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nanoparticles prepared with surfactant-free
synthesis†

Tuğba Tezcan a and Chia-Hsien Hsu *abc

Surface-enhanced Raman scattering (SERS) has become a more attractive tool for biological and chemical

sensing due to having a great detection potential to extremely low concentrations of analyte. Here, we

report high-sensitivity SERS detection of low branched gold nanoparticles which are produced by

a surfactant-free synthesis method. The effects of the size and branches of nanoparticles on the SERS

signal intensity were also investigated. Among the prepared nanoparticles, a new type of nanoparticle

with small protrusions produced by using a very low concentration of silver ions (2 mM in final solution)

achieved the best enhancement factor of �4 � 105 for DTNB used as a probe molecule. SERS

measurements were performed on the labeling side of microscope glass slides for the first time. The

substrate exhibited a good reproducible SERS signal with a relative standard deviation (RSD) of 1.7%. SERS

signal intensity obtained using the labelling side was three times larger compared to that obtained using

bare glass. To validate the sensing platform, dopamine, an important modulatory neurotransmitter in the

brain, was tested. The reported platform was able to achieve label-free detection of dopamine at

picomolar and nanomolar concentration level in aqueous and fetal bovine serum (FBS) solution at pH 8.5

respectively. Due to its surfactant-free preparation and enhanced SERS-based sensing features, our

reported platform represents a strong alternative to be used in SERS-based sensing applications.
Introduction

SERS is a powerful non-destructive analytical technique with
the potential to achieve single molecule sensitivity under
appropriate conditions. It can reveal information about
molecular species in chemical and biological molecules.1,2 Two
mechanisms, electromagnetic (EM) and chemical mechanisms,
are used to describe the enhancement of Raman signals in
SERS. EM enhancement can be attributed to the localized EM
eld at the nanostructured metal surface, while chemical
enhancement depends on the charge transfer between the
noble metal and the adsorbed analyte. EM enhancement is the
dominant mechanism, because of its high enhancement factor,
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which ranges between 104 to 108 compared to chemical
enhancement, which has a factor ranging between 10 and 102.3–7

Several studies have recently investigated the use of nano-
particles to improve SERS signals. The aggregation of nano-
particles creates “hotspots” that generate a highly enhanced EM
eld and offer a very low detection limit. However, this aggre-
gation decreases reproducibility.8,9 Many researchers have
investigated the formation of ordered metal nanostructures on
solid substrates to enhance the signal without compromising
the reproducibility.10–12 However, these efforts faced some
challenges such as process complexity and relatively high cost.
An alternative approach utilized hydrophobic surfaces to obtain
a reproducible and enhanced SERS signal. The process involved
evaporation of a droplet of the sample on the hydrophobic
substrate. This technique resulted in a highly uniform distri-
bution of nanoparticles, which generates a good reproducible
signal. In addition, the adjacent nanoparticles create hotspots,
providing an enhanced SERS signal.13–16

Gold nanoparticles were widely investigated for several bio-
logical and chemical sensing applications, due to their unique
chemical and physical properties including ease of synthesis,
biocompatibility, chemical stability, and plasmonic
tunability.17–21 Moreover, surface-modied gold nanoparticles
can conjugate with various biomolecules, such as antibodies,
This journal is © The Royal Society of Chemistry 2020
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enzymes, oligonucleotides, which provide an opportunity to
develop a new biosensor platform with high specicity and
selectivity to detect biological and chemical molecules.22–24 On
the other hand, label free SERS sensing technique has great
potential for direct bio-detection without using any tag mole-
cules.25 There have been many efforts in analysis of biomole-
cules including low molecular weight substances (amino acids,
vitamins, nucleotides etc.), nucleic acid and proteins in bio-
uids, based on label free SERS sensing strategy.25–28 Among
them, as an example, to better understand processes in the
brain, determining the level of dopamine, an key neurotrans-
mitter, is of great importance. The low concentrations (0.01–1
mM) dopamine in the extracellular uid and the presence of
interfering molecules are challenging factors in detection of
dopamine.29

Nanoparticles with anisotropic shapes, such as nanorods;
nanotriangles; and nanostars with tips, edges, and corners,
have intrinsic hotspots, which generate highly enhanced EM
eld.9,30,31 Synthetic methods for controlling the shape and size
of gold nanoparticles include using surfactant and polymers for
synthesis.32–34 These chemicals allow for shape orientation and
growth prevention in specic directions. However, these nano-
particles, may exhibit poor SERS performance, because the
surfactant layer can obstruct the interaction between the target
analyte and nanoparticles.17 Another technique, which does not
employ any surfactant or polymer, involves adding silver ions
into gold seed solution to synthesize gold nanostars for
biomedical applications such as cell imaging and biosens-
ing.35–37 The branch growth mechanism is similar to that of
nanorods formation. Silver ions are effective for the formation
and differentiation of branches.36,38

Nanostars have attracted much attention, due to their
unique plasmonic properties.39,40 Although many studies have
already been conducted on nanostars, their effectiveness in
SERS-based sensor is not fully understood. Comparative infor-
mation about SERS signal enhancement using different sizes
and shapes, such as spherical and star, of gold nanoparticles
was presented in this study. By using the surfactant free
method, branch formation and growth were controlled by
changing the silver ion concentration in aqueous solution. The
surfactant free synthesis method developed by Vo Dinh's et al.
was followed in our preparation for nanoparticles.35 However,
the recommended silver concentration (at least 5 mM) of their
method was further reduced in our work. In our case the
nanoparticles were synthesized at a concentration of 2 mM silver
in order to obtain nanoparticles with fewer branches and
smaller protrusions. These nanoparticles showed a more
enhanced SERS signal than longer and more branched nano-
stars obtained in concentrations of 5 mM and above. SERS
measurements were performed for the rst time on the white
epoxy ink-frosted label side of the microscope glass slide. This
substrate with hydrophobic morphology contributed to the
uniform distribution of aggregated nanoparticles and the
formation of hotspots, which result in enhanced and repro-
ducible SERS signal. To demonstrate the applicability of our
sensing platform, dopamine spiked in FBS solution was used.
This journal is © The Royal Society of Chemistry 2020
Materials and methods

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4$3H2O), silver
nitrate (AgNO3), trisodium citrate (Na3C6H5O7), ascorbic acid
(AA), hydrochloric acid (HCl), 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB), dopamine hydrochloride ((HO)2C6H3CH2CH2NH2$HCl),
purchased from Sigma-Aldrich. All reagents were of analytical
grade and used as received. Deionized water (DI) was used in all
synthesis. All glassware was precleaned by aqua regia and then
rinsed thoroughly with DI water. The morphology of nano-
particles was examined by Transmission Electron Microscope
(TEM, Hitachi, H7650, Japan) at a voltage of 100 kV. In order to
prevent aggregation of nanoparticles on the copper grid in the
drying process, samples were prepared in 1mgml�1 BSA solution
for TEM measurements.41 The mean size of nanoparticles was
determined using Image J soware (open source) and TEM
images. UV-visible spectroscopy (Varian Cary 50 Bio, Agilent
Technologies, USA) was used to obtain absorbance spectrum of
the prepared colloidal nanoparticles. Samples were numbered
S1–S8. Scanning Electron Microscope (SEM, Hitachi S 4700) was
used to determine of aggregated nanoparticles on the substrate.
The surface charge of nanoparticles was determined with Zeta-
sizer (Malvern, Nanoseries Nano-ZS). Schematic of the prepara-
tion process of the sensing platform is shown in Fig. 1.
Synthesis of citrate-stabilized gold nanoparticles

Gold nanoseed solution (S1) was synthesized following Turke-
vich method.42 Aqueous solution of HAuCl4 (100 ml) with
a concentration of 1 mM was prepared and stirred while being
heated until boiling in reux condition. Subsequently, a 1%
trisodium citrate solution (15 ml) was added to the mixture that
was then stirred vigorously for 30 minutes. The same protocol
was applied by reducing the citrate ion concentration in the
solution to 600 ml to prepare bigger nanoparticles (S2).
Preparation of branched gold nanoparticles

Branched gold nanoparticles were prepared without using any
surfactant or solvent. The protocol dened by Vo Dinh's et al.
Fig. 1 Schematic of the preparation process of the sensing platform.

RSC Adv., 2020, 10, 34290–34298 | 34291
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was followed in the preparation.35 However, the limits dened
in the protocol were expanded by using silver ions at a concen-
tration of less than 5 mM in nal concentration. HCl (10 ml) at
a concentration of 1 M and the seed solution (100 ml) were
added to 0.25 mM HAuCl4 aqueous solution (10 ml) and the
mixture was then stirred at 400 rpm. Aer stirring for 5minutes,
AgNO3 of different concentrations (S3–S8; 0–20 mM, respec-
tively), i.e., the nal concentration in 10 ml solution, as well as
50 ml of 100 mM AA were simultaneously added to the main
solution. Once the color of the solution changed, the solution
was centrifuged at 4000 rpm for 20 min. Next the precipitated
nanoparticles were dispersed in DI water.
Preparation of self-assembled monolayer (SAM) DTNB on gold
nanoparticles

DTNB with a concentration of 1 mM was prepared in 0.1 M PBS
solution. DTNB was slowly added to the colloidal gold solutions
in a 1.75 ml Eppendorf tube and was le under stirring over-
night. The solution was centrifuged at 8000 rpm for 20 min to
remove unbonded molecules, and the precipitate was then
dispersed in DI water.
Preparation of gold nanoparticles–dopamine biosensor

Dopamine of different concentrations (0.1 mM to 1 pM) were
added in the colloidal gold solution at pH 8.5. The pH value was
adjusted by using 0.1 M NaOH. The solutions were le over-
night for incubation.
Pretreatment of biological samples

To demonstrate the applicability of the proposed biosensor,
dopamine detection in serum samples was performed with
various dopamine concentrations spiked into FBS solution. In
order to minimize the complex matrix effect, the methanol
extraction method was employed on the serum samples. Briey,
100 ml of sample was mixed with 900 ml HPLC grade methanol
followed by centrifugation at 5000 rpm for 10min. The resulting
clear supernatant was removed to use in the SERS
measurement.
Fig. 2 TEM images of gold nanoparticles prepared by different condition
S5, 2 mM AgNO3 (F) S6, 5 mM AgNO3, (G) S7, 10 mM AgNO3, (H) S8, 20 mM

34292 | RSC Adv., 2020, 10, 34290–34298
SERS measurement

Gold Seal Rite-On glass slide was purchased from Thermo-
Fisher Scientic. The white epoxy ink-frosted part of the glass
slide was used as a substrate. 3 ml of analyte/gold nanoparticle
solution was placed on the substrate. Aer drying samples, the
SERS signal was collected from 15 different locations in each
sample to determine average data and standard deviation. SERS
measurements were performed using a Raman spectrometer
(Thermo Scientic DXR-USA) with 5 mW of 780 nm wavelength
laser. The scattered light was collected by a 10� objective lens
(NA ¼ 0.25) into a charge-coupled device detector. A grating of
400 lines per mm was used to disperse the scattered light. The
spot size of the laser was estimated to be 3.1 mm. The Raman
shi was calibrated using the signal of 1001 cm�1 from a poly-
styrene. All DTNB spectra reported here were the results of
signal accumulation for 2 s within a range of 50–1850 cm�1 with
total data points of 1868.
Results and discussion
Size and shape of gold nanoparticles

The size and shape of gold nanoparticles were analyzed by
TEM. Fig. 2A–H illustrate the results of S1–S8, respectively. The
average dimensions of the particles, such as core diameter
(dcore), branch length (Lbranch), number of branches (Nbranch)
were calculated using TEM images and Image J soware. The
change in size and shape of nanoparticles is clearly reected in
Fig. 2 and Table 1. While the nanoparticles (S3, S4, S5, S6, S7,
S8) were grown by using (S1) gold seeds with 15 � 1 nm and AA
as reducing agent, S2 solution was prepared directly by citrate
reduction without seeds. Fig. 2B shows that the size distribu-
tion in the S2 solution was homogenous with spherical shaped
nanoparticles of 52 � 5 nm diameter. Seed-prepared nano-
particles (S3) formed without using AgNO3 were mainly
composed of spherical shaped particles with a diameter of 38
� 6 nm, but some rod-shaped nanoparticles were also
observed. Fig. 2D shows that adding AgNO3 (1 mM) into seed
solution did not cause any apparent branching in the particles.
S4 particles had an anisotropic shape with a diameter of 54 �
(A) S1-seed (B) S2, no AgNO3, (C) S3, no AgNO3, (D) S4, 1 mM AgNO3 (E)
AgNO3.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Average dimension of nanoparticles. Samples S1–S8 corre-
spond to images A–H in Fig. 2

Sample nu. Silver concentration dcore Lbranch Nbranch

S1 — 15 � 1 nm — —
S2 — 52 � 5 nm — —
S3 — 38 � 6 nm — —
S4 1 mM 54 � 17 nm — —
S5 2 mM 38 � 4 nm 10 � 3 nm 1–3
S6 5 mM 33 � 3 nm 16 � 5 nm 5–8
S7 10 mM 45 � 3 nm 23 � 5 nm 10–12
S8 20 mM 48 � 4 nm 33 � 7 nm $12

Fig. 3 UV-vis absorption spectra of nanoparticles (A) S1 to S3 and (B)
S4 to S8.
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17 nm based on their angular structures. Upon increasing the
silver concentration to 2 mM, one to three branches were
clearly observed, and the size distribution became more
homogeneous (38 � 4 nm) compared to the previous structure
(Fig. 2D and E). On the other hand, increasing the silver
concentration to 5 mM resulted in the formation of particles
with ve to eight branches and an increase in both the number
of branches and their length compared to the previous struc-
ture. In addition, the structure of nanoparticle (S6) changed
into nanostar (Fig. 2F). By further increasing the silver ion
concentration to 10 mM, the number of branches and their
length as well as the particle's core diameter increased, which
was also the case when the silver concentration was further
increased to 20 mM. However, side protrusions started to
appear on the branches of nanostars in S8. Small changes in
silver concentration considerably affected the morphology of
gold nanoparticles. Therefore, the number of branches and
their length increased with the silver concentration. However,
there was no correlation between silver concentration and core
diameter. Similar to the previous study, nanostars were
observed at a silver concentration of 5 mM and above.35 It was
reported that underpotential deposition of metallic silver ions
on different crystal surfaces of gold leads to symmetry
breaking and formation of gold nanorods.43–45 Fig. 2E shows
that the formation of protrusions started in one direction
upon the addition of a small amount of silver ions to the
solution. Thus, the formation of branched nanoparticles
shows a similarity to the growth of nanorods.
Absorption measurements of nanoparticles

Fig. 3 presents the UV-vis absorbance spectra of the nano-
particles, in which optical properties offer information about
their size and shape. Fig. 3A shows two intense absorption
peaks for S1 and S2 at 520 and 535 nm, respectively. As the gold
nanoparticle size grows, the maximum extinction of Localized
Surface Plasmon Resonance shied to the red region in the EM
spectrum. As expected, the size of the gold nanoparticle (S2)
increased with decreasing the citrate ion concentration relative
to nanoseed (S1). In case of nanoparticles (S3) prepared in seed
solution with no AgNO3, the ascorbic anions transfer electrons
to the seed particles so that particles grow with reduction of
gold ions. S3 shows maximum absorbance at 525 nm. Fig. 3B
This journal is © The Royal Society of Chemistry 2020
shows the UV-vis absorption spectra obtained by increasing the
silver ion concentration between 1 and 20 mM in the presence of
seed particles, AA, and gold ions.

Increasing the silver concentration causes an increase in the
maximum absorbance wavelength and a shi toward the NIR
region, due to an increase in the size of particles. A single
absorption peak was observed on nanoparticles (S1–S5). In
contrast, the multi-branched nanostars in S6, S7, and S8
resulted in two absorption peaks, of which one was a weak peak
originating from the core body at around 520 nm. In addition,
these nanostars exhibited broad absorption peak, due to their
complexity.
SAM DTNB on nanoparticles

DTNB was chosen as a probe molecule, because of its high
affinity to gold nanoparticles. It was reported that DTNB
exhibits poor stability in basic environment.46,47 Therefore, the
solution was prepared in 0.1 M PBS to maintain neutral pH. The
concentration of DTNB was optimized to form SAM on nano-
particles, while maintaining solution stability. Fig. 3 shows that
the maximum absorbance intensity of all colloidal gold solu-
tions was adjusted to approximately 1.0. The changing in
stability of colloidal solutions was observed aer adding DTNB
by absorbance measurements. Different concentrations of
DTNB solution (20–200 mM) was added to the colloidal gold
solutions. S2 solution showed poor stability and formed
aggregates aer adding a solution with a concentration of 20
mM. The maximum absorbance intensity of S2 signicantly
decreased because of aggregation (Fig. S1†). Similarly, SERS
RSC Adv., 2020, 10, 34290–34298 | 34293
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Fig. 5 SEM image of aggregated nanoparticles on the epoxy side.
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probe molecules were previously reported to change the elec-
tronic double layer formed by stabilizers surrounding the
nanoparticle, resulting in particle aggregation.48–51 On the other
hand, branched nanoparticles (i.e., S5, S6, and S7) without
surfactant displayed better stability compared to S2, even
though a more concentrated DTNB solution was added in the
preparation. The maximum absorbance wavelength for the
branched nanoparticles (Fig. S2 and S3†) shied to the blue
region, due to the increase in the particle size with DTNB
molecules. The maximum concentration of DTNB for these
particles reached 100 mM. As the critical concentration of the
solution was further increased, the stability of the solution
started to signicantly deteriorate and visible aggregates started
to form.
SERS measurements

The Raman spectrum of the DTNB molecule shows a strong
peak at 1342 cm�1 resulting from the symmetric stretching of
the nitro group as well as a peak at 1556 cm�1 originated from
the mode of the aromatic ring in the molecule. However, SERS
spectrum of TNB exhibits some peak shis (1342–1333 cm�1)
compared to the Raman spectrum of DTNB.51 The interval of
1342–1333 cm�1 and the band at 1556 cm�1 were considered
the ngerprint region of the molecule in all measurements.
Fig. 6 SERS spectra of 100 mM of DTNB modified S5 sample on glass
side and epoxy side.
Effect of surface properties of the glass slide on SERS signal

Comparing the white epoxy ink-coated side of the glass to bare
glass, the droplet covered a smaller area in the epoxy-coated
side, due to its hydrophobic structure (Fig. 4). The drying
process ensured a uniform distribution of the aggregated
nanoparticles in the conned area and the formation of
a higher number of hotspots. During evaporation, the color of
the sample point changed from pink to gray, due to the nano-
particles gathering in the limited area (Fig. S4†). As seen in the
SEM image (Fig. 5), the nanoparticles were positioned closer to
each other, forming hotspots and enhancing the SERS signal. In
contrast, the particles on the bare glass randomly dispersed in
a wider area.

Fig. 6 indicates that the SERS signal was approximately three
times stronger on the epoxy part compared to that on the bare
glass. In addition, the RSD values of the glass and epoxy side
were found to be 52.3% and 1.7%, respectively (Fig. 7). This
means that almost the same signal value was obtained from
each point on the epoxy side. Therefore, both enhanced and low
Fig. 4 Evaporation process for a drop on surfaces (A) white epoxy ink
frosted side of glass slide (B) bare glass. The initial volume of the drop is
3 ml. The drop comprises of low branched gold nanoparticles and
DTNB solution. The scale bar is 0.5 mm.

34294 | RSC Adv., 2020, 10, 34290–34298
signal variations can be achieved with this substrate. Thus,
a reproducible signal was obtained for SERS measurements.
Effect of shape and size of nanoparticles on SERS signal

DTNB solutions (100 mM) were added to all colloidal solutions
(S1–S8), and a 3 ml volume of each solution was placed onto the
Fig. 7 SERS intensity distribution of 100 mM of DTNB modified S5
sample obtained from 15 random sites on the (A) bare glass slide (B)
epoxy side of slide at the strongest peak (1337 cm�1) and the calculated
RSD.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The SERS signal intensity including signal variation of DTNB for
all nanoparticle solutions (S1–S8) in specific band at (A) 1337 cm�1 and
(B) 1556 cm�1.
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epoxy side of glass. Fig. 8A and B illustrate the SERS spectra of
all solutions. Previous studies showed that the particle size of
gold nanoparticles affects the SERS signal enhancement.52–55

Some studies achieved maximum SERS enhancement with
spherical nanoparticles of a 50 nm diameter.54–56 Similar to
these results, the highest average SERS signal intensity among
the spherical nanoparticles (i.e., S1, S2, S3) was achieved using
nanoparticles with a diameter of about 52 nm (S2), even though
the signal variation was quite high. The effective conductivity
and light scattering properties required for SERS enhancement
are known to decrease with very small particles such as S1.55–57

S3 displayed more SERS enhancement compared to S1, due to
the increasing size. This observation supports that the theory in
which EM eld enhancement depends on the number of excited
electrons and the volume of nanostructures.55,56 Nanoparticles
with sharp corners or high curvature, such as tips, affect the
SERS enhancement, due to their hotspots, which generate
highly enhanced EM eld.25 However, it is noteworthy that the
position of the nanostars relative to each other is also effective
on the EM enhancement. In the case of aggregation, nanostars
with long branch exhibited less EM enhancement than short
branched particles (Fig. 8 and 9). This is in good agreement with
previous studies, due to its complex geometry and orientation,
nanostars probably collapse into each other, breaking the hot
spots on the branches.34,58,59 As the number of branches further
increased, the signal signicantly decreased. When the laser
strikes the centre of a long branched nanostar, such as S7 and
S8, energy is dissipated by the branches, and it becomes diffi-
cult to contain it in a certain area. In addition, the branches
create fewer junctions, which act as hotspots, because the two
individual particles are prevented from getting close enough to
each other. In case of long branched nanoparticles, the majority
of the analyte is attached to the core body and the arms of the
tips. As the concentration of the molecule retained on the tips is
very small compared to the entire surface area and since the
unusual SERS enhancement effect occurs on the tips, this effect
is considered negligible compared to the signals collected from
Fig. 8 SERS spectra of the 100 mM of DTNB molecule on nano-
particles (A) S1 to S3, (B) S4 to S8.

This journal is © The Royal Society of Chemistry 2020
the entire surface.34 Thus, low signal intensity in long branched
nanostars may be attributed to these factors. Whereas, S5 with
small protrusions shows the strongest EM enhancement. This
enhancement may be attributed to the strong electrical eld
near-surface in short-branched nanoparticles synthesized by
different methods in previous study.31
Comparison of the SERS signal intensities of the
nanoparticles for DTNB

Fig. 9 shows the signal intensities of the band at 1337 cm�1 and
the band at 1556 cm�1 resulting from symmetric stretching of
the nitro group and aromatic ring stretching mode respectively
while Tables S1 and S2† show the RSD values. S2 showed the
poorest reproducible SERS signal, due to some aggregation in
the solution, which caused a heterogeneous distribution on the
substrate and consequently increased the variation of the
signal. In order to increase the reproducibility and accuracy of
the signal, it is necessary to ensure a homogeneous distribution
of the nanoparticles on the substrate. Although S3 solution can
maintain the stability with no aggregation, SERS signal varia-
tion of the particles is relatively high. Because S3 solution has
particles of different shapes, such as rods and spheres, signal
variation may occur. On the other hand, branched nano-
particles exhibited good reproducible SERS signals with low
RSD value, due to their good stability and uniform distribution
on the substrate.
SERS EF calculation

The SERS EF of DTNB on nanoparticles was determined for S5
solution which showed the highest signal intensity. EF was
RSC Adv., 2020, 10, 34290–34298 | 34295
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Fig. 10 SERS spectrum of dopamine (10�4 M) adsorbed on low
branched gold nanoparticles.

Fig. 11 SERS spectra of dopamine molecules adsorbed on low
branched gold nanoparticles in three different concentration (10�6 to
10�10 M) at pH 8.5.
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calculated for the characteristic bands at 1337 cm�1 as well as at
1556 cm�1. The following equation was used to obtain the EF
value:

EF ¼ [ISERS]/[IRaman] � [NRaman]/[NSERS]

The number of analyte molecules (Nbulk) in 1 mM DTNB
solution was calculated, while taking into account the laser
spot size (d ¼ 3.1 mm) and depth of eld (h ¼ 29.3 mm), to be 2
� 108. The shape of the S5 nanoparticles was assumed to be
spherical, even though they have small branches or protru-
sions, because S5 comprised mainly spherical structures
(Fig. 2E). Accordingly, the concentration of spherical nano-
particles was determine by using an equation, which employed
the UV-vis absorbance intensity at 450 nm.60 The concentra-
tion of nanoparticles in S5 solution was determined to be 7.68
� 1010 molecules per ml. Assuming that the coverage of the
analyte monolayer on the nanoparticle and TNB molecular
footprint was 0.26 nm2 per molecule, NSERS was estimated to
be 7.6 � 103. Ibulk and ISERS were obtained from the spectra of
DTNB illustrated in Fig. S5.† Using the equation given above,
EF was calculated to be 3.8 � 105 and 4.2 � 105 at 1337 cm�1

and 1556 cm�1 respectively.

Label free SERS detection of dopamine

Molecules containing functional group such as thiols, phos-
phines and amines have high affinity towards the surface of
gold nanoparticles, based on the hard and so acids and
bases (HSAB) theory. Positively charged amine group of
dopamine tend to bind to the negatively charged surface of
gold nanoparticles.61,62 In previous studies, gold nano-
particles were reported to show better electrostatic interac-
tion with more deprotonated dopamine at alkaline
environment.63,64 Similarly, low branched nanoparticles with
a zeta potential of (�38.3 mV) exhibited good interaction with
dopamine molecules at pH 8.5 in our study. Fig. 10 shows the
SERS signal of the 10�4 M of dopamine molecules adsorbed
onto the low branched gold nanoparticles. The characteristic
bands of dopamine molecules were mainly observed at
1270 cm�1, 1333 cm�1 and 1480 cm�1. The spectra of dopa-
mine exhibited a good similarity with that of previous
works.29,65 The intense bands at 1270 cm�1, 1333 cm�1 and
1480 cm�1 were assigned to the catechol carbon–oxygen
stretching, the C–O stretching and the catechol ring
breathing respectively.29,66 It is important to note that there is
no interference peak arising from the gold nanoparticle/
substrate without adding any analyte. The SERS measure-
ments of 10�6 M to 10�10 M dopamine were performed and
the peak intensity for the marker band at 1480 cm�1 was
followed in Fig. 11. As the dopamine concentration
increased, the density of the specic peak in 1480 cm�1

increased. Dopamine was detected at picomolar concentra-
tion level by using sensing platform consisting of low-
branched nanoparticles aggregated on the label side of the
glass. The detected concentration of dopamine is one of the
lowest levels achieved by label free SERS detection. In
34296 | RSC Adv., 2020, 10, 34290–34298
previous studies, dopamine was detected at the picomolar
level by fabricating special substrates such as graphene-Au
nanopyramids and Au/Ag nanocluster electrodeposited on
ITO glass.67,68 In contrast, the similar detection level can be
achieved by using a simple method and low-cost substrate in
this study.
Detection of dopamine in spiked serum samples

FBS is a complex medium including various molecules such as
proteins, growth factors, vitamins, trace elements,
hormones.69 To minimize interference effect of matrix, the
methanol extraction method was applied to remove
proteins.15,61,70 Fig. 12 shows the SERS spectra of the dopamine
with different concentration in the FBS samples and as well as
the spectrum of control sample (FBS) without dopamine.
Specic peaks of dopamine were clearly observed at
1270 cm�1, 1333 cm�1 and 1480 cm�1 from dopamine at the
nanomolar level was detected in the FBS. Although no domi-
nant peak was observed, the presence of weak peaks at
733 cm�1 and in the range of 1100 cm�1 to 1700 cm�1 indicate
a small amount of molecule residues in the control sample.
The fact that the detection limit in FBS remains at nanomolar
(10 nM) levels can be attributed to the interference effect of
molecule residues in FBS despite the use of methanol extrac-
tion method.67,71
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 SERS spectra of dopamine molecules in two different
concentrations (10�6 and 10�8 M) in FBS and control sample.
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Conclusion

In this study, new gold nanoparticles with one to three small
protrusions were produced by using surfactant-free synthesis.
The number of branches and their length in the gold nano-
particle increased with the silver ion concentration. The gold
nanoparticles with small protrusions exhibited the highest
SERS signal intensity for DTNB molecule among the spherical
and multi-branched nanoparticles. In contrast, multi-branched
nanoparticles with longer spikes showed lower SERS signal
intensities. In addition, the white epoxy ink-frosted labeling
side of the glass slide was proven to be a new efficient solid
SERS substrate that contributes to the formation of hotspots
and enables uniform distribution of aggregated nanoparticles,
due to its hydrophobic morphology. Thus, highly reproducible
and enhanced SERS signal was obtained on the solid substrate.
The developed method has been successfully applied for
sensitive detection of dopamine spiked into FBS as the real
application. In summary, the combined use of the new gold
nanoparticles with small protrusions and the new solid SERS
substrate holds great potential for high sensitivity SERS-based
sensing of traces of biomolecules.
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