SERS peak area at 1608 cm-1 shift for each 646 

mixture of BPE and AuNRs@mSiO2-TMS in glycerol-water mixtures of varying volume 647 

ratio. (b) Time-dependent relative SERS signal peak area to that of maximum area at 648 

1608 cm-1 shift in each mixture. The fitted lines for each mixture were obtained by fitting 649 

the data to equation (1). (C) Time-dependent relative peak area ratios (1608 /1638 cm-1 650 

shift) of the mixtures. (d) Time-dependent relative SERS signal peak area ratios (1608 651 

/1638 cm-1 shift) to that of the maximum area ratios for each mixture. The fitted lines for 652 

each mixture were obtained by fitting the data to equation (1). 653 

 654 

 655 

 656 

 657 



 Viscosity  
(mPa∙s)58 

Rate constant 
of association 

(s-1) 
(Figure 10b) 

Coefficient of 
determination, 

R2 
(Figure 10b) 

Rate constant 
of association 

(s-1) 
(Figure 10d) 

Coefficient of 
determination, 

R2 
(Figure 10d) 

Water 
only 1.00 9.74 x 10-5 0.9630 1.07 x 10-4 0.9635 

Glycerol 
30% 2.50 8.29 x 10-5 0.9412 1.31 x 10-4 0.9517 

Glycerol 
50% 6.00 7.56 x 10-5 0.9375 1.84 x 10-4 0.9468 

Glycerol 
70% 22.50 7.37 x 10-5 0.9706 2.01 x 10-4 0.9523 

Glycerol 
90% 219.0 - 0.3164 - - 

Table 1. Solvent compositions, viscosities, the rate constants of associations and 658 

corresponding coefficients of determinations for each fitted line in Figure 10b and 10d. 659 

The rate constants for mixtures of 90% glycerol were not calculated due to the poor values 660 

of R2.  661 

 662 

 663 

 664 

 665 

 666 

Conclusion 667 

    The mesoporous silica shell coating the plasmonic metal core has proven to be an 668 

excellent protecting agent against dissolution or aggregation of the metal in colloidal 669 

SERS systems. The silica shell, however, can also be considered a potential physical 670 

barrier, hindering analyte approach to the LSPR-enhanced surface. In this work, we 671 

considered the shell as the intermediate region between the bulk solvent and the surface 672 

of the metal, and investigated the interaction between the analyte and substrates, 673 

focusing on the diffusion and adsorption through the shell. The results show that the 674 



physical/chemical characteristics of the shell can be controlled to allow more analyte 675 

approach to the gold surface, resulting in improved SERS signal magnitudes. Compared 676 

to CTAB-based stabilizing layers, the silica shells allowed more efficient adsorption of 677 

BPE and more direct exposure of the core surface to the bulk solvent while successfully 678 

maintaining the plasmonic properties. Systematic experiments in different environmental 679 

conditions showed that the hydrophobic surface modification of the silica shell 680 

preconcentrated the analytes around the substrates via setting new equilibrium state and 681 

the screening of electric potentials on the substrates enhanced the access of the 682 

hydrophobic analytes to the gold core. In addition, variation of temperature and solvent 683 

composition strongly suggest that in colloidal SERS systems, the diffusion rate of BPE 684 

through the shells to cores is not as impactful as the adsorption process on the metal 685 

surface for the production of SERS signals.    686 
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