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A B S T R A C T

Current healthcare trends focus on personalised precision medicine, which customises treatment based on in-
dividual responses to both diseases and therapeutic interventions. This marks a departure from a “one size fits 
all” approach towards a more sophisticated strategy. However, notwithstanding progress in the theoretical 
knowledge for personalised precision approaches, resource constraints impede their implementation. Monitoring 
drug therapies is vital for the advancement of precision medicine, alongside drug development and targeted 
treatment strategies. This study presents the potential of electrochemical approaches including square wave 
voltammetry (SWV) as a proof-of-concept for the simultaneous monitoring of circulating concentrations of 5- 
methyltetrahydrofolate (5-MTHF) and leucovorin calcium (LV) within biological matrices. An easy-to-use and 
portable sensor has been developed for the detection of 5-MTHF and LV at therapeutically relevant concentra-
tions without prior sample preparation. The sensor was successfully tested in artificial urine and human pooled 
serum, demonstrating its efficacy in diverse biological matrices. This approach successfully illustrated the dual 
detection of LV and 5-MTHF over the linear range 0 to 10 µM which is within the therapeutically relevant range 
for both within urine. The developed sensor exemplifies the potential of electrochemical sensors as point-of-care 
devices. Its rapid time to result and elimination of time-consuming sample preparation improve usability for 
clinicians, broadening the application of electrochemical sensors in clinical settings. This dual monitoring 
approach offers significant contributions to the evolution of precision medicine by providing real-time, accurate 
drug monitoring capabilities.

1. Introduction

Leucovorin calcium (LV), also known as folinic acid, is a medication 
known for enhancing the efficacy of certain chemotherapy drugs, miti-
gating the toxic effects of methotrexate (MTX), and managing folate 
deficiency [1–4]. It is a chemically reduced form of folic acid that by-
passes the blocked dihydrofolate reductase enzyme (DHFR), replenish-
ing the active folate pool in the body, which allows for DNA synthesis 
and repair [5–7]. Originally developed to counter the harmful effects of 
folic acid antagonists such as MTX, LV’s ability to rescue normal cells 
from toxicity marked a significant advancement in cancer therapy [8,9]. 
In chemotherapy, LV is widely used as an adjuvant, particularly with 
fluorouracil (5-FU), enhancing the drug’s binding to thymidylate syn-
thase and increasing its anti-tumour activity [10].

Administered either orally, intramuscularly, or intravenously 
depending on the clinical scenario, LV’s dosage varies based on its use, 
ranging from small doses for MTX rescue to larger amounts in 

combination with chemotherapy agents like 5-FU. Generally well- 
tolerated, LV’s potential side effects include allergic reactions, gastro-
intestinal disturbances, and rare instances of seizures. Therefore, careful 
monitoring is essential, especially with high doses or when combined 
with potent chemotherapeutic agents, to ensure patient safety and 
treatment efficacy.

LV and its primary metabolite, 5-methyltetrahydrofolic acid, (5- 
MTHF) are two essential folate derivatives that play crucial roles in 
various metabolic processes within the human body (see Fig. 1). The 
detection and quantification of these compounds are of significant 
importance in clinical settings, particularly in the context of pharma-
cokinetics and chemotherapy condition [11–14].

The simultaneous monitoring of LV and 5-MTHF levels is crucial for 
several reasons. During chemotherapy regimens, LV is administered in 
combination with certain chemotherapeutic agents to counteract their 
toxic effects and enhance their efficacy. Therefore, monitoring of LV 
levels is essential for optimizing the therapeutic efficacy and minimizing 

* Corresponding author.
E-mail address: lynn.dennany@strath.ac.uk (L. Dennany). 

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem

https://doi.org/10.1016/j.jelechem.2024.118666
Received 23 July 2024; Received in revised form 16 September 2024; Accepted 18 September 2024  

Journal of Electroanalytical Chemistry 973 (2024) 118666 

Available online 22 September 2024 
1572-6657/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:lynn.dennany@strath.ac.uk
www.sciencedirect.com/science/journal/15726657
https://www.elsevier.com/locate/jelechem
https://doi.org/10.1016/j.jelechem.2024.118666
https://doi.org/10.1016/j.jelechem.2024.118666
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


potential side effects. Concurrently, the measurement of 5-MTHF levels 
can provide valuable insights into an individual’s folate status, which is 
linked to various health conditions, such as neural tube defects, car-
diovascular diseases, and certain types of cancer [15,16]. Furthermore, 
the interplay between LV and 5-MTHF is complex, as LV can be 
metabolized to other folate derivatives, including 5-MTHF. Therefore, 
the simultaneous detection of both compounds can provide a more 
comprehensive understanding of their metabolic relationships and 
pharmacokinetic profiles. In certain clinical scenarios, such as during 
high-dose MTX therapy, the co-administration of LV and 5-MTHF is 
recommended to ensure optimal rescue and prevent potentially life- 
threatening toxicities. Simultaneous monitoring of both compounds is 
essential for tailoring treatment regimens and optimizing patient 
outcomes.

A previous study has worked on monitoring of methotrexate (MTX), 
LV and their metabolites, which include 5-MTHF, using capillary elec-
trophoretic method. This studied the metabolite pattern in those pa-
tients with delayed elimination or signs of toxicity for specific features 
which might allow an early diagnosis and treatment [15].

Traditional analytical techniques, such as high-performance liquid 
chromatography (HPLC) and immunoassays, have been utilised to 
simultaneously monitor MTX, LV and 5-MTHF [15], however, these 
often require complex sample preparation, specialized instrumentation, 
and skilled personnel, hindering their widespread implementation for 
point-of-care (POC) testing. In contrast, electrochemical detection 
methods, particularly square wave voltammetry (SWV), offer several 
advantages, including simplicity, cost-effectiveness, and the potential 
for miniaturization and POC testing [17–21]. Electrochemical tech-
niques including SWV and electrochemiluminescence (ECL) have pre-
viously been shown to effectively detect and quantify LV in simulated 
biological samples [17,22].

The ability to perform simultaneous analysis of multiple analytes in a 
single sample using electrochemical techniques makes it a promising 
approach for the concurrent detection of LV and 5-MTHF, enabling more 
efficient monitoring and personalized treatment strategies. By address-
ing the limitations of existing techniques and providing a POC testing 

solution for the simultaneous detection of leucovorin and 5-MTHF, this 
research could facilitate improved patient care, treatment optimization, 
and better management of folate-related conditions. Herein, we describe 
the dual detection of LV and 5-MTHF in artificial urine and human 
pooled serum as an initial proof-of-concept towards assessing this 
approach for POC monitoring of cancer therapies.

2. Materials and methods

2.1. Materials

Leucovorin calcium (LV), 5-methyltetrahydrofolate (5-MTHF), along 
with all the constituents for artificial urine, outlined previously [17], 
and human pooled serum were purchased from Sigma Aldrich. Tri- 
sodium citrate dihydrate, creatinine, ammonium chloride, potassium 
oxalate monohydrate and sodium sulfate were purchased from Thermo 
Fisher Scientific. Sodium chloride was purchased from VWR. Urea was 
purchased from GE Healthcare Life Sciences. Artificial saliva (Bioténe® 
oral balance gel) was commercially purchased and used as received. All 
chemicals were used as received and all solutions prepared in Milli-Q 
water (18 MΩ cm− 1).

2.2. Instrumentation

All electrochemical measurements were performed with a PalmSens 
EmStat Blue potentiostat utilising carbon screen printed electrodes 
(SPCE) as previously described [17] Electrochemical measurements 
were performed using SPCE electrodes (SPCE DRP-110) purchased from 
Metrohm (UK) with a 4 mm diameter carbon working electrode, a car-
bon paste counter electrode and an Ag paste quasi-reference electrode. 
All electrochemical analysis was performed at room temperature with 
cyclic voltammetric analysis performed over the potential range 0 ≤ E≤
1.5 V versus an Ag paste quasi-reference, at a scan rate of 100 mVs− 1. 
Square wave voltammetry (SWV) parameters stated pulse amplitude 
100 mV and frequency of 50 Hz.

Fig. 1. Molecular structure of (a) LV and (b) 5-MTHF.
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2.3. Sample preparation of LV and 5-MTHF

LV was diluted with 1:9 EtOH: 0.1 M NaCl (v/v) ratio to obtain 
varying concentration ranges (7.5 – 20 µM). 5-MTHF was dissolved in 
1:9 EtOH: 0.1 M NaCl (v/v) ratio to obtain varying concentration ranges 
(8.16 – 21.75 µM representing 3.75–8.75 µg/mL). For biological matrix 
samples, LV and 5-MTHF were diluted with 1:9 EtOH: 0.1 M NaCl (v/v) 
ratio and spiked as previously outlined [17]. All samples were stored at 2 
– 8 ◦C. For pH adjustments 1 M NaOH or HCl were used as required.

2.4. Preparation of artificial urine samples

Artificial urine was prepared as previously described with 11.965 
mM Na2SO4, 1.487 mM C5H4N4O3, 2.45 mM Na3C6H5O7⋅2H2O, 7.791 
mM C4H7N2O, 21.619 mM KCl, 39.387 mM NaCl, 1.663 mM CaCl2, 
23.667 mM NH4Cl, 0.19 mM K2C2O4⋅7H2O, 4.389 mM MgSO4⋅7H2O, 
18.667 mM NaH2PO4⋅2H2O, and 4.667 mM K2HPO4⋅2H2O in 1000 mL 
[17].

3. Results and discussion

3.1. Electrochemical characterisation

The electrochemical characterisation of LV and 5-MTHF has been 
reported in the past studies [23–27]. The resultant CV observed in this 
contribution showed two anodic peaks at ~0.25 V and 1.2 V for 5-MTHF 
(Fig. 2) and two anodic peaks at ~0.7 and ~1.26 V for LV (see Fig. S1) 
which agrees with previous work [17]. This dual anodic wave system is 
very similar to that described for LV which only proceeds via a two-step 
process and is in line with the proposed mechanism for the electro-
chemical oxidation of folic acid which has been shown to involve the 
nitrogen from the amino groups that can be oxidised, which for 5-MTHF 
this would result in the formation of the oxidation product 5-methylte-
trahydrofolate (5-MDHF) [17,22,23,28–31]. In lieu of the fact that 5- 
MTHF is similar in structure to 5,8-dihydrofolic acid, it can be concluded 
that 5-MTHF may also have an irreversible redox process under these 
conditions due to the same tautomerisation effect [22]. At the potential 
of the first oxidation peak, one electron is removed to form a stable 
cation radical in which the spin is delocalised over nine nuclei. The 
second oxidation of this cation radical requires more energy and 
therefore occurs at a higher potential (~1.2 V).

As with previous work undertaken on LV, the concentrations needed 
for observable CV responses was in excess of the therapeutic and 

clinically relevant concentrations ranges typically utilized for patient 
treatment, therefore SWV was utilized.

Fig. 3 shows a typical SWV of 5-MTHF with the observable peaks 
being consistent with the CV response and previous work in literature. 
Following on from this previous work, this contribution utilized the 
optimal scan rate [17]. It is acknowledged that scan rate would impact 
on the response, too fast might result in poor separation of the peaks 
observed and too slow would make the sensor unfeasible. In addition, in 
keeping with the SWV detection of LV, the second anodic peak at ~1.2 V 
is considerably smaller compared to the peak at ~0.3 V. The 1.2 V peak 
is also observed for LV, and it has been shown that 5-MTHF when 
exposed to air, will produce a third oxidation peak between these two 
main peaks with a corresponding reduction in the 1.2 V peak [23]. This 
degradation could be avoided if analysis was performed under nitrogen 
conditions at pH 5. However, to ensure minimal sample preparation and 
analysis steps for POC detection, it was determined that detection and 
quantification of 5-MTHF would be based upon the 0.3 V anodic peak.

3.2. Analytical parameters

pH can play a significant role in the electrochemical behaviour of an 
analyte and can therefore have an important impact on the design of an 
analytical sensor, particularly important for biosensors focusing on 
detection within biological matrices [32–36]. Previous research on LV 
has established that the optimal pH for its detection is pH 5 and shown 
its independent detection [17]. pH 7 was chosen to demonstrate 
detection performance at a physiological pH in comparison to the 
optimal at pH 5. Previous work has shown the detection of LV at pH 5 
and pH 7 [17]. Given the structurally similarities of LV and 5-MTHF it is 
likely that 5-MTHF pKas are associated with the glutamyl carboxylic acid 
moieties and the hydroxyl group on the amine functional group. In 
addition, as the ultimate aim is to detect both LV and 5-MTHF simul-
taneously within biological matrices and previous work has shown that 
the optimal detection of LV is at pH 5, the concentration dependence of 
5-MTHF was examined at both pH 5 and pH 7. These were chosen to 
elucidate the optimal conditions for both qualitative and semi- 
quantitative analysis.

Fig. 4 (a) and (b) illustrate the electrochemical behaviour of 5-MTHF 
at pH 5 and pH 7 at various concentrations. In agreement with data 
presented previously for LV, at these much lower clinically relevant 
concentrations, the first oxidation peak is observed for 5-MTHF. Unlike 
LV, which showed a negligible difference in detection at pH 5 and 7 
[17], the response for 5-MTHF is much more dependent on pH, with the 

Fig. 2. Typical CV of 0.1 mg mL− 1 5-MTHF (blue solid line) in EtOH: 0.1 M 
NaCl aq (1:9 v/v) and EtOH: 0.1 M NaCl (1:9 v/v) (red dashed line) collected 
from an unmodified SPCE at a scan rate of 100 mV/s across a potential range of 
− 0.20 ≤ E≥2.0 V vs Ag.

Fig. 3. Typical SWV of 0.1 mg mL− 1 5-MTHF (blue solid line) in EtOH: 0.1 M 
NaCl aq (1:9 v/v) and EtOH: 0.1 M NaCl (1:9 v/v) (red dashed line) collected 
from an unmodified SPCE scanned over the potential range − 0.20 ≤ E≤1.5 V vs 
Ag at pulse amplitude of 100 mV and frequency of 50 Hz.
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response for pH 5 being almost double that observed for pH 7, indicating 
that the detection of 5-MTHF is much more effective at pH 5.

For the simultaneous detection of 5-MTHF and LV, two calibrations 
were obtained at pH 7 and pH 5, reflecting the pH values commonly 
encountered for urine (pH 5) and serum or blood (pH 7). As illustrated in 
Fig. 4 (a) and (b), the peak at ~0.2 V increased linearly with increasing 
[5-MTHF], however, the peak current observed for the response at pH 5 
is almost double that of pH 7. This is consistent with previous work for 
LV, where the optimal detection pH was determined to be pH 5. Linear 
coefficients (R2) of 0.997 and 0.999 were obtained for pH 5 and 7 as 
shown in Fig. 4 (c).

It should also be noted that a second peak at ~0.6 V shows minimal 
variation in peak current and is most likely due to the absorption of the 
electrolyte onto the electrode surface. This is theorised to be due to the 
formation of NaOH in the water/ethanol mixture and is dependent on 
the [NaCl aq]. It is observed in the blank electrolyte (see Fig. S2), but is 
not observed in NaCl aq [37]. However, this has been observed for other 
carbon material electrodes [38]. Further investigation into why this only 
occurs for within the aqueous/organic electrolyte and the exact mech-
anisms of this is needed. The secondary 5-MTHF peak is no longer 
observed at these lower concentrations. However, for this work, the 
peak at ~0.2 V was utilised for this analytical investigation. These 
calibration curves reveal distinct trendlines, highlighting the influence 
of pH on the electrochemical response. As shown in Fig. 4 (a), the peak 
potential for 5-MTHF at pH 5 shifts from 0.15 V to 0.20 V as the con-
centration of 5-MTHF increases. This phenomenon might be due to the 
dominant influence of pH at low concentrations, stabilizing the peak 
potential as the concentration increases.

At pH 7, the linearity of the response is less pronounced, with linear 
coefficients (R2) of 0.9979 at pH 5 and 0.99691 at pH 7, as shown in 
Fig. 4 (b) and (c). The limit of detection (LOD) was calculated using the 
formula [LOD = 3.3σ/S], resulting in an LOD of 0.509 µM at pH 7 and 
0.477 µM at pH 5. As expected, the LOD for biological samples is slightly 

higher due to interference effects, although still within the therapeuti-
cally relevant range, as shown in Table 1. While the sensor shows 
optimal performance at pH 5, it remains effective at pH 7, demonstrating 
its potential for use in diverse biological matrices.

The intra- and inter-day repeatability evaluations also yielded low 
relative standard deviations (RSD) with an averaged value of 7.64 % (5- 
MTHF) and 3.10 % (LV) for intra-day data and 5.39 % (5-MTHF) and 
2.08 % (LV) for inter-day results over the concentration range investi-
gated (See Table 2). The inter-day calculations were carried out over 5 
days on 6 different electrodes illustrating the stability of this approach.

3.3. Simultaneous detection of LV and 5-MTHF

While previous research has explored the electrochemical detection 
of LV and the data presented in Figs. 2 - 4 illustrate that 5-MTHF can also 
be detected electrochemically, to exploit and optimise the potential 
clinically significance or impact of this approach, simultaneous detec-
tion is essential. Fig. 5 shows the SWV observed for solutions containing 
both LV and 5-MTHF. Based on the data presented above and previous 
work [17], the peak at ~0.25 V corresponds to 5-MTHF, while the peak 
at ~0.65 V corresponds to LV. Both peaks increase in a linear fashion 
with increasing concentrations as shown in Fig. 5, over the concentra-
tion range 0 ≤ [5-MTHF] ≤ 10.882 µM and 0 ≤ [LV] ≤ 10 µM. The 

Fig. 4. Typical SWV for increasing [5-MTHF] in EtOH: 0.1 M NaCl aq (1:9 v/v) at (a) pH 5 and (b) pH 7 over the concentration range 0 ≤ [5-MTHF] ≤ 21.76 μM 
scanned over the potential range 0 ≤ E≤1.3 V vs Ag at a pulse amplitude of 100 mV and frequency of 50 Hz. (c) Typical trend of maximum ip at 0.2 V at (grey 
squares) pH 7 and (red circles) pH 5. Error bars represent the standard deviation obtained from triplicate results.

Table 1 
Analytical results of this study.

pH 5-MTHF LOD 
µM

LV LOD 
µM

Linear Range 
µM

5 0.477  2.187 – 21.865
7 0.509  2.187 – 21.865
Human pooled serum ND 10* ND
Artificial Urine 1.72 1.664 0 – 10.88 (5-MTHF) 

0 – 10 (LV)
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values obtained were consistent with those values obtained for similar 
concentrations of each analyte individually in the data presented above 
and previously [17]. LOD for this combined detection was also in 
agreement and intra- and inter-day repeatability evaluations similarly 
yielded low values (Table 2).

3.4. Biological analysis

To evaluate the capability of our method for monitoring LV and 5- 
MTHF simultaneously, two biological matrices were evaluated: artifi-
cial urine and human pooled serum. These matrices were chosen to 
demonstrate the feasibility and practical application of our sensor for 
monitoring drug therapies across different biological samples commonly 
used by clinicians.

The impact of these matrices on selectivity and sensitivity was 
evaluated. Extending from previous studies that focused solely on LV 
[17], this work explores the capacity of this approach for simultaneous 
detection of LV and 5-MTHF in biological matrices. Due to limited in-
formation regarding 5-MTHF detection through electrochemical 
methods, our findings were compared with both electrochemical and 
standard chromatographic techniques [15,16].

Examining various biological matrices is critical for evaluating the 
developed sensor’s real-world applicability and performance. To 
investigate this, we spiked artificial urine and human pooled serum with 
defined concentrations of both LV and 5-MTHF to assess the analytical 
performance of this approach in detecting therapeutic concentrations of 
LV. This comprehensive evaluation allows for validating the sensor’s 
applicability in biological matrices and demonstrates its potential for 
point-of-care drug therapy monitoring. The results from spiked samples 

offer valuable insights into the sensor’s performance under physiolog-
ical conditions, highlighting its robustness and appropriateness for 
practical applications in personalized medicine. The absence of a 
requirement for prior sample preparation accentuates the sensor’s ease 
of use, presenting a simplified process for drug monitoring. This user- 
friendly approach can significantly benefit both patients and health-
care providers, streamlining the drug monitoring processes.

3.4.1. Human pooled serum analysis
The primary methods for detecting LV and 5-MTHF in blood and 

human serum are chromatographic techniques [25,39–43]. From these, 
it is evident that approximately one third of the folate in serum and urine 
is in the form of folinic acid with the reminder found as 5-MTHF. These 
methods offer excellent detection limits and can be considered the “gold 
standard” for quantification and identification but are hindered by size, 
cost, complexity, sample preparation and time to results for POC 
applications.

From typical dosages of LV (50 to 500 mg m− 2), the resulting plasma 
concentration is usually 24 µM, with a steady state stabilising at 3.2 µM 
[44,45]. Previous electrochemical work has shown that it is very diffi-
cult to detect this concentration range of LV in human pooled serum. For 
this work, serum samples were spiked with 19.044 μM 5-MTHF and a 
fixed 10 µM LV concentration, and results were recorded directly on the 
bare screen-printed carbon electrodes (SPCEs). Fig. 6 shows a compar-
ison of the SWV data observed for these spiked samples and the neat 
serum sample.

The addition of LV to a neat human pooled serum sample, saw a 
single peak at ~0.8 V (see Fig. 6) which was shifted compared to that 
observed in Fig. 4 [17,22]. Upon addition of both LV and 5-MTHF, no 
response was observed for 5-MTHF and a decrease in the peak associated 
with LV was observed. Issues encountered for serum samples, such as 
poor electron kinetics, may be responsible for some of the inconsistent 
results observed. Therefore, a dilution step was investigated. This did 
not show any improvement in the response, with only one peak being 
observed, and this peak decreasing in intensity upon addition of 5-MTHF 
although not in any discernible trend (Figs. S1, 5 and 6). There was also 
no observable linear trend. This was consistent with the complexity and 
viscosity of the serum which would have impacted on the mass transport 
through this biological matrix hindering diffusion and migration [17]. 
However, there is likely more complex interactions occurring within this 
sample matrix that results in no observed peak for 5-MTHF. Further 
investigation into this and its interactions with LV as well as work to 
improve both sensitivity and selectivity is required before this matrix 
could be considered for monitoring both LV and 5-MTHF, or indeed LV 
as 5-MTHF is likely to be present at some level.

Table 2 
Analytical results of this study including mean, standard deviation (SD) and 
relative standard deviation (RSD) of replicates of each LV concentration and 
each 5-MTHF concentration (n = 9).

[5-MTHF]/ 
µM

Average SD RSD [LV]/ 
µM

Average SD RSD

2.721 0.057 0.007 11.6 10 0.661 0.009 1.32
5.441 0.194 0.015 7.74 10 0.638 0.011 1.76
8.162 0.285 0.014 5.02 10 0.612 0.009 1.47
10.882 0.443 0.027 6.19 10 0.616 0.016 2.57
Intra-day 0.246 0.016 7.64 Intra- 

day
0.632 0.011 3.10

Inter-day* 0.059 0.024 5.39 Inter- 
day

0.656 0.013 2.08

*data over 5 days see Fig. S3, a secondary concentration is also included in 
Fig. S4.

Fig. 5. (a) Typical SWV for increasing [5-MTHF] and [LV] in EtOH: 0.1 M NaCl aq (1:9 v/v) at pH 7 over the concentration range 0 ≤ [5-MTHF] ≤ 10.882 µM and 0 
≤ [LV] ≤ 10 μM scanned over the potential range 0 ≤ E≤1.2 V vs Ag at a pulse amplitude of 100 mV and frequency of 50 Hz. (b) Typical trend of maximum ip at 0.25 
V and 0.65 V at (Red squares) 5-MTHF and (Blue circles) LV for data presented in (a). Error bars represent the standard deviation obtained from triplicate results.
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3.4.2. Artificial urine analysis
LV is primarily excreted/eliminated in urine (~90 %), and mainly as 

the unchanged drug with a half-life of approximately 32 mins [17,46]. 
Therefore, this is an important matrix to assess for potential LV detection 
and monitoring. In addition, most of the folate eliminated in urine will 
be in the form of 5-MTHF, making this an ideal matrix to monitor both 
LV and 5-MTHF. Following the preparation of artificial urine as previ-
ously described [17], LV and 5-MTHF were spiked directly into the 
samples using four different concentrations of each alongside a blank 
control (Table 1).

The peaks at ~0.20 V and 0.65 V, corresponding to 5-MTHF and LV 
respectively were monitored in artificial urine. Consistent with previous 
electrochemical studies of analytes in artificial urine, there is a small 
peak observed at ~1.0 V, however, this does not interfere with the 
detection of either 5-MTHF or LV. The peak potential of 5-MTHF is 
relatively more consistent than the peak potential of LV. It can be seen 
from Fig. 7 that the peak potential of LV slightly shifts from 0.61 V to 
0.65 V. This shift is most likely due to small variations in pH values as 
well as an impact due to the viscosity of the sample, which has been seen 
previously [47–51]. However, the shift, like previously observed shifts, 
is within the working parameters of the sensor and can be utilised for 
analytical purposes.

The % recovery ratio for LV and 5-MTHF in artificial urine is shown 
in Table 1. Based on these results, it is clear that this is a viable approach 

for POC monitoring of LV and 5-MTHF, with a typical recovery rate of 
96.6 % and 97.9 % across the four different concentrations of LV and 5- 
MTHF which were used to spike the artificial urine. Based on these re-
sults the limit of detection (LOD) within artificial urine is 1.664 µM and 
1.72 µM respectively. The LOD for LV is slightly lower than previously 
observed for this matrix [17,22].

To further explore the accuracy of the 5-MTHF response, artificial 
urine samples containing different concentrations of 5-MTHF were 
spiked with 10 µM LV. This is above the steady-state plasma concen-
tration of 3.2 µM but below the typical high values usually observed at 
~24 µM. The concentrations of 5-MTHF were altered over the range 
8.16 to 19.04 µM [17,44,45]. The resultant peak corresponding to 5- 
MTHF at ~0.25 V, showed a linear dependence on [5-MTHF] with 
peak currents consistent with the data reported in Figs. 6, 7 and 8. This 
highlights the independence of the semi-quantitate data observed for 5- 
MTHF despite relatively high concentrations of LV. A linear coefficient 
(R2) of 0.9947 is obtained for 5-MTHF. The % recovery ratio for each 
sample is shown in Table 3. Based on these results, it is clear that this is a 
viable approach for POC monitoring of 5-MTHF simultaneously with LV, 
with a typical recovery rate of 100.05 % across the five different con-
centrations of 5-MTHF which were used to spike the artificial urine. The 
repeatability evaluations for LV within this data also yielded low relative 
standard deviations (RSD) with an averaged value of 3.44 %.

4. Concluding remarks

In summary, this contribution showcases the successful application 
of SWV for monitoring LV and its metabolite, 5-MTHF, in urine. This 
represents a rapid, easy to use, cheap alternative to current chromato-
graphic and immunoassays approaches facilitating a viable point-of-care 
approach for the monitoring of a therapeutic drug and its metabolite to 
provide clinically relevant information directly addressing the current 
gap for achieving personalized precision medicine. No significant in-
terferences were observed for analysis in artificial urine, allowing for 
quantitative analysis of both LV and 5-MTHF at therapeutically relevant 
concentrations. We have shown that both LV and 5-MTHF can be 
detected in artificial urine and have achieved this without the require-
ment for complex, costly and time-consuming sample extractions pro-
cedures. This represents a strong proof-of-concept for the use of SWV for 
the monitoring of LV and 5-MTHF simultaneously. Further analysis is 
still required to facilitate the transition of this approach into the clinical 
arena, this would include the analysis of clinical samples and the impact 
of commonly consumed substances including other pharmaceutical 
substances. The results for human pooled serum were not as promising, 
with no response being observed for 5-MTHF and inconsistencies in the 
observation of LV making it non-viable as a potential sample matrix for 
the current approach. Substantial work would be needed to address this 
issue and provide a more selective and sensitive method for the 

Fig. 6. Typical SWV for human pooled serum (black line), human pooled serum 
spiked with 10 µM LV (blue line), and human pooled serum spiked with 5- 
MTHF (8.16 & 19.04 µM) and fixed 10 µM LV scanned over the potential 
range 0 ≤ E≤1.3 V vs Ag at a pulse amplitude of 100 mV and frequency of 
50 Hz.

Fig. 7. (a) Typical SWV to increasing [LV] (0 ≤ [LV] ≤ 10 μM) and [5-MTHF] (0 ≤ [5-MTHF] ≤ 10.88 μM) in artificial urine at pH 7 over the potential range 0 ≤
E≤1.3 V vs Ag at a pulse amplitude of 100 mV and frequency of 50 Hz. (b) Inset shows the typical trend of maximum current at 0.25 V and 0.65 V against [5-MTHF] 
and [LV].
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monitoring of both LV and 5-MTHF in human serum, or indeed direct 
detection in blood. Nonetheless, the approach described here shows a 
highly promising path for developing portable electrochemical sensors 
that could serve as point-of-care devices, marking a significant 
advancement towards the ultimate goal of personalized precision 
medicine.
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Table 3 
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[5-MTHF] (µM) Recovery %
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