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ABSTRACT: We present a novel colorimetric method inspired by nature’s complex mechanisms, capable of selectively determining
serotonin with high sensitivity. This method exploits the inherent binding affinity of serotonin with sialic acid (SA) molecules
anchored to gold nanoparticles (SA-AuNPs). Upon serotonin binding, SA-AuNPs aggregate, and a characteristic red shift in the
absorbance of SA-AuNPs accompanied by a dramatic color change (red to blue) occurs, readily observable even without
instrumentation. The proposed method effectively eliminates interventions from potential interfering species such as dopamine,
epinephrine, L-tyrosine, glucosamine, galactose, mannose, and oxalic acid. The absence of a color change with L-tryptophan, a
structurally related precursor of serotonin, further confirms the high selectivity of this approach for serotonin detection. The
colorimetric method has a wide linear dynamic range (0.05—1.0 M), low limit of detection (0.02 M), and fast response time (S
min). The limit of detection of the method is lower than other colorimetric serotonin sensors reported so far. The possible use of the
proposed method in biological sample analysis was evaluated by employing a serotonin recovery assay in processed human plasma.
The recoveries ranged from 90.5 to 104.2%, showing promising potential for clinical applications.

1. INTRODUCTION can successfully measure low serotonin levels, most of them

Serotonin (5-hydroxytryptamine, S-HT) is a small and require high-cost equipment, and additionally, they are time-

important molecule that has two functions in the human consuming, particularly methods involving liquid chromatog-

body: a monoamine type of neurotransmitter in the central raphy.

nervous system and a hormone in the periphery." It possesses a Colorimetric assays using chromogenic probes that change
highly important role in regulating many behavioral and color in response to a specific target have gained popularity in
cognitive functions like mood,” sleep,’ appetites,” learning,® analytical applications due to their simplicity and affordability.
pain,’ sexuality,” and cardiovascular function.” Serotonin levels Chen and co-workers developed a selective chromogenic probe
in human blood are between 0.6 and 1.6 yM for healthy for the determination of nitrite in foods based on the reaction
people.9 High and low levels of serotonin have been linked to between nitrite and the amino group of 3,3,5,5-tetramethyl-
several diseases. Its low levels have been associated with benzidine (TMB) to produce a diazonium salt. Following that,

depression and anxiety,'" migraine,'' attention deficit hyper-
activity disorder (ADHD),"” and inflammatory syndromes,"
whereas high levels are associated with serotonin toxicity or
1 o 15,16 . )

syndrome * and carcinoid tumors. The relationship
between serotonin levels and specific diseases evaluates
serotonin levels as a tool for diagnosis. For this purpose,
several methods have been developed to determine serotonin
including mass spectrometry,’’ '~ electrochemical techni-

20-35 26 . 27-32
ques, phosphorescence,™ fluorimetry, and surface-
enhanced Raman spectrometry.””** Although these methods

the diazonium salt reacts with glucosamine hydrochloride to
produce an orange molecule determined by the colorimetric
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method.* In addition, Fernandes and co-workers were able to
analyze H,S contamination in water by using the red
luminescent ruthenium (Ru)-imidazophenanthroline complex
as a probe.”® Gold nanoparticles, in particular, are becoming a
popular choice for designing chromogenic probes due to their
unique characteristic called localized surface plasmon reso-
nance (LSPR). This property arises from the collective
oscillation of their conducting electrons when they are exposed
to electromagnetic radiation. As a result, they strongly absorb
or scatter radiation at specific wavelengths, which are
determined by the size, shape, composition, interparticle
distance, and refractive index of their surrounding medium.
A decrease in the interparticle distance causes a red shift in the
LSPR band(s) due to strong overlap between plasmon fields,
increasing in intensity, and a noticeable change in the
solution’s color. Due to this distinct structural feature, their
solutions appear colored in the visible spectrum. The color
depends on how closely packed the nanoparticles are, with
well-separated nanoparticles giving a red color and clustered
ones giving a blue color. By engineering the interaction
between the nanoparticles’ surface and the analyte, a color shift
can be generated. This shift, which is often mediated by
electrostatic forces, hydrogen bonds, or even chemical
reactions, allows for the visual detection of the analyte.”” >’
Detection methods developed in recent years based on the
LSPR phenomenon are very sensitive and can be used in the
determination of different analytes like pesticides,*’ amino
acids,*' cancer cells,”” and metabolites.*

Developing a method for the determination of serotonin in
the biological environment is challenging due to both the
complexity of the molecule and the interference effects of the
matrix. Gold nanoparticles can be used to design a highly
accurate chromogenic probe for detecting serotonin. Godoy-
Reyes and co-workers developed a probe by functionalizing
gold nanoparticles with dithiobis(succinimidyl propionate)
(DSP) and N-acetyl-L-cysteine (NALC) to increase the
selectivity of the functionalized nanoparticles for serotonin,
having 0.1 #M limit of detection (LOD).** Chavez and co-
workers designed aptamer-gold nanoparticle conjugates to
determine serotonin. Although the method displayed good
selectivity and sensitivity, it is complicated and expensive.*
Another spectrophotometric method for the determination of
serotonin derivatives was reported by Jin and co-workers.*®
The method was based on the formation of a colored product
formed from the reaction of serotonin derivatives with p-
dimethylamino benzaldehyde having an absorbance at 625 nm.
The disadvantage of the method was that it was not selective to
serotonin and had a relatively high detection limit for serotonin
derivatives.

The key to creating an effective chromogenic probe lies in
selecting the right molecule to coat the gold nanoparticles.
This coating ensures that the probe specifically interacts with
serotonin and detects it with a high sensitivity. Sialic acid is
involved in many processes of glycans, glycoproteins, and
glycolipids and has recognition for many biomolecules by
forming specific binding sides,”” and one of these biological
entities is serotonin.”® Therefore, it is a very promising
candidate molecule to functionalize gold nanoparticles for the
selective determination of serotonin. Sialic acid represents the
family of nine-carbon sugar neuraminic acid derivatives. The
most common form of sialic acid is the one whose amino
group is acetylated, called N-acetylneuraminic acid
(NeuSAc).”

The nature of the sialic acid interaction with serotonin has
been investigated usinzg a range of sialic acids, some derivatives,
and analogues.”**°™>* An affinity chromatography study by
Sturgeon and Sturgeon showed that the presence of acetyl
group and the side chain formed from C-7, C-8, and C-9 in
sialic acid are necessary for binding of serotonin with high
affinity.”’ For further investigation, Berry and co-workers
studied the interaction between serotonin and free sialic acid
molecules in an aqueous medium and modeled a noncovalent
complex of S5-HT-NeuAc formed from ionic attractions
between —COO~ and NH;" groups by using proton NMR.>’
Despite numerous experiments, the actual mechanism behind
the specific relationship between sialic acid and serotonin has
not been understood to date. It is important to conduct further
research to reveal the complexities underlying this phenomen-
on. On the other hand, based on current findings, it appears
that the connection between sialic acid and serotonin is
established primarily through hydrogen bonding rather than
covalent bonding. The N-acetyl group, C7—C9 side chain, as
well as positive and negative charges on the amine and
carboxylic acid groups of sialic acid, contribute to the high-
affinity binding of serotonin. Additionally, multiple interaction
sites suggest a chelate-type interaction between sialic acid and
serotonin, emphasizing the specificity and strength of the sialic
acid—serotonin complex.

This specific relationship between sialic acid and serotonin is
used to purify some glycoproteins_54 and to analyze sialo-
oligosaccharides and gangliosides,” total N-glycans in the
cancer cell membrane,”® for specific enrichment of NeuSAc-
containing glycopeptides,47 and separation of erythropoietin
glycoforms.”” However, no publication has demonstrated the
use of strong and selective sialic acid—serotonin interaction to
determine serotonin. Therefore, we developed a colorimetric
serotonin sensor that uses chromogenic gold nanoparticles
with sialic acid functional groups (SA-AuNPs) synthesized by
using N-acetylneuraminic acid as a reducing reagent. The
sensor detects the aggregation of SA-AuNPs in the presence of
serotonin, which acts as a bridge between the gold nano-
particles coated with sialic acid. This binding, through
hydrogen bonds, causes the SA-AuNPs to clump together,
resulting in a change in the color of the solution. The amount
of serotonin in samples like human plasma can be measured by
analyzing the color change caused by the aggregation of SA-
AuNDPs.

2. EXPERIMENTAL DETAILS

2.1. Materials and Reagents. Gold(III) chloride
trihydrate (HAuCl,-3H,0O, >99.9% trace metals basis), N-
acetylneuraminic acid (synthetic, >95%), sodium hydroxide
(NaOH, puriss., 98—100.5%, pellets), hydrochloric acid (HC],
ACS reagent, 37%), phosphoric acid (85 wt % in H,0),
sodium chloride (ACS reagent, >99.0%), p-(+)-glucosamine
hydrochloride (>99%, crystalline), p-(+)-mannose (synthetic,
>99%), p-(+)-galactose (>99%), oxalic acid (98%), L-tyrosine
(reagent grade, >98% (HPLC)), L-tryptophan, sodium
bitartrate (98%), bovine serum albumin, methanol (suitable
for HPLC, >99.9%), potassium chloride (ACS reagent, 99.0—
100.5%), sodium phosphate dibasic (ReagentPlus, >99.0%),
potassium phosphate monobasic (ACS reagent, >99.0%), and
silica gel (Davisil grade 644, pore size 150 A, 100—200 mesh)
were purchased from Sigma-Aldrich. Potassium bromide (KBr
for IR spectroscopy), sodium dihydrogen phosphate dihydrate
(Reag. Ph Eur), ethanol (absolute for analysis), (—)-epinephr-
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ine (+)-bitartrate salt, and acetonitrile (gradient grade for
liquid chromatography) were purchased from Merck; dop-
amine hydrochloride was purchased from Sigma; serotonin
hydrochloride (98%) was purchased from Alfa Aesar. Zirconyl
nitrate (purified) was purchased from Fisher Scientific. Human
Plasma Pooled S4180 was purchased from Biowest. Syringe
filters (regenerated cellulose, 0.22 ym) used in the purification
of human plasma were purchased from ISOLAB. In the
preparation of all aqueous solutions, 18.2 MQ-cm deionized,
ultrapure water supplied from ELGA, Purelab Option-Q lab
water purification system was used.

2.2. Synthesis of Sialic Acid-Stabilized Gold Nano-
particles. Synthesis of sialic acid-functionalized gold nano-
particles (SA-AuNPs) was achieved by using the reducing
ability of sialic acid, and the procedure proposed by Lee and
co-workers was used for synthesis.”® A 600 yL aliquot of 0.035
M HAuCl, and 500 uL of 1.0 M NaOH solutions were added
to the aqueous solution of 100.0 mL of 1.0 mM sialic acid
solution, and finally, the mixture was heated to 80 °C for 15
min under continuous stirring. The solution was then allowed
to cool to room temperature and then the obtained gold
nanoparticle solution was purified via repeated centrifugation
at 9000 rpm for 20 min followed by redispersion of the pellet
in 30.0 mL of deionized water and stored in a refrigerator at 4
°C for further use. In the optimization studies, different
concentrations of sialic acid (0.5, 1.0, 1.5, and 2.5 mM) were
used.

2.3. Characterization of Sialic Acid-Stabilized Gold
Nanoparticles. To verify the reduction of gold ions, the
reaction mixture was scanned in the range of 400—750 nm
with a T80+ Double Beam UV—vis spectrophotometer (PG
Instruments Ltd.). FTIR spectra were measured by preparing
KBr pellets of the samples using a Bruker Alpha T FTIR
spectrometer with a resolution of 4 cm™'. For the
determination of the dispersity and shape of gold nano-
particles, a drop of sample solution was dried on the silicon
wafer at room temperature, and the scanning electron
microscopy (SEM) image was taken using a QUANTA 400F
field emission scanning electron microscope having a
resolution of 1.2 nm; the elemental composition of the
nanoparticles was determined by energy-dispersive X-ray
(EDX) spectrometry in METU Central Laboratory. Trans-
mission electron microscopy (TEM) images were taken using a
FEI/Tecnai G2 Spirit Biotwin 120 kV TEM (CTEM) having a
resolution of 0.34 nm in METU Central Laboratory. The sizes
of the nanoparticles were measured by a Malvern Mastersizer
2000 instrument in METU Central Laboratory.

2.4. pH Studies. The effect of the medium pH on the
binding of serotonin to sialic acid was optimized. The pH of
the SA-AuNP solution was about 6.7. Foremost, SA-AuNP and
serotonin solutions were brought to pH values of 2.6, 3.0, 7.0,
and 11.0 using 0.1 M HCI or 0.1 M NaOH solutions. UV—vis
absorption spectra of nanoparticle solutions with pH values of
2.6, 3.0, 7.0, and 11.0 were monitored for 3 h in half an hour
period. Two different serotonin concentrations were used for
evaluating the effect of pH on the sensitivity of the
measurement: 1.0 and 300.0 uM. Stock serotonin solutions
having 2.0 and 600.0 yuM concentrations were prepared in
deionized water followed by the adjustment of the pH to 3.0,
7.0, and 11.0. 500 uL portions of pH-adjusted 2.0 and 600.0
UM serotonin solutions were added into 500 uL portions of
SA-AuNP solutions at the same pH values. The absorbance
spectra of the solutions having pH values of 3.0, 7.0, and 11.0

were measured 5 min after the addition of each serotonin
solution. After the optimum pH of 3.0 was selected, solutions
were prepared in pH 3.0 phosphate buffer (10 mM).

2.5. Colorimetric Determination of Serotonin by
Sialic Acid-Stabilized Gold Nanoparticles. A stock
serotonin solution having a 2.0 uM concentration was
prepared in pH 3.0 phosphate buffer (10 mM). This stock
solution was diluted proportionally to prepare serotonin
solutions having a concentration between 0.05 and 1.0 uM
in a pH 3.0 phosphate buffer. Into 1.0 mL of SA-AuNP
solution, x mL of stock serotonin solutions diluted with (1 —
x) mL of pH 3.0 phosphate buffer (10 mM) was added to
obtain the desired concentration of serotonin solutions. The
mixtures of SA-AuNP and serotonin solutions were incubated
at various temperatures and time intervals to observe the color
development of solutions due to the aggregation of nano-
particles in the presence of serotonin. The absorbance values of
the resulting solutions were measured by a T80+ Double Beam
UV—vis Instrument (PG Instruments Ltd.) in the range of
450-700 nm.

2.6. Selectivity Studies. To test the selectivity of SA-
AuNPs to serotonin, stock solutions of serotonin, L-
tryptophan, dopamine, galactose, L-tyrosine, glucosamine,
epinephrine, oxalic acid, and mannose were prepared in pH
3.0 phosphate buffer. A final concentration of 1.0 uM
serotonin, L-tryptophan, dopamine, epinephrine, and 10.0
UM galactose, L-tyrosine, glucosamine, oxalic acid, and
mannose solutions in 1.0 mL portions of SA-AuNPs were
incubated at room temperature for 5 min. The UV—vis
absorption spectra of these solutions were measured in the
range of 450—700 nm.

2.7. Colorimetric Determination of Serotonin in BSA
Matrix. The assassination of the developed colorimetric
method on use in real sample analysis was performed using
bovine serum albumin (BSA) as a surrogate matrix. BSA
solution was prepared by adding 4.0 g of BSA to 100 mL of
PBS."” The solution of BSA at pH 7.4 PBS was spiked with the
standard serotonin solution. It was incubated for 1 h at pH 4.3
and 60 °C for protein precipitation, and the precipitate was
treated with cold MeOH to recover the remaining serotonin
from the matrix. The resulting solution was centrifuged, and
the supernatant solution was collected. This procedure was
repeated three times on the precipitate. The collected
supernatant solutions from the spiked surrogate matrix were
mixed; then, the mixture was directly added to 0.5 mL of SA-
AuNP solution. The reaction temperature was kept at room
temperature, and the UV—vis spectrum was taken after 5 min.

2.8. Colorimetric Determination of Serotonin in
Biological Fluids. Human plasma aliquots were eluted from
a column prepared from ZrO,/SiO, as described in the study
by Song and co-workers.”” For the preparation of the column
material, 3.0 g of porous silica spheres (pore size 150 A, 100—
200 mesh) was treated with 30.0 mL of 0.1 M NaOH solution
for 30 min and washed with deionized water. After the washing
step, the silica spheres were vacuum-dried. On another setup,
10.5 g of zirconyl nitrate hydrate was rapidly added to 30.0 mL
of 0.1 M HCI under vigorous stirring for 20 min. Then, the
dried silica spheres were rapidly added to this solution and
incubated at 70 °C for 2 h under vigorous stirring. After the
incubation, the resulting particles were centrifuged three times
with both deionized water and ethanol at 2000 rpm for 5 min,
followed by vacuum drying at 60 °C overnight. Finally, the
dried particles were put into the furnace for calcination at a
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Figure 1. (a) TEM image, (b) SEM image, (c) EDX pattern, and (d) hydrodynamic size distribution graph of SA-AuNPs.

heating rate of 2 °C/min from room temperature to 550 °C
and kept at 550 °C for 6 h to accomplish the complete
dehydration of Zr—OH to ZrO, and enhancement of ZrO,
networks. A 5.0 mL syringe was used to build the column. 5.0 g
of the synthesized ZrO,/SiO, stationary phase was filled into
the syringe, and a regenerated 0.22 pm pore size cellulose
syringe filter was placed at the end of the column.

The treatment of the human aliquot was performed based
on the following procedure: 300 uL of plasma aliquot spiked
with 1.8 mM serotonin was injected into the column, and the
elution was accomplished by fresh addition of acetonitrile in
700, 1000, and 1000 pL portions, respectively, to purify the
samples from proteins and phospholipids, and the exper-
imental setup is shown in Figure S1. The eluates were
subjected to 100-fold dilution with deionized water. The
appropriate amount of dilute sample solutions was directly
added to 0.5 mL of SA-AuNP solution to have a final spiked
amount of serotonin as 0.15, 0.50, and 0.80 uM. The
absorbance values of the resulting solutions were measured
by a T80+ Double Beam UV—vis Instrument (PG Instruments
Ltd.) in the range of 450—700 nm. The reaction temperature
was kept at room temperature, and the UV—vis absorption
spectra were taken S min after the addition of dilute sample
solution.

23835

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Sialic Acid-
Stabilized Gold Nanoparticles. Utilizing the protocol by
Lee et al,>® we prepared sialic acid-functionalized gold
nanoparticles (SA-AuNPs) in a single reaction step. Sialic
acid was employed for both reduction and stabilization during
the synthesis. To ascertain the best ratio for SA-AuNPs
production, we tested various sialic acid concentrations (0.5
1.0, 1.5, and 2.5 mM), while the initial Au** amount was fixed
at 21 ymol. The molar ratio that produced wine red SA-AuNPs
with an absorbance at 520 nm, indicating the optimal size for
colorimetric analysis, was found with 1.0 mM sialic acid.
Higher or lower sialic acid concentrations led to the formation
of larger nanoparticles, which are not ideal for such studies.
Consequently, we standardized the initial sialic acid concen-
tration at 1.0 mM. The UV—vis absorption spectrum of these
nanoparticles, which exhibit a red wine color, is presented in
Figure S2, with an absorption peak around 520 nm. The
optimal molar ratio of Au®" to sialic acid was determined to be
0.21:1.00 at this sialic acid level.

Figure la shows the transmission electron microscope
(TEM) image, and Figure 1b shows the scanning electron
microscope (SEM) image of SA-AuNPs. The TEM and SEM
images of SA-AuNPs show the sphere-like shape of the
prepared NPs. From the images, monodispersity and the
spherical shape of SA-AuNPs can be seen. The strong gold
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signal in the energy-dispersive X-ray (EDX) pattern, Figure Ic,
shows that the nanoparticles are composed of gold atoms.
Additionally, Figure 1d shows that the hydrodynamic size of
the SA-AuNPs was measured with a laser diffraction particle
size analyzer (DLS). The average size of SA-AuNPs (diameter)
was measured as 21 + 3 nm.

FT-IR spectra of both sialic acid (SA) (see Figure S3) and
SA-AuNPs were taken in the range of 400—4000 cm™' to
support the presence of sialic acid on the surface of gold
nanoparticles. Sialic acid has five hydroxyl groups, one N-acetyl
group, and one carboxyl group. The sialic acid-stabilized
AuNPs yielded vibrational bands similar to the spectrum of
sialic acid at 3434, 2918, 1623, 1458, and 1377 cm™ as seen in
Figure 2, corresponding to the O—H stretching, C—H

100
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90 +

85 +

Transmittance (%)

J

l 2918 cm'!

3434 cm'!

80 +

1377 em’!

/ 1
1623 cm- 1458 cm-!
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. FT-IR spectrum of SA-AuNPs, and the scan number was 24.

stretching, N—H bending, C—H bending, and O—H bending
bands, respectively.’”®" These characteristic IR bands of sialic
acid observed in the FT-IR spectra of both SA and SA-AuNPs
indicated that the surface of the particles was coated with sialic
acid.

3.2. Optimization of Experimental Parameters. The
performance of the colorimetric sensors is strongly influenced
by the pH, reaction temperature of the medium, and duration
of the measurement. All of these parameters were optimized
one at a time in this study.

3.2.1. Effect of pH. pH is important both for the
noncovalent interactions and for the stability of the nano-
particle solutions. The pK, values of the functional groups of
serotonin and sialic acid were used to select the pH of the
reaction medium, which, in turn, affects the ionic interactions.
The selection of reaction medium pH values was done by
considering the pK, values of the functional groups of both
serotonin and sialic acid. Serotonin is in cationic form below
pH 9.97, while above this value it can have neutral and anionic
forms.” Sialic acid is neutral below pH 2.6 and negatively
charged at higher pH values.® pH values of 2.6, 3.0, 7.0, and
11.0 were selected considering the pK, values of these
molecules. The color scheme and absorption spectra of SA-
AuNP solutions with these pH values are listed in Figure 3.

As shown in Figure 3, the most intense aggregation of SA-
AuNPs was observed at pH 2.6. This is evident from the blue
color of the solution at pH 2.6, while the solutions at pH 3.0,
7.0, and 11.0 remained in their original color. Our AuNPs were

pH2.6 pH3.0 pH7.0 pHI1.0
——pH 2.6
0.8+ ——pH 3.0
——pH 7.0
0.7 H ——pH 11.0
0.6
» 0.5
]
3
2 0.4
[}
2
<034
0.2
0.1+
0'0 T T T T 1
450 500 550 600 650 700
Wavelength (nm)

Figure 3. Color scheme and the absorption spectra of the SA-AuNP
solutions having pH values of 2.6, 3.0, 7.0, and 11.0.

stabilized with sialic acid, which has a point of zero charge
(PZC) of 2.6. At pH 2.6, the carboxyl groups of the sialic acid
molecules on the surface of the SA-AuNPs are neutralized,
resulting in zero electrostatic repulsion between the particles.
This allowed the particles to aggregate rapidly. It was reported
by Xiong and co-workers that the rate of change of aggregation
due to pH shows a Gaussian distribution around the PZC
value.”* This means that the rate of aggregation is highest at
the PZC value and decreases as the pH deviates from the PZC
value. In our case, the rate of aggregation of SA-AuNPs is
highest at pH 2.6, which is the PZC value of sialic acid. Even at
pH values slightly above the PZC value, the negative surface
charges and repulsive forces of the AuNPs increase, which
slows the aggregation rate. The UV—vis absorption spectra of
SA-AuNPs solutions at pH 3.0, 7.0, and 11.0 were measured
after 3 h. The absence of a second peak in the spectra of the
SA-AuNPs solutions indicates that the solutions were stable at
the given pH values for at least 3 h.

To investigate the effect of pH on the sensitivity of
colorimetric measurements, the aggregation behavior of SA-
AuNP solutions was studied in the presence of 1.0 and 300.0
UM serotonin concentrations at pH values of 3.0, 7.0, and 11.0.
The absorption spectra of the solutions were collected 5 min
after the addition of each serotonin solution to the SA-AuNP
solutions at these pH values. The results are shown in Figure 4.

Figure 4 shows that among SA-AuNP solutions at different
pH values, at the same serotonin concentration, only the
solution at pH 3.0 turned blue in 5 min. This color change is
the result of the rapid aggregation of SA-AuNPs. This
aggregation requires increased interaction between the sialic
acid groups on the surface of the SA-AuNPs and the serotonin
molecules. Although noncovalent bonds weaken at low pH, the
enhanced aggregation can be explained by the change in the
distance between the SA-AuNPs depending on the pH of the
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As shown in Figure 4a, at pH 3.0, a second peak was
0.7 1 observed in the spectra of the SA-AuNPs due to aggregation of
the NPs, even in the presence of a low serotonin concentration
06+ of 1.0 uM. In contrast, at pH 7.0 (Figure 4b) and 11.0 (Figure
4c), no second peak formation was observed in their spectra
2 0.5+ . . .
2 even when the serotonin concentration was increased by 300
< SR 3 - S 1 1t . PP
= PH 3.0 - without serotonin addition times. Therefore, to enhance the sensitivity of the measure-
2 0.4 ———pH 3.0 - 1.0 uM serotonin addition 8
£ — pH 3.0 - 300.0 1M serotonin addition ments, pH 3.0 was chosen as the pH for this study.
034 3.2.2. Temperature Dependence. The role of temperature
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Figure 4. Absorption spectra of SA-AuNP solutions without and with
1.0 and 300.0 M serotonin concentrations at pH values of (a) 3.0,
(b) 7.0, and (c) 11.0.

medium. At pH 7.0 and 11.0, the strong electrostatic repulsion
between the SA-AuNPs keeps them apart, which increases the
interaction volume between them.®® This reduces the chance
of serotonin molecules bridging the SA-AuNPs through their
sialic acid groups, which is necessary for aggregation. At pH
3.0, the electrostatic repulsion between SA-AuNPs is weaker.
This allows the SA-AuNPs to come closer together, which
decreases the interaction volume between them (see Figure
S4). As a result, the serotonin molecules can bind to the sialic
acid groups on adjacent SA-AuNPs more easily, which causes
the AuNPs to aggregate rapidly.
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is significant in chemical reactions based on hydrogen bonding
interactions. The absorbance ratio of Agqy/As,o was measured
at various temperatures 5 min after the addition of 1.0 uM
serotonin to the SA-AuNP solution at pH 3.0 as shown in
Figure 5. The rapid increase of Aggy/As,o reached a maximum

1.14 4

1.12 4

1.06

1.04 T T T T 1
0 10 20 30 40 50

Temperature (°C)

Figure S. Absorbance ratio (Agso/Asy) was measured at different
temperatures after the addition of 1.0 #M serotonin at pH 3.0, and the
standard deviation was based on three measurements.

at 25 °C followed by a sharp decrease at temperatures higher
than 25 °C. Therefore, the temperature was kept constant at
25 °C throughout this study.

3.2.3. Time Dependence. The incubation time is another
parameter that needs to be optimized. The absorbance ratio of
Agso/Asy after the addition of 1.0 yM serotonin to the SA-
AuNPs solution at pH 3.0 was measured in S min increments.
The value of the ratio reached its maximum value in the first 5
min, and then the ratio did not change drastically as shown in
Figure 6. Therefore, the optimum incubation time was chosen
as S min to complete the analysis as fast as possible with the
highest signal.

3.3. Determination of Serotonin by Using Sialic Acid-
Stabilized Gold Nanoparticles. After optimizing the
experimental conditions, we investigated the effect of serotonin
concentration on the absorption spectra of SA-AuNPs within
the range of 0.05—1.0 uM serotonin. We expected a red shift in
the spectrum as larger aggregates were formed due to the
noncovalent complex formation between sialic acid and
serotonin. To quantify the amount of serotonin, we took the
ratio of absorbance at 650 nm to absorbance at 520 nm as the
ordinate of the calibration graph. The reaction cartoon of
serotonin with SA-AuNPs and the visual change of color of SA-
AuNPs solutions following the addition of serotonin having
various concentrations at 25 °C are shown in Figure 7a)b,
respectively. The calibration plot is given in Figure 7c. Each
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Figure 6. Time dependence of the absorbance ratio (Agso/Asy), the
standard deviation was based on three measurements.

absorbance measurement was performed S5 min after the
addition of a serotonin solution.

The absorbance of each solution was measured three times,
and the standard deviation of the signal was shown for each
solution in the calibration plot. The slope of the calibration
line at the specified concentration range was found as 0.861 =+
0.014 uM™", the intercept as 0.201 unitless, and R? as 0.998.

A blank solution was prepared by dispersing SA-AuNPs in a
pH 3.0 buffer solution. Based on the 3s and 10s criteria, the
limit of detection limit was calculated as 0.02 #M, and the limit
of quantification was 0.06 pM, where s is the standard
deviation of 10 replicates of Agsy/Asyy ratio from the blank
measurements.

Compared to the determination studies given in Section 1,
the proposed method can detect much lower concentrations of
serotonin than other plasmonic (15-fold** and 5-fold** lower),
colorimetric (115-fold*® lower), and even some fluorimet-
ric,””** electrochemical,”® and mass spectrometric19 methods.

Table 1 shows the comparison of various methods for the
determination of serotonin with the proposed method. A
plasmonic study used the aptamer-gold nanoparticle con-
jugates prepared by physical adsorption of the DNA on the
nanoparticle’s surface as a sensor for serotonin.” In another
plasmonic study, a bifunctionalized probe was designed by
functionalizing gold nanoparticles with dithiobis(succinimidyl
propionate) (DSP) and N-acetyl-L-cysteine (NALC).*" In a
colorimetric study, the colored product from the reaction of
serotonin and Ehrlich’s reagent was measured by spectropho-
tometry.* A study used a cage-based metal—organic frame-
work (NKU-67-Eu) as an artificial chemical receptor to
recognize serotonin due to its well-matched energy levels with
serotonin.”” Lanthanide-doped metal—organic frameworks
were also suggested as a ratiometric fluorescence biosensor
for visual and ultrasensitive detection of serotonin.”” In an
electrochemical study, the boron/nitrogen codoped with
diamond graphene nanowalls (DGNW) integrated with the
screen-printed graphene electrode (SPGE) was designed as a
model system for the detection of serotonin.”® Lastly, the
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) method was reported as a report quick, accurate, and
reliable method for the quantitative determination of
serotonin.'”” From Table 1, it can be concluded that the
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Figure 7. (a) Scheme for serotonin and SA-AuNPs interaction; (b)
visual color change of SA-AuNP solutions after addition of serotonin
standard solutions (2—12) and color of blank solution (1); (c)
calibration plot of serotonin standard solutions (2—12) between 0.05
and 1.0 uM.

Table 1. Various Methods for Determination of Serotonin

limit of
detection
method (LOD), uM linear range reference
plasmonic via SA-AuNPs 0.02 0.05-1.0 uM this
work
plasmonic Apt-AuNPs 0.300 750 nM to 45
2.5 uM
plasmonic bifunctionalized 0.1 0-1 uM 44
AuNPs
colorimetric with Ehrlich’s 2.3 0.025-0.5 mM 46
reagent
fluorimetric (cage-based 0.036 0.5-1.4 uM, 27
metal—organic >1.9 uM
framework)
fluorimetric 0.57 0—-200 uM 32
electrochemical 0.28 1-500 uM 25
mass spectrometric 0.57—-14.2 uM 19
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Figure 8. (a) Absorption spectra of SA-AuNPs and (b) the difference between the absorbance ratio of SA-AuNPs at 650—520 nm before and S min
after the addition of serotonin and interfering species to the SA-AuNP solution.

detection limit of the proposed method is much lower than
that of the others, revealing the advantage of this method.

3.4. Selectivity Studies. A selectivity study was performed
with a range of potential interfering species such as L-
tryptophan (precursor to serotonin), dopamine and epinephr-
ine (neurotransmitters as serotonin), L-tyrosine, glucosamine,
galactose, mannose, and oxalic acid. The presence of serotonin
resulted in a significant color change (blue), while the addition
of potential interferents had no visible effect on the color of the
SA-AuNP solution. The absorption spectra of SA-AuNP
solutions can be seen in Figure 8a. The difference between
the absorbance ratio of SA-AuNPs at 650—520 nm before and
S min after the addition of serotonin and interfering species to
the SA-AuNPs solution is displayed in Figure 8b. In the
preparation of the bar graph in Figure 8b, the potential
influence of tartrate ions in the interference study of
epinephrine was excluded. This was done by using the
difference in absorbance ratio at 650—520 nm between the
SA-AuNPs solution after the addition of epinephrine-bitartrate
and sodium bitartrate solutions.

In Figure 8a, it can be observed that the introduction of
serotonin into the SA-AuNP solutions led to a noticeable
aggregation of the nanoparticles. This is indicated by the
appearance of a second peak at 650 nm and a significant
increase in the absorbance ratio (Agg0/Asy). However, no such
aggregation occurred when other interfering species were
added to the SA-AuNP solutions. The interfering species
including dopamine and epinephrine, known for their
competitive nature in interfering with serotonin, did not
cause a significant intervention in the SA-AuNP solution
spectrum. This indicates that the method is selective for
serotonin. Moreover, the specificity of the colorimetric method
for serotonin is evident, as L-tryptophan, which is structurally
very similar, does not notably interfere. Therefore, the
proposed method for determining serotonin has shown
promising results in selectivity and specificity. As mentioned
earlier, it has been suggested that sialic acid possesses a unique
binding capacity for serotonin. The presence of the N-acetate
group, C-7—C-9 chain, and carboxyl group in the molecular
structure of sialic acid is believed to be necessary for the sialic
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acid—serotonin interaction. It is thought that the formation of
multiple hydrogen bonds between sialic acid and serotonin
may explain the strength and specificity of this interaction.

3.5. Colorimetric Determination of Serotonin in the
BSA Matrix. The developed colorimetric method was applied
to a surrogate matrix, bovine serum albumin (BSA). The
recoveries are within the range of 96.2—104.8% (see Table S1)
showing that the developed method can be applied to
biological fluids such as human plasma. As a consequence,
the study was enriched by applying the method to human
plasma.

3.6. Application of the Colorimetric Method to
Human Plasma. We applied the method proposed in this
study to quantify the serotonin levels in spiked human plasma
aliquots. When we analyzed the plasma aliquots directly, with
or without diluting them with water, we did not observe a red
shift in the absorption spectrum due to the plasmon coupling
of aggregated SA-AuNPs. This was probably due to the
absence of the nonspecific adsorption of proteins onto the SA-
AuNPs. Protein precipitation with organic solvents is a
common sample cleanup technique in bioanalysis.® We tried
using acetonitrile as an organic solvent to precipitate the
proteins, but even though we obtained a clear supernatant after
centrifugation, the recovery of the plasma aliquots was still low.
To eliminate proteins and other endogenous cellular
components such as phospholipids from the plasma, we
prepared a ZrO,/SiO, column.’”®” The serotonin-spiked
plasma aliquots were eluted from the column with acetonitrile.
ZrO, exhibits anion exchange properties toward polyoxy
anions such as phosphates, sulfates, and carboxylates.68 The
Zr atoms in the column act as Lewis acids and interact with the
phosphate groups of the phospholipids, which are Lewis bases.
This interaction allows the phospholipids to be retained on the
column, while the coagulated proteins are physically
entrapped. Other molecules are eluted with acetonitrile. After
collecting the samples from the column, we calculated the
recoveries using the developed method. Table 2 shows the
recovery results for human plasma. The recoveries were within
the range of 90.5—104.2%, which shows that the developed
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Table 2. Results for the Determination of Serotonin in the
Human Plasma

spiked amount found amount

(uM) (uM)“ recovery (%)“

treated human 0.15 0.156 + 0.018 1042 + 11.7
plasma 0.50 0.453 = 0.039 90.5 + 7.8
0.80 0.752 + 0.064 94.0 + 8.0

“Mean + standard deviation, n = 3.

method has promising feasibility for the rapid and selective
determination of serotonin in biological fluids.

4. CONCLUSIONS

We have developed a new colorimetric method that uses sialic-
acid-coated gold nanoparticles (SA-AuNPs) with plasmonic
properties for the determination of serotonin. The method
works by detecting the color change that occurs in SA-AuNP
solutions when they aggregate in the presence of serotonin.
This aggregation causes a red shift in the absorption spectrum
of the SA-AuNPs, which can be measured with a UV—vis
spectrometer. We also tested the selectivity of the method to
serotonin by testing it with various other biomolecules such as
L-tryptophan, dopamine, galactose, L-tyrosine, glucosamine,
epinephrine, oxalic acid, and mannose. The results demon-
strated high selectivity for serotonin, as there was no significant
color change observed in the presence of other interferants.
The method has been successfully applied for determining the
serotonin levels in spiked processed human plasma, with
recoveries ranging from 90.5 to 104.2%. Therefore, the
proposed colorimetric SA-AuNP method is a cost-effective,
simple, fast, reliable, sensitive, and selective alternative for the
determination of serotonin in clinical applications.
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