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phan dynamics using fast scan
cyclic voltammetry at carbon fiber microelectrodes
with improved sensitivity and selectivity†

Isabella Schapira,a Margaret R. O'Neill,a Lillian Russo-Savage,b Terdha Narla,c

Kathryn A. Laprade,d James M. Staffordbd and Yangguang Ou *ab

Despite the fact that tryptophan (Trp) is an essential amino acid that humans typically obtain through diet,

there are several interesting tryptophan dynamics at play in the body. Quantifying and understanding these

dynamics are crucial in studies of depression, autism spectrum disorder, and other disorders that involve

neurotransmitters directly synthesized from tryptophan. Here we detail the optimization of waveform

parameters in fast scan cyclic voltammetry at carbon fiber microelectrodes to yield four-fold higher

sensitivity and six-fold higher selectivity compared to previously reported methods. We demonstrate the

utility of our method in measuring (1) exogenous Trp dynamics from administration of Trp to PC-12 cells

with and without overexpression of tryptophan hydroxylase-2 and (2) endogenous Trp dynamics in

pinealocyte cultures with and without stimulation via norepinephrine. We observed interesting

differences in Trp dynamics in both model systems, which demonstrate that our method is indeed

sensitive to Trp dynamics in different applications.
Introduction

Serotonin is an important neurotransmitter in the brain and
dysregulation of serotonin levels has been associated with
various disorders, including depression1–4 and autism spectrum
disorder (ASD).5,6 Serotonin itself has been hypothesized to not
cross the blood–brain barrier.7–9 There is growing evidence that
suggests the gut microbiome communicates with the brain in
a bidirectional manner through the vagal nerve and through
biomarkers that can cross the blood–brain barrier (BBB). One of
these biomarkers that can cross is the amino acid tryptophan
(Trp), the precursor to serotonin.

Trp is one of the naturally occurring amino acids that is
essential for protein synthesis and plays a fundamental role in
nutrition and health.10 Once ingested, Trp is distributed
throughout the body via the circulatory system.11 It is also the
precursor to several brain neurotransmitters (i.e. serotonin,
melatonin)9,10 and other biomarkers that participate in the
crosstalk in the gut–brain axis (i.e. kynurenine, vitamin B6).12,13

As a result, it has been hypothesized that Trp itself plays crucial
roles in the brain, the gut, and the various disorders that involve
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the gut–brain axis, including depression14–20 and autism spec-
trum disorder.21–25

Humans obtain most of necessary Trp from diet, but
Candida, Streptococcus, Escherichia, Enterococus, and other
microorganisms in the gut microbiome express Trp synthase
that catalyzes the Trp biosynthesis from serine and indole-3-
glycerol-phosphate.26 The gut microbiome also plays a major
role in regulating the available amount of circulating Trp by
modulating enzymes in various Trp metabolism pathways:
serotonin, kynurenine, and indole.26,27 These studies demon-
strate that while Trp is not synthesized by mammalian cells,
there are still biosynthetic and degradation pathways that alter
Trp levels.

In addition to contribution from the microbiome, there are
other factors that can inuence Trp dynamics. Approximately
75–85% (and as high as 95%) of Trp in the body is bound to
albumin protein.28 While only ∼5–10% is suspected to be free
under normal conditions,29 because Trp has a higher affinity for
the BBB transporter than albumin,28,30–36 it has been estimated
that as much as 75% of free Trp can cross the BBB.37 And while
total Trp usually does not change much, free Trp can change
drastically. For example, changes in peripheral Trp can cause
changes in free Trp in the central nervous system.38,39 Endoge-
nous free Trp levels can also change due to various factors. For
example, in a study done by Chaouloff et al.,40 researchers
trained rats to run on a treadmill for 2 h. Even though total Trp
was not altered, the amount of free Trp increased by 70% post-
run in the plasma and by 80% in the brain. These studies
highlight that there is indeed interesting endogenous Trp
RSC Adv., 2023, 13, 26203–26212 | 26203
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dynamics in the brain and periphery and these can be altered by
various factors.

Common practice for Trp monitoring in foods, bodily uids,
and tissue oen utilize chromatography methods.41–47 For free
Trp measurements, researchers oen rely on colorimetric
methods, near-infrared reectance spectroscopy, optical
sensors, optimized high performance liquid chromatography
with mass spectrometry detection, and isotopic labelling
(reviewed in Friedman10 and Khan et al.48). While thesemethods
are quantitative and can provide spatial and/or temporal
information of Trp, they are limited by sample preparation and/
or need for separation prior to detection. There have been
efforts to measure free Trp in situ usingmicrodialysis coupled to
high performance liquid chromatography and UV-vis detection.
While powerful, this technique does have some limitations.
Firstly, the time resolution of microdialysis-HPLC-UV-vis is
limited by collection and separation times. While separations as
fast as under a min has been reported for catecholamines, all of
the prior free Trp measurements have 20 min time
resolutions.38–40 Interestingly, these time-resolved data show an
immediate change in free Trp within the rst 20 min but these
dynamics were too rapid to be resolved by conventional
methods. Secondly, the large size of the microdialysis probe
relative to the intercapillary distance of the vasculature has been
shown by others to cause foreign body response in the
surrounding tissue.49,50 While all of these methods have
provided a plethora of valuable information, they are either
performed ex situ, require a specialist to operate the instru-
mentation, involve sample treatment protocols before detection
(including removing interfering species), has poor spatiotem-
poral resolution, and/or causes foreign body response (and
therefore may result in signal artifacts).

Thus, there is still a need for a sensitive and selective Trp
quantitation technique for in situ monitoring in cells, tissues,
and in vivo. Moreover, release dynamics of Trp metabolites in
the brain occur on the order of subseconds,51,52 so it is possible
Trp dynamics occurs on comparable scales as well. Further-
more, Trp concentrations are hypothesized to vary between
different cell types and brain regions53,54 so micron-scale spatial
resolution would be advantageous. A variety of electrochemical
methods and electrode platforms have been developed for the
quantitation of Trp (reviewed in Khan et al.48). A promising
technique capable of making measurements at the appropriate
spatiotemporal scale is fast scan cyclic voltammetry (FSCV) at
carbon ber microelectrodes (CFMs). FSCV provides 100 ms
temporal resolution for continuous recordings. CFMs are small
(cause less damage),55 biocompatible (reviewed in Hejazi
et al.56), and provide a versatile surface for different modica-
tions (reviewed in Ou et al.57 and Ra et al.58). The Venton lab
rst demonstrated the utility of using FSCV at CFMs to measure
gonadotropin-releasing hormone, which contains Trp and
Tyr.59 The Ross lab demonstrated the utility of FSCV at CFMs
(via the application of the dopamine waveform) to measure
electroactive free amino acids, including Trp, with 100 ms
timescale and micron spatial resolution.60 However, their paper
did not demonstrate selective measurement of Trp over domi-
nant interfering species such as Tyr, which has overlapping
26204 | RSC Adv., 2023, 13, 26203–26212
oxidation peaks. This is an important issue to address as there
are signicant amounts of dipeptides containing Tyr such as
Tyr–Tyr, Tyr–Gly, Tyr–Glu in the brain and there are signicant
dynamics in these dipeptide levels.61 One of these regions is the
hippocampus, a primary area of interest for studying depres-
sion and autism spectrum disorder. Since these dipeptides also
contain Tyr, they also have overlapping oxidation peaks as Trp.

In this work, we utilize a sawhorse waveform in FSCV
recordings on CFMs and optimize the parameters of said
waveform to gain signicant selectivity of Trp detection over
that for Tyr. In fact, we demonstrate that our optimized condi-
tions permit high selectivity for Trp detection over that for Tyr
while maintaining high sensitivity for Trp. We also demonstrate
the utility of our method in a real sample by measuring exoge-
nous and endogenous Trp dynamics in cultured PC-12 cells and
pinealocytes.
Experimental
Chemicals and instrumentation

The chemicals used were analytical grade and were purchased
from MilliporeSigma (St. Louis, MO), unless otherwise stated.
Phosphate buffered saline (PBS) tablets were purchased from
Fisher Bioreagents (Waltham, MA, USA). 1 × PBS (pH 7.40) was
prepared by dissolving ve PBS tablets in 1.0 L nanopure water
(Milli-Q IQ7000, MilliporeSigma, St. Louis, MO). 0.5 mM Trp
and Tyr stock solutions were prepared in PBS and frozen into
small aliquots until use. On the day of the experiment, stock
solutions were thawed at room temperature and standard
solutions of 0.5 mM, 1 mM, 3 mM, and 5 mM tryptophan and
tyrosine solutions were prepared from the stock. Dopamine and
serotonin stocks (100 mM each) were made in PBS and frozen
into small aliquots until use. On the day of the experiment,
stock solutions were thawed at room temperature and 1 mM
dopamine (FisherSci, Hampton, NH) and serotonin (Krackeler,
Albany, NY) standards were made via dilution using PBS. As
these compounds are sensitive to air oxidation, we used solu-
tions within the hr.
Electrode fabrication and fast scan cyclic voltammetry

A single carbon ber (GoodFellow, Pittsburgh, PA, USA) of 7 mm
diameter was aspirated into a 0.5 mm inner diameter (1.00 mm
outer) borosilicate glass capillary (A-M Systems, Inc., Carlsberg,
WA, USA) using a vacuum pump (Gast). These lled capillary
tubes were subsequently pulled using a vertical puller (PC-100
or PE-22, Narishige Group, Japan) to create a tapered seal
insulating the carbon ber. While observing the electrode
under a microscope, the protruding carbon ber was then cut to
a length between 130 mm to 160 mm. All the results below are
reported as current densities, in which the measured current is
normalized to the geometric surface area of the electrode and
reported in unit of pA mm−2. A nichrome wire with a soldered
pin (Phoenix Enterprises/PE Connectors, Chatsworth, CA, USA)
was then coated with silver epoxy paint (GC Electronics, Rock-
ford, IL, USA) and inserted into the distal end of the ber-lled
capillary. A polyolen heat shrink tubing (Mouser, Manseld,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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TX, USA) then is heat-sealed around the electrode/nichrome
wire junction to secure them in place.

We employed a 2-electrode system comprised of a pseudo-
Ag/AgCl reference (made in-house) and the CFM working elec-
trode. Fast scan cyclic voltammetry (FSCV) was performed using
a custom-built integration unit that includes a Dagan Chem-
Clamp (Dagan Corporation, Minneapolis, MN, USA), National
Instrument data acquisition cards, Pine Instrument Dagan-
compatible headstage, and WCCV 3.6 soware (Knowmad
Technologies LLC, Tucson, AZ, USA). All experiments were
performed in a Faraday cage (AutoMate, Berkeley, CA, USA).
Electrodes were cycled in each solution for 10 min prior to any
data acquisition. A sawhorse waveform was applied at
a frequency of 10 Hz for all experiments. More details on the
waveform are presented later in Results and discussion.

For FSCV recordings, cells were removed from the incubator
and transported to the Faraday cages. Manual micromanipu-
lators (Narashige Group, Japan) were used to submerge the
CFMs into the media and approach the cells as close as possible
without breaking. For PC-12 measurements, we measured ∼2–3
seconds of FSCV background before using a micropipette to
exogenously apply 5 mM Trp into the media near the CFM while
continuously recording for up to 60 seconds. This was repeated
4 more times at different locations in the well plate as well as in
different culture plates for PC-12 cells. We performed these
measurements 6 times for PC-12 cells with overexpression of
TPH2. For pinealocytes, we measured baseline for 5 min (30 s
les, 30 s in between), then added either media or norepi-
nephrine, and continued to measure for 30 min.

Flow injection analysis

A continuous ow of PBS (buffer) was pumped into a ow cell
(built in-house, Cole-Parmer, Vernon Hills, IL) at 1.81 mLmin−1

using a syringe pump (Fisher Scientic, Waltham, MA, USA).
Reference and working electrodes were attached to the ow cell
accordingly. A 5 s bolus of Trp, Tyr, or both was introduced to
the electrodes by using a 6-port injection valve (VICI, Houston,
TX, USA).

Data collection

Custom soware WCCV 3.6 soware (Knowmad Technologies
LLC, Tucson, AZ, USA) was employed for the collection and
initial analysis of data, which includes background subtraction,
signal averaging, and digital ltering. Data was ltered using
a fourth order Butterworth low pass lter. The cyclic voltam-
mograms (CVs) and i–t (current vs. time) plots were stacked over
time to create a 2D color plot. The x-axis is time (30 s les unless
otherwise stated), the y-axis is potential applied (V), and the
color indicates current. The CVs and i–t plots were exported as
text les and analyzed in Excel and GraphPad Prism 9. The max
currents at the oxidation peak corresponding to Trp oxidation
(∼1.0 V vs. pseudo Ag/AgCl) were normalized to the geometric
surface area of each electrode. Grubbs test was used to remove
any outliers and errors were propagated appropriately to
combine the different trials from different electrodes. All
statistical tests, including Grubbs', t-tests, and one-way ANOVA
© 2023 The Author(s). Published by the Royal Society of Chemistry
Dunnett T3 multiple comparison test, as well as linear regres-
sion were conducted in GraphPad Prism 9. Experimental alpha
was set at 0.05.

Cell culture

PC-12 cells. PC-12 cells (CRL-1721.1, ATCC, Manassas, VA,
USA) were cultured in RPMI-1640 media (A10491, Gibco, Jenks,
OK, USA) containing 10% horse serum, 5% fetal bovine serum
(FBS) and 5% penicillin streptomycin (30-002-Cl, Corning,
Corning, NY, USA). Media was changed every 2–3 days and cells
were passaged at ∼80% conuency by dissociating with trypsin.
Cells were maintained on standard treated tissue culture dishes
in a 37 °C humidied incubator with 5% CO2 until FSCV
measurements were ready to be performed.

Pinealocyte culture. Experiments involving harvest of rat
pineal glands were approved by and conducted in accordance
with the UVM Institutional Animal Care and Committee. Pineal
glands were dissected from male Sprague Dawley rats, pooled
and immediately placed in Hibernate-E (Life Technologies,
Carlsbad, CA) on ice until all glands were collected. Glands were
then washed in Hibernate-E and gently resuspended in disso-
ciation media containing Hibernate-E mixed with papain (20 U
mL−1 – Worthington Biochemicals, Lakewood, NJ) and DNAse I
(1 mg mL−1 – Sigma, St. Louis, MO). This suspension was
incubated for 30 min at 37 °C at which time pinealocyte culture
media (DMEM Gibco 11960-044, 10% FBS, 1 × GlutaMAX, 1 ×

Pen/Strep) was added in equal volume to the dissociation
media. Cells were then plated in poly-d-lysine coated 12-well
plate at 75 000 cells per well with pinealocyte culture media.
Cells were maintained for ∼2 weeks in a 37 °C humidied
incubator with 5% CO2 until FSCV measurements were ready to
be performed.

Generation of TPH2 overexpressing PC-12

Cloning and lentiviral generation. TPH2 cDNA was subcl-
oned from vector MHS6278 (Horizon Discovery Biosciences)
into the pLVX-EF1a-IRES-mCherry vector (Clontech 631987) to
drive expression of TPH2 using the EF1a promoter (pLVX-EF1a-
TPH2-IRES-mCherry). Lentivirus was packaged using a stan-
dard lentiviral packaging protocol. Briey, 9 mg total of lentiviral
vectors were transduced into a 10 cM plate of 80% HEK293FT
cells comprising 5 mg of pLVX-EF1a-TPH2-IRES-mCherry, 3.75
mg of psPAX, and 1.25 mg of pMD2.G. Media was change 24
hours later with viral supernatant harvested 48 hours later. Viral
supernatant was used to transduce PC-12 cells.

Fluorescence activated cell sorting (FACS). Providing at least
one week for robust transgene expression, cells were dissociated
with trypsin, resuspended in PBS to reduce background during
FACS and ltered through a 70 mM ltered to ensure single cell
suspension. mCherry positive cells were sorted and collected
using the BD FACSAria III using a ∼560–610 nM lter. The pure
population of mCherry+ cells were recovered and cultured as in
the PC-12 culture protocol above.

western blot. Over expression of TPH2 was validated by
standard western blot procedure (Fig. S1†) followed by chemi-
luminescent imaging.62 Briey, protein was extracted from cells
RSC Adv., 2023, 13, 26203–26212 | 26205
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using a Urea-CHAPS buffer (8 M Urea, 1% CHAPS, and 20 mM
HEPES, pH 8.0) and run on a Bis–Tris resolving gel. Proteins
were transferred to a polyvinylidene diuoride membrane
(PVDF), blocked with 5% milk and probed with antibodies to
TPH2 (Abcam ab111828) and GAPDH (Proteintech 60004)
overnight at 4 °C. HRP-conjugated secondary antibodies (Jack-
son ImmunoResearch) were then incubated for 2 hours at room
temperature with ECL Chemiluminescent Substrate Reagent
(Thermo Scientic) applied for detection.
Fig. 2 Summary showing the average peak current density (pA mm−2)
and SEM (error bars) for 1 mM Trp bolus injected into the flow injection
analysis system and how varying each respective parameter affected
the observed current density for Trp oxidation. The average current
densities were calculated by averaging the points in the bolus region of
the IT curves for each electrode and then averaging these values
together between electrodes (and propagating the appropriate SEMs).
(a) is an overlay of the original and optimized waveforms. Point A
indicates holding potential, B is the transition potential, and C is the
switching potential. (b) Current density was greatest for a holding
potential of −0.3 V over those at −0.2 V and −0.4 V. (c) The largest
signal for Trp was found to be with a transition potential of +0.6 V over
those of +0.5 V and +0.7 V. (d) The average current density was highest
for switching potential of +1.2 V when compared to those at +1.1 V and
+1.3 V. (e) The switching potential duration of 2 ms yielded the largest
average current density when compared to longer hold times (3, 4, or 5
ms). (f) The scan rate that yielded the largest signal was 1000 V s−1 **p
< 0.01, ****p < 0.0001.
Results & discussion

Trp is one of the 20 naturally occurring aromatic amino acids
and is electroactive, meaning it can be readily oxidized or
reduced. Nguyen et al.63 demonstrated that Trp undergoes an
initial 2-electron, 2-proton oxidation, a step that was attributed
to the observed anodic peak at 0.9 V on a pyrolytic graphite
electrode vs. SCE. Others64 have attributed the loss of the
pyrrolic double bond and addition of a ketone adjacent to the
secondary amine as the primary oxidation event observed on
glassy carbon (vs. Ag/AgCl (3 M KCl)). Trp oxidation was
observed using FSCV at CFM by Ross and colleagues60 at 1.06 V,
and we observe a similar oxidation peak at 1.0 V on the forward
scan (Fig. 1).

The waveform parameters (holding potential, transition
potential, switching potential, switching potential duration,
and scan rate) of a multi-scan rate sawhorse waveform (MSW)
were optimized for the sensitive and selective detection of Trp
over Tyr. The original MSW (Fig. 2a) was derived from work
published by Sombers and colleagues for the detection of
enkephalin using FSCV at CFMs.65,66 The rst scan rate between
the holding potential (A, Fig. 2a) and transition potential (B,
Fig. 2a) was held constant at 100 V s−1 because there are no
oxidation or reduction peaks of interest occurring in those
potentials. The primary oxidation peak occurs between the
transition potential (B, Fig. 2a) and the switching potential (C,
Fig. 2a). The scan rate in this potential range was varied (dis-
cussed below).

Each parameter in the MSW (vide supra) was varied system-
atically. The assumption is that these parameters behave inde-
pendently from each other, and, from our experience, there has
been no evidence indicating otherwise. Fig. 2b–f summarizes
the results from the optimization of MSWwaveform parameters
Fig. 1 Representative cyclic voltammogram for Trp oxidation on
carbon fiber microelectrode using the multi-scan rate waveform.
Black trace indicates the forward scan while the red trace indicates the
reverse scan. The primary oxidation peak occurs at 1.00 V.

26206 | RSC Adv., 2023, 13, 26203–26212
for maximal sensitivity towards Trp detection. Maximum
sensitivity towards Trp detection was observed at intermediate
values that we tested for the holding potential, transition
potential, and switching potentials. The utility of the holding
potential is to: (1) oxidize interfering species such that their
anodic currents become part of the background signal and can
be subtracted out – this applies for serotonin detection, for
example, due to the positive holding potential;67,68 and/or (2)
preconcentrate analytes of interest through electrostatic inter-
actions – this applies for dopamine, for example.69 Here, a (−)
0.3 V holding potential yielded the maximal sensitivity, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Plot of ratios of current densities of Trp to Tyr as an indicator of
selectivity for the different optimized parameters: (a) holding potential,
(b) transition potential, (c) switching potential, (d) duration of switching
potential, and (e) scan rate. Error bars are ±SEM. ****p < 0.0001.
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makes sense as at pH 7.40, the majority of the Trp molecules
have a positive charge on the amino terminal group, so a nega-
tive surface potential on the electrode would preconcentrate it
onto the electrode surface. It is possible that scanning the
holding potential to even more negative values would pre-
concentrate interfering species, thereby lowering the sensitivity
for Trp. The optimal transition potential was +0.6 V. The tran-
sition potential is the point where the scan rate switches from
100 V s−1 to higher scan rates and should precede the potential
at which we expect our primary oxidation peak. At potentials
between the holding and transition potential, the resulting
currents were signicantly lower due to the slower scan rate (i.e.
100 V s−1). Thus, the smaller oxidation peak in Trp observed by
others (∼0.43 V in Weese-Myers et al.60) was not apparent in our
CVs. Others have observed similar phenomenon using the
multi-scan rate sawhorse waveform.65,66

The switching potential is the upper limit potential and
serves to: (1) over-oxidize the surface groups to increase
adsorption; and/or (2) renew the electrode surface by stripping
the topmost layer of carbon. These phenomena have been
observed and discussed by others prior.66,70,71 The optimal
switching potential that gave the best signal was 1.2 V. More-
over, maximal sensitivity for Trp was observed when the
switching potential (or amperometric potential as referred to by
Calhoun et al.65) was held for 2 ms (Fig. 2e). Longer duration
displays a scenario of diminishing returns. While having
a switching potential just below the stripping limit (1.3 V) and
a relatively shorter amperometric hold time yield the highest
sensitivity for Trp sensing may initially seem counterintuitive,
we hypothesize that these results can be explained via surface
polymerization. It is possible that Trp polymerization on the
carbon surface is enhancing the signal for Trp measurement.
This is in accordance with work done by others72 that demon-
strated glutamate polymerization on CFMs yielding greater
sensitivity of the electrode to dopamine detection compared to
pre-polymerization. We believe that a similar phenomenon is
occurring with Trp. This could explain why the highest sensi-
tivity observed was for a switching potential just below stripping
and also for the lowest amperometric holding duration of 2 ms.

Lastly, the maximal sensitivity was observed for the 1000 V
s−1 scan rate (highest scan rate tested) over the lower values
(Fig. 2f). This makes sense as there is an expected increase in
signal over background with an increase in scan rate, in
agreement with those reported previously.73

We then assessed how the different waveform parameters
above can be utilized to optimize for selectivity of Trp over Tyr
signal. This is of particular interest as Trp and Tyr has
a maximum oxidation peak at the same potential (∼1.0 V) in an
FSCV experiment on a CFM vs. Ag/AgCl. We injected boluses of 1
mM Trp and, separately, boluses of 1 mM Tyr into the FIA system
and evaluated their respective current densities at 1.0 V vs. Ag/
AgCl. Unless otherwise stated we tested 3–5 electrodes per
condition. Then the current density from Trp oxidation peak
was divided by that for the Tyr oxidation peak from the same
conditions to yield a Trp : Tyr selectivity ratio. We observed that
a holding potential of−0.2 V yielded the highest selectivity ratio
for Trp : Tyr (Fig. 3a). Now this optimal condition for selectivity
© 2023 The Author(s). Published by the Royal Society of Chemistry
differed from that for optimal holding potential for sensitivity
(vide supra). Because the loss in selectivity (−50%) going from
−0.2 V to−0.3 V holding potential was signicantly greater than
the gain in sensitivity going from −0.2 V to −0.3 V (+3.8%), we
decided to select −0.2 V as the optimal holding potential over-
all. Moreover, we observed that a transition potential of +0.7 V
yielded the highest selectivity ratio compared to those of
smaller values (Fig. 3b). The optimal transition potential for
sensitivity was determined to be +0.6 V (see above). The loss in
selectivity (−87%) was signicantly greater going from +0.7 to
+0.6 V than the gain in sensitivity from +0.7 to +0.6 V (+27%).
Thus, the optimal transition potential we selected was +0.7 V.

For switching potential, we discovered that a switching
potential of +1.1 V yielded the highest selectivity ratio (Fig. 3c).
This contrasted with the +1.2 V switching potential determined
to yield the maximum sensitivity. Here, the relative loss of
selectivity/gain of sensitivity were relatively comparable (∼20–
25%) so we opted to go with +1.1 V in favor of slightly higher
selectivity for a slight loss in sensitivity. For switching potential
duration, 2 ms was the optimal condition that yielded the
maximum sensitivity and selectivity (Fig. 3d). In contrast to
sensitivity results for scan rate, 600 V s−1 yielded the highest
selectivity for Trp signals over Tyr and we decided to favor
selectivity at the slight sacrice of reduced sensitivity.

We have demonstrated above a signicant improvement in
selectivity for Trp oxidation over that for Tyr with the optimized
MSW (Fig. 3,−0.2 V holding, +0.7 V transition, +1.1 V switching,
2 ms duration of switching potential, 600 V s−1 scan rate
between the transition and switching potentials). We then
wanted to assess whether the presence of Tyr in the same
solution would affect the Trp signal in any way. Thus, we per-
formed injections of a mixture of 1 mM Trp + 1 mM Tyr into the
FIA and compared/contrasted that current density with those of
Trp and Tyr alone (Fig. 4a). We observed that while there is
a signicant drop in Trp current density as a result of the
presence of an equivalence concentration of Tyr, the current
RSC Adv., 2023, 13, 26203–26212 | 26207
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Fig. 4 (a) Representative cyclic voltammograms of injections of 1 mM
Trp (red), 1 mM Tyr (blue), and a mixture of the two (purple) onto a flow
injection analysis system. (b) Representative cyclic voltammograms of
injections of 1 mM Trp (red), 1 mM Trp with 1 mM dopamine (DA), and 1
mM Trp with 1 mM serotonin (5HT). (c) Log–log plot of the current vs.
scan rate for oxidation of Trp. The dashes lines indicate 95% confi-
dence interval for linear regression analysis. Slope of the regression
line is 0.91 ± 0.04, which suggests an adsorption-limited mechanism
of electron transfer.
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density is still signicantly higher (4-fold) than that for Tyr
alone. We hypothesize that this decrease is not due to the
oxidation of Tyr at the electrode surface (since it's relatively
small) but merely the shielding of Trp from interacting with the
electrode by the presence of Tyr.

Next, we tested whether other common interferents such as
dopamine and serotonin would affect the Trp signal. As seen in
Fig. 4b, while the presence of dopamine and serotonin did shi
the Trp peak slightly, dopamine and serotonin oxidation were
observed at a much lower potential than that for Trp oxidation
so interference was negligible.

We also obtained a slope of 0.91 ± 0.04 in a log–log plot of
the current vs. scan rate (Fig. 4c). Theory predicts that a slope of
1 is indicative of an entirely adsorption-driven process while
a slope of 0.5 indicates a solely diffusion-driven process.42,74,75

Our slope indicates that the signal we obtained is primarily
adsorption-driven with some contribution from diffusion and
this is in agreement with those reported by others.60,75

As summarized in Fig. 5a and b, the original MSW did yield
signicantly lower current density than the dopamine waveform
at all concentrations (****p < 0.0001). The optimized MSW,
however, yielded signicantly higher sensitivity for Trp
Fig. 5 (a) Calibration curves for Trp using three different waveforms
(optimized MSW (green triangle), dopamine (magenta circle), and
original MSW (blue square)). Error bars (±SEM) are too small to be
visible. Only the t-test results comparing optimized vs. original
waveforms are denoted in the graph. (b) Zoomed-in plot of the 0.5 mM
Trp showing how the optimized MSWs yielded higher current density
than the dopamine and original waveform. ****p < 0.0001.

26208 | RSC Adv., 2023, 13, 26203–26212
detection than the original MSW at all four concentrations that
were evaluated (****p < 0.0001). The optimized MSW yielded
higher current density for Trp than the dopamine waveform at
all concentrations evaluated (****p < 0.0001).

These conclusions were further validated by the calculated
limit of detection (LOD) and quantitation (LOQ) (Table 1). LOD
and LOQ were calculated from standard deviation of the base-
line noise in the IT curves and the corresponding calibration
curve for each waveform (n = 5 for each category). There is no
statistical difference between those reported for the dopamine
and original MSW (p = 0.0588). Measurements using the opti-
mized MSW, however, did show signicantly lower LOD and
LOQ than those for the dopamine (p < 0.01) and original MSW (p
< 0.05). We conclude, therefore, that the optimized MSW
provided conditions for the most sensitive detection of Trp of
the three waveforms. In fact, based on these data, we can report
a 4-fold improvement in the limit of detection using the opti-
mized waveform compared to the dopamine waveform and a 20-
fold better sensitivity compared to the original MSW.

Next, we investigated fouling on the electrode surface as
a function of multiple repeated injections of Trp using the
optimized waveform (Fig. 6). A one-way ANOVA Dunnett's T3
multiple comparison test revealed that there is no statistical
difference between any of the 25 consecutive injections. Thus,
we conclude that with the optimized waveform, multiple
consecutive injections of at least 25 should not cause any
fouling on the electrode surface.

Lastly, we performed Trp measurements in cultured PC-12
cells and pinealocytes as proof-of-principle to demonstrate
our ability to measure different Trp dynamics (both exogenous
and endogenous changes). While we may be the rst to use
FSCV at CFMs to measure Trp in cell cultures, we are not the
rst to use FSCV to measure Trp-containing compounds in cell
cultures. In fact, the Venton lab rst demonstrated the utility of
using FSCV at CFMs to measure gonadotropin-releasing
hormone, which contains Trp and Tyr.59 Moreover, Kennedy
and colleagues utilized FSCV at CFMs to measure a-melanocyte
stimulating hormone and other Trp- and Tyr-containing oligo-
peptides.75 The authors reported comparable temporal resolu-
tion as our method reported here but utilized a slightly larger
ber (9 mm in diameter) beveled at 45° into a disc electrode.
Assuming an elliptical shape of the electrode, this would
translate to a current density of ∼4 pA mm−2 for the authors'
highest observed Trp or Trp-containing peptide. In contrast,
with our method, we observe a nearly 2-fold higher current
density under comparable conditions. Moreover, we perform
further optimization for selectivity here.
Table 1 Summary of limit of detection (LOD) and limit of quantitation
(LOQ) in nM for each of the three waveforms used for Trp
measurements

Dopamine
waveform Original MSW Optimized MSW

LOD (nM) 41 � 20 190 � 150 9.0 � 0.6
LOQ (nM) 100 � 30 290 � 190 34 � 6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average current density over 25 consecutive injections (error
bars = SEM).
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First, we cultured two types of cells: PC-12 and PC-12 with an
overexpression of tryptophan hydroxylase 2 (TPH2). TPH is the
rate limiting enzyme in the synthesis of serotonin from Trp and
is localized intracellularly. While TPH1 is expressed primarily in
the pineal gland and the periphery, TPH2 is expressed mainly in
serotonergic neurons in the brain.76,77 We positioned a CFM in
the extracellular media surrounding the cells (with a pseudo-Ag/
AgCl in the same well). We then exogenously added Trp We
observed a large range of maximum current densities in the
individual recordings even within the same well plate of cells.
This can be rationalized by the fact that the current densities
depend on: (1) how close the CFMs are positioned near the cell
membranes; and (2) how close the Trp is applied near the CFMs.
In order to quantitatively compare between the different
recordings, we normalized each current density vs. time prole
to the maximum signal from the exogenously added Trp
(excluding higher currents that were due to mechanical noise of
adding the Trp itself, usually present at the time of addition). As
seen in Fig. 7, the normalized data revealed two distinct
proles. The general shape of the time proles is similar for
both types of PC-12 cells: there is an initial increase due to the
application of the exogenous Trp and then a subsequent decay.
Both decay curves should include contribution from mass
Fig. 7 Normalized current density (to the maximum current in each
curve, excluding those signals called by mechanical noise from the
injection itself) for exogenously applied 10 mL of 5 mM Trp (black
triangle) to cultured PC-12 cells (green, n = 5 measurements) and PC-
12 cells with overexpressed tryptophan hydroxylase 2 (TPH2(+), n = 6
measurements). Pale blue and pale green error bars indicate SEM.
****p < 0.0001. Time resolution was 100 ms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
transport (i.e. diffusion) and possibly from the activity of any
membrane-bound transporters. Our data shows a slower decay
curve for those Trp measurements done with PC-12 cells with
TPH2(+) than their wildtype counterpart. Assuming that the Trp
decay curves in both should experience similar contributions
from mass transport, then the discrepancy between the two
could indicate differences in transport activity that internalize
amino acids such as Trp into the cells. In fact, these data are
incredibly reproducible, as indicated by the relatively small
error bars (±SEM) at each time point (pale blue for PC-12 with
TPH2(+), pale green for PC-12 wildtype). Wilcoxon t-test results
revealed a signicant difference between the two decay proles
(****p < 0.0001). A speculative hypothesis to explain these data
is that the PC-12 cells with TPH2(+) may have lower expression
of amino acid transporters.78,79 This hypothesis is supported by
the following evidence. First, PC-12 cells are suspended cells
and are presumably more rapidly dividing than PC-12 with
TPH2(+), which are adherent cells. LAT1, L-type amino acid
transporter 1, is the transporter protein responsible for shut-
tling Trp across the membrane and has been linked to cell
proliferation.80,81 It is possible that PC-12 with TPH2(+) has
lower LAT1 activity than PC-12 wildtype since the former are
adherent. More experiments will be needed to evaluate and test
this hypothesis. Nevertheless, these recordings demonstrate the
utility of our optimized method for measuring and differenti-
ating Trp dynamics (from an exogenous source) between two
cell lines with good spatiotemporal resolution.

We also cultured pinealocytes, which were harvested from
pineal gland of rats. Upon exposure to norepinephrine, these
cells produce melatonin from Trp in the surrounding media. In
this protocol, baseline recordings were done for 5 min, then
either 5 mL water or 5 mL water with 1 mM norepinephrine (NE)
were added to the pinealocytes near the electrode. The current
densities corresponding to Trp oxidation was then plotted
against time for control group (water injection) and experi-
mental group (NE). The binned data with 1 min time resolution
is shown in Fig. S2.† Since the Trp dynamics in this particular
system was slower than our time resolution of 100 ms, we
binned the data further (7 min bins) to show the dynamics more
clearly (Fig. S3†). We calculated the difference in current density
at each time point between the control and NE group and then
normalized as % control (water). As seen in Fig. 8, there is
a signicant decrease in Trp at time points 28 min (p = 0.0153)
and 35 min (p = 0.0070) compared to the beginning of the
experiment. We performed linear regression to demonstrate
these trends in a more quantitative manner. The linear regres-
sion for control group (blue) was y = (0.0010 ± 0.0009) × X +
(0.05 ± 0.02), with a positive slope. The linear regression for the
NE group (pink) was y = (−0.0007593 ± 0.0009) × X + (0.08 ±

0.02), with an overall negative slope. These results makes sense
as the cells exposed to NE were stimulated to make melatonin
from Trp, thereby decreasing the amount of Trp in the media in
the process. It also makes sense that this process takes some
time as the Trp would need to transported into the cells via
transporters before melatonin production can begin. This is
also on par with previous blood sampling data of melatonin
levels in humans,82 in which the data shows an increase in
RSC Adv., 2023, 13, 26203–26212 | 26209
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Fig. 8 Plot of changes in Trp levels reported as % control over time.
Control data is the current density plot over time for water injection. *p
< 0.05. **p < 0.01. n.s. = not significant.
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melatonin ∼30–60 min aer dark cycle begins (when norepi-
nephrine would be presumably released, assuming that sunset
is around 20:00 h). Collectively, these results demonstrate that
our method was capable of measuring endogenous Trp
dynamics as well.
Conclusions

We developed an improved method for sensitive and selective
Trp sensing via the application of an optimized multi-scan rate
sawhorse waveform using FSCV at CFMs. We demonstrated
four-fold higher sensitivity for Trp sensing over previous
methods and a six-fold higher current density for Trp signals
than those for Tyr, one of the primary interfering species that
has similar oxidation potentials. We utilized the optimized
method and measured exogenously applied extracellular Trp in
PC-12 and PC-12 with overexpression of TPH2. The time-
dependent measurements revealed similar increase, but inter-
esting differences in the decay curves. We also demonstrated
the utility of the method in measuring time resolved endoge-
nous Trp dynamics in pinealocytes either exposed to water or
water with norepinephrine. There were clear differences
between the two groups. Altogether, our optimized method has
the spatiotemporal resolution, sensitivity, and selectivity to
monitor exogenously added and endogenously present Trp
dynamics in different cell cultures. These proof-of-concept
studies are promising for anticipated future work in vivo.
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