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Introduction
Kynurenine (Kyn) is the first stable metabolite of tryptophan 
(Trp) degradation via the kynurenine pathway (KP). Kyn is 
produced in a liver by tryptophan 2,3-dioxygenase enzyme 
(TDO) and extrahepatically by indoleamine 2,3-dioxygenase 
(IDO) expressed by several cell types, including cancer and 
immune cells.1 Under physiological conditions, TDO is 
responsible for >95% of the overall Trp degradation. IDO 
contributes only at 5%-15% to this process,2 however the 
importance of the extrahepatic pathway significantly increases 
under conditions of immune activation. 

Kyn is a precursor for other Trp downstream metabolites, 
some with cytotoxic properties (like 3-hydroxykynurenine, qui-
nolinic acid).3,4 Furthermore, this molecule itself can suppress 
allogeneic T-cell proliferation.5 Kyn is also an endogenous 
ligand of the human aryl hydrocarbon receptor (AHR)—the 
crucial factor of the immune responses regulation and cancer 

progression.6 Increased Kyn concentration in biological fluids 
has been associated with many diseases, including HIV,7 lung 
cancer,8 chronic obstructive pulmonary disease,9 attention defi-
cit hyperactivity disorder (ADHD),10 and many others.

Because of the undisputed implication of KP metabolites in 
mechanism of many diseases, the development of accurate and 
rapid analytical tools for their determination in a variety of bio-
logical samples is highly desirable. Monitoring of Kyn—as the 
first stable KP metabolite—is one of the major factors in 
research focused on the relationship between KP activation and 
disease progression. The predominant method used for Kyn 
quantification in biological samples is liquid chromatography 
employing various detectors (including UV absorbance, fluo-
rescence, electrochemical, and mass spectrometry).11 There are 
several drawbacks of chromatographic methods such as the 
time-consuming sample preparation, expensive and sophisti-
cated equipment, and large organic solvent usage. Meanwhile, 
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some developments in the design of sensors for Kyn quantifi-
cation in biological samples have been reported. The molecu-
larly imprinted two-dimensional photonic crystal hydrogel 
sensor working with an optic spectrometer and the fluorescent 
sensor based on the coumarin aldehyde scaffold for the detec-
tion of Kyn have been developed.12,13 Electrochemical sensors 
show appreciable advantages such as rapidness, simple opera-
tion, impressive sensitivity, high selectivity, good reproducibil-
ity, easy miniaturization.14-17 Recently, we have also proposed 
the boron-doped diamond electrode modified in situ with bis-
muth film (BiF/BDDE) in combination with the differential 
pulse voltammetry for simultaneous Trp and Kyn determina-
tion in the post-culture medium from cancer cells.18 Some 
main advantages of this methodology are rapid detection (less 
than 60 seconds) and direct sample analysis without sample 
preparation. The sensor allows for Trp and Kyn detection at 
concentrations of 30 nM.

The goal of this study was to improve the sensitivity of the 
voltammetric Kyn determinations. Its quantification is chal-
lenging due to significantly lower concentration in biological 
samples compared to Trp. We combined the ability of precon-
centration of positively charged molecules in a Nafion layer 
with a high sensitivity of adsorptive stripping voltammetry 
(AdSV) to determine lower concentrations of Kyn compared 
to the previous methodology using the BiF/BDDE elec-
trode.18 In AdSV, the target analyte is adsorbed onto the 
working electrode surface by a non-electrolytic process prior 
to the voltammetric measurement (stripping). Thanks to the 
preconcentration step, AdSV allows for working with very 
diluted samples and decreases some possible interferences 
delivered from the other matrix components.19 On the other 
hand, Nafion is a polymer acting as an exchanger membrane 
and facilitates pre-concentration of cations on the electrode 
surface. Due to its thermal stability, chemical inertness, and 
mechanical strength, Nafion is widely used to modify elec-
trodes in electrochemistry. Nafion-based sensors have been 
applied earlier for determination of metal ions20-24 and impor-
tant organic compounds25-36 by AdSV. However, to our knowl-
edge, Kyn determination using Nafion-modified electrodes 
has not been reported. Based on our observation, that Kyn in 
acidic media might be adsorbed in the Nafion layer before 
stripping step, we have developed a sensor—the Nafion-
coated glassy carbon electrode (Nafion/GCE) that is able to 
detect Kyn at concentration as low as 0.6 nM by the differen-
tial pulse adsorptive stripping voltammetry (DPAdSV). 
Performance of the senor has been carefully studied including 
electrode surface morphology characteristics, selectivity, and 
accuracy confirmed by high pressure liquid chromatography 
with diode array detection (HPLC-DAD). The Nafion/GCE 
can find application for measuring IDO activity or Kyn quan-
tification in the culturing medium from cancer cells, like it has 
been demonstrated here on SK-OV-3 human ovarian carci-
noma cells.

Material and Methods
Apparatus and instrumentation

Voltammetric determinations were performed using a poten-
tiostat/galvanostat (PGSTAT101, Metrohm, the Netherlands) 
operated with a 1.11 NOVA software. The measurements were 
carried out using a three-electrode quartz cell (volume of 
10 mL) consisting of a platinum wire (counter electrode), Ag/
AgCl (reference electrode), and a working electrode. Glassy 
carbon electrode (GCE, Mineral, Poland) and boron-doped 
diamond electrode (BDDE, Windsor Scientific Ltd, Berkshire, 
UK) both with an inner diameter of 3 mm modified with the 
Nafion film or without modification were used as the working 
electrode. GCE and BDDE were polished daily on a Buehler 
polishing pad using series of alumina slurries (1.0, 0.3, and 
0.05 µm), rinsed with water, and cleaned in an ultrasonic water 
bath for 2 minutes with distilled water to remove adsorbed 
impurities. The electrochemical impedance spectroscopy (EIS) 
measurements were performed using an Autolab analyzer (Eco 
Chemie, the Netherlands) with FRA (Frequency Response 
Analyzer) module controlled by the FRA 4.9 software.

The system consisting of a 1200 Series high performance 
liquid chromatograph equipped with a diode array detector 
(HPLC-DAD), autosampler, quaternary pump with vacuum 
degasser, and column thermostat (Agilent Technologies, USA) 
was used for chromatographic measurements. The separation 
was achieved on the Zorbax Eclipse Plus C18 rapid resolution 
HT (4.6 × 150 mm × 3.5 µm) column protected by the Zorbax 
Eclipse Plus-C18 (2.1 × 12.5 mm × 5 µm) Narrow Bore Guard 
Column (Agilent Technologies, Folsom, USA). Instrument 
control, data acquisition and analysis were performed using 
Agilent ChemStation software v.B.04.02. Chromatographic 
analysis was conducted using ultra-purified water (>18 MΩ 
cm) produced by a Milli-Q system (Millipore, UK).

The optical profilometer (WYKO NT9800, Veeco, USA) 
was used to determine the microscale morphology of the sur-
face (microroughness) in three dimensions. The objective lens 
magnification was set to 40× corresponding to 0.38 µm sam-
pling (pixel) size. The post-processing analysis was carried out 
using the Probe Image Processor (SPIP) v. 5.1.4 software 
(Image Metrology A/S, Denmark).

Nanoscale morphology was assessed by atomic force 
microscopy using the 5600 LS AFM instrument (Agilent 
Technologies). Surface scanning was conducted in the non-
contact mode using the tip with a radius <7 nm and the reso-
nance frequency of 280 kHz. AFM micrographs were recorded 
at a scan area size of 2 × 2 μm2 with a resolution of 256 × 256 
that corresponded to 39 nm/pixel. The vertical noise in the 
AFM instrument was ~0.05 nm. The images were analysed in 
the aspect of surface height statistics, that is, the root-mean-
square (Sq) commonly defined as surface roughness parameter 
using the Probe Image Processor (SPIP) v. 5.1.4 software 
(Image Metrology A/S, Denmark).
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The time-of-flight secondary ion mass spectrometry (TOF-
SIMS) measurements were performed on the GCE modified 
with Nafion layer (Nafion/GCE). The electrodes after Kyn 
accumulation were mounted on a home-made holder and were 
transferred to the TOF-SIMS instrument within 1 hour after 
preparation. TOF-SIMS spectra were acquired with the TOF-
SIMS.5 instrument (ION-TOF GmbH, Germany) and the 
primary ion source of Bi+ set up at 25 keV, corresponding to 
1.0 pA primary beam current in spectrometry mode. The scan-
ning area of the secondary ions was 200 μm × 200 μm with 
256 × 256 pixels (1 shot/pixel). All the measurements were per-
formed under the static mode (dose < 1 × 1012 ions/cm2) in a 
positive-ion-mode. To neutralize the charge left on the surface, 
an electron flood gun (20 eV) and surface potential (−480 eV) 
were applied. For all samples, three different places spread out 
from each other by approximately 0.4 mm distance were ana-
lysed. No statistical difference was found among measure-
ments. The post-processing data analysis was conducted using 
the SurfaceLab 6.7 software (ION-TOF) and Origin 2019 
(OriginLab) for data recorded in Spectrometry Mode. Spectra 
calibration was applied using the positions of CH3

+, C2H3
+, 

C2H5
+ fragments.

Human cancer cells were cultured in the HERAcell 150i 
Cu incubator (Thermo Fisher Scientific). Protein concentra-
tion was estimated using the multi-mode microplate reader 
Synergy 2 (Bio Tek Instruments Inc, Winooski, USA) oper-
ated with the Gen5 1.09 software.

Crystalline chemicals were weighed using the XP6 micro-
balance from Mettler Toledo (Switzerland). The pH measure-
ments were made on the CI-316 pH meter (Elmetron) and 
SevenMulti™ dual meter pH/conductivity equipped with 
InLab® Expert Pro (Mettler Toledo, Switzerland). Samples 
were centrifuged using the 5415R Centrifuge (Eppendorf, 
Germany), and concentrated using the Genevac EZ-2 Elite 
Personal Evaporator (Genevac Ltd, UK).

Reagents

Crystalline 3-hydroxy-ᴅ,ʟ-kynurenine (3HKyn), 3-hydroxy-
anthranilic acid (3HAA, 97%), 5-hydroxyindoleacetic acid 
(5HIAA), 5-hydroxytryptamine hydrochloride (5-HT), 
2-picolinic acid (PIC, 99%), ʟ-alanine (Ala, ⩾98%), anthranilic 
acid (AA, ⩾99.5%), ʟ-ascorbic acid (Vit C, ⩾ 99%), ʟ-aspartic 
acid (Asn, ⩾98%), ʟ-asparagine (Asp, ⩾98%), ʟ-arginine (Arg, 
⩾98%), citric acid (CA), dopamine hydrochloride (DOP), glu-
cose (Glu), ʟ-glutamine (Glu, ⩾99%), glycine (Gly, ⩾98.5%), 
indoxyl acetate (IA, ⩾ 95%), indoxyl sulfate potassium salt 
(IS), kynurenic acid (Kyna, ⩾ 98%), ʟ-cysteine (Cys, ⩾98%), 
ʟ-histidine (His, ⩾99%), ʟ-kynurenine (Kyn, ⩾98%), ʟ-leucine 
(Leu, ⩾98%), ʟ-lysine (Lys, ⩾98%), ʟ-methionine (Met, 
⩾98%), ʟ-serine (Ser, ⩾99%), ʟ-threonine (Thr, ⩾98%), 
ʟ-tryptophan (Trp, ⩾98%), ʟ-tyrosine (Tyr, ⩾98%), 
ʟ-phenylalanine (Phe, ⩾98%), ʟ-proline (Pro, ⩾99%), mela-
tonin (ME, ⩾98%), nicotinamide (NAm, ⩾ 99.5%), nicotinic 

acid (NA, ⩾ 99.5%), oxalic acid (OA), tartaric acid (TA), 
ʟ-valine (Val, ⩾98%), uric acid (UA, ⩾ 99%), quinolinic acid 
(QA, 99%), xanthurenic acid (XA, 96%), 3-nitro-ʟ-tyrosine 
(3NT), solution of ᴅ,ʟ-lactic acid (85%-90%, w/w) and Nafion 
(5%, w/v) were obtained from Sigma-Aldrich (USA). Standard 
3HKyn stock solutions were prepared in ultrapure water acidi-
fied to pH 2.5 with HCl (37%, Merck, Poland). UA, DOP, Tyr 
were dissolved in ultrapure water with NaOH (Sigma-Aldrich, 
USA); 3HAA, AA, IA, ME, Kyn, Kyna, Trp, XA in dimethyl 
sulfoxide (DMSO, Uvasol®, Merck, Germany), and 3NT in 
0.1% (v/v) formic acid (LC-MS grade, Sigma-Aldrich, USA) 
in water. The rest of reagents were dissolved in ultrapure water. 
Standard working solutions at intermediate concentrations 
were prepared by dilution in ultrapure water.

The reagents for voltammetric studies, H2SO4, HNO3, HCl 
were purchased from Merck (Germany), CH3COOH and 
NaOH from Sigma-Aldrich (USA). The reagents for chroma-
tographic purposes, that is, trichloroacetic acid (TCA) was 
purchased from Sigma-Aldrich (USA), whereas methanol 
(HPLC grade), CH3COONH4, and CH3COOH were from 
Merck (Germany).

SK-OV-3 human ovarian carcinoma cell line from 
American Type Culture Collection (ATCC) was cultured in 
medium supplemented with fetal bovine serum (FBS), 
ʟ-glutamine, and penicillin/streptomycin purchased from PAN 
Biotech (Aidenbach, Germany). Dulbecco’s Modified Eagle’s 
Medium (DMEM) containing 4.5 g/L of ᴅ-glucose was from 
the Institute of Immunology and Experimental Therapy PAS 
(Wroclaw, Poland), and trypsin solution was from Sigma-
Aldrich (St Louis, MO, USA). The sample for measuring of 
IDO activity was prepared with protease inhibitor cocktail, 
sodium ʟ-ascorbate, bovine liver catalase, methylene blue, 
Na2HPO4, and KCl purchased from Sigma-Aldrich (St Louis, 
MO, USA), whereas NaCl, KH2PO4, and NaH2PO4 were 
from Merck (Darmstadt, Germany). Phosphate buffered saline 
(PBS) was prepared by dissolving 8 g of NaCl, 0.2 g of KCl, 
1.44 g of Na2HPO4, 0.24 g KH2PO4 in 1 L of ultrapure water 
(pH 7.4 adjusted with HCl). Bradford reagent and bovine 
serum albumin (BSA) standard were purchased from Bio-Rad 
(München, Germany).

Sensor preparation and conditions of DPAdSV 
measurements

Freshly cleaned surface of a GCE was modified with a Nafion 
film formed after applying 1.0 µL drop of the Nafion solution 
(0.5%, w/v) and drying on air for about 2 minutes at room tem-
perature. Then, the Nafion-coated GCE (Nafion/GCE) was 
immersed in 0.1 M H2SO4 (the supporting electrolyte) containing 
variable concentrations of Kyn. Kyn was accumulated onto the 
Nafion/GCE at the potential of +0.5 V for up to 600 seconds. 
During this step, the solution was stirred using a magnetic stirring 
bar. After 5 seconds equilibration, the differential pulse voltammo-
grams (DPVs) were recorded between +0.7 and +1.3 V (step 
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potential: 0.01 V; modulation amplitude: 0.1 V; modulation time: 
0.1 second; interval time: 0.3 second).

In vitro culture of cancer cells and collection of 
samples

Human ovarian cancer cells (SK-OV-3) were cultured on 
plates in DMEM medium supplemented with FBS, according 
to the protocol described earlier.37 On the day of harvest, the 
culturing medium was collected from cells, centrifuged 
(14 000 × g, 5 minutes), and the supernatant was immediately 
frozen at −70°C until further analysis. The cells were collected 
into a separate tube using a sterile cell scraper, washed with 
PBS, and after centrifugation (1 100 x g, 5 minutes, 4°C) the 
resulting cellular pellet kept on ice was immediately subjected 
to the protocol for IDO activity estimation.

Sample preparation for IDO enzymatic activity 
determination

Pellet of SK-OV-3 cells (0.3 × 106 per sample) was resus-
pended in 100 µL of PBS containing 1.0 µL of protease inhibi-
tor cocktail, mixed well, and immediately subjected to 3 cycles 
of freezing/thawing steps in order to obtain the cytosolic pro-
tein fraction for IDO activity estimation performed as 
described earlier with some modifications.38 After centrifuga-
tion (14 000 × g, 5 minutes, 4°C), the obtained supernatant of 
cellular cytosolic fraction (90 µL) was added to the reaction 
mixture for IDO activity assay (150 µL), containing 100 µM 
ʟ-Trp and other components followed by the further steps as 
described earlier.39 The sample (ready for IDO activity meas-
urement) was divided into two parts—one was subjected to 
Kyn quantification by DPAdSV, the second for HPLC-DAD 
analysis (a reference method). In case of DPAdSV, Kyn content 
was determined by a standard addition method. Quantitative 
analysis by HPLC-DAD was carried out based on a matrix-
matched calibration curve of Kyn peak area versus its amount 
[nmol] (injection volume: 5 µL). For DPAdSV, the sample (40-
80 µL) was directly injected into the supporting electrolyte 
(5 mL) in a voltammetric cell. IDO activity was expressed as an 
amount of Kyn [nmol] produced within 1 minutes per 1 mg of 
protein determined in the cytosolic cellular fraction.

Protein measurement in the cancer cell extracts

Protein content was estimated using Bradford’s assay with 
BSA as a standard solution (1.23 µg/mL) for the calibration 
curve following the procedure described earlier.37,40 Each 
measurement was repeated three times.

Preparation of culturing medium from cancer cells 
for DPAdSV and HPLC-DAD analysis

Collected and frozen culturing medium from human ovarian 
cancer cells (SK-OV-3) was thawed at room temperature and 

vortexed. DP-AdSV measurements were performed using an 
aliquot of medium (5-50 μL) added directly to the supporting 
electrolyte (5 mL) in the voltammetric cell and analysed for 
Kyn level generated by the cancer cells employing a standard 
addition method.

HPLC-DAD analysis of the culturing medium was done 
after pre-treatment according to the protocol described earlier 
with a slight modification.18 The sample (125 μL) was mixed 
with 44.2 μM 3NT (internal standard) and deproteinized with 
15 μL of 30% (w/v) TCA. After centrifugation (15 minutes, 
14 000 × g, 4°C), the supernatant (125 μL) was gently evapo-
rated to dryness in a glass vial. The residual was dissolved in 
50 μL of an aqueous solution of 10 mM CH3COONH4 (pH 
4.0), transferred to a chromatographic insert vial, and immedi-
ately analysed in duplicate. Kyn concentration in experimental 
samples was calculated from the matrix-matched calibration 
curve of the ratio of Kyn/3NT peak area versus Kyn concentra-
tion [µM]. The injection volume was 10 µL.

HPLC-DAD analysis

Chromatographic separation was performed using the mobile 
phase composed of solvent A: 10 mM CH3COONH4 in water 
(pH adjusted to 4.0 ± 0.05 with glacial CH3COOH) and solvent 
B: 100% methanol (flow rate: 0.5 mL/minutes). The following 
gradient program was applied: 0-17 minutes -0% B; 17-20 min-
utes -0%-5% B; 20-30 minutes -5%-20% B, 30-35 minutes -20%-
30% B; 35-40 minutes -30%-60% B; 40-45 minutes -60%-0% B; 
45-50 minutes – 0%B. Kyn was monitored with absorbance at 
360 nm and was eluted at retention time (tr) 15.5 minutes. To 
normalize Kyn concentration in the post-culture medium from 
cancer cells, 3NT signal was additionally measured at 
tr = 26.5 minutes.

Validation of DPAdSV method

The limits of detection (LOD) and quantification (LOQ) of 
Kyn were calculated as a standard deviation of intercepts (n = 3) 
divided by the slope of the calibration function and multiplied 
by 3.3 or 10, respectively. The sensitivity was calculated by 
dividing the slope of the calibration curve by the electrochemi-
cal active surface area (As) of the Nafion/GCE (0.08 cm2).25 As 
was determined by cyclic voltammetry (CV) and the Randles-
Sevcik equation (section 3.5). Intraday (repeatability) and inter-
day precision (reproducibility) were estimated as the relative 
standard deviation of successive measurements of the current 
response for 0.5 μM Kyn, determined on the same day or three 
different days, respectively. Reproducibility measurements were 
carried out using three individually prepared sensors. Sensor 
stability was expressed in percentage of mean peak current 
obtained for eight successive determinations of 0.5 μM Kyn at 
the sensor stored for 7 days at ambient conditions in relation to 
the mean peak current for the freshly prepared Nafion/GCE.15 
Recovery was determined in culturing medium from cancer 
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cells (DMEM supplemented with 10% (v/v) FBS) or reaction 
mixture for IDO activity measurements. The test was carried 
out in the supporting electrolyte (5 mL) spiked with the known 
amount of Kyn and aliquot of the sample. Kyn concentration 
was determined by the standard addition method.

Statistical analysis

A paired Student’s t˗test was used to evaluate differences 
between Kyn concentrations determined in biological samples 
by DPAdSV and HPLC–DAD. Data were processed using the 
XLSTAT 2020. The differences were considered significant at 
P < 0.05.

Results and Discussion
Preliminary electrochemical measurements

The preliminary studies were carried out in 0.1 M H2SO4 serv-
ing as the supporting electrolyte with the Nafion film produced 
by dropping a 1.0 µL of 1.0% (w/v) Nafion solution onto the 
working electrode surface. In these conditions, Kyn is positively 
charged (the isoelectric point of Kyn is 6.1141). As it was dem-
onstrated in Figure 1A, there was poor voltammetric response 
from Kyn on the bare GCE (line blue). After coating of the 
GCE surface with Nafion, there was about 5-fold increase in 
Kyn peak current (Figure 1A, line green). However, much more 
intensive increase in the Kyn peak current at the Nafion/GCE 
was observed after applying the additional potential (+0.75 V, 
60 seconds) during the analyte accumulation onto the electrode 
surface. In this case, about 22-fold enhancement of Kyn signal 
at the Nafion/GCE in relation to the bare GCE was observed. 
Comparing of the voltammograms after Kyn accumulation 
onto the bare GCE (Figure 1B, line black) and the Nafion/
GCE (Figure 1D, line red), it is clearly seen that the Nafion 
membrane facilities Kyn adsorption onto the electrode surface 
and ensures a significant improvement in recorded peak cur-
rent. This simple modification of the working electrode surface 

provides an opportunity to take advantage of adsorptive strip-
ping voltammetry.

At this stage of studies, we have also compared Kyn signals 
obtained at different electrodes-GCE and BDDE. Both elec-
trodes had the same inner diameter (d = 3 mm) and were mod-
ified in the same way with the Nafion film. As presented in 
Figure 1B, the Nafion/BDDE provides a lower background 
current than the Nafion/GCE. In our previous work, while 
developing the Kyn voltammetric senor, we observed similar 
advantage in using BDDE instead of GCE.18 However, using 
the Nafion/GCE as the working electrode resulted in better 
Kyn peak current and shape. Summarizing all preliminary 
observations, we decided to use the Nafion/GCE along with 
the Kyn pre-concentration step in order to develop a voltam-
metric methodology of Kyn determination in biological 
samples.

Optimization of the Nafion/GCE preparation and 
conditions of Kyn determination

An effect on the Kyn peak current of the most promising sup-
porting electrolytes H2SO4, HNO3, HCl, CH3COOH, PBS 
(pH 3), acetic buffer (pH 4) at concentration of 0.1 M with the 
Nafion/GCE were tested for Kyn determination. Prior to signal 
recording, the analyte (Kyn) was preconcentrated onto the elec-
trode surface at the accumulation potential of +0.75 V for 
60 seconds. Nafion film was generated by applying onto the 
GCE surface the 1.0 µL drop of 1.0% (w/v) Nafion solution. As 
shown in Figure 2A, H2SO4 provided the best Kyn signal, thus 
this electrolyte was selected for further studies. Next, the effect 
of H2SO4 concentration on Kyn peak current was also investi-
gated in the concentration range from 0.05 to 0.5 M (Figure 
2B). The highest Kyn signal was obtained for 0.1 M H2SO4, 
thus this concentration of the supporting electrolyte was 
selected for further measurements. Further increase of H2SO4 
concentration resulted in a significant decrease in Kyn signal.

Figure 1. (A) Comparison of voltammetric curves obtained during determination of 30 µM Kyn using the bare GCE (a-b) and the Nafion film modified GCE 

(c-d) in 0.1 M H2SO4 (scan rate 0.02 V/s). In (b) and (d) Kyn was accumulated onto the electrode surface at potential of +0.75 V for 60 seconds from the 

stirring solution. (B) DPAdSVs obtained at the Nafion covered (a) BDDE and (b) GCE after Kyn accumulation.
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Figure 2. Influence of (A) the supporting electrolyte type, (B) the concentration of the supporting electrolyte, (C) the Nafion concentration in the coating 

solution (polymer film was generated by a 1.0 µL drop), (D) volume of the Nafion solution (0.5%, w/v) applied onto the GCE surface, (E) Kyn accumulation 

potential, and (F) Kyn accumulation time on 0.5 µM Kyn peak current. Standard deviation was calculated for n = 3.

Next, the thickness of the Nafion film was adjusted by 
changing both the concentration and the volume of the coating 
solution applied onto the GCE surface. The effect of Nafion 
concentration in the coating solution was studied in the range 
from 0.2% to 2.0% (w/v) (Figure 2C). Kyn signal attained the 
maximum value when the Nafion membrane was developed by 
applying 0.5% (w/v) polymer solution onto the GCE surface 
and it was further used for electrode coating. Different volume 
of a Nafion drop used for electrode modification had different 
effect on Kyn peak current. The best results were obtained for 
the polymer layer generated by a 0.75 and 1.0 µL of the coating 
solution (Figure 2D). However, a bigger drop volume (1.0 µL) 
of 0.5% (w/v) Nafion solution was selected for the sensor prep-
aration in order to ensure complete coverage of the GCE sur-
face (d = 3 mm) with the polymer film.

Next, the effects of key parameters regulating Kyn accumula-
tion in the Nafion film, such as accumulation potential and time, 
were studied to optimize the analyte voltammetric response. The 
influence of the accumulation potential on the Kyn peak current 
was investigated in the range from +0.4 to +0.75 V (accumula-
tion time 60 seconds). The potential of +0.5 V provided the best 
efficiency of Kyn accumulation and was selected for further 
studies (Figure 2E). The effect of accumulation time was studied 
in the range from 0 to 900 seconds showing an increase in Kyn 
peak current with time increase up to 600 seconds.

Optimization of DPV parameters

At first, differential pulse and square wave voltammograms 
were compared to select the best registration technique for Kyn 
determination. Studies were carried out in the supporting 

electrolyte containing 0.5 µM Kyn (accumulation potential and 
time: +0.5 V, 60 seconds). DPV provided a lower background 
current and slightly lower peak current of Kyn compared to 
square wave voltammetry and was used in further studies. Next, 
the key parameters of DPV including step potential, modula-
tion amplitude and time, interval time were optimized. Kyn 
concentration in the supporting electrolyte was 0.5 µM. Step 
potential (ΔEstep) was optimized within the range of 5-35 mV, 
and Kyn peak currents increased with ΔEstep to 30 mV. However, 
ΔEstep higher than 10 mV resulted in a decrease of the number 
of points in recorded signals and their poor shapes. Thus, ΔEstep 
equal to 10 mV was selected. Next, an effect of modulation 
amplitude (ΔEA) was examined in the range of 10-200 mV. The 
maximal Kyn signal was obtained at ΔEA of 100 mV. Higher 
values of ΔEA yielded a weaker Kyn response, thus, ΔEA of 
100 mV was subjected to further studies. Modulation time 
(tDP) was optimized in the range of 0.05-0.30 seconds and Kyn 
peak currents increased with tDP up to 0.10 seconds and further 
started to decrease. That is why tDP equal to 0.10 seconds was 
selected. Finally, an impact of interval time (tint) on Kyn 
response was tested in the range of 0.1-0.6 seconds. The high-
est Kyn signal was obtained at tint of 0.3 seconds.

Morphology of the Nafion/GCE surface before and 
after Kyn accumulation

Morphology of the bare GCE was determined by optical pro-
filometry and is presented in Figure 3A. The surface is rela-
tively smooth, with the surface roughness of 6.33 nm 
determined on the area 77.5 × 58.1 µm2. After Nafion layer 
deposition, numerous protrusions (probably unsolved polymer 
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debris) were visible, causing an increase in roughness up to 
about 8.53 nm (Figure 3B).

The GCE surface covered by Nafion layer was also exam-
ined by AFM (Figure 3D) and showed amorphic structure in 

nanoscale, while a strong tendency to waviness (deviation from 
flatness) in microscale was clearly seen. Kyn accumulation onto 
the Nafion/GCE surface resulted in the appearance of numer-
ous crystallites (Figure 3E). The roughness parameter (Sq) 

Figure 3. Morphology of the bare GCE (A) and GCE (B) modified with the Nafion layer (Nafion/GCE) determined by optical profilometer; scanning area: 

77.5 × 58.1 µm2. (C) Optical profilometer micrographs of the Nafion/GCE surface after Kyn accumulation; scanning area: 84 × 126 µm2; roughness 

parameter: Sq = 37.9 nm. AFM micrographs of (D) the Nafion/GCE surface (Sq = 0.23 nm) and (E) the Nafion/GCE surface after Kyn accumulation 

(Sq = 0.627 nm); scanning area: 2 × 2 µm2 (256 × 256 pixels). Kyn concentration in the supporting electrolyte was 2 µM (accumulation potential and time: 

+0.5 V, 60 seconds). Drop (1.0 µL) of Nafion solution (0.5%, w/v) was placed onto GCE surface. The most characteristic positive ions for Nafion and Kyn 

identified in TOF-SIMS spectra (F) and an example of TOF-SIMS spectra obtained for the Nafion/GCE after Kyn accumulation for 60 seconds (G) are 

shown.
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increased from 0.23 nm (for the Nafion/GCE) to 0.627 nm 
(for the Nafion/GCE after Kyn accumulation). It is worth 
emphasizing that the morphology of the Nafion layer in micro-
scale (Figure 3B) provides information different than this from 
AFM microimage (Figure 3D) of a small area (2 × 2 µm2). 
Moreover, AFM measurements provide information with sig-
nificantly higher Lateran resolution (7.8 nm), while lateral 
resolution of an optical profilometer is significantly lower 
(120 nm). Due to this reason, AFM measurements are helpful 
in nanoscale morphology characterisation, whereas optical 
profilometer is a complementary technique for morphology on 
a microscale. We tried also to determine the thickness of the 
Nafion layer by sputtering crater with the size 200 × 200 µm2. 
However, due to not perfectly flat GCE surface in macroscale 
(for areas bigger than 1 × 1 mm2) the results were not consistent 
showing relatively high standard deviation from 100 to 300 nm. 
After Kyn accumulation onto the Nafion/GCE surface, one can 
observe that surface is heterogenous (Figure 3C). On the left 
side, we can observe a higher accumulation of Kyn layer while 
on the rest of the area there are numerous small protrusions on 
the relatively smooth surface. Better inspection provided by 
AFM micrographs (Figure 3E) indicates that the Kyn layer is 
developed. Finally, the presence of the Nafion layer and deposi-
tion of Kyn molecules onto the Nafion/GCE surface was con-
firmed by TOF-SIMS measurements. Characteristic positive 
fragments for Nafion and Kyn species were identified in TOF-
SIMS spectra (presented in Figure 3G) and are specified in 
Figure 3F.

The electrochemical characterization of the Nafion/
GCE

Cyclic voltammetry (CV) in a solution of 0.1 M KCl and 
5.0 mM K3[Fe(CN)6] was employed for electrochemical char-
acteristics of the bare GCE and the Nafion/GCE. The poly-
mer film was obtained by applying 1.0 µL of 0.5% (w/v) Nafion 
solution onto the GCE surface. As shown in Figure 4A, the 
CV voltammogram displayed a pair of well-defined redox 
peaks of [Fe(CN)6]3-/4- at the bare GCE (curve a). After 

modification with the polymer layer, peak-to-peak separation 
(ΔE) increased from 71.7 ± 0.6 mV (n = 3) to 113.3 ± 2.9 mV 
(n = 3), and redox peak current decreased, which ascribed to 
inhibition of the electrochemical reaction process by the Nafion 
membrane. Next, the rate of the electron transfer on the bare 
GCE and the Nafion/GCE was determined as the relative 
peak separations (χ0) by dividing ΔE by 0.059. The χ0 values 
for the GCE and the Nafion/GCE were greater than the theo-
retical value (χ0 = 1) and were equal to 1.22 and 1.92, respec-
tively. The obtained results indicate that the Nafion film 
inhibits the electron transfer kinetics. The electrochemical 
active surfaces (As) of the GCE and the Nafion/GCE were also 
determined based on the Randles-Sevcik equation for a revers-
ible electrode process42 and CV curves recorded at scan rates of 
5-500 mV/s. Figure 4B compares the dependencies between 
the anodic peak current (Ip) and the square root of scan rate 
(v1/2) on the GCE and the Nafion/GCE. The covering surface 
with the Nafion film reduced the As from 0.14 cm2 to 0.08 cm2. 
Moreover, an effect of the electrode surface modification with 
the Nafion layer was investigated using electrochemical 
impedance spectroscopy (EIS). The impedance spectra 
(Nyquist plots) were recorded at the bare GCE and the 
Nafion/GCE in the frequency range from 1 MHz to 0.1 Hz, 
in a solution of 0.1 M KCl and 5 mM K3[Fe(CN)6]. The 
obtained results (Figure 4C) showed that the charge transfer 
resistance value of the Nafion/GCE (11493 Ω) is significantly 
higher than for the bare GCE (224.9 Ω). The observed phe-
nomenon of Kyn signals increase with the Nafion surface 
modification is associated with the cation-exchanger proper-
ties of the Nafion layer that enables preconcentration of the 
cationic form of Kyn (Figure 3F).

Electrochemical behaviour of Kyn at the Nafion/
GCE

The cyclic voltammograms (CVs) of Kyn (2 µM) at the bare 
GCE and the Nafion/GCE in 0.1 M H2SO4 are compared in 
Figure 5A. As it was demonstrated, no anodic peak was 
obtained at the bare GCE, whereas a well-defined Kyn signal 

Figure 4. (A) Cyclic voltammograms of [Fe(CN)6]3−/4− (5.0 mM containing 0.1 M KCl) recorded for the bare GCE (a) and the Nafion/GCE (b). Scan rate: 

80 mV/s. (B) Dependences between Ip and v1/2 for the GCE (a) and the Nafion/GCE (b) in a solution of 0.1 M KCl containing 5.0 mM K3[Fe(CN)6] (scan rate 

range: 5-500 mV/s). (C) Nyquist plots of the bare GCE (black) and the Nafion/GCE (blue) recorded at the potential of +0.2 V in the frequency range of 

1 MHz to 0.1 Hz, in a solution of 0.1 M KCl and 5 mM K3[Fe(CN)6].
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Figure 5. Cyclic voltammetric (CV) results of 2 µM Kyn in 0.1 M H2SO4. CVs of Kyn at the bare GCE (a) and the Nafion/GCE (b) are shown in panel (A). 

Curve c: the Nafion/GCE in blank solution; scan rate: 100 mV/s. Panel (B): CVs of Kyn at the Nafion/GCE obtained for different scan rates (50-500 mV/s). 

Relationships between Kyn anodic peak currents (Ip) and the scan rates (v) (panel (C)) or square root of the scan rates (v1/2) (panel (D)) at the Nafion/GCE 

are presented. Regression of the logarithm of the Kyn peak currents (log Ip) and the logarithm of the scan rates (log v) is shown in panel (E).

was recorded at the Nafion/GCE. It clearly shows the advan-
tage of GCE surface modification with the Nafion layer in Kyn 
quantitative analysis.

To further elucidate reactions occurring at the Nafion/GCE 
in the supporting electrolyte containing 2 µM Kyn, the scan rate 
measurements were carried out from 50 to 500 mV/s in 0.1 M 
H2SO4. A single Kyn peak in the anodic window and no cor-
responding peak in the reverse scan were observed suggesting 
the irreversible oxidation process. This behaviour confirms a 
shift of Kyn signal toward more positive values with an increase 
of a scan rate (Figure 5B). The anodic peak currents were line-
arly proportional to scan rates but not to their square root 
(Figure 5C and D), suggesting that the electrode process might 
be controlled by adsorption. Regression of the logarithm of the 
Kyn peak current (log Ip) and the logarithm of the scan rate (log 

v) resulted in slopes equal to 0.83 (R2 = 0.994). This suggests 
that processes on the Nafion/GCE are controlled by adsorp-
tion.43 Furthermore, the relationship between the Kyn peak 
positions (Ep) and the logarithm of the scan rates (ln v) was 
linear with a regression equation of Ep (V) = 0.03 ln v (mV/s) + 
0.98 (R2 = 0.985). This relationship was used for estimation of 
the number of electrons (n) involved in Kyn oxidation process 
on the Nafion/GCE based on the Laviron’s theory.18 According 
to this theory, the slope of Ep versus ln v plot is equal to RT/αnF, 
where R-the universal gas constant (R = 8.314 J mol−1 K−1), T-
the absolute temperature (T = 298 K), F-Faraday constant 
(F = 96 485 C mol−1), α-transfer coefficient (for irreversible pro-
cesses α = 0.5), n-number of transferred electrons. The obtained 
αn value was 0.865, thus the calculated number of transferred 
electrons was equal to 1.73 (~2).
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Calibration graphs, precision, recovery
Linearity of the method was investigated for two accumula-
tion times: 60 and 600 seconds. The obtained calibration 
graphs were compliant with the equations y = 2.90x + 0.18 
(R2 = 0.999) and y = 14.84x + 0.22 (R2 = 0.999) for the accu-
mulation time of 60 and 600 seconds, respectively, where y cor-
responds to Kyn peak current (μA) and x is the Kyn 
concentration (μM). The calculated sensitivities were 
36.25 μAμM−1cm−2 and 185.50 μAμM−1cm−2 for the accumu-
lation times of 60 and 600 seconds, respectively. Linear ranges 
are collected in Table 1. The calculated LODs and LOQs were 
5.10 and 16.89 nM for the accumulation time of 60 seconds, 
and 0.59 and 1.96 nM for the accumulation time of 600 sec-
onds, respectively. For the Kyn accumulation time of 600 sec-
onds the Nafion/GCE the similar LOD to that reported for a 
screen-printed electrode modified by multiwall carbon nano-
tubes with monoclonal antibody was achieved (Table 1) but 
without laborious sensor preparation.44 Furthermore, we 
achieved better LOD for Kyn compared to that reported by 
our group at the BiF/BDDE despite a short accumulation 
time of 60 seconds.18 An example of voltammograms obtained 
for low concentrations of Kyn at the Nafion/GCE and the 
accumulation time 600 seconds are presented in Figure 6A. 

Moreover, the herein described electrochemical methodology 
provided similar or even better LODs for Kyn compared to 
other sensors and methods using more sophisticated apparatus 
(Table 2).

Precision was evaluated in the supporting electrolyte con-
taining 0.5 μM Kyn. The established values of intraday and 
interday precision were 2.82% (n = 10) and 4.86% (n = 30), 
respectively. The obtained results did not exceed 5% and con-
firm good repeatability and reproducibility of the measure-
ments at the Nafion/GCE. The sensor stability was 
determined for the Nafion/GCE stored on bench-top for the 
week at ambient conditions. The mean peak current of Kyn 
(n = 8) retains 126.85% of its original value. Regarding the 
intermediate stability of the sensor, we recommend working 
with freshly prepared Nafion/GCE. This should not be a 
problem considering very simple protocol of the electrode 
surface modification.

Recovery studies were carried out in the presence of sample 
matrix components. Volumes of culture medium and IDO 
reaction mixture added to the supporting electrolyte are col-
lected in Table 3 and correspond to these applied in analysis of 
experimental samples. Recoveries from 91.80% to 112.14% 
were obtained for both studied matrices.

Table 1. Comparison of electrochemical sensors for Kyn determination available in literature.

ELECTRODE TECHNIqUE LINEAR RANGE [µM] LOD [nM] APPLICATION REF.

mAb–MWCNT–
AuSPE

CC–PSA 0.001-1.0 0.5 Culturing medium from cancer cells Karami et al.44

1.0-100.0

BiF/BDDE DPV 0.1-20.0 30.0 Culturing medium from cancer cells Sadok et al.18

Nafion/GCE DPAdSV 0.02-10.0 (60 s) 5.1 Cellular lysate, culturing medium from 
cancer cells

This work

0.002-2.0 (600 s) 0.59

Abbreviations: DPAdSV, differential pulse adsorptive stripping voltammetry; BiF/BDDE, boron-doped diamond electrode modified with bismuth nanoparticles; CC-PSA, 
constant current-potentiometric striping analysis; DPV, differential pulse voltammetry; mAb–MWCNT–AuSPE, gold screen-printed electrode modified with carboxylated 
multiwall carbon nanotubes and monoclonal antibody; Nafion/GCE, Nafion film modified glassy carbon electrode.

Figure 6. (A) DPAdSV curves registered at the Nafion/GCE in 0.1 M H2SO4 solution containing increasing concentrations of Kyn: (a) 0 nM, (b) 2 nM, (c) 

5 nM, (d) 10 nM, (e) 20 nM, (f) 50 nM; accumulation time 600 seconds. (B) and (C) Representative DPAdSV results obtained during Kyn quantification in 

samples obtained from SK-OV-3 cells (accumulation time 60 seconds). (B) Voltammograms for samples containing cellular lysates for IDO activity 

estimation (a) background (0.1 M H2SO4), (b) sample in 0.1 M H2SO4 (60 μL), (c) as in (b) +0.08 μM Kyn, (d) as in (b) +0.12 μM Kyn, (e) as in (b) +0.24 μM 

Kyn. (C) DPAdSV curves for samples of culturing medium from cancer cells: (a) background (0.1 M H2SO4), (b) sample in 0.1 M H2SO4 (15 μL), (c) as in (b) 

+0.2 μM Kyn, (d) as in (b) +0.4 μM Kyn, (e) as in (b) +0.6 μM Kyn.
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Selectivity

An effect of various interfering compounds on 0.5 µM Kyn 
voltammetric response at the Nafion/GCE was investigated in 
the range of 0.05 – 1000 µM. The concentration of the inter-
fering compound that causes no more than ± 10% change in 
Kyn peak current was considered as tolerable. The obtained 
results are collected in Table 4.

The major pathway of dietary Trp catabolism is the kynure-
nine pathway, which produces Kyn and other biologically active 
metabolites so-called kynurenines accumulating in tissues. 
Therefore, the interference of different kynurenines on the Kyn 
voltammetric response was also investigated. Under applied con-
ditions, quinolinic acid (QA) and picolinic acid (PIC) generated 
no voltammetric signals at the Nafion/GCE and had no effect 
on Kyn signal over the studied concentration range. Signals of 
kynurenic acid (Kyna), 3-hydroxyanthranilic acid (3HAA)  
did not appear at the Nafion/GCE in the potential window  

from +0.7 to +1.3 V, whereas xanthurenic acid (XA), 3-hydrox-
ykynurenine (3HKyn), anthranilic acid (AA) resulted in voltam-
metric peaks at about +0.85, +0.93, +1.0 V, respectively. These 
kynurenines have shown a tendency to decrease Kyn signal (with 
AA being an exception) with estimated tolerance limits collected 
in Table 4. It is worth noting that in different biological samples 
Kyn is usually present at substantially higher concentrations 
compared to other downstream metabolites. For example, in 
serum from healthy donors, 25 to 100-fold excess of Kyn com-
pared to Kyna, 3HAA, 3HKyn, XA, AA has been noted.50,51 
Furthermore, other kynurenines are not detected or hardly 
detected in the post-culture medium collected from different 
types of cancer cells.40,52-54 In some conditions, that is, IFN-γ 
stimulation, Trp metabolism is accelerated generating both Kyn 
and downstream kynurenines secretion.52,54

In addition to oxidation occurring within the kynurenine 
pathway, in a cell, Trp might undergo hydroxylation, decarboxy-
lation, or transamination to yield other biologically important 

Table 2. Analytical approaches for Kyn determination.

APPROACH MECHANISM OF DETECTION LINEAR 
RANGE [µM]

LOD [nM] APPLICATION REF.

LC-UV/FD UV/Fluorescent detection 0.24-2.88 62.91 Urine Sousa et al.45

LC–q Electrospray ionization of the sample 0.01-3.84 3.31 Post-culture medium from 
cancer cells

Sadok et al.40

LC–qqq Electrospray ionization of the sample 0.002-7.68 0.68 Cerebrospinal fluid, serum Eser et al.46

GC–qqq Chemical ionization of the sample 0.01-1.0 – Brain Notarangelo et al.47

CE–DAD Absorbance measurement 1.0-16.0 150.0 Plasma Zinellu et al.48

2D Photonic crystal 
hydrogel sensor

Diffraction under laser light 0.05-1.0 50.0 Serum Rizvi et al.12

Luminescence 
chemosensor

Luminescence measurements 1.0-10.0 1.0 – Tang et al.49

Abbreviations: CE–DAD, capillary electrophoresis with a diode array detector; GC–qqq, gas chromatography coupled to a triple quadrupole mass spectrometer; LC–UV/
FD, liquid chromatography coupled to an ultraviolet/visible and a fluorescence detector; LC–q, liquid chromatography coupled to a single quadrupole mass spectrometer; 
LC–qqq, liquid chromatography coupled to a triple quadrupole mass spectrometer.

Table 3. Kyn recovery in presence of culturing medium from cancer cells or cellular lysates used for IDO activity (accumulation time: 60 seconds).

AMOUNT 
ADDED [nM]

AMOUNT FOUND 
[nM] ± SD (n = 3)

RECOVERY 
[%]

VOLUME OF THE 
BIOLOGICAL SAMPLE 
ADDED (µL)a

Sample type: cellular lysate

20.00 22.56 ± 1.31 112.78 40

40.00 44.86 ± 3.29 112.14 40

Sample type: culturing medium

80.00 73.44 ± 5.71 91.80 10

600.00 554.41 ± 82.10 92.40 50

Abbreviation: SD, standard deviation.
aVolume of the supporting electrolyte was 5 mL.
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compounds.2 Therefore, the effect of other Trp metabolites on 
Kyn peak current was studied, and the estimated thresholds were 
summarized in Table 4. Indoxyl acetate (IA) and indoxyl sulfate 
(IS) enhanced Kyn signal, whereas melatonin (ME), 5-hydrox-
yindoleacetic acid (5HIAA), 5-hydroxytryptamine (serotonin, 
5-HT) decreased the target analyte peak current. However, Kyn 
signal was still measurable up to 10-, 100-, and 400-fold excess 
of 5-HT, 5HIAA, ME, respectively. The amount of these 
metabolites in the different biological samples might vary 
depending on cellular conditions and pathological state, that is, 
in human serum (healthy donors) IS, IA 5-HT, ME are present 
at similar or below Kyn level.51,55,56 In human plasma, 5HT, 
5HIAA, ME amounts are much lower than Kyn.56,57 Therefore, 
the method accuracy in the biological matrix of interest needs to 
be verified using a comparative method.

The sensor was developed for Kyn determination in cultur-
ing medium from cancer cells that consists of essential amino 

acids, sugars, vitamins, and other protein factors necessary for 
the growth of cells. The sensor shows good selectivity towards 
majority of the tested amino acids (Table 4) in the culturing 
medium. The lowest tolerance limits were estimated for tryp-
tophan (Trp), methionine (Met), and tyrosine (Tyr), whereas 
Trp, Met decreased and Tyr increased Kyn signal. It should be 
noted that 2000-fold excess of Met suppressed Kyn peak cur-
rent by 50%. Glucose did not interfere with Kyn measurement 
over the studied concentration range, whereas more than 
10-fold excess of ascorbic acid (Vit C) significantly increased 
Kyn peak current (>10%). Dopamine (DOP) decreased the 
target analyte peak current, but Kyn signal was still measurable 
up to 1000-fold excess of this compound. Nicotinamide (NAm) 
and nicotinic acid (NA) had no effect on Kyn signal over the 
studied concentration range. Furthermore, the sensor has 
shown satisfactory selectivity towards oxalic acid (OA), tartaric 
acid (TA), citric acid (CA), and lactic acid (LA). Uric acid (UA) 
significantly suppressed Kyn signal with an excess greater than 
200-fold, wherein 2000-fold excess of UA reduced Kyn peak 
current by about 50%.

Method Application
The herein presented voltammetric method was applied for 
Kyn quantification in material derived from SK-OV-3 human 
ovarian carcinoma cells. First, we attempted to measure IDO 

Table 4. Tolerable excess of different organic compounds on Kyn 
(0.5 µM) voltammetric signal.

INTERFERING COMPOUNDS TOLERABLE EXCESS

Kynurenine pathway metabolites

 qA, PIC 2000-fold

 Kyna 1000-fold

 3HAA 100-fold

 XA 40-fold

 3HKyn 10-fold

 AA Equal concentration

Other tryptophan metabolites

 ME 100-fold

 IA, 5HIAA 10-fold

 IS 4-fold

 5-HT 2-fold

Amino acids

  Ala, Asn, Asp, Gly, Glu, Leu, 
Phe, Pro, Ser, Thr, Val

2000-fold

 Lys 1000-fold

 Arg, Cys, His 200-fold

 Trp, Met 40-fold

 Tyr 4-fold

Others

 Glucose, TA, LA, NAm, NA 2000-fold

 OA, CA 1000-fold

 UA 200-fold

 Vit C, DOP 10-fold

Table 5. Comparison of DPAdSV and HPLC-DAD methods for 
determination of IDO activity (Kyn generated by IDO present in cellular 
extracts) or Kyn secreted into culturing medium collected from a 
culture of SK-OV-3 cells.

SAMPLE TYPE: CELLULAR LYSATE

IDO ACTIVITY ± SD [NMOL KYN/MIN/MG PROTEIN]

SAMPLE DPADSV HPLC–DAD P VALUE

1 1.19 ± 0.16 1.35 ± 0.15 0.349

2 4.48 ± 0.39 4.93 ± 0.18 0.233

3 0.63 ± 0.03 0.69 ± 0.03 0.086

4 0.73 ± 0.05 0.78 ± 0.07 0.411

SAMPLE TYPE: CULTURING MEDIUM FROM CANCER CELLS

KYN CONCENTRATION ± SD [µM]

5 56.00 ± 8.29 60.65 ± 0.35 0.507

6 126.22 ± 3.58 130.783 ± 1.17 0.194

7 84.11 ± 1.76 84.04 ± 1.16 0.859

8 51.96 ± 7.05 55.38 ± 0.60 0.563

9 53.73 ± 2.11 53.54 ± 0.51 0.913

10 124.95 ± 4.72 122.38 ± 2.66 0.546

Abbreviation: SD, standard deviation from n = 3 (DPAdSV) or n = 2 (HPLC–DAD) 
measurements.
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enzyme activity in cancer cell extracts. It was set up to deter-
mine the amount of ʟ-Kyn (nmol) produced from ʟ-Trp (sub-
strate) within 1 hour.39 The generated Kyn was quantified 
using DPAdSV and HPLC-DAD methods in cellular lysate 
extract as described in Material and Methods. The obtained 
results were further normalized by protein content (determined 
in mg by Bradford’s method) to consider cell number and reac-
tion time (60 minutes). IDO activity in random samples of 
SK-OV-3 cells determined by DPAdSV ranged from 0.63 to 
4.48 nmol Kyn/min/mg protein (Table 5). The examples of 
voltammograms recorded for Kyn determination are presented 
in Figure 6B. The results are in good accordance with measure-
ments obtained by HPLC-DAD used as a reference method. 
There were no statistically important differences between 
results obtained by both methods calculated with t-test (all P 
values >.05).

We have also employed the Nafion/GCE to measure Kyn 
secreted into the culture medium by SK-OV-3 cells. In six ana-
lysed samples, Kyn concentration ranged from 51.96 to 
126.22 µmol/L (Table 5). Similar results have been noted in 
our previous studies using the BiF/BDDE as a working elec-
trode (31-58 µmol/L).18 As demonstrated in Figure 6C, none 
of culture medium components nor other metabolites pro-
duced by the cancer cells affected the voltammetric signal from 
Kyn. Furthermore, the accuracy of the obtained results was 
confirmed by HPLC-DAD method. The t-test did not show a 
statistically important difference between Kyn levels in the cul-
turing medium from cancer cells when measured by DPAdSV 
and HPLC-DAD (all P values >.05).

Conclusion
Herein, we reported for the first time the advantages of the 
Nafion-based voltammetric sensor for kynurenine determina-
tion in biological samples. The sensor applicability was tested 
in two types of samples delivered from SK-OV-3 human ovar-
ian cancer cells. Despite the complex composition of a cultur-
ing medium collected from cells and the cellular lysates, the 
voltammetric determination of Kyn at the Nafion/GCE was 
easy to perform and provided accurate data (confirmed by 
HPLC-DAD). A basal level of IDO activity in SK-OV-3 can-
cer cells ranged from 0.63 to 4.48 nmol ʟ-Kyn/min/mg pro-
tein, while the amount of Kyn secreted by the cells into the 
culture medium was in the range of 51.96-126.22 µM. It is 
worth mentioning that in this work Kyn determination in the 
real samples was performed with the accumulation time of 
60 seconds. However, to obtain higher sensitivity, the accumu-
lation time can be prolonged up to 600 seconds. Importantly, 
the Nafion/GCE allows for the determination of lower con-
centrations of Kyn comparing to previously proposed by our 
group sensor - the BiF/BDDE. It brings a benefit to signifi-
cantly reduce a volume of the tested sample that is needed for 
voltammetric measurements of Kyn (from 200-500 µL to 
5-50 µL of culturing medium from cancer cells for the BiF/
BDDE and the Nafion/GCE, respectively). Comparing to 

HPLC-DAD, Kyn determination by DPAdSV at the Nafion/
GCE can be conducted with good accuracy and with no need 
for time-consuming separation of the sample components onto 
the analytical column. Unlike HPLC-DAD, the DPAdSV 
measurements were carried out only in aqueous solutions, and 
the usage of organic solvents is minimal (dissolving crystalline 
analyte standards or diluting Nafion solution). Furthermore, 
for the analysis of cell culturing medium, the sample prepara-
tion step can be omitted. These findings demonstrate that 
DPAdSV measurements at the Nafion/GCE hold promise as a 
new tool for a rapid determination of low amounts of Kyn in 
samples delivered from in vitro cultured cells.
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