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Abstract: Serotonin (5-HT) is a critical neurotransmitter involved in many neuronal functions, and 5-HT depletion 11 
has been linked to several mental diseases. The fast release and clearance of serotonin in the extracellular space, 12 
low analyte concentrations and a multitude of interfering species make detection of serotonin challenging. This 13 
work presents an electrochemical aptamer-based biosensing platform that can monitor 5-HT continuously with 14 
high sensitivity and selectivity. Our electrochemical sensor showed a response time of approximately 1 minute to 15 
a step change in the serotonin concentration (from 0 to 25 nM) in continuous monitoring using single frequency 16 
EIS (electrochemical impedance spectroscopy) technique. The developed sensing platform was able to detect 5-HT 17 
in the range 25 nM – 100 nM in the continuous sample fluid flow. The electrochemical sensor showed promising 18 
selectivity against other species with similar chemical structures and redox potentials including dopamine (DA), 19 
norepinephrine (NE), L-tryptophan (L-TP), 5-hydroxyindoleacetic acid (5-HIAA), and 5-hydroxytryptophan (5- 20 
HTP). The proposed sensing platform is able to achieve time resolution on the order of a minute with high 21 
selectivity in the nanomolar range demonstrating a potential for monitoring serotonin from neurons in organ-on- 22 
a-chip or brain-on-a-chip-based platforms. 23 
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 25 

1. Introduction 26 
5-hydroxytryptamine (5-HT), more commonly known as serotonin, is a signaling biochemical involved 27 
in many of the human physiology but most notably in the brain function. It is involved in the regulation 28 
of many physiological signaling including sleep, hunger, and mood control [1]. It plays a crucial role 29 
in both the central as well as the peripheral nervous system [2,3]. In particular, the role of serotonin in 30 
mental and physical health such as depression [4,5] and cancer [6–9] have been well documented 31 
[10,11]. As a result, there has been a high demand of medical diagnostics based on serotonin detection 32 
from biological fluids [12–14]. Furthermore, accurate monitoring of serotonin in continuous time scale 33 
with high temporal resolution can help advance our understanding of the role of serotonin in many 34 
neurological disorders. 35 
 36 
Various analytical methods including fluorimetry [15], radio immunoassay [16], enzyme immunoassay 37 
[17], chemiluminescence [18] and mass spectrometry [19] have been used for the detection of 5-HT. 38 
Although many of these techniques achieve high sensitivity and specificity in detection, they are not 39 
ideal for in situ continuous and real-time measurement of an analyte from neurons or tissue samples 40 
due to many factors including bulkiness of the instrument, long measurement time, and a requirement 41 
for sampling and offline analysis to name a few. Alternatively, electrochemical sensing approach offers 42 
unique advantages in continuous real-time monitoring due to its ease of miniaturization, rapid reaction 43 
kinetics, high temporal resolution, and high sensitivity among others [20–24]. For these reasons, real- 44 
time detection of molecules using electrochemical sensing platforms have been largely successful 45 
[25,26].  46 
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Since 5-HT is an electroactive compound, direct oxidation of 5-HT at the electrode surface can be 47 
performed to electrochemically quantify its concentration [25,26]. However, one critical challenge with 48 
the electrochemical detection of serotonin is the possible interference in the voltammetry signals due to 49 
the presence of other electroactive molecules with similar redox potentials. For example, both ascorbic 50 
acid (AA) and dopamine (DA) have oxidation potentials that closely overlap with that of 5-HT on 51 
conventional gold (Au)/glassy carbon electrode (GCE) [27,28]. DA, 5-HT, and AA have similar 52 
oxidation potentials at most solid electrodes, and therefore selective quantification of these species is a 53 
great challenge due to their overlapping signals [24,29]. DA shows a sluggish and much smaller cyclic 54 
voltammetry (CV) peak response with a ΔEp of 0.35 V at bare glassy carbon electrode (GCE) vs 55 
Ag/AgCl in the phosphate buffer solution (pH 7.0) [29]. The voltammetric peak of 5-HT in the neutral 56 
pH 7.0 PBS appeared at about 0.46 V at the bare GC electrode and  the peak appears to be broad, 57 
indicating a slow electron transfer kinetic [29]. On bare GCE, AA shows a broad and irreversible 58 
oxidation peak at 0.35 V vs Ag/AgCl in neutral pH PBS buffer [29]. L-tryptophan (L-TP) and 5- 59 
hydroxytryptophan (5-HTP) which are precursors of 5-HT and 5-hydroxytryptamine (5-HTA), a 60 
metabolite of 5-HT, are electroactive molecules [30–33]. Therefore, there is a critical need to develop an 61 
electrochemical biosensing platform that can monitor 5-HT in a continuous time scale while ensuring 62 
target selectivity and sensitivity. 63 
 64 
Aptamer-based electrochemical sensing has been and continues to be a promising technology in 65 
monitoring a variety of biomarkers including biochemicals, drugs, proteins, and pathogens. In 66 
particular, the aptamer’s ability to measure the analyte continuously without a need for sensor 67 
regeneration allows aptamer-based sensors to be used in real-time sensing applications [34,35]. 68 
Furthermore, aptamers promote target selectivity by preferentially binding with the target analyte. This 69 
is especially useful when trying to detect non-electroactive targets using electrochemistry. However, 70 
even in the case where analyte is electroactive (such as serotonin) and therefore direct oxidative 71 
detection is achievable, the incorporation of aptamers to the sensor electrode can still be beneficial 72 
because it can potentially suppress interfering signals from other species with similar redox potentials.  73 
In this paper, we demonstrate an electrochemical sensing strategy that can monitor serotonin 74 
continuously in real-time with high sensitivity and selectivity (Figure 1). Aptamers that have specific 75 
affinity to 5-HT have been immobilized on the surface of the electrode to enhance target selectivity and 76 
specificity while minimally compromising the temporal resolution. Utilizing the aptamer’s ability to 77 
change conformation upon specific target binding, electrochemical impendence spectroscopy (EIS) and 78 
square wave voltammetry (SWV) can be applied as sensing techniques for detecting serotonin under 79 
static environments (Figure 1A). However, a fixed-frequency EIS is used for monitoring dynamic 80 
changes in serotonin concentration in real-time [36]. Using a continuous flow fluidic setup, varying 81 
concentrations of 5-HT can be introduced into the system for time-dependent detection of 5-HT (Figure 82 
1B – 1D). Based on the results presented in this work, we demonstrate that the proposed sensing 83 
strategy has the potential to monitor the changing dynamics of serotonin continuously in real-time from 84 
physiological samples. 85 
 86 
 87 
 88 
 89 
 90 
 91 
 92 
 93 
 94 
 95 
 96 
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 97 
Figure 1. Overview of the aptamer-based electrochemical serotonin sensing: (A) Serotonin-binding aptamers 98 
immobilized on the electrode undergoes conformation change from folded to extended upon target recognition. 99 
EIS and SWV techniques can be applied for serotonin quantification; (B) For continuous real-time monitoring, the 100 
sample buffer solution is injected with a syringe pump into the microfluidic device containing the sensor chip; 101 
(C) Image of the 3-electrode sensor chip; (D) The electrodes on the chip are securely connected to the terminals of 102 
the potentiostat via spring-loaded pins.   103 

2. Materials and Methods 104 

2.1. Chemical Reagents 105 
The high-performance liquid chromatography (HPLC)-purified 44-mer 5-HT binding DNA 106 

aptamers, the IDTE (10 mM Tris, 0.1 mM EDTA) resuspension buffers (pH 8), the folding buffers, and 107 
the reducing buffers were purchased from Base Pair Biotechnologies, Inc. (Pearland, TX, USA). The 108 
aptamer’s affinity has been thoroughly characterized by the manufacturer using Microscale 109 
Thermophoresis (MST) Analysis and is shown to be specific toward serotonin (5-HT). The sequence of 110 
the aptamer is as follows [37]: 111 

 112 
5'-HO-C6-S-S-C6-CGA CTG GTA GGC AGA TAG GGG AAG CTG ATT CGA TGC GTG GGT CG-3’ 113 
 114 
The molecular weight and length of the aptamers are 14,102.3 g/mol and 44 nucleotides, respectively. 115 
The aptamers were synthesized with a thiol functional group termination at the 5′ end. The thiol group 116 
can form a uniform and compact self-assembled monolayer (SAM) of the aptamers on a Au electrode. 117 
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The following chemicals (ACS grade) were obtained from Sigma-Aldrich Inc. (St. Louis, MO, 118 
USA) and used as received: Potassium hexacyanoferrate (II) trihydrate, Potassium hexacyanoferrate 119 
(III), Norepinephrine bitartrate salt, 5-hydroxy-L-Tryptophan, L-Tryptophan, 5-Hydroxyindole-3- 120 
acetic acid, Magnesium Chloride, Tris(2-carboxyethyl) phosphine hydrochloride (TCEP). Serotonin 121 
Hydrochloride, 98%, Dopamine hydrochloride, 99% were purchased from Alfa Aesar (Tewksbury, MA, 122 
USA). 10X PBS Buffer (pH 7.4) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 6- 123 
Mercapto-1-Hexanol was purchased from TCI America (Portland, OR, USA).  124 
 125 

The amine coupling kit for small molecule immobilization and the high sensitivity carboxyl 126 
sensors for the surface plasmon resonance studies were purchased from Nicoya Lifesciences (Kitchener, 127 
ON, Canada). 128 

2.2. Experimental Apparatus 129 
All electrochemical measurements were obtained using the Biologic VSP potentiostat (France). 130 

The electrochemical sensor electrodes, the microfluidic chamber and interfaces were purchased from 131 
Micrux technologies (Spain). The localized surface plasmon resonance (LSPR) experiments were 132 
performed with Nicoya OpenSPR benchtop instrument. The syringe pump systems for the microfluidic 133 
experiments were purchased from Harvard Apparatus. The XPS (X-ray Photoelectron Spectroscopy) 134 
characterization was performed using the Kratos Axis Supra XPS system. 135 

2.3. Methods 136 
2.3.1. Protocol for XPS Study 137 
 A glass chip with Ti/Au layer of 50 nm/150 nm was used for the XPS studies. Prior to XPS 138 
analysis, a self-assembled monolayer of thiolated aptamer was first formed on the Au surface. The XPS 139 
spectra were analyzed for the aptamer-attached gold surface before and after exposure to 5-HT. The 140 
AXIS Supra instrument was configured with a dual Al Kα / Ag Lα (hν = 2984.2 eV) monochromatic X- 141 
ray source. This high energy photons have the capacity to ignite photoelectrons from higher binding 142 
energy core-levels that are otherwise difficult to excite. Furthermore, as the kinetic energy of the core 143 
level electrons grow, so does the informational depth, allowing for larger sampling depth in 144 
comparison to standard Al Kα. During the analysis, the residual pressure in the analysis chamber was 145 
less than 1 × 10−9 Torr. At least three survey spectra were obtained for each specimen and utilized to 146 
study the surface chemical composition. A magnetic charge compensation method was used to adjust 147 
for the surface charge. The acquisitions had a 90° take-off angle with respect to the sample surface. To 148 
minimize X-ray degradation, the collection period was kept under 20 minutes per sample, and wide 149 
and core region spectra were recorded on distinct sample sites. The data were recorded, and the XPS 150 
peaks were analyzed with ESCApe (Kratos Analytical, UK). The atomic percentages (at%) were 151 
computed from the experimentally measured peak intensities and normalized using Kratos Analytica’s 152 
atomic sensitivity parameters. Peak fitting was carried out without any preparatory filtering. After a 153 
Shirley-type background subtraction, symmetric Gaussian-Lorentzian product functions (70% 154 
Gaussian and 30% Lorentzian) were utilized to approximate the line forms of the fitted components. 155 
 156 
2.3.2. Protocol for SPR Study 157 
 High sensitivity carboxyl sensor chips were used for the SPR experiment. An air-dried sensor 158 
chip was loaded into the instrument and optical references were set according to the manufacturer’s 159 
manual. Initially, the sensor surface was cleaned with 10 mM HCl (pH 2) at a flow rate of 150 µL/min. 160 
Then, the carboxyl groups on the chip surface are activated with 1-ethyl-3-(3-dimethylaminopropyl)- 161 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) mixture to chemically couple the ligand via its 162 
primary amine groups. EDC-NHS mixture was flown at a rate of 20 µL/min and allowed to interact 163 
with the surface for at least 5 minutes. The reaction that occurs when the EDC/NHS combination is 164 
introduced onto the carboxyl sensor surface produces succinimide esters. EDC and NHS are highly 165 
specific for the carboxyl surface to form an NHS ester that allows for primary amine conjugation at 166 
physiological pH [38]. Serotonin (5-HT) hydrochloride was diluted in the immobilization buffer at 1 167 
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µM concentration and injected at 20 µL/min flow rate. The -NH2 groups from 5-HT were coupled with 168 
-COOH groups of the activated sensor surface which resulted in a successful immobilization (see 169 
Supplementary Information Figure S7). To prevent further coupling and to reduce non-specific 170 
binding, the remaining active carboxyl groups are deactivated with a blocking solution. For target 171 
affinity characterizations, various concentrations of 5-HT aptamer solutions were used for the 172 
association phase, 1X PBS buffer with 2 mM MgCl2 (running buffer) was used for the dissociation phase, 173 
and 10 mM NaOH was used for the sensor regeneration phase. 174 
 175 
2.3.3. Electrochemical Sensors Preparation 176 
 Microscale 3-electrode sensor chips (ED-SE1-AuPt, Micrux technologies) containing a gold 177 
working electrode (WE) and platinum reference (RE) auxiliary (AE) electrodes were electrochemically 178 
pre-cleaned with 0.05 M H2SO4 by repeatedly running cyclic voltammetry between -1.0 V and +1.3 V 179 
with a scan rate of 0.1 V/s. Afterward, the electrodes were rinsed with isopropyl alcohol and deionized 180 
water, respectively. Once fully dried, the electrodes were functionalized with aptamers before sensing 181 
experiments were conducted. 182 
 183 
2.3.4. Aptamer Suspension on the Electrochemical Sensors 184 
 The aptamer stock solutions were prepared by mixing 35.4 nM of thiolated aptamers with 354 185 
µL of the resuspension buffer from the aptamer manufacturer which resulted in a final concentration 186 
of 100 µM for the aptamer stock solution. The disulfide bond must be reduced before deposition since 187 
the manufacturer provides the aptamers in the oxidized form, which does not efficiently immobilize 188 
onto the gold surface. The resuspended aptamers were reduced with TCEP maintaining the ratio of 50 189 
µM aptamer:10 mM TCEP. The reduced aptamers are further diluted to the working concentration by 190 
mixing them with 1X PBS buffer with 2 mM MgCl2. The MgCl2 is added to prevent non-specific 191 
electrostatic interactions. Higher amounts of MgCl2 may be detected in tests identifying biomarkers on 192 
the surface of malignant cells because metal cations can aid to disguise the negative charge of the DNA 193 
backbone [39,40]. This may also explain why variations in magnesium chloride concentration affect 194 
binding affinity [41–43]. Diluted aptamers were heated at 95°C for 5 minutes and cooled down to room 195 
temperature before attaching them to the Au surface. After rinsing the electrochemically active Au 196 
electrodes with deionized water, 10 µL of 1 µM thiolated DNA aptamer solution was drop-casted on 197 
the Au electrode which was kept in dark overnight (~18 h). The sensor chip was then washed with 198 
ultra-pure water and back filled with 1 mM 6-Mercapto-1-Hexanol (MCH) for 30 minutes and again 199 
washed with ultra-pure water before proceeding with the electrochemical experiment. 200 
 201 
2.3.5. Electrochemical Detection for the Static Measurements 202 
 The electrolyte used in the electrochemical experiment consists of 5 mM K4/3Fe(CN)6 and 2 mM 203 
MgCl2 dissolved in 1X PBS with pH 7.1. The electrolyte was prepared fresh for each experiment and 204 
purged with N2. Two electrochemical measurement techniques, EIS and SWV, were used for the 205 
characterization of the surface-immobilized aptamers as well as for the 5-HT detection. For EIS, the 206 
following parameters were used: Working electrode potential, Ewe = 0.025 V vs reference, Scanning 207 
frequency range fi = 100 KHz, ff = 1 Hz, Sinusoidal AC voltage amplitude Va = 10 mV. For SWV, the 208 
following parameters were used: Scanning voltage range is from Ei = -0.3 V vs. reference to EV = 0.7 V 209 
vs reference, pulse height PH = 25 mV, pulse width PW = 0.6 msec, step height, SH = 5 mV. Experimental 210 
parameters are discussed further in detail in the Supplementary section. 211 
 212 
2.3.6. Continuous Real-Time Monitoring for Dynamic Measurements 213 
A single frequency EIS method was used for the continuous and real-time detection of 5-HT under a 214 
microfluidic environment. A frequency of 10 Hz was chosen for maximum sensitivity. All microfluidic 215 
measurements were performed with a fluid flow rate of 20 µL min−1 . Different concentrations of analyte 216 
were introduced every 400 seconds. The raw measurement curves were smoothened with Savitzky- 217 
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Golay method with polynomial order of 2. After each analyte injection, the EIS measurements were 218 
averaged for all data points between 150th and 250th seconds to obtain the average sensor response for 219 
the analyte detection. 220 
 221 

3. Results 222 

3.1. Sensor Electrode Surface Chemistry Characterization 223 
3.1.1. Confirmation of Self Assembled Monolayer on the Electrode 224 
To verify and characterize the immobilization of aptamers on gold electrodes, X-ray photoelectron 225 
spectroscopy (XPS) analysis was performed on the modified electrode to characterize its surface 226 
chemistry. After aptamer functionalization, a decrease in gold content (Figure 2) was observed due to 227 
the self-assembled monolayer of aptamers covering the electrode surface. Furthermore, a significant 228 
increase in the peak related to the C-O bonds (286.8eV) in the C1s core level (Figure S1) was observed 229 
which is attributed to the formation of thiol bonds [44]. These findings point to the presence of aptamers 230 
on gold surface covalently anchored via thiol chemistry [45]. Also, increases in oxygen (Figure S2), 231 
sulfur (Figure S5), and phosphorus (Figure S6) content were observed for the modified electrode due 232 
to the presence of those elements in the DNAs. The increase of these elements further confirm the 233 
presence of a significant number of aptamers anchored onto the electrode [37,46,47]. A detailed XPS 234 
analysis of the electrode surface is provided in the Supplementary Section. 235 
 236 
 237 

 238 
 239 
3.1.2. Thiol Chemisorption on Gold Surface 240 

The analyses of the C1s and S2p core level spectra yielded additional information on the thiol 241 
bonds. Because of the existence of the element at 161.9 eV in the high-resolution XPS spectrum of S2p 242 
(Figure S1 B), it can be concluded that the functionalization occurred via S-Au chemisorption. In fact, 243 
the S2p peak can be fitted with two components, one for each spin-orbit splitting doublet S2p1/2 and 244 
S2p3/2. The first component is associated with bound sulfur and is centered at about 162 eV; the second 245 

Figure 2. XPS spectra of the Au4d3/2 peaks for (A) the bare gold electrode; (B) the electrode after 

aptamer immobilization; and (C) the aptamer-modified electrode after 5-HT exposure. The XPS 

spectra for the Au4f peaks are also shown for (D) bare electrode; (E) after aptamer immobilization; 

and (F) after 5-HT exposure to the modified electrode. 
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(beyond 164 eV) is associated with the presence of some unbound sulfur on the surface [48]. While the 246 
first component is related to thiol chemisorption, the second highlights the presence of weakly bound 247 
(physiosorbed) thiols on the surface even after thorough rinsing with ethanol and water. This 248 
component may be due to the thiolated aptamer molecules that form the self-assembled monolayer on 249 
the surface [49,50].  250 
 251 
3.1.3. Assessment of Aptamer Conformation Change upon Target Recognition 252 
 The XPS analysis also provides further insight into the possible conformation change of the 253 
aptamers on the electrode before and after target-specific binding. The peak intensities of the spectra 254 
for Au4d3/2 and Au4f (Figure 2) increased significantly (panels C and F) after serotonin was allowed to 255 
bind with the aptamers on gold surface compared to the spectra before serotonin binding (panels B and 256 
E). An increased spectral intensity after target binding suggests that the conformations of the aptamers, 257 
which were initially in a folded state causing the exposed gold surface area to be small, have changed 258 
to an unfolded (or extended) state upon target recognition resulting in an increased exposure of the 259 
gold surface. 260 
 261 

3.2. Characterization of the Aptamers using Surface Plasmon Resonance  262 
Localized Surface plasmon resonance (LSPR) is a highly sensitive optical method for real-time 263 

analysis of molecular interactions and, in this work, LSPR is used to characterize the binding kinetics 264 
of the aptamers. The real-time LSPR responses for the serotonin-aptamer interaction on gold surface is 265 
shown in Figure 3A. The serotonin molecules were immobilized on the surface of the LSPR chip and 266 
varying concentrations of aptamer-containing solutions (30 nM – 1000 nM) were introduced. Both 267 
association and dissociation phases are presented where the rate of association is significantly more 268 
rapid than the dissociation rate (Figure 3A). The maximum optical intensity around 2030 RU was 269 
estimated when 1000 nM of aptamer solution was injected in the flow cell (Figure 3B). A linear 270 
relationship (R2 = 0.985) between the LSPR signal intensity and the aptamer concentrations introduced 271 
was observed in the range between 30 nM and 250 nM (Figure 3B inset). From the LSPR analysis, a 272 
dissociation constant (Kd) of 87 nM is obtained which corresponds to the concentration at which 50% 273 
of the maximum LSPR intensity is observed. The limit of quantification (LOQ) and the limit of detection 274 
(LOD) were estimated to be 51.39 nM and 16.95 nM, respectively. Figure S8 shows the real time 275 
concentration dependent response of the serotonin-aptamer interaction. 276 

  277 

 278 

Figure 3. Localized surface plasmon resonance (LSPR) study to characterize the aptamers’ binding 
kinetics to serotonin (5-HT): (A) Real-time LSPR responses to varying concentrations (in nM) of 5-
HT showing association and dissociation between the aptamers and 5-HT; (B) Langmuir isotherm 
showing the LSPR response vs. 5-HT concentration. Inset: LSPR response in the linear range (30 – 
250 nM). 
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3.3. Aptamer Surface Coverage Estimation 279 
The density of aptamers immobilized on the electrode surface can significantly influence the 280 

sensing performances including sensitivity, detection limit, and response time among others. If 281 
aptamers are overcrowded on the electrode, the binding constants for the target molecule can be 282 
negatively affected due to the high intermolecular interactions between neighboring aptamers [51]. 283 
Conversely, sparsely distributed aptamers will result in poor signal-to-noise ratio and sensitivity to the 284 
target. Therefore, to achieve optimal aptamer surface density, we performed electrochemical analyses 285 
on electrodes with varying degrees of surface coverage by the aptamers. Several different 286 
concentrations of thiol-terminated aptamer solutions, ranging from 0.1 to 20 µM, were used to 287 
immobilize the aptamers on gold electrodes. A fixed incubation time of (8 hours) were used for all 288 
electrodes to minimize time-dependency of the aptamer functionalization process. To ensure proper 289 
secondary structures are formed in the aptamers, the heating and cooling steps were applied prior to 290 
immobilization. The backfilling of MCH covers the open regions of the electrode not occupied by the 291 
aptamers which reduces non-specific adsorption and therefore noise in the electrochemical 292 
measurements. 293 

The electrochemical impedimetric behavior of the aptamer attached electrode using [Fe(CN)6]4– 294 
/3– as a redox couple with 2 mM MgCl2 is shown in Figure 4A. The immobilization of the aptamers 295 
results in an increased impedance due to the incorporation of aptamers that hinders the charge transfer 296 
at the solution-electrode interface. Moreover, the single-stranded DNA-based aptamers carry 297 
negatively charged phosphate backbones which further increase the potential energy barrier that the 298 
free electrons must overcome to achieve Faradaic current flow. Figure 4B shows that the charge transfer 299 
resistance (Rct) linearly increases for the aptamer concentration rage of 0.1 µM – 4 µM suggesting 300 
linearly increasing surface coverage by the aptamers within that concentration range. As the aptamer 301 
concentration further increases beyond 4 µM, the Rct saturates indicating overcrowding of the aptamers 302 
and possibly reaching the maximum occupancy of aptamers on the electrode. 303 

Square wave voltammetry (SWV) was employed as a complementary validation technique 304 
along with EIS for electrode surface characterization. The SWV has the capacity to minimize capacitive 305 
current as well as parasitic currents due to dissolved oxygen reduction. SWV measures currents from 306 
both positive and negative potential pulses sequentially, and the registered current is the subtraction 307 
of the oxidation and reduction currents. This leads to higher current density in SWV compared to that 308 
in CV [52]. A clear correlation can be observed between the aptamer surface coverage density 309 
(described by the concentration of the aptamer solution used during functionalization) and the redox 310 
current peak (Figure 4C and Figure 4D). These data are also in agreement with the concentration- 311 
dependent surface coverage profile obtained with EIS in Figure 4B. 312 

To achieve optimum surface coverage of aptamers on the electrode surface, we chose an 313 
immobilization condition that would yield approximately 50% of the maximum charge transfer 314 
resistance (Rct) or peak redox current (Idelta) from EIS (Figure 4B) or SWV (Figure 4D) measurements, 315 
respectively. Based on our observation, using 1 µM aptamer concentration with a deposition time of 18 316 
hours would achieve an optimum surface coverage of aptamers for the electrochemical detection of 317 
serotonin. 318 
 319 

 320 
 321 
 322 
 323 
 324 
 325 
 326 

https://doi.org/10.26434/chemrxiv-2023-dq6hn ORCID: https://orcid.org/0000-0003-1702-4044 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-dq6hn
https://orcid.org/0000-0003-1702-4044
https://creativecommons.org/licenses/by-nc/4.0/


 

 327 

 328 
Figure 4. Electrode surface coverage characterization via electrochemical impedance spectroscopy (EIS) and 329 
square-wave voltammetry (SWV): (A) The Nyquist plot for the electrode when different concentrations of 330 
aptamers were used during the immobilization step; (B) The calibration curve corresponding to the Nyquist plot; 331 
(C) The SWV plot of the electrode when different concentrations of aptamers were used; (D) The calibration 332 
curve corresponding to the SWV plot.    333 
 334 

3.3. Detection of Serotonin under Static Environment 335 

To characterize the serotonin detection capability of our electrochemical sensor, static 336 
measurements (stationary fluid) were first performed. The aptamer-attached gold electrode, with the 337 
unoccupied gold surface backfilled with MCH, was first exposed to various concentrations of serotonin 338 
(0.1 µM – 20 µM) in 1X PBS for 30 minutes to allow target-receptor binding. After gently rinsing the 339 
electrode, the electrochemical measurements were performed on the sensor under the sensing 340 
electrolyte. As shown in the Nyquist plot in Figure 5A for the EIS measurements, the charge transfer 341 
resistance (Rct) of the Randles circuit fitting model is strongly correlated to the concentration of 342 
serotonin for concentrations in the range 0.1 µM – 5 µM (Figure 5B). This plot suggests that as the 343 
conformations of the aptamers change from collapsed to extended shape resulting from the target 344 
specific binding, the impedance at the solution-electrode interface is decreasing due to the unfolding of 345 
the aptamers. As the exposed serotonin concentration continues to increase, the Rct reaches a plateau 346 
as most aptamers have bound to the 5-HT molecules and no further conformational changes occur at 347 
the electrode surface. 348 

Square wave voltammetry (SWV) technique was also applied to the electrode to characterize 349 
the voltammetry response of the sensing electrode. A clear correlation between the peak current of the 350 
SWV and the concentration of 5-HT can be seen in Figure 5C and Figure 5D.  351 
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The limit of quantification (LOQ) and the limit of detection (LOD) were calculated using the 352 
formulae !"∗$

%
	𝑎𝑛𝑑	 &.&∗$

%
, respectively where σ is the standard deviation of the response and S is the 353 

slope of the calibration curve. LOQs were found to be 0.175 µM and 0.147 µM while LODs were 354 
calculated as 57 nM and 46 nM for the calibration curves of EIS and SWV, respectively. 355 

The calibration curves shown in Figure 5B and Figure 5D were both fitted with nonlinear least- 356 
squares fitting to the Hill equation (eqn (1)), with the Hill coefficients (n) set as a variable [53,54]. 357 

𝐼 = 	 𝐼( + (𝐼) −	𝐼(*
*!

(,",$%%)!.	*!
              (1) 358 

Figure 5. Detection of 5-HT under static fluidic environment: (A) Nyquist plots of EIS under 
various concentrations of 5-HT exposed to the sensor; (B) Calibration curve showing the 
conductance vs. 5-HT concentration; (C) SWV responses of the sensor to various concentrations 
of 5-HT; (D) Calibration curve showing the peak current of SWV curve vs. 5-HT concentration.  
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where I is the data point on the calibration curve measured as a function of target concentration C; Ii 359 
and If are the minimum and maximum measured data, respectively; and kd,eff represents the effective 360 
dissociation constant of the binding receptor. Based on the curve fitting of our measurements, kd,eff is 361 
found to be 343.54 ± 61.03 nM and 306.76 ± 41.54 nM according the results from our impedimetric and 362 
voltametric techniques, respectively. 363 

 The aptamers exhibited excellent target selectivity against potential interfering species 364 
dopamine (DA) and norepinephrine (NE) when tested under static fluidic environment (Figure 5E 365 
and Figure 5F). 366 

3.4. Continuous Detection of Serotonin using a Microfluidic System 367 
In this section, we investigate our sensor’s capability of performing continuous and potentially 368 

real-time monitoring of serotonin from an environment with dynamically changing serotonin 369 
concentrations. To achieve optimal temporal resolution and sampling time of the sensor, we employed 370 
single frequency electrochemical impedance spectroscopy (SF-EIS) as a method of analyte detection. 371 
Unlike EIS which requires frequency sweep, the fixed frequency nature of SF-EIS technique allows the 372 
sensing to be performed at high sampling rate. The optimal frequency at which to operate SF-EIS for 373 
our sensor was chosen to be 10 Hz based on the Bode plot (Figure S9) and selecting the frequency that 374 
showed the highest sensitivity in the sensor responses. A microfluidic system housing the 5-HT sensor 375 
chip was employed to enable real-time concentration change of 5-HT (Figure S10). To simulate rapid 376 
concentration change, the syringes containing various concentrations of 5-HT were swapped in real- 377 
time which caused a step change in the 5-HT concentration being introduced into the microfluidic 378 
channel by the syringe pump.  379 

As shown in Figure 6A, using the magnitude of impedance |Z| as a readout, the sensor was 380 
able to monitor real-time changes in 5-HT concentration in the range 0 – 150 nM. When a step change 381 
in concentration occurs, the |Z| measurement immediately responds and reaches a steady-state value 382 
within approximately 1 minute which can be interpreted as the sensor’s temporal resolution. This time 383 
resolution is in agreement with our real-time SPR measurements (Figure 3) where the steady-state for 384 
the association between the aptamers and 5-HT was reached approximately 80 – 100 seconds after target 385 
introduction to the SPR chip. The stabilization time for dissociation is approximately 60 – 80 seconds 386 
based on our SPR data. Given such binding kinetics of the aptamers, it is reasonable to expect that the 387 
highest achievable temporal resolution for 5-HT sensing would be in the neighborhood of 1 minute. 388 
The phase of the impedance for the SF-EIS under step changes in 5-HT concentration was also plotted 389 
(Figure 6B) showing concentration-dependent responses. However, compared to the |Z| plot, a 390 
substantially higher noise was recorded during the transient period due to a step change in the 391 
concentration.  392 

To test the chemical selectivity of our sensor under the microfluidic platform, the sensor was 393 
exposed to 5 potential interfering species of serotonin, namely, dopamine (DA), norepinephrine (NE), 394 
L-tryptophan (L-TP), 5-hydroxyindoleacetic acid (5-HIAA), and 5-hydroxytryptophan (5-HTP). Figure 395 
6C (Z magnitude plot) and Figure 6D (Z phase plot) show that the sensor was highly selective toward 396 
serotonin and was minimally influenced by other chemical species when measured continuously in 397 
real-time. A linear detection range from 25 nM to 100 nM was observed demonstrating the capability 398 
of double-digit nanomolar detection in real-time environment (Figure 6E and Figure 6F)   399 

 400 
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4. Discussion 401 

Serotonin levels were found in platelet-poor plasma in the 1 – 100 nM range where a healthy person’s 402 
whole blood can contain serotonin levels in the 500 nM – 1.7 µM range [55,56]. Researchers have found 403 
that patients suffering major depression typically have lower serotonin level of around 0.3 µM in their 404 
blood compared to healthy individual level of 1.15 µM [57]. Interestingly, Type 2 diabetic patients with 405 
chronic kidney diseases also show lower levels of serotonin of around 0.5 µM in their blood sample 406 
[58]. Serotonin levels were found to be about 280 µM in the duration of 24 hours in urine samples of 407 
patients with carcinoid tumors [59]. Normal serotonin levels have been found to be around 300 – 1650 408 
nM in human urine samples and less than 0.0568 nM in CSF [56,60,61]. Therefore, the linear 409 

Figure 6. Real-time detection of 5-HT using single frequency EIS (SF-EIS): (A) Plot of impedance 
magnitude (|Z|) vs. time; (B) Plot of impedance phase (ÐZ) vs. time; (C) Target selectivity test under 
real-time sensing mode using averaged |Z| (Zavg) as a sensor readout; (D) Target selectivity test in 
real-time using ÐZ as a sensor readout; A linear detection range of 25 – 100 nM was observed using 
(E) impedance magnitude (|Z|) and (F) impedance phase (ÐZ). 
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concentration range detectable with our proposed aptamer-based sensor is physiologically relevant to 410 
clinical applications where abnormal serotonin levels can be measured electrochemically. Moreover, 411 
our sensing platform was found to be highly sensitive and specific to 5-HT. Some cross-reactivity exists 412 
for other potentially interfering molecules such as 5-HTP, 5-HIAA, and L-TP, due to the similarities in 413 
chemical structures, suggesting that the aptamers exhibit a certain degree of affinity toward these 414 
species. Therefore, further optimization in the aptamer design may be necessary to further improve the 415 
target selectivity. Nevertheless, the aptamer’s response to 5-HT is overwhelmingly high compared to 416 
other non-specific chemicals. 417 

  418 

5. Conclusions 419 

A novel DNA aptamer-based label-free electrochemical sensor was successfully developed and tested 420 
in real-time to detect serotonin (5-HT). Both impedimetric and voltametric methods were used to 421 
characterize the aptamer modified surface density and the sensing of 5-HT. Aptamer surface density is 422 
crucial for ensuring sensor sensitivity. The develop platform offers dual mode electrochemical method 423 
(EIS and SWV) to optimize surface density for maximum electron transfer rate at the electrode- 424 
electrolyte interface. The dual mode platform was used for estimating dissociation constant for the 425 
proposed sensor and values were found to be 343.54 ± 61.03 nM and 306.76 ± 41.54 nM for EIS and SWV, 426 
respectively. Single Frequency EIS (SF-EIS) was successfully implemented for the real-time 5-HT 427 
detection with reasonable temporal resolution on a microfluidic system. The sensor’s selectivity was 428 
characterized against DA, NE, L-TP, 5-HIAA, and 5-HTP, and the sensor was highly selective toward 429 
5-HT indicating the specificity of the aptamer’s binding kinetics. Given the sensor’s sensitivity, 430 
selectivity, range of detection, and temporal resolution, our sensing platform has the potential to be 431 
used for studying the serotonin dynamics in animal models or in a clinical setting. 432 

 433 
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