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ABSTRACT 

Application of surface enhanced Raman scattering (SERS) spectroscopy to the 

ultrasensitive analysis of small molecules in biological samples is complicated by signal 

contamination by ubiquitous macromolecules such as proteins, nucleic acids or lipids. 

We present a proof-of-concept study of the application of composite films comprising 

branched gold nanoparticles embedded in mesoporous thin films, which act as 

molecular sieves. The inorganic mesoporous layer only allows the diffusion of small 

molecules toward the plasmonic particles while preventing the contact of 

macromolecules in solution with the optical sensor. 
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Application of surface enhanced Raman scattering (SERS) spectroscopy to the 

analysis of biological fluids1 is severely constrained by the non-specific adsorption of 

molecules present in the matrix solution onto metallic nanostructures. This retention 

processes can block the adsorption of the target analytes and/or increase the difficulty of 

vibrational assignment.2,3 Therefore, it is imperative to design novel enhancing 

substrates that can restrict the competitive adsorption of non-relevant molecules. In the 

case of biofluids, these molecules are typically rather large, such as proteins, nucleic 

acids or lipids, and thus they can potentially be excluded from the substrate by sieving, 

i.e. by placing a protective filtering material on the metal nanostructures, while 

maintaining a high plasmonic enhancement. In this respect, mesoporous materials4-6 

present a great potential, since they contain highly ordered and monodisperse pores in 

the size range of 2–50 nm,5 so that the size exclusion limit can be tuned at will. 

Numerous examples can be found in the literature regarding the combination of 

mesoporous oxide thin films with metallic nanoparticles,7-17 prepared either by direct 

nanoparticle synthesis inside a preformed porous oxide, or by incorporation of 

preformed nanoparticles in the precursor solution of the mesoporous thin film. The 

latter method allows a better control over the initial shape and spatial localization of the 

nanoparticles. However, certain morphologies, such as those comprising thin branches 

or spikes, are difficult to preserve during mesoporous film formation, mainly because of 

the high temperatures involved, which may lead to nanoparticle reshaping.18 We have 

recently reported the synthesis of branched gold nanoparticles within mesoporous silica 

films, through seeded growth, templated by the pores in the film.19 This kind of 

nanoparticles are particularly interesting, as it has been demonstrated that such features 

provide them with a high sensitivity toward local changes in their dielectric 
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environment,20 as well as the ability to generate large electric field enhancements,21 

rendering them ideal for SERS applications.22 In the context of biochemical analysis, 

these composite substrates in which Au nanoparticles are fully covered with 

mesoporous thin films, are expected to prevent macromolecule adsorption and, in turn, 

signal interference by the size restriction imposed by the small pores.23 We present here 

the preparation of a composite material formed by a mesoporous thin film containing 

gold nanoparticles, which is SERS active and stable under biological conditions. By 

taking advantage of the mesoporous nature of the film, a proof-of-concept size 

exclusion experiment was designed to demonstrate that the mesoporous film can indeed 

act as a molecular sieve for biofluids, preventing the diffusion of big proteins inside the 

matrix while allowing the diffusion of small molecules of interest that can be detected 

by SERS spectroscopy. 

 

Figure 1. Schematic representation of the synthetic process. Gold nanoparticles are attached 
onto a silanized glass slide, through amine binding; then a mesoporous film is deposited on top 
and spikes are grown from the nanoparticles, using the pores as templates. Not drawn at scale. 
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The synthetic procedure is based on a recently reported two-step protocol.19 The first 

step comprises the attachment of Au nanoparticles onto glass slides modified with 

aminopropyl-trimethoxysilane (APS), so that pre-synthesized citrate-stabilized gold 

nanoparticles bind chemically on the glass surface via the amino-terminated silanes.24 

Once the nanoparticles were effectively attached onto the glass surface, SiO2 or TiO2 

(using the corresponding precursors) mesoporous films were deposited by spin coating 

using block copolymer Pluronic F127 micelles as templates and placing them in a 50% 

relative humidity chamber to facilitate evaporation induced self-assembly. A 

consolidation step was then applied by slow heating through two successive 24h heat 

treatments at 60 ºC and 120 ºC, respectively, and a final 2h step at 200 ºC to lock the 

structure, eliminating undesired microporosity by enhancing the microphase separation 

of the template, and leading to complete inorganic condensation. Finally, the films were 

immersed in ethanol for 3 days to remove the organic template. The Au nanoparticles 

(two different sizes were used, 15 and 80 nm diameter) were perfectly localized at the 

substrate-film interface, as they were initially adsorbed onto the substrate by strong 

interactions that were not affected by thin film preparation, as previously reported.25 

The second step comprises the seed-mediated growth (see details in the Experimental 

Section) of the nanoparticles through the mesoporous thin film, using the pores 

themselves as templates to produce sharp tips over the initial spherical nanoparticles,19 

which was expected to improve the SERS efficiency of the material.  
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Figure 2. TEM images before (a,b) and  after 6h of seeded growth reaction (c,d) for 

15nmGNP@TF samples. e) UV-vis-NIR spectra of 15nmGNP@TF samples before and after 

growth from a CTAB:AA:Au solution with 60:16:1 molar ratio.  
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Figure 3. TEM images before (a,b) and  after 6h of seeded growth reaction (c,d) for 

80nmGNP@TF samples. e) UV-vis-NIR spectra of 80nmGNP@TF samples before and after 

growth from a CTAB:AA:Au solution with 60:16:1 molar ratio. 

 

In all samples, uniform and highly organized films were obtained (note that the order 

may not be apparent in TEM images because of misalignment of the mesocrystalline 

pore structure). Synthetic conditions were chosen to produce mesoporous thin films 

with ordered pores in an Im3m cubic phase, with [110] planes oriented parallel to the 

substrate, which is the commonly obtained phase when templating with F127.26 The 

interpore distances (from center to center of adjacent pores, thus including pore 
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diameter and wall thickness) were measured from TEM images, obtaining identical 

values of 12 nm for both mesoporous silica (SF) and titania (TF) thin films. The film 

thickness was measured from SEM cross-section images, yielding layer thicknesses of 

130±6 nm for TF and 95±5 nm for SF. Gold nanoparticle growth (and branching) 

through the mesoporous thin films was evaluated by TEM and UV-vis-NIR 

spectroscopy (Figures 2, 3). Before growth (Figures 2a,b and 3a,b), the particles were 

found to be spherical and uniformly dispersed within the film for both 15 and 80 nm 

samples. However, after growth (Figure 2c-d and 3c-d and S1, Supporting Information), 

small tips can be readily seen along the pores in contact with the initial nanoparticles, 

yielding branched morphologies that are difficult to obtain using traditional colloid 

chemistry methods. Shown in Figures 2e and 3e are the UV-vis-NIR spectra of TF 

composite films before and after tip growth (see also Figure S2, SI, for SF samples). 

Whereas the LSPR bands for the composite SF films are centered at 527 and 556 nm for 

15 and 80 nm nanoparticles respectively, in the TF films they are located at 538 and 573 

nm for 15 and 80 nm particles, respectively. This shift is due to the increased refractive 

index around the particles, from n=1.321 (for SF) up to 1.662 (for TF), as determined by 

ellipsometry. After 6h of immersion in the growth solution, a second band is observed 

at longer wavelengths, revealing the presence of a second LSPR mode, related to the 

branches, as previously reported for Au nanostars.21,22,27 The intensity of the tip LSPR 

band was found to be higher for SF than for TF samples, due to a larger amount and 

length of the formed tips, as observed in the corresponding TEM images (Figure S1, 

SI). It is also important to note the more anisotropic shape of particles under the silica 

mesoporous thin film. Optimization of the seed-mediated growth conditions was carried 

out with 15nmGNP@TF samples by using different AA:Au and CTAB:Au molar ratios. 
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The application of these composite films as SERS substrates requires chemical 

stability in aqueous (biological) environments, which may be compromised when 

mesoporous silica is used.28 To this end, we prepared a simulated biological medium by 

simply dissolving bovine serum albumin (BSA) in phosphate buffered saline (PBS), and 

the stability of both titania and silica films was tested by storing them in this solution 

overnight. TEM observation showed that silica mesoporous films lost their integrity 

(Figure S3, SI), whereas titania films apparently remained intact. Both titania and silica 

composite films were evaluated as SERS substrates, so that the SF samples could be 

used as a control to demonstrate the filtering activity of TF films by size exclusion. The 

SERS efficiency was tested for the Au nanoparticles of two different sizes, 15 and 80 

nm (see Table S1 and Figure S4, SI). A standard Raman molecular probe, 4-

nitrobenzenethiol, was used for the SERS evaluation. A portion of about 0.5×0.5 cm2 of 

each film was immersed in a 10-5 M 4-NBT solution in PBS, and subsequently air-dried 

and characterized with three different excitation laser lines in the red (633 nm) and near-

IR (785, 830 nm). In all cases, strong SERS signals corresponding to the characteristic 

vibrational bands of 4-NBT were acquired (Figure 4d): CS stretching (723 cm-1), CH 

wagging (854 cm-1) and CH bending modes (1083 cm-1, 1110 cm-1, 1143 cm-1).29 

Notably, PBS was not detected in any of the samples due to its extremely low SERS 

cross-section.30 Comparison of the SERS intensities of 20 acquired spectra per sample 

showed that the most efficient substrates were those containing 80 nm nanoparticle 

cores (80nmGNP@TF), due to the generation of stronger electric near field 

enhancements for larger nanoparticles,31,32 when the growth solution was Au:CTAB:AA  

1:60:16. (Figure S4, SI). 

We thus used these substrates for a proof-of-concept experiment to probe their 

bioanalytical applicability. The size exclusion ability of the mesoporous films when 
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analyzing complex matrices was demonstrated with bovine serum albumin (BSA) as a 

simplified biological medium system. Figure 4A shows the SERS spectrum of 

80nmGNP@SF after immersion in a BSA (PBS) solution for 18 hours. In agreement 

with the above-mentioned low stability of SF films in PBS (Figure S3, SI) the 

mesoporous film was partly dissolved during the experiment. As a consequence, the 

BSA characteristic vibrational bands were registered in this control experiment due to 

the interaction of the proteins contained in BSA with the gold nanoparticles, for 

example the CS stretching (637 cm-1) the thiolated Cys and Met, Tyr (830 cm-1) or Phe 

(1003 cm-1, 1036 cm-1 and 1250 cm-1).33,34 In contrast, when the same experiment was 

carried out using 80nmGNP@TF, no BSA Raman signal was recorded, thereby 

demonstrating the stability of the titania films in biological media. An additional control 

experiment was carried out with a solution prepared by dissolving 4-NBT (10-5 M) in a 

BSA solution (50 mg/mL in PBS, in the range of albumin concentration in human 

serum), as a characteristic bio-sample for SERS analysis. When a piece of SF sample 

was immersed in the bio-sample containing 4-NBT, BSA and PBS, dissolution of the 

SF mesoporous film was again revealed by the presence of 4-NBT and BSA 

characteristic signals in the obtained SERS spectra (Figure 4B). However, the TF 

mesoporous films showed again size selective detection, as can be seen by comparing 

the spectra of a pure 4-NBT solution (Figure 4C) with that of the bio-sample containing 

4-NBT, BSA and PBS (Figure 4D). This is attributed to the presence of pores and necks 

between the pores in the film that are too small to allow BSA diffusion down to the gold 

nanoparticles surface. Specifically, the hydrodynamic diameter of BSA is ca. 7 nm, 

whereas the pore size of the titania mesoporous thin film prepared by this method is 

around 6 nm, and the necks between the pores are even smaller,35,36 thereby allowing 4-

NBT to diffuse through the pores of the mesoporous film and reach the branched gold 
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nanoparticles, thus being exposed to the electromagnetic field produced during laser 

irradiation. As a result, the SERS spectrum (Figure 4D) shows the characteristic signals 

for 4-NBT, without contamination from BSA, as found in the control experiments when 

using silica mesoporous films (Figure 4B).  

 

 

Figure 4. SERS spectra from 80nmGNP with different films and compositions showing 

the size exclusion proof-of-concept. (A) Spectrum of BSA on SF samples in PBS; B) 

Spectrum of 4-NBT on SF samples, in the presence of BSA and PBS; C) Spectrum of 4-

NBT on TF samples, in the presence of PBS; D) Spectrum of 4-NBT on TF samples, in 

the presence of BSA and PBS. 

 

In summary, we have demonstrated the fabrication of a novel SERS substrate 

comprising a sub-monolayer of gold nanoparticles covered with a mesoporous thin film, 

which can act as a molecular sieve by size exclusion and avoid contamination of SERS 
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spectra in biological media. The seeded growth of the nanoparticles through the 

mesoporous film allowed the formation of sharp tips, which improved the SERS 

efficiency of the material. The obtained composite materials combine the interesting 

optical properties of metal nanoparticles with the filtering ability and chemical stability 

of mesoporous titania thin films. Simulating the composition of human serum, a proof 

of concept size exclusion experiment was designed to evaluate the analytical application 

of TF and SF composite films. The results presented in this work clearly demonstrate 

that titania mesoporous thin films can act as molecular sieves in biological media, 

restricting the diffusion of large molecules (proteins) while allowing the diffusion of 

small molecules of interest that can be detected by SERS. The multiplex potential of 

SERS, together with the possibility of in situ monitoring, pave the road toward real time 

determination of relevant metabolites directly in bioexperiments with no need of 

manipulating samples, as is the case in imunoanalytical methods. 

 

Experimental 

Materials: Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O), trisodium citrate 

dihydrate, HCl (conc.), tetraethylorthosilicate (TEOS), TiCl4, (3-

aminopropyl)trimethoxysilane (APS), 4-nitrobenzenethiol (4-NBT),  hydrogen peroxide 

28% (H2O2) and  sulfuric acid 98% (H2SO4) were supplied by Aldrich. Phosphate 

Buffer Saline (PBS), Bovine Serum Albumin (BSA), Pluronic F127 

(HO(CH2CH2O)106(CH2CH(CH3)O)70(CH2CH2O)106OH) and ascorbic acid (AA) were 

purchased from Sigma. Cetyltrimethylammonium bromide (CTAB) was supplied by 

Fluka. All chemicals were used as received. Pure grade ethanol and Milli-Q water were 

used as solvents. 
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Particle preparation. Citrate-stabilized Au spheres (15 nm diameter) were synthesized 

by using the Turkevich37 method and used without purification. Citrate-stabilized Au 

spheres (80 nm diameter) were prepared according to a previously reported procedure 

and used without purification.38 

Glass preparation. Glass slides were washed in piranha solution for 30 min, then 

copiously rinsed with pure water and stored under water until use. The surface was 

silanized by dipping the dry glass slides in a 0.01 M (in ethanol) solution of APS for 3h 

and then rinsed with ethanol. Next, the glass slides were immersed in the Au 

nanoparticles solution for 10 min. 

Preparation of mesoporous films. Titania and silica mesoporous thin films were 

produced by spin-coating 125 µL of the precursor solution on top of the gold 

nanoparticles modified glass slides, at a spinning rate of 4000 rpm. The technique was 

based on the evaporation induced self-assembly (EISA) strategy using an inorganic 

precursor and a surfactant template in ethanol solution. Detailed sol preparation 

techniques were reported elsewhere.26,39,40 TEOS and TiCl4 were used as the inorganic 

precursors and Pluronic F127 was selected as a template. For the mesoporous titania 

films, the initial solutions were composed of TiCl4:EtOH:F127:H2O mixtures, with a 

1:40:0.005:10 molar ratio of the reagents. These solutions were used freshly after 

preparation (no ageing). In the case of mesoporous silica films the mixture 

TEOS:EtOH:F127:H2O:HCl was prepared with a ratio 1:40:0.005:10:0.008. Silica 

precursor solutions were aged for 72h at room temperature prior to utilization. Silica 

and titania films are labeled SF and TF respectively, where F represents the surfactant 

template F127 used to texture the mesoporous films. After spin coating, the films were 

placed in 50% relative humidity chambers (obtained with a NaBr saturated solution) for 
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24h and subjected to a stabilizing thermal treatment procedure comprising two 

successive 24h heat treatments at 60 and 120 ºC, and a final step at 200 ºC for 2h. The 

template was finally eliminated by immersing the films in ethanol for 3 days. 

Nanoparticle seeded growth. The growth of the Au nanoparticles embedded in 

mesoporous films was carried out by immersing the composite film in a solution 

containing HAuCl4, CTAB and AA. In the case of gold nanoparticles covered with a 

titania mesoporous film, the concentration of HAuCl4 in the growth solution was 

6.25×10-5 M, the AA:Au molar ratio was varied between 2 and 32 and the CTAB:Au 

molar ratio was varied between 30 and 120. For the substrates with 80 nm GNPs and the 

15nmGNP@SF substrate the growth solution was composed of an Au/CTAB/AA 

mixture with a molar ratio of 1:60:16 ([Au]= 6.25×10-5 M). Films were removed from 

the growth solution every 2 hours of reaction. After each growth step the films were 

washed and dried in air. 

Characterization. UV-vis-NIR spectra were recorded using an Agilent 8453 

spectrophotometer. Transmission electron microscopy (TEM) analysis was performed 

by using a JEOL JEM 1010 microscope operating at an acceleration voltage of 100 kV. 

Samples for TEM were obtained by scratching the films from the substrate and 

depositing them on carbon and FORMVAR-coated copper grids. Refractive index 

values of mesoporous thin films were obtained from spectroscopic ellipsometry 

measurements performed with a SE SOPRA GES5A setup, analyzed using an 

appropriate model, according to each oxide. Measurements were performed in ambient 

conditions (RH ~ 50%, temperature ~ 25ºC). SERS experiments were conducted with a 

Renishaw InVia Reflex system. The spectrograph used high-resolution gratings (1200 

or 1800 grooves mm-1) with additional bandpass-filter optics. Several laser excitation 
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energies were employed, including laser lines at 633 (HeNe), 785 and 830 nm (diode). 

All measurements were made in a confocal microscope in backscattering geometry 

using a 50× objective with a numerical aperture (NA) value of 0.75, which provided 

scattering areas of ≈1 μm2. For SERS measurements, film fragments of about 0.5×0.5 

cm2 were immersed overnight in 10-5M 4-NBT solutions (solvent: phosphate buffer 

solution; PBS pH 7.4) and air-dried. The power at the sample was maintained as low as 

≈1 μW.  

Size- exclusion experiments. Fragments (ca. 0.5×0.5 cm2) of Sample 8 were immersed 

in solutions with and without 4-NBT (10-5 M) in BSA (50 mg mL-1), which was also 

used as blank solution. The 4-NBT solution was also prepared in BSA (50 mg mL-1), 

and the BSA solution was prepared in PBS 7.4. After immersion overnight, the samples 

were air-dried and SERS experiments were conducted in the Raman setup, using the 

laser excitation line of 785 nm. Spectra acquisition in extended mode of 30 points in 

each sample was carried out by using the Renishaw continuous grating mode. Time 

acquisition at each point was 25s with a laser power of ≈1 μW.  
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