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A B S T R A C T   

Prostate cancer (PCa) is the second most common cancer in men and one of the leading causes of cancer-related 
deaths. Early detection is the key to successful treatment and provides the greatest chance to cure the patient. 
Currently, early detection involves screening for prostate-specific antigen levels in blood, which is not a tumor- 
specific biomarker. There is a critical need to develop clinically useful methods for screening for more reliable 
biomarkers. Here, we introduce an electrochemical biosensor that measures the concentrations of the amino 
acids tyrosine and tryptophan, and propose it as a possible diagnostic and prognostic tool for PCa. The limits of 
detection of tyrosine and tryptophan using the electrochemical sensors were 1.15 and 1.13 μmol/L in 1:10 urine: 
PBS, respectively. This study is the first to present electrochemical measurements of tyrosine and tryptophan 
directly in patient urine samples. We demonstrated an inverse correlation between the measured electrochemical 
signals and the severity of PCa. The most notable observation was a significant difference between controls and 
metastatic PCa patients (P ≤ 0.001). This observation was further validated using Liquid-Chromatography-Mass 
Spectrometry. Our data provides the basis for further research with electrochemical measurements of tyrosine 
and tryptophan as potential biomarkers for PCa.   

1. Introduction 

Prostate cancer (PCa) is the second most common cancer in men with 
higher prevalence in developed countries [1]. Worldwide, there were 
more than 1.400.000 new PCa cases and 375.000 PCa related death 
cases in 2020, placing PCa as the fifth most common cause of 
cancer-related death in men [1,2] accounting for about 7% of all cancer 
deaths in men worldwide. In 1991, Catalona et al. proposed using 
prostate-specific antigen (PSA) as a screening tool for PCa. Their results 
suggested that PSA measurements in combination with digital rectal 
examination (DRE) would provide a better prediction for PCa compared 
to DRE alone [2]. PSA measurements has improved prognosis of PCa and 
resulted in a decrease in PCa-related deaths [3]. Currently, measure
ments of PSA levels in blood and DRE are established routine exami
nations in men with suspicion of PCa [3,4].Screening with PSA has 
contributed to a notable rise in diagnosis of early-stage PCa [5]. 

However, time has shown that PSA as a screening tool for PCa does have 
considerable limitations [6–8]. Firstly, conditions such as benign pros
tatic hyperplasia, prostatitis and prostate injury may also be associated 
with high PSA levels [9,10]. Secondly, there is no specific normal level 
of PSA in the blood, though PSA values < 4 μg/L are generally consid
ered as normal [11]. Thus, there is a critical need to develop better 
non-invasive diagnostic methods with new biomarkers ideally providing 
both a high sensitivity and specificity for PCa. 

Amino acids have several physiological roles, including serving as 
building blocks of proteins and components in energy metabolism [12]. 
Amino acid metabolism is upregulated in carcinomas due to energy re
quirements and protein synthesis [13–16]. The amino acids tyrosine and 
tryptophan have in few earlier studies been investigated in relation to 
PCa. Derezinski et al. and Heger et al. measured tyrosine and tryptophan 
in urine relative to creatinine, Derezinki et al. observed a statistically 
significant downregulation in concentration of both amino acids in PCa 
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patients compared to controls, while Heger et al. reported the opposite 
[17,18]. 

The possibility to measure tyrosine and tryptophan by a cheap, fast 
and simple electrochemical method is alluring. Additionally, as the 
measurement time typically is within a minute, the handheld setup al
lows on-the-spot screening in the clinics with no need for centralized 
laboratories. Tyrosine and tryptophan can be identified and quantified 
by electrochemical sensing with no sample pretreatment, as these mol
ecules are electroactive compounds [19,20]. Selectivity is exhibited by 
the specific potential at which electrons are exchanged with the elec
trode surface while the concentration of the target compound is re
flected by the intensity of the measured current [21,22]. Several studies 
have demonstrated that electrochemical detection of tyrosine and 
tryptophan is possible but to the best of our knowledge no earlier studies 
have electrochemically investigated tyrosine or tryptophan in patient 
samples with similar methods [19,23–26]. 

As previous knowledge about the role of tyrosine and tryptophan in 
PCa development and progression is limited, we investigated electro
chemical measurements of tyrosine and tryptophan as a biomarker for 
PCa. A new stand-alone method for rapid screening of tyrosine and 
tryptophan in urine was developed and validated by Liquid Chroma
tography – Mass spectrometry/Mass spectrometry (LC-MS/MS). 

2. Material and methods 

2.1. Study population and sample collection 

The study was approved by the Regional Committee on Health 
Research Ethics for Southern Denmark (VEK jr.nr: S-20210085) and 
based on urine samples collected from individuals diagnosed with PCa 
and from healthy individuals as controls. Urine samples were collected 
at any time of the day before any type of manipulation from non-fasting 
individuals. Patient samples and samples from healthy individuals were 
handled the same. Both groups were enrolled from the PerPros biobank 
(jr.nr: 18/11174), Department of Urology, Vejle Hospital, sampling 
urine and blood from men referred with suspicion of PCa before biopsy. 
A total number of 40 individuals were included. All men had prostate 
biopsies performed subsequent to blood and urine sampling. The control 
group had negative biopsies, and in a mean post-biopsy observation 
period of 69 months (range 67–71 month) none developed PCa. All 
samples were collected and subsequently stored at − 80 ◦C until analysis. 

2.2. Electrochemical detection of tyrosine and tryptophan 

Tyrosine (#42H0656, Sigma-Aldrich) and tryptophan (#102K0370, 
Sigma-Aldrich) were diluted in 1:10 Urine: (PBS) (#RNBJ7479, Sigma- 
Aldrich) to get the desired concentrations between 1 and 150 μmol/L for 
tyrosine and tryptophan. We measured a control sample consisting of 
1:10 urine: PBS and afterwards measured the increasing concentration 
of tyrosine in triplicates to generate the calibration curve. The same 
procedure was performed for tryptophan. Solutions containing both 
amino acids of 100 μmol/L concentrations each were also prepared in 
PBS and urine, respectively. 

The urine patient samples were split into several volumetric flasks to 
avoid contamination during repeated use. All patient samples were 
diluted 1:10 by adding PBS with 0.1 M KCl to each flask. The electro
chemical measurement of tyrosine and tryptophan takes 45 s. This 
means that the time from sample to result is less than 2 min including the 
time it takes to pipette the sample on the sensor. 

The measurements of tyrosine and tryptophan were performed using 
single-use screen-printed carbon sensors (#PreD-Ca, PreDiagnose, 
Karlslunde, Denmark) with a three-electrode configuration design; a 
carbon working electrode (WE), counter electrode (CE) and a silver 
reference electrode (RE). The reaction of interest occurs at WE. The CE 
closes the circuit and the WE potential is measured against the RE [27]. 
The measurements of these two amino acids were performed with the 

software PS-trace 5.8 (PalmSens BV, Houten, The Netherlands) and 
potentiostat BlueStat3 (PalmSens BV, Houten, The Netherlands). 

2.3. Characterization of carbon electrochemical sensors 

The electrode requires no functionalization due to direct identifica
tion of the redox potential of tyrosine and tryptophan. Characterization 
of the carbon electrode was accomplished by cyclic voltammetry (CV). 
The CVs were performed from − 0.65 to 1.0 V with scan rates between 
0.05 and 0.25 V/s. The electrochemical measurements were performed 
using a solution consisting of the 2.5 mM ferriferrocyanide in PBS with 
0.1 M KCL and measured against the reference electrode. The electro
chemical detection of tyrosine and tryptophan was performed using 
Square Wave Voltammetry (SWV). SWV was conducted with the 
following settings: amplitude: 0.1V; frequency 40.0 Hz and the current 
ranges from 100 nA–1 mA, Ebegin 0.2V and Eend 1.2V. The sample size 
was 70 μL pipetted on top of the electrodes. The measurement time was 
45 s. A new sensor was used for each measurement and all the mea
surements were conducted against the reference electrode. 

A schematic representation of the electrode with the three-electrode 
configuration and the electrochemical setup with the potentiostat con
nected to a computer are shown in Fig. 1. 

2.4. Data analysis 

The signal induced by the redox activity of the amino acids was 
obtained by subtracting the background signal from the analyte signal in 
PS. Trace 5.8. When measuring the samples, a spectrum with two peaks 
is obtained. After subtraction of the background, the accumulated 
charge was found by marking peak start and peak end for both peaks. 
The average sum charge for each patient was presented. The Limit of 
Detection (LOD) was calculated as 3 times the standard deviation of 
lowest concentration divided by the slope of the calibration curve. Un
paired T-tests with Welch’s test were performed using Graphpad Prism 
7. 

2.5. Stability of tyrosine and tryptophan 

To investigate the degradation pattern of tyrosine and tryptophan, 
stability tests were performed for each compound, which included 
electrochemical measurement of a solution with constant concentrations 
at 7 time points: Day 0, day 1, day 2, day 6, day 9, day 14 and day 30 (30 
days timepoint is only for PBS). The amino acids were stored under five 
different temperatures: room temperature (21◦C), − 80 ◦C, − 20 ◦C, 4 ◦C 
and37 ◦C, Samples in urine: PBS (1:10) and in only PBS containing 100 
μmol/L tyrosine or tryptophan were prepared in triplicates. The ob
tained signals from stability experiment were normalized to zero-point 
measurement. 

2.6. LC-MS/MS analysis for tyrosine and tryptophan 

Patient samples were analyzed using a Xevo TQ-S tandem mass 
spectrometer (Waters) connected to an Acquity UPLC system (Waters). 
The Liquid Chromatography separation was performed at 40 ◦C using 
Acquity BEH C18 column (100 Å, 1.7 μM, Waters). The high- 
performance liquid chromatography (HPLC) was done by gradient sys
tem using solvent A (0.1% formic acid) and solvent B (Methanol). The 
gradient program was set up as follows: Initial (A99%; B1%). 0.5 min 
(A99%; B1%), 4 min (A60%; B40%) 4.10 min (A0%; B100%), 5 min 
(A0%; B100%), 5.10 min (A99%; B1%), 6.50 min (A99%; B1%). A 
summary of multiple reaction monitoring (MRM) transitions and set
tings such as collision energy and cone for mass spectrometer are listed 
in Table 1. Moreover, capillary voltage was set to 0.75 kV (positive 
ionization mode), desolvation temperature to 500 ◦C and desolvation 
gasflow to 750 L h− 1. Calibrators were prepared with concentrations of 
resp. 1, 10, 25, 50, 150 and 250 μmol/L and controls were prepared with 
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the concentrations of resp. 4, 5 and 250 μmol/Lol/L. The prepared 
controls and calibrators were measured repeatedly, and it was found 
that the analysis evaluated by measuring on controls was reproducible. 
Calculation of the concentrations of tyrosine and tryptophan was done 
by TargetLynx (Waters) by the use of the internal standard method. 

3. Results 

3.1. Characterization of carbon sensors for electrochemical detection of 
tyrosine and tryptophan 

The performance and reversibility of the screen-printed carbon 
sensor was evaluated by cyclic voltammograms using a solution con
sisting of 2.5 mM ferriferrocyanide in PBS with 0.1 M KCl (Fig. S1). 
Symmetrical voltammograms were observed. The half-wave potential 
for a reversible system (each voltammogram) were calculated according 
to the standard equation (E0 = (Epa + Epc)/2), yielding a value of 0.94 ±
0.005 V vs. the reference electrode. The Randle-Sevcik plot demon
strates that anodic peak current (Ipa) and cathodic peak current (Ipc) are 
proportional to the square root of the scan rates. 

For quantitative analysis of tyrosine and tryptophan, the signal 
curves were obtained using SWV. The well-defined oxidation peak for 
tyrosine was obtained at 0.7 V while the potential for tryptophan was at 
0.8 V. In redox reactions, protons are removed with the electrons from 

Fig. 1. Schematic representation of the electrochemical setup. (A) The three-electrode configuration setup consisting of a working electrode, a counter electrode 
and a reference electrode. (B) The experimental setup where the sensor is connected to a potentiostat, which is connected to a computer for recording the obtained 
data. One measurement takes 45 s and 70 μL (equivalent to one drop) of urine is used for each measurement. 

Table 1 
Settings for urinary tyrosine and tryptophan analyses by LC-MS/MS.  

Sample Q1 Q3 Collision energy (eV) Cone (volt) 

Tyrosine 182.10 136.09 12 5 
[13C9

15N] Tyrosine 192.10 145.09 8 5 
Tryptophan 205.20 146.10 15 5 
[13C9

15N] Tryptophan 218.20 156.11 23 5  

Fig. 2. Detection of tryptophan and tyrosine with 
screen-printed carbon sensors. (A) Calibration 
curve with a slope of 0.0223 μA/μmol/L and R2 of 
0.986 for tryptophan. (B) Calibration curve with a 
slope of 0.0212 μA/μmol/L and R2 of 0.991 for 
tyrosine. Both calibration curves were obtained by 
measuring the increasing concentration of the two 
amino acids in 1:10 urine: PBS using square wave 
voltammetry. (C) Voltammograms of the background, 
tyrosine, tryptophan and tyrosine and tryptophane in 
PBS. (D) Voltammograms showing the detection of 
tyrosine and tryptophan spiked in a urine patient 
sample.   
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the molecule during oxidation and returned during reduction. Oxidation 
and reduction of tyrosine occur on the phenyl group and on the phenyl 
ring for tryptophan [28] (See molecular structure in Fig. 1). The 
increasing concentrations of tryptophan and tyrosine (0–150 μmol/L) 
were measured in 1:10 urine: PBS and followed a linear correlation with 
a slope of 0.0223 μA/μmol/L and a regression coefficient of 0.986 for 
tryptophan (Fig. 2A) and slope of 0.0212 μA/μmol/L and a regression 
coefficient of 0.991 for tyrosine (Fig. 2B). The LOD was calculated to 
1.15 and 1.13 μmol/L in 1:10 urine:PBS and 1.92 and 2.87 μmol/L for 
tyrosine and tryptophan in PBS, respectively. To evaluate the ability of 
the screen-printed carbon sensors to distinguish between tyrosine and 
tryptophan, we measured a 100 μmol/L of tyrosine sample, a 100 
μmol/L tryptophan sample, and a mixed sample containing 100 μmol/L 
tyrosine and 100 μmol/L tryptophan (Fig. 2C). The obtained peaks from 
separate spiking with tyrosine and tryptophan appear close to each other 
and distinguishing between the two individual amino acids is difficult 
due to overlap. Thus, the charge was found for each peak and the sum of 
the charges for tyrosine (0.667 μAV) and tryptophan (2.05 μAV) was 
approximately equal to the measured charge of the mixture of tyrosine 
and tryptophan (2.61 μAV). The same experiment was performed with a 
patient control sample. When measuring the patient samples, a spectrum 
with two peaks is obtained (Fig. 2D). Therefore, the sum of accumulated 
charge was measured to account for the total signal contribution from 
tyrosine and tryptophan and provide a measure for the total concen
tration of the two, as both peaks have an impact on the concentration 
value. The charge for tyrosine peaks (0.257 μAV) plus charge for tryp
tophan peaks (1.116 μAV) was approximately equal to the charge of sum 
tyrosine and tryptophan peaks (1.322 μAV). 

3.2. Stability of tyrosine and tryptophan under different conditions 

To ensure that tyrosine and tryptophan are stable despite storage of 
samples under different temperatures, a stability test was performed in 
urine: PBS (1:10) by measuring the signal of a constant concentration at 
fixed temperatures for a period of 14 days. Fig. 3A and B shows the 
recovered concentration as a function of time for samples with 100 
μmol/L of each amino acid. After 14 days no significant degradation was 
observed for any sample. Figs. S2A and S2B illustrate that both amino 
acids were stable in PBS for the whole period of 30 days. 

3.3. Measurement of tyrosine and tryptophan concentrations using liquid 
chromatography – Mass spectrometry 

To validate the new electrochemical method, the patient samples 
were analyzed with LC-MS/MS. Interestingly, the results showed that 
the urinary concentration of tyrosine and tryptophan are strongly 
correlated with a concentration change of 0.6 μM of tryptophan for each 
μM of tyrosine (Fig. 4A). This means that roughly 40% of the contri
bution of tryptophan and tyrosine to the electrochemical signal comes 
from tryptophan. The EC measurements were compared to those from 
LC-MS/MS, the average sum accumulated charge for both amino acids 
are plotted against sum concentration of both amino acids for each pa
tient in Fig. 4B. The results showed a linear correlation with a slope of 
0.0185 μA/μmol/L and a regression coefficient of 0,51. This is not 
impressing, but the results make very good sense when compared with 
calibrations shown in Fig. 2. The population weighted average of the 
tryptophan and tyrosine responses of 0.0216 μA/μmol/L is shown in red 
in Fig. 4B. As can be seen in the plot, the red line coincides with the 
lowest charge values for each concentration value. This agrees well with 
the fact that we only measure free tryptophan and tyrosine with LC-MS/ 
MS, while we expect contributions from other molecules with similar 
ring structures as well as tryptophan and tyrosine in short peptide seg
ments in the EC measurements. 

3.4. Correlation between stages of PCa and tyrosine and tryptophan 
measurements 

As the electrochemical detection method was validated, the method 
was applied to investigate the correlation between the tryptophan and 
tyrosine signal with the stage of PCa. The average sum of accumulated 
charge of the peaks at 0.4 V and 1.0 V was found for all the patients in 
the specific stage of PCa. The average sum of accumulated charge for 
every stage of PCa were plotted and compared (Fig. 5A). The data 
showed significant differences between the control group and local 
advanced PCa (P = 0.0296) and metastatic PCa (P = 0.0010). Also, a 
significant difference between local PCa and mPCa was observed (P =
0.0207). The relation between the sum of the concentrations of these 
two amino acids obtained from LC-MS/MS and disease progression was 
also investigated and plotted in Fig. 5B. The average concentration de
creases with the severity of PCa. LC-MS/MS only indicated a significant 
difference between the control group and mPCa (P = 0.0321). This 
validation supports the results obtained by EC, that there is an inverse 
correlation between tyrosine and tryptophan concentration and PCa 
progression. The large error bars are likely attributed to the sampling 
conditions. Hence, sampling was not restricted to e.g. morning urine, 
specific diets prior to sample collection; and further, information 
regarding smoking status was not available. However, the clear trend 
with statistically significant decreases in concentration of both amino 
acids in PCa patients compared to controls observed by two independent 

Fig. 3. Stability test of tyrosine and tryptophan. The two amino acids in 
urine: PBS (1:10) were stored under different temperature conditions for a 
period of 14 days. The graphs show the recovery of tyrosine (A) and tryptophan 
(B) concentration from the initial value of 100 μmol/L. The test demonstrated 
that tyrosine and tryptophan were stable under all conditions during the whole 
test period. ● Room temperature ● 4◦ ● 37◦ ● − 20◦ ● − 80 degree 
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techniques justify that this observation should be further validated in a 
larger patient cohort. 

In studies investigating biomarkers in urine, urine - creatinine is 
often used as a laboratory marker of urine dilution [29]. Although no 
significant difference in urine creatinine concentrations between the 
four investigated groups were observed, the difference between the 
control and mPa group were lost when creatinine was used for 
normalization. The non-correlation between the amino acids and 
creatinine concentrations (Fig. S3B) implies that their occurrence is not 
mainly due to renal excretion raising the possibility that amino acids in 
the prostate fluid may contribute to what is found in the urine. 

4. Discussion 

Risk of relapse after radical management and survival from Pca are 
highly dependent on the extent of the disease at the time of diagnosis. 
There is about 50% reduction in 5-year overall survival in patients 
diagnosed with de-novo metastatic PCa [30]. The currently used diag
nostic tools for PCa are quite limited in regard to distinguishing between 
indolent and aggressive disease [31]. With a lack of more specific 
diagnostic biomarkers, an aggressive approach to early-stage cancer can 
lead to overtreatment, which can cause inherent side effects or com
plications, some of which can be permanent [32,33]. In addition, bio
markers with a prognostic value will be helpful in guiding for 
management decision for PCa. 

The urgent need for biomarkers and advances in molecular tech
nologies resulted in numerous findings that might improve the diagnosis 
of PCa [17,34]. The proposed findings belong to various classes of bio
logical compounds including proteins and metabolites [17]. The largest 
study of metabolic biomarkers for PCa (ProtecT) identified 35 potential 
biomarkers including four amino acids; valine, isoleucine, tyrosine, and 
leucine that all were strongly associated with PCa [17,34]. Derezinski 
et al. and Adams et al. demonstrated that the study of amino acids in 
body fluids may be a promising tool in search of diagnostic biomarkers 
for PCa [17,34]. 

In this respect, urine has emerged to be a valuable source of bio
markers in PCa [35–38]. Urine provides several advantages since the 
collection is non-invasive [35], and it can easily be collected in larger 
quantities than other types of samples. Furthermore, urine is enriched 
with material coming directly from the prostate gland, and prostate 
materials can be enhanced in the urine by manipulation of the gland 
during DRE [35]. Lastly, urine may be a better source of biomarkers for 
PCa compared to blood, as blood contains higher levels of markers from 
almost all body tissues [35,39], which results in high interference, and 
therefore may reduce detection ability [35]. Urine contains approxi
mately 1000-fold lower protein concentrations compared to blood, and 
urinary proteins are less interactive compared to plasma proteins [40]. 

Several methods have been reported for detection of tyrosine and 
tryptophan in other biological samples than urine. These methods 
include LC-MS/MS, gas chromatography-mass spectrometry (GS/MS), 
spectrophotometry and fluorometry [41–43] and these methods have 
been proven to measure tyrosine and tryptophan with high sensitivity. 
Tyrosine as a marker for cancer has been studied in different cancer 
types. Miyagi et al. showed a significant decrease in tyrosine levels in 
plasma samples from gastric cancer patients compared to controls, and 
the same pattern was also apparent between early stage and late-stage 
gastric cancer [44]. Similarly, Zhang et al. showed decreased tyrosine 
levels in serum from patients with esophageal cancer compared to 
healthy controls [45]. Adams et al. found a strong association of tyrosine 
with PCa presence [34], however the role of tyrosine in PCa progression 
is still largely unknown. 

Tryptophan is widely explored in cancer, and tryptophan catabolism 
is a known mechanism in immune system modulation [46]. Tryptophan 
is metabolized by indoleamine 2,3-dioxygenase (IDO), its split variant 
(IDO2) and tryptophan 2,3-dioxygenase (TDO) [46]. The ability of 
cancer to escape immune response is an important factor that drives the 
development of aggressive forms of tumors [47]. Numerous studies are 
pointing to consumption of tryptophan as a critical factor in cancer 
progression [48,49]. Studies indicate that TDO enzymatic activity is 
sufficient to sustain biologically relevant tryptophan catabolism that is 

Fig. 4. Tyrosine and tryptophan quantified by 
Liquid Chromatography – Mass spectrometry and 
Square Wave Voltammetry. (A) The urinary con
centration of tyrosine and tryptophan measured by 
LC-MS/MS are strongly correlated with an R2 of 0.916 
and a change of 0.6 μM of tryptophan for each μM of 
tyrosine. (B) Comparison of the readings using the 
two analytical techniques. The red line corresponds to 
population weighted average of the calibration curves 
for tryptophan and tyrosine shown in Fig. 2. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 5. Correlation of tyrosine and tryptophan measurements with disease progression. Tryptophan and tyrosine correlation with the stage of PCa was 
investigated by using SWV (A) and LC-MS/MS (B). Both analyses demonstrated that there is a correlation and showed that the concentration of these two amino acids 
decreases with the disease severity. *P ≤ 0.05, ***P ≤ 0.001. 
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capable of suppressing antitumor immune response [50]. Opitz et al. 
also reported that the primary product of tryptophan catabolism by IDO, 
IDO2 and TDO, kynurenine, is a ligand of for the aryl hydrocarbon re
ceptor (ARH), which mediates invasive tumor growth [47]. Zhang et al. 
demonstrated that aggressive breast cancer cell lines have higher 
contribution from tryptophan compared to non-aggressive breast cancer 
cell lines and normal cell lines [51]. In that way Zhang et al. could use 
tryptophan as the fingerprint for distinguishing between aggressive and 
non-aggressive breast cancer cell lines [51]. These results are consistent 
with the results obtained in our study. We demonstrated that tryptophan 
and tyrosine concentration correlates inversely with the stage of PCa. 
Earlier studies indicated that tryptophan catabolism may serve as a 
biomarker to monitor disease activity and response to therapy in 
patientsKlik eller tryk her for at skrive tekst.. Furthermore, strategies 
targeting tryptophan catabolism and ARH activity might be beneficial in 
tackling immunosuppression and cancer progression [48]. These find
ings support possible utilization of both tyrosine and tryptophan for 
diagnosis of PCa. 

Although conventional methods as LC-MS, spectrophotometry and 
fluorometry have a high sensivitity and selectivity, they dependent on 
multi-step sample purification procedures and are therefore expensive 
and time-consuming. In addition, they require advanced and expensive 
equipment and special expertise. Electrochemical biosensing is eligible 
to serve as a screening tool for PCa biomarkers and provides rapid, on- 
site monitoring with no sample pretreatment. Other benefits include 
low-cost, ease of operation as well as high sensitivity and selectivity [21, 
52]. 

With the new electrochemical method, we have investigated the 
correlation between a measurement that depends on the concentration 
of tyrosine and tryptophane in urine of healthy individuals and patients 
diagnosed with different stages of PCa. Several studies have demon
strated that electrochemical detection of tyrosine and tryptophan are 
possible, but to the best of our knowledge, this study is the first to 
present electrochemical measurements of these two amino acids directly 
in urine samples from patients diagnosed with PCa and healthy men [19, 
23–25]. The electrochemical method was validated by quantifying 
tyrosine and tryptophan using LC-MS/MS, but we do not know whether 
there are other metabolites that contribute to the signal in urine. 
However, it has earlier been demonstrated that it is possible to develop 
an electrochemical sensor for detection of tryptophan in presence of 
other amino acids, including tyrosine [26]. Majidi et al. demonstrated 
the development of gold -screen printed electrode modified with 
multiwall carbon nanotube (MWCNT-AuSPE) and a MWCNT-AuSPE 
modified with tryptophan aptamer molecules (Apt-MWCNT-AuSPE) 
for selective determination of tryptophan [26]. The two different 
modified sensors detected tryptophan down to an LOD of 3.6 × 10− 4 

μmol/L and 4.9 × 10− 6 μmol/L in PBS, respectively [26]. Compared to 
our study, Majidi et al. developed a more sensitive electrode for deter
mination of tryptophan, however they did no present the LOD in bio
logical fluids [26]. 

Electrochemical biosensing of tyrosine and tryptophane has poten
tial to be used as supplementary diagnostic tools to improve the diag
nostic accuracy of PCa. New analytical methods for screening or 
detection of tumor specific metabolic biomarkers may aid early and 
precise diagnosis and support successful treatment strategies. However, 
there is a need for further studies to investigate the questions that this 
pilot study has given rise to regarding creatinine correlation, origin of 
amino acids and related pathways and impact of diet on the urinary 
secretion of the amino acids. Furthermore, the observed differences 
between the control group and the different clinical stages of PCa need 
further validation in larger cohort studies. 

5. Conclusion 

In summary, this work established a novel approach for electro
chemical fast and direct detection of tyrosine and tryptophan sum in 

urine of patients. Measurements were validated using LC-MS/MS. The 
sensing method is suitable for screening of tyrosine and tryptophan sum 
on site, directly in urine samples without any pre-treatment procedures. 
We obtained quantifiable results from tyrosine and tryptophan detection 
in urine samples from healthy men and PCa patients and demonstrated 
inverse correlations between concentrations of the two amino acids and 
the severity of PCa. However, a larger sample size is required for vali
dation of this demonstrated correlation. The role of tyrosine in cancer 
progression is not fully understood and further research is needed to 
shed light on the biochemical mechanisms of this observation. 
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[17] P. Dereziński, A. Klupczynska, W. Sawicki, J.A. Pałka, Z.J. Kokot, Amino acid 
profiles of serum and urine in search for prostate cancer biomarkers: a pilot study, 
Int. J. Med. Sci. 14 (1) (Jan. 2017) 1–12, https://doi.org/10.7150/IJMS.15783. 

[18] Z. Heger, et al., Determination of common urine substances as an assay for 
improving prostate carcinoma diagnostics, Oncol. Rep. 31 (4) (2014) 1846–1854, 
https://doi.org/10.3892/OR.2014.3054. 

[19] H. Cheng, C. Chen, S. Zhang, Electrochemical behavior and sensitive determination 
of L-tyrosine with a gold nanoparticles modified glassy carbon electrode, Anal. Sci. 
25 (10) (2009) 1221–1225, https://doi.org/10.2116/ANALSCI.25.1221. 

[20] G.P. Jin, X.Q. Lin, The electrochemical behavior and amperometric determination 
of tyrosine and tryptophan at a glassy carbon electrode modified with 
butyrylcholine, Electrochem. Commun. 6 (5) (2004) 454–460, https://doi.org/ 
10.1016/J.ELECOM.2004.03.006. 

[21] B. Mojsoska, M. Ghoul, G.G. Perron, H. Jenssen, F.A. Z.a. Alatraktchi, Changes in 
toxin production of environmental Pseudomonas aeruginosa isolates exposed to 
sub-inhibitory concentrations of three common antibiotics, PLoS One 16 (3) (Mar. 
2021) e0248014, https://doi.org/10.1371/JOURNAL.PONE.0248014. 

[22] B. Mojsoska, S. Larsen, D.A. Olsen, J.S. Madsen, I. Brandslund, F.A. Alatraktchi, 
Rapid SARS-CoV-2 detection using electrochemical immunosensor, Page 390, 
Sensors 21 (2) (2021) 390, https://doi.org/10.3390/S21020390. Jan. 2021, 21. 

[23] N. Hareesha, J.G.G. Manjunatha, C. Raril, G. Tigari, Design of novel surfactant 
modified carbon nanotube paste electrochemical sensor for the sensitive 
investigation of tyrosine as a pharmaceutical drug, Adv. Pharmaceut. Bull. 9 (1) 
(2019) 132–137, https://doi.org/10.15171/APB.2019.016. 

[24] S. Mao, W. Li, Y. Long, Y. Tu, A. Deng, Sensitive electrochemical sensor of 
tryptophan based on Ag@C core-shell nanocomposite modified glassy carbon 
electrode, Anal. Chim. Acta 738 (Aug. 2012) 35–40, https://doi.org/10.1016/J. 
ACA.2012.06.008. 

[25] M. Kooshki, H. Abdollahi, S. Bozorgzadeh, B. Haghighi, Second-order data 
obtained from differential pulse voltammetry: determination of tryptophan at a 
gold nanoparticles decorated multiwalled carbon nanotube modified glassy carbon 
electrode, Electrochim. Acta 56 (24) (Oct. 2011) 8618–8624, https://doi.org/ 
10.1016/J.ELECTACTA.2011.07.049. 

[26] M.R. Majidi, Y. Omidi, P. Karami, M. Johari-Ahar, Reusable potentiometric screen- 
printed sensor and label-free aptasensor with pseudo-reference electrode for 
determination of tryptophan in the presence of tyrosine, Talanta 150 (Apr. 2016) 
425–433, https://doi.org/10.1016/J.TALANTA.2015.12.064. 

[27] Basic overview of the working principle of a potentiostat/galvanostat (PGSTAT) – 
electrochemical cell setup. https://www.metrohm.com/da/applications/ 
AN-EC-008 accessed Jan. 07, 2022. 

[28] F. Costanzo, M. Sulpizi, R.G. della Valle, M. Sprik, The oxidation of tyrosine and 
tryptophan studied by a molecular dynamics normal hydrogen electrode, J. Chem. 
Phys. 134 (24) (Jun. 2011), https://doi.org/10.1063/1.3597603. 

[29] S. Gamagedara, A.T. Kaczmarek, Y. Jiang, X. Cheng, M. Rupasinghe, Y. Ma, 
Validation study of urinary metabolites as potential biomarkers for prostate cancer 
detection 4, Jun. 2012, pp. 1175–1183, https://doi.org/10.4155/BIO.12.92, 10. 

[30] Office of National, Cancer survival in England for patients diagnosed between 2014 
and 2018, and followed up to 2019 - GOV.UK. https://www.gov.uk/government/s 
tatistics/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2 
018-and-followed-up-until-2019/cancer-survival-in-england-for-patients-diagn 
osed-between-2014-and-2018-and-followed-up-to-2019. (Accessed  January 
2022). 

[31] M.C. Bernal-Soriano, et al., Factors associated with false negative and false positive 
results of prostate-specific antigen (PSA) and the impact on patient health: cohort 
study protocol, Medicine 98 (40) (Oct. 2019), https://doi.org/10.1097/ 
MD.0000000000017451. 

[32] J.-E. Johansson, L. Holmberg, S. Johansson, R. Bergström, H.-O. Adami, Fifteen- 
year survival in prostate cancer: a prospective, population-based study in Sweden, 
JAMA 277 (6) (Feb. 1997) 467–471, https://doi.org/10.1001/ 
JAMA.1997.03540300035030. 

[33] J.R. Bhatt, L. Klotz, Overtreatment in cancer – is it a problem? 17, Jan. 2016, 
pp. 1–5, https://doi.org/10.1517/14656566.2016.1115481, 1. 

[34] C.D. Adams, et al., Circulating metabolic biomarkers of screen-detected prostate 
cancer in the ProtecT study, Cancer Epidemiol. Biomarkers Prev. 28 (1) (Jan. 2019) 
208–216, https://doi.org/10.1158/1055-9965.EPI-18-0079. 

[35] J.N. Eskra, D. Rabizadeh, C.P. Pavlovich, W.J. Catalona, J. Luo, Approaches to 
urinary detection OF prostate cancer, Prostate Cancer Prostatic Dis. 22 (3) (Sep. 
2019) 362, https://doi.org/10.1038/S41391-019-0127-4. 

[36] M. Rigau, et al., The present and future of prostate cancer urine biomarkers, Int. J. 
Mol. Sci. 14 (6) (2013) 12620, https://doi.org/10.3390/IJMS140612620. 

[37] D. Wu, et al., Urinary biomarkers in prostate cancer detection and monitoring 
progression, Crit. Rev. Oncol. Hematol. 118 (Oct. 2017) 15–26, https://doi.org/ 
10.1016/J.CRITREVONC.2017.08.002. 

[38] G. Ploussard, A. de La Taille, Urine biomarkers in prostate cancer, Nat. Rev. Urol. 7 
(2) (Feb. 2010) 101–109, https://doi.org/10.1038/NRUROL.2009.261. 

[39] Y. Gao, Urine is a better biomarker source than blood especially for kidney 
diseases, Adv. Exp. Med. Biol. 845 (2015) 3–12, https://doi.org/10.1007/978-94- 
017-9523-4_1. 

[40] M. Pejcic, S. Stojnev, V. Stefanovic, Urinary proteomics–a tool for biomarker 
discovery, Ren. Fail. 32 (2) (Mar. 2010) 259–268, https://doi.org/10.3109/ 
08860221003599759. 

[41] M. Tayebi, A.H. Abari, G. Emtiazi, B.G. Kim, J. Kim, Novel Bacillus subtilis spore- 
displayed tyrosinase kit for rapid detection of tyrosine in urine: pharmaceutical 
applications for the early diagnosis of kidney-related diseases, Adv. Pharmaceut. 
Bull. 9 (2) (2019) 331, https://doi.org/10.15171/APB.2019.040. 

[42] A.R. Mani, J.C. Moreno, T.J. Visser, K.P. Moore, The metabolism and de- 
bromination of bromotyrosine in vivo, Free Radic. Biol. Med. 90 (Jan. 2016) 
243–251, https://doi.org/10.1016/J.FREERADBIOMED.2015.11.030. 

[43] B. Elshiekh, A. Basheir, A.A. Elbashir, Spectrophotometric methods for the 
determination of L-tyrosine in pharmaceutical formulations, Original Article 
ChemXpress 8 (2) (2015) 95–101. 

[44] Y. Miyagi, et al., Plasma free amino acid profiling of five types of cancer patients 
and its application for early detection, PLoS One 6 (9) (2011) e24143, https://doi. 
org/10.1371/JOURNAL.PONE.0024143. 

[45] X. Zhang, et al., Metabolic signatures of esophageal cancer: NMR-based 
metabolomics and UHPLC-based focused metabolomics of blood serum, Biochim. 
Biophys. Acta 1832 (8) (Aug. 2013) 1207–1216, https://doi.org/10.1016/J. 
BBADIS.2013.03.009. 

[46] C.E. Onesti, F. Boemer, C. Josse, S. Leduc, V. Bours, G. Jerusalem, Tryptophan 
catabolism increases in breast cancer patients compared to healthy controls 
without affecting the cancer outcome or response to chemotherapy, J. Transl. Med. 
17 (1) (Jul. 2019) 1–11, https://doi.org/10.1186/S12967-019-1984-2/TABLES/5. 

[47] C.A. Opitz, et al., The therapeutic potential of targeting tryptophan catabolism in 
cancer, Br. J. Cancer 122 (1) (Jan. 2020) 30–44, https://doi.org/10.1038/S41416- 
019-0664-6. 

[48] C.A. Opitz, et al., An endogenous tumour-promoting ligand of the human aryl 
hydrocarbon receptor, Nature 478 (7368) (Oct. 2011) 197–203, https://doi.org/ 
10.1038/NATURE10491. 

[49] L. Pilotte, et al., Reversal of tumoral immune resistance by inhibition of tryptophan 
2,3-dioxygenase, Proc. Natl. Acad. Sci. U. S. A. 109 (7) (Feb. 2012) 2497–2502, 
https://doi.org/10.1073/PNAS.1113873109. 

[50] M. Platten, W. Wick, B.J. van den Eynde, Tryptophan catabolism in cancer: beyond 
Ido and tryptophan depletion, Cancer Res. 72 (21) (Nov. 2012) 5435–5440, 
https://doi.org/10.1158/0008-5472.CAN-12-0569. 

[51] L. Zhang, et al., Tryptophan as the fingerprint for distinguishing aggressiveness 
among breast cancer cell lines using native fluorescence spectroscopy, J. Biomed. 
Opt. 19 (3) (Mar. 2014) 37005, https://doi.org/10.1117/1.JBO.19.3.037005. 

[52] S. Jeong, S.C. Barman, H. Yoon, J.Y. Park, A prostate cancer detection 
immunosensor based on Nafion/Reduced graphene oxide/aldehyde functionalized 
methyl pyridine composite electrode, J. Electrochem. Soc. 166 (12) (2019) 
B920–B926, https://doi.org/10.1149/2.0361912JES. 

H. Nasimi et al.                                                                                                                                                                                                                                 

https://doi.org/10.1056/NEJM199104253241702
https://doi.org/10.1503/CMAJ.060955
https://doi.org/10.1370/AFM.2205
https://doi.org/10.1126/SCITRANSLMED.3006408
https://doi.org/10.1126/SCITRANSLMED.3006408
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref6
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref6
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref6
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref6
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref7
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref7
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref7
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref7
https://doi.org/10.1373/CLINCHEM.2009.140061
https://doi.org/10.1373/CLINCHEM.2009.140061
https://doi.org/10.1038/S41598-020-58836-4
https://doi.org/10.1038/S41598-020-58836-4
https://doi.org/10.1016/J.EJCA.2004.12.029
https://doi.org/10.5152/TUD.2013.038
https://doi.org/10.1007/S11306-020-01691-1
https://doi.org/10.1038/S41585-019-0185-3
https://doi.org/10.1038/S41585-019-0185-3
https://doi.org/10.3389/FCELL.2020.603837/BIBTEX
https://doi.org/10.3389/FCELL.2020.603837/BIBTEX
https://doi.org/10.1038/S41416-019-0620-5
https://doi.org/10.1038/S41416-019-0620-5
https://doi.org/10.1373/CLINCHEM.2018.299651
https://doi.org/10.7150/IJMS.15783
https://doi.org/10.3892/OR.2014.3054
https://doi.org/10.2116/ANALSCI.25.1221
https://doi.org/10.1016/J.ELECOM.2004.03.006
https://doi.org/10.1016/J.ELECOM.2004.03.006
https://doi.org/10.1371/JOURNAL.PONE.0248014
https://doi.org/10.3390/S21020390
https://doi.org/10.15171/APB.2019.016
https://doi.org/10.1016/J.ACA.2012.06.008
https://doi.org/10.1016/J.ACA.2012.06.008
https://doi.org/10.1016/J.ELECTACTA.2011.07.049
https://doi.org/10.1016/J.ELECTACTA.2011.07.049
https://doi.org/10.1016/J.TALANTA.2015.12.064
https://www.metrohm.com/da/applications/AN-EC-008
https://www.metrohm.com/da/applications/AN-EC-008
https://doi.org/10.1063/1.3597603
https://doi.org/10.4155/BIO.12.92
https://www.gov.uk/government/statistics/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-until-2019/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-to-2019
https://www.gov.uk/government/statistics/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-until-2019/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-to-2019
https://www.gov.uk/government/statistics/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-until-2019/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-to-2019
https://www.gov.uk/government/statistics/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-until-2019/cancer-survival-in-england-for-patients-diagnosed-between-2014-and-2018-and-followed-up-to-2019
https://doi.org/10.1097/MD.0000000000017451
https://doi.org/10.1097/MD.0000000000017451
https://doi.org/10.1001/JAMA.1997.03540300035030
https://doi.org/10.1001/JAMA.1997.03540300035030
https://doi.org/10.1517/14656566.2016.1115481
https://doi.org/10.1158/1055-9965.EPI-18-0079
https://doi.org/10.1038/S41391-019-0127-4
https://doi.org/10.3390/IJMS140612620
https://doi.org/10.1016/J.CRITREVONC.2017.08.002
https://doi.org/10.1016/J.CRITREVONC.2017.08.002
https://doi.org/10.1038/NRUROL.2009.261
https://doi.org/10.1007/978-94-017-9523-4_1
https://doi.org/10.1007/978-94-017-9523-4_1
https://doi.org/10.3109/08860221003599759
https://doi.org/10.3109/08860221003599759
https://doi.org/10.15171/APB.2019.040
https://doi.org/10.1016/J.FREERADBIOMED.2015.11.030
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref43
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref43
http://refhub.elsevier.com/S0003-2697(22)00154-3/sref43
https://doi.org/10.1371/JOURNAL.PONE.0024143
https://doi.org/10.1371/JOURNAL.PONE.0024143
https://doi.org/10.1016/J.BBADIS.2013.03.009
https://doi.org/10.1016/J.BBADIS.2013.03.009
https://doi.org/10.1186/S12967-019-1984-2/TABLES/5
https://doi.org/10.1038/S41416-019-0664-6
https://doi.org/10.1038/S41416-019-0664-6
https://doi.org/10.1038/NATURE10491
https://doi.org/10.1038/NATURE10491
https://doi.org/10.1073/PNAS.1113873109
https://doi.org/10.1158/0008-5472.CAN-12-0569
https://doi.org/10.1117/1.JBO.19.3.037005
https://doi.org/10.1149/2.0361912JES

	Correlation between stage of prostate cancer and tyrosine and tryptophan in urine samples measured electrochemically
	1 Introduction
	2 Material and methods
	2.1 Study population and sample collection
	2.2 Electrochemical detection of tyrosine and tryptophan
	2.3 Characterization of carbon electrochemical sensors
	2.4 Data analysis
	2.5 Stability of tyrosine and tryptophan
	2.6 LC-MS/MS analysis for tyrosine and tryptophan

	3 Results
	3.1 Characterization of carbon sensors for electrochemical detection of tyrosine and tryptophan
	3.2 Stability of tyrosine and tryptophan under different conditions
	3.3 Measurement of tyrosine and tryptophan concentrations using liquid chromatography – Mass spectrometry
	3.4 Correlation between stages of PCa and tyrosine and tryptophan measurements

	4 Discussion
	5 Conclusion
	Funding
	Contribution
	CRediT authorship contribution statement
	Acknowledgement
	Appendix A Supplementary data
	References


