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A B S T R A C T

The range of applicability of nanoparticle aggregates in surface enhanced Raman spectroscopy (SERS) sensing is
limited. Therefore, in this work, an alternative route is developed consisting in a deposition of positively charged
gold nanoparticles on silica carrier microparticles in an electrostatic interaction driven colloidal self-assembly
process. The obtained composite particles of a raspberry structure and controlled gold nanoparticle coverage are
utilized as SERS substrates in the sensing of rhodamine B. It is shown that the composites show significantly
larger enhancement efficiency compared to gold nanoparticle aggregates produced in a conventional way. This
effect was attributed to the adsorption of rhodamine B molecules at an available silica particle surface in the
vicinity of immobilized gold nanoparticles. The results obtained in this work show that nanoparticle im-
mobilization may be an efficient strategy to increase SERS sensing efficiency.

1. Introduction

As shown in some works [1–3], the use of gold nanoparticles
(AuNPs) as SERS substrates requires a surface cleaning from adsorbed
stabilizers which may result in particle aggregation. This can sig-
nificantly influence the optical properties of nanoparticles by affecting
the maximum of localized surface plasmon resonance (LSPR) band
[4,5] or even may result in loss of their plasmonic properties [6]. On the
other hand, the aggregation process produces localized electromagnetic
field regions (hot-spots), which are responsible for an additional en-
hancement effect [7–10]. Nevertheless, due to the variability of ag-
gregation process [11] the reproducibility of the enhancement factor
(EF) is rather low. Therefore one can expect that the use of AuNPs
aggregates in real SERS analyses is limited [12]. For this reason, new
reproducible strategies for the generation of hot-spots in SERS sub-
strates are still needed.

Another example of an approach utilized for the hot-spot generation
is immobilization of AuNPs at various solid supports, especially the
surface of colloidal carriers. Except for the hot-spot generation, one can
also expect that AuNP immobilization may result in the increase in their
stability. As shown in previous work [13], compared to native sus-
pension, AuNPs immobilized at polystyrene microparticles are more

resistant to pH changes. So far, AuNP composites with polymer particles
[14–16], polyelectrolyte modified particles [17,18] and various oxide
particles [19–21] were successfully obtained and applied as SERS
substrates.

Among a variety of particles which can be used to immobilize
AuNPs, due to their mechanical stability, chemical inertia and biode-
gradability [22] silica particles (SiO2Ps) are especially attractive.
Moreover, the coating of SiO2Ps with AuNPs results in a distinct change
in the dielectric constant at phase boundary and in the electron share
phenomenon [23]. For this reason, various synthetic procedures for the
preparation of such particles, including chemical linking of AuNPs with
SiO2Ps [24], immobilization of AuNPs on SiO2Ps [25,26] and chemical
reduction of gold ion precursors [27], were recently developed.

Oldenburg et al. [28] reported a synthetic procedure for the pre-
paration of core-shell, raspberry-like nanostructures with tunable op-
tical resonance profile. SiO2Ps of two different sizes (75 nm and
170 nm) were used as core materials while the shell of AuNPs (18 nm -
30 nm) was formed in a seed growth process. It was shown that the
increase in the core/shell thickness ratio resulted in a red-shift of re-
sonance wavelength. However, when a uniform gold layer was formed,
backward blue-shift in optical resonance frequency was observed. This
finding indicates that the structure of the AuNPs@SiO2Ps SERS
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substrate (uniform layer or nanoparticle monolayer) is a crucial factor
determining its optical properties. However, the electrokinetic proper-
ties of obtained particles were not determined.

Raspberry-like particles composed of silica core and AuNP shell
were also studied by Sadtler et al. [29]. In their approach, SiO2Ps
(330–550 nm in diameter) were functionalized by adsorption of poly-
ethylenimine in order to provide a positive surface charge. Afterward,
negatively charged citrate-stabilized AuNPs (20; 30; 40; and 80 nm in
diameter) were deposited at SiO2Ps in colloidal self-assembly process.
Then, the influence of the coverage of the shell layer of AuNPs on op-
tical properties of obtained composites was determined using UV–Vis
spectroscopy. It was confirmed that compared to the native suspension
of AuNPs, their composites with SiO2 exhibited slight red-shift (from
520 nm to 540 nm) of the plasmon band. The shift in LSPR peak in-
creased with AuNPs surface coverage. This effect was attributed to
electromagnetic coupling phenomenon between AuNPs in monolayer.

In the work of Khurana et al. [30], SiO2Ps (average size of 800 nm),
were modified by adsorption of (3-aminopropyl)triethoxysilane and
used as a supporting material for the formation of shells composed of
negatively charged AuNPs. The composites were used as substrates for
SERS investigations of crystal violet (CV) and single wall carbon na-
notubes (SWNT). Analysis of the spectra confirmed the applicability of
the composites as SERS substrates. The enhancement factor varied be-
tween 3.2×107 and 1.42×108 in the case of CV and SWNT, respec-
tively. However, the coverage of AuNP layer was not quantitatively
determined.

A detailed study of AuNP@SiO2Ps raspberry-like composites was
performed by Beulze et al. [26] who investigated the influence of shell
roughness on optical properties and enhancement factor of the SERS
signals of tiophenol. In this case, negatively-charged AuNPs of five
various diameters (10; 20; 30; 40 and 50 nm) were deposited on
PDADMAC modified SiO2Ps (100 nm in diameter). This allowed to
obtain a series of AuNPs@SiO2Ps composites having various AuNPs to
SiO2Ps diameter ratio. Analyzing the extinction spectra of the compo-
sites it was found that red-shift of LSPR band is dependent on the
diameter ratio of the particles. In the case of 30 nm AuNPs, the LSPR
red-shift was equal to 10 nm whereas the use of 10 nm AuNPs resulted
in 70 nm LSPR shift. It is worth mentioning that this considerable shift
may result from quantum confining effect which is only characteristic
for nanoparticles of diameter equal to 10 nm or less. Surprisingly, those
results were in disagreement with the SERS activity measurements
which showed that tiophenol spectra intensity increases with AuNPs
size. Despite the fact that AuNP coverage was roughly estimated, no
data about electrokinetic properties was reported.

Analysis of literature data confirms the importance of hybrid mi-
croparticles composed of AuNPs shell and silica core in modern SERS
sensing. It is clearly visible that attention of the researchers is focused
mainly on analytical aspects of particles, whereas other important
factors such as electrokinetic properties and stability of obtained sys-
tems are rather overlooked.

Therefore, in this work a facile procedure for the preparation of
AuNPs@SiO2Ps of a controlled morphology, coverage, electrokinetic
properties and potential utility as SERS substrates is developed. Due to
the biodegradability of SiO2Ps and biocompatibility of AuNPs, the
composites could be used for in-vivo analyzes. In contrast to previous
literature reports, the influence of surface coverage and overall SERS
substrate concentration on EF and enhancing efficiency per single AuNP
is determined and discussed.

2. Materials and methods

2.1. Chemicals

Tetraethoxysilane (TEOS), tetrachloroauric(III) acid trihydrate
(HAuCl4·3H2O), sodium borohydride (NaBH4), cysteamine hydro-
chloride (HSCH2CH2NH2·HCl), sodium chloride, hydrochloric acid,

sodium hydroxide and rhodamine B (RB) are supplied by Sigma-
Aldrich. Ammonia solution (30%, p.a.) and ethanol (96%, p.a.) were
products of Chempur (Piekary Slaskie, Poland). All chemicals were used
as received. Aqueous solutions used in the studies are prepared using
ultrapure water obtained from the Milli-Q Elix& Simplicity 185 pur-
ification system (Millipore SA Molsheim, France). The ultrapure water
conductivity was 0.06 μS cm−1.

2.2. Synthesis of particles

Silica particles were synthesized using modified Stöber method
[31]. Briefly, 100mL of ethanol, 8 mL of deionized water, and 4mL of
ammonia solution were mixed and kept at 15 °C. Subsequently, 6 mL of
TEOS was added to the mixture, that was stirred for 6 h at the same
temperature leading to the formation of suspension of SiO2Ps. Then,
this solution was centrifuged (5min, 7900 RCF) and the particles were
washed with ethanol and dried at 50 °C overnight.

Gold nanoparticles were synthesized using sodium borohydride and
cysteamine hydrochloride [32,33]. Firstly, 20mL of freshly prepared
aqueous solution of sodium borohydride (10mM) was added dropwise
to 120mL of 1.42mM tetrachlorauric(III) acid. After 10min of stirring
of suspension, 1.5mL of 213mM solution of cysteamine hydrochloride
was added to the reaction mixture. The stirring was continued over
30min. Then, the suspension was purified according to procedure de-
scribed previously [33].

2.3. Preparation of AuNPs@SiO2Ps composites

Ionic strength and the concentration of purified AuNP suspension
were adjusted by adding a proper volume of ultrapure water and 0.1M
NaCl, respectively. In this way, a set of AuNP suspensions of controlled
concentrations and ionic strength (10-3M and 3×10-3 M) was ob-
tained. This procedure was also applied in order to obtain the suspen-
sions of SiO2Ps of desired concentration and ionic strength. Afterward,
the suspensions of SiO2Ps and AuNPs of the same ionic strength were
mixed together for 20–30min. In this way, 10 mL of the mixture con-
taining a constant concentration of the SiO2Ps equal to 50mg L−1 or
100mg L−1 and various content of the AuNPs was obtained. As pre-
viously discussed, this period of time was adequate in order to effi-
ciently immobilize AuNPs on the SiO2Ps [13].

2.4. Determination of physicochemical properties of particles

The mass concentration of the stock suspensions of SiO2Ps and
AuNPs was determined using two different methods: gravimetric ana-
lysis and suspension density measurements. In the first approach,
SiO2Ps concentration was calculated based on sample mass changes
upon drying. In the second case, the density of SiO2Ps suspension and
its effluent was determined by high-precision DMA5000M densitometer
(Anton Paar) and the concentration was determined based on the sus-
pension, effluent and amorphous silica density. The formula allowing
the calculation of particle mass concentration can be found in previous
work [33].

The morphology and the size distribution of SiO2Ps, AuNPs and
AuNPs@SiO2Ps were derived from micrographs acquired using JEOL
JSM-7500F Field Emission scanning electron microscope (SEM). The
surface concentration of the AuNPs deposited on the SiO2Ps were de-
termined according to the methodologies described in previous work
[13].

The size distribution and the stability of SiO2Ps, AuNPs and
AuNPs@SiO2Ps dispersed in the suspensions of controlled ionic strength
(I) were determined applying the dynamic light scattering (DLS) using
Zetasizer Nano ZS instrument. The particle diffusion coefficients (D)
were converted to the hydrodynamic diameter (dH) using the Stokes-
Einstein relationship [13]. The same apparatus was applied to de-
termine electrophoretic mobility (μe) of the SiO2Ps, AuNPs and
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AuNPs@SiO2Ps exploiting the laser Doppler velocimetry (LDV) tech-
nique.

2.5. Measurements of RB spectra in the presence of AuNPs
and AuNPs@SiO2Ps

Raman spectra of rhodamine B (RB) in aqueous solutions of con-
trolled concentrations (from 5×10-5 M to 4.75× 10-4 M) were re-
corded in the presence of the AuNPs and the AuNPs@SiO2Ps. The
surface enhanced Raman spectra (SERS) were measured in the AuNP
suspension of a concentration equal to 50mg L−1. For suspensions of
the AuNPs@SiO2Ps, the concentration of the SiO2Ps ranged from 20 to
50mg L−1 and the coverage of deposited AuNPs monolayers changed
from 0.01 to 0.23. The samples for such investigations were prepared
by dispersing freshly centrifuged AuNPs@SiO2Ps in a proper volume of
RB solution. After incubation time equal to 30min, particles were
centrifuged, washed with ultrapure water and redispersed. For com-
parison, spectra of RB in its aqueous solution and in the presence of
SiO2Ps and AuNPs were also recorded.

The spectra were obtained using a Renishaw InVia Raman spec-
trometer equipped with an optical confocal microscope, a diode laser
emitting at 785 nm, and a CCD detector. The dry LeicaN PLAN EPI
(20×, NA 0.4) objective was used. The power of the laser at the sample
position was ca. 30mW for a measurement. One scan with the in-
tegration time of 60 s was enough to obtain good signal/noise ratio. The
spectrometer was calibrated using the Raman scattering line generated
by an internal silicon plate. The drop of appropriate suspension or RB
solution was placed on microscope slides and a laser spot was focused
inside the drop. For all spectra, a multipoint baseline correction (five
points) was applied.

3. Results and discussion

3.1. Characteristics of particles

Typical SEM micrographs and histograms obtained by their analysis
are shown in Fig. 1. One can see that SiO2Ps are spherical and mono-
disperse, whereas AuNPs are mostly spherical and their polydispersity
is slightly larger. Analyzing the histograms, it is determined that the
average size of SiO2Ps and AuNPs was equal to 605 ± 40 nm and
12 ± 3 nm, respectively. These values correspond to the polydispersity
index (PDI) value equal to 0.07 and 0.25 for SiO2Ps and AuNPs, re-
spectively.

Next, the diffusion coefficients and electrophoretic mobilities of the
particles were measured for a broad range of ionic strength using DLS
and LDV methods. These results are collected in Table 1 and presented
in Fig. 2 as the dependence of the hydrodynamic diameter and the zeta
potential of particles on ionic strength. As seen, the hydrodynamic
diameter of AuNPs is equal to 12 nm for ionic strength up to
3× 10−3M. For larger ionic strength, an abrupt increase in the hy-
drodynamic diameter of AuNPs is observed. This effect is attributed to
the aggregation of the AuNPs caused by decrease in interparticle elec-
trostatic repulsion energy. In contrast, the hydrodynamic diameter of
SiO2Ps was equal to 640 nm for the whole ionic strength range. This
suggests that the SiO2Ps are stable under such conditions (at pH 6.2).

The dependence of the zeta potential of the AuNPs and the SiO2Ps
on ionic strength is presented in Fig. 2b. As seen, the zeta potential of
AuNPs decreases monotonically from 44mV to 30mV while ionic
strength increases from 10−4M to 3× 10−3M. On the other hand, the
zeta potential of SiO2Ps increased from −60mV to −34mV for an
analogous change in ionic strength. This can be attributed to the de-
crease in the double layer thickness which implies the decrease in both
Henry's function and zeta potential value.

As mentioned before, the size of SiO2Ps determined from the SEM
analysis was equal to 605 ± 40 nm. This is slightly smaller than the

diameter derived from the DLS measurements (Fig. 2a). This difference
is in accordance to the measurements performed by Barahona et al.
[34].

3.2. Formation and properties of AuNPs@SiO2Ps composites

The formation of AuNPs@SiO2Ps was studied using electrophoretic
mobility measurements and SEM imaging. In the former case, the zeta
potential of AuNPs@SiO2Ps was calculated using Henry's formula. The
dependencies of zeta potential of the AuNPs@SiO2Ps on the AuNPs
concentration are shown in Fig. 3. (the upper horizontal axis). It is also
useful to express these dependencies using nominal coverage of the
AuNP at SiO2Ps (θAuNPs), which can be calculated from the following
formula:

=
d

d
c
c

1
4AuNPs

SiO Ps SiO Ps

Au AuNPs

AuNPs

SiO Ps

2 2

2 (1)

where dAuNP is the hydrodynamic diameter of AuNPs, cAuNPsis the bulk
concentration of AuNPs and ρAu is the density of gold in bulk.

Defining θAuNPs one can express the experimental results as the
dependence of AuNPs@SiO2Ps zeta potential on the nominal coverage
of AuNPs. As shown in Fig. 3, an abrupt increase in the AuNPs@SiO2Ps

Fig. 1. Size distribution of (a) SiO2Ps and (b) AuNPs derived from SEM. Scale
bar length is equal to 1 μm.
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zeta potential with AuNP coverage is observed. This leads to the in-
version of the zeta potential sign which occurs for AuNPs coverage
exceeding 0.1. This observation agrees with previous results [13] ob-
tained for AuNPs monolayers deposited on of poly(styrene) particles.
For larger AuNPs coverage, a limiting zeta potential was attained. It
was equal to 26mV and 22mV for the ionic strength equal to 10−3 and
3×10−3M, respectively.

The experimental results presented in Fig. 3 are interpreted in terms
of the electrokinetic 3D model described in details elsewhere [35]. The
results obtained using this model are plotted as solid lines. As seen, the
agreement between experimental data and theoretically predicted de-
pendence is satisfactory. AuNPs coverage was also determined using
SEM. Micrographs of AuNPs@SiO2Ps with different surface coverage
were shown as insets in Fig. 3. As the AuNPs are mostly deposited as
isolated entities, it is possible to evaluate their coverage (θAuNPs) using
direct enumeration procedure. It is determined that jamming coverage
of AuNPs is equal to 0.23 and 0.28 for the ionic strength equal to 10−3

and 3× 10−3, respectively. These results agree with the results ob-
tained using electrokinetic measurements. This confirms the applic-
ability of the in situ electrokinetic measurements for determination of
nanoparticle coverage at microparticle surface. Taking into the account
that colloidal stability of obtained particles is crucial factor determining
their utility in analyzes, their stability was also evaluated. In result, no
significant changes in the hydrodynamic diameter or zeta potential
were observed for 12 h of storage.

3.3. Spectroscopic detection of RB in the presence of AuNPs

The AuNPs in the native suspensions and the AuNPs@SiO2Ps of a
controlled monolayer coverage were investigated as SERS substrates for
RB detection. Firstly, spectra of pure RB solutions of various con-
centrations were recorded. The results obtained for RB solutions of the
concentrations 10−5M, 10−4M and 4.7× 10−4M. are shown in Fig. 4.
Additionally, the SERS spectrum of RB of the concentration of
4.7×10−4M recorded in the presence of the AuNPs of the con-
centration of 50mg L−1 at ionic strength 7× 10−3M is presented. It is
worth mentioning that the AuNPs were unstable at applied ionic
strength (Fig. 2a). One can therefore expect that under such conditions
AuNP aggregates can be formed. This allowed to generate more hot-
spots and to create suitable conditions for detection of RB.

Analyzing the results presented in Fig. 4 one can notice that the
spectral pattern of RB indicates that the concentration of 4.7×10−4M

Table 1
Selected physicochemical properties of the SiO2Ps and AuNPs.

Property [unit], symbol

Particles, values SiO2Ps AuNPs Remarks

Density [g cm-3], ρp 1.85 19.3 Experimental studies (SiO2Ps) and literature data [15] (AuNPs)
Particle diameter [nm] 605 ± 40 12 ± 3 From SEM
Diffusion coefficient [cm2 s-1], D 7.64× 10-9 5.22× 10-7 from DLS, pH 6.2, T=25 °C, I=3×10-3M
Hydrodynamic diameter [nm], dH 640 ± 13 12 ± 3 Calculated from the Stokes-Einstein relationship, pH 6.2, T=25 °C,I= 3×10-3 M
Geometrical cross-section area [nm2], Sg 1.03× 105 69.4 From geometry
Particle surface area [nm2], S 4.12× 105 277 From geometry
Electrophoretic mobility [(μmcm)(Vs)-1], μe pH 6.2,

T=25 °C,
−4.70 ± 0.18 2.33 ± 0.12 I=10-4 M
−3.37 ± 0.11 1.86 ± 0.21 I=10-3 M
−2.66 ± 0.15 1.59 ± 0.19 I=3×10-3 M

Zeta potential [mV], ζ Calculated from the Henry's model, for pH 6.2, T=25 °C,
−60 ± 2 44 ± 2 I=10-4 M
−43 ± 1 35 ± 4 I=10-3 M
−34 ± 2 30 ± 4 I=3×10-3 M

Fig. 2. Dependence of (a) hydrodynamic diameter and (b) zeta potential of: ( )
SiO2Ps and (●) AuNPs on ionic strength. Measurements conditions: cAuNPs =
20mg L‐1;cSiO2Ps = 50mg L−1, pH 6.2. The solid lines represent fits of experi-
mental results.
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is needed to obtain reasonable signal to noise ratio. However, as seen in
Fig. 4 the application of the AuNPs as a SERS active substrate increases
the detected spectral signal. The intensity of the 1511 cm−1 band was
employed for calculation of enhancement factor (EF), which is calcu-
lated using the following formula [36]:

=EF I c
I c
SERS Raman

Raman SERS (2)

where: ISERS is the intensity of the SERS band at 1511 cm−1; IRaman is the
intensity of the corresponding band in the Raman spectrum; cRaman is
the concentration of RB in the solution without the AuNPs and cSERS is
the concentration of RB in the suspension of the AuNPs.

From Eq. (2) it was found that EF is equal to 1.92. This value is
rather low compared to literature data [30]. Nevertheless, it was shown

that negatively charged AuNPs provide larger EF compared to those
with positive charge [37]. For AuNPs, which are stabilized by cystea-
mine moieties, one can suspect that the availability of the nanoparticle
surface is lowered. This causes less effective analyte adsorption on
AuNPs surface.

On the other hand, as confirmed by Ruan [38], there can be another
mechanism responsible for enhancement effect. In aforementioned
work, the AuNPs aggregates were used as SERS substrates for the de-
tection of perchlorate. It was suggested that strong a electrostatic at-
traction between perchlorate and amine groups enabled a close contact
of analyte and AuNP surface and hence enhanced the Raman signal.
This hypothesis was verified by performing additional SERS measure-
ments at pH of 12. In this case, no enhancement of Raman signal was
observed [38]. This important finding indicates that electrostatic in-
teractions between the stabilizer and the analyte may be sufficient for
the enhancement effect whereas the analyte adsorption on AuNPs sur-
face is not necessary.

One can expect that due to the size and structure of RB molecule, its
electrostatic binding to protonated amine groups is rather impossible.
Because the pKa of RB is equal to 3.1 [39] one can calculate that such
molecule is fully ionized at pH 6.2. Bearing in mind that the dissocia-
tion of RB molecule creates a formal negative charge at carboxyl group,
it is expected that RB could easily bind to cysteamine moieties present
at AuNPs surface.

3.4. Spectroscopic detection of RB in the presence of AuNPs@SiO2Ps

Because the AuNPs gave relatively little enhancement of the SERS
signal, the usefulness of the AuNPs@SiO2Ps for the RB detection was
investigated. Initially, the influence of the AuNPs coverage on the en-
hancement effect at RB concentration of 4.7×10−4M was evaluated.
The experiments were carried out for the AuNPs@SiO2Ps concentration
equal to 50mg L−1 (in reference to SiO2Ps) at ionic strength of
7×10−3M. The bulk conditions which were applied in the experi-
ments utilizing pure suspensions of AuNPs were matched analogously.
In contrast to previous studies, the AuNPs were deposited on the SiO2Ps
in electrostatic-driven immobilization process and formed well-defined
monolayers of coverage of 0.05, 0.10 and 0.23. The SERS spectra of RB
recorded under these conditions are presented in Fig. 5 As seen, the
increase in the AuNPs coverage induces noticeable increase in the in-
tensity of bands stemming from RB. The EF calculated for these sub-
strates was equal to 2.75, 3.92, and 5.75 for the AuNPs coverage of
0.05, 0.10 and 0.23, respectively. These values are rather low compared

Fig. 3. Dependence of the zeta potential of the SiO2Ps on the AuNP con-
centration in the suspension (the upper horizontal axis) and the nominal cov-
erage of AuNPs on the SiO2Ps (the lower horizontal axis). Deposition condi-
tions: cSiO2Ps= 50mg L−1, T=25 °C, pH 6.2, ionic strength: (a) 10−3M and (b)
3×10−3M. The solid lines denote theoretical results calculated from the
electrokinetic 3D model. The insets show AuNPs@SiO2Ps of different coverage:
(a) 0.13, (b) 0.25. The scale bar corresponds to 100 nm.

Fig. 4. (−) SERS spectrum of RB of the concentration equal to 4.7× 10−4M
recorded in the presence of the AuNPs (50mg L−1) at ionic strength of
7× 10−3M and the Raman spectra of RB recorded for its aqueous solutions of
the concentration equal to: ( ) 10−5M, ( ) 10−4M and ( ) 4.7× 10−4M.
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to those obtained by Khurana (3.2× 107) [30] and Castillo (2.3× 104)
[40] for negatively-charged AuNPs immobilized on the positively-
charged SiO2Ps. On the other hand, obtained results are comparable
with those reported by Wang [41] for Au-SiO2 composites utilized for
detection of rhodamine 6G.

The comparison between result obtained for the AuNPs aggregates
and AuNPs@SiO2Ps indicate that the immobilization of the positively-
charged AuNPs on the negatively-charged SiO2Ps surface is efficient
strategy which allows to increase the EF value. Moreover, due to the
lateral interactions between the AuNPs deposited on the SiO2Ps surface,
the reproducibility of substrates is much larger than in the case of
AuNPs aggregates. It should be mentioned that the total AuNPs con-
centration in the experiment performed with the use of the AuNPs@
SiO2Ps was significantly lower than in the case of the AuNPs aggregates.
Using Eq. (1) one can calculate that AuNPs concentration was equal to
1.6 mg L−1, 3.2 mg L−1 and 7.4mg L−1 for the coverage equal to 0.05,
0.10 and 0.23, respectively. One can easily show that in the case of
AuNPs@SiO2Ps the enhancing efficiency per single AuNP was 20 (for
θAuNPs= 0.23) to 44-fold (for θAuNPs=0.05) larger. This may result
from the differences in availability of the AuNPs surface which is

considerably lower for the AuNPs aggregates. It should be pointed out
that the adsorption of RB molecules on SiO2Ps was recently observed
[42,43]. Therefore, one can expect that RB molecules adsorbs on the
unoccupied SiO2Ps surface of the AuNPs@SiO2Ps. These RB molecules
which are in the vicinity of the deposited AuNPs are prone to the field
enhancement effect.

Additional measurement were performed to prove that the increase
in the SERS signal intensity by the AuNPs@SiO2Ps originates from
surface plasmon enhancement of the AuNPs rather than from adsorp-
tion of RB on a bare SiO2Ps surface. In this case, SERS spectra of RB
were recorded using a native SiO2Ps suspension of the same ionic
strength, pH and RB concentration as for the AuNPs@SiO2Ps. Under
such experimental conditions, no enhancement effect was observed.

In the last part of investigation, the SERS spectra of RB were re-
corded for two different concentrations of the AuNPs@SiO2Ps, namely
20mg L−1 and 50mg L−1 (in respect to the SiO2Ps). In both cases, the
coverage of AuNP monolayers deposited on the SiO2Ps was equal to
0.20. The obtained results are presented in Fig. 6. As expected, the EF
increased with the AuNPs@SiO2Ps concentration and was equal to 2.11
and 5.75 for the AuNPs@SiO2Ps concentration of 20mg L−1 and
50mg L−1, respectively. Knowing the aforementioned EF values, one
can calculate that their ratio is equal to 2.7, which agrees with the
concentration ratio. This observation also confirms the preferential
adsorption of RB molecules on the SiO2Ps surface.

4. Conclusions

An efficient procedure for the immobilization of positively charged
gold nanoparticles (AuNPs) on silica particles in a self-assembly process
was developed. The progress of the monolayer formation was followed
in situ measuring the electrophoretic mobility of the composite parti-
cles. The coverage was quantitatively determined using the electro-
kinetic model, whose utility was confirmed by a direct SEM imaging of
deposited nanoparticles.

The applicability of the composites for the SERS analysis was in-
vestigated using rhodamine B as a model analyte. It was shown that
increase in AuNP monolayer coverage is the most important factor af-
fecting the enhancement efficiency.

A comparison of native AuNP and SiO2Ps suspensions with the new
composites proved a large efficiency of the latter in enhancing of the
SERS signal. This effect was attributed to the plasmonic electric field
exerted on the rhodamine B molecules adsorbed in the vicinity of gold
particles immobilized on the silica particles.

These results suggest that instead of using aggregated nanoparticles
as SERS substrate one can simply increase the sensing efficiency by
immobilizing such nanoparticles on properly selected colloidal carriers.
Therefore, complex particles obtained using this methodology may be a
valuable starting point for new generation of SERS substrates.
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Fig. 5. The SERS spectra of RB at concentration 4.7×10−5M recorded in the
suspensions of AuNPs@SiO2Ps of concentration equal to 50mg L−1 ionic
strength 7× 10−3M and the AuNP coverage equal to: (−) 0.05, ( ) 0.10 and
( ) 0.23.

Fig. 6. The SERS spectra of RB at concentration 4.7×10−5M recorded in the
suspensions of AuNPs@SiO2Ps of concentration equal to (−) 20mg L−1 and (
) 50mg L−1 (in reference to SiO2Ps) at ionic strength of 7× 10−3M and the
AuNP coverage of 0.20.
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