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In this review, we explore the electroanalytical determination of mycophenolate mofetil and mycophenolic
acid. Mycophenolate mofetil is a prodrug of mycophenolic acid, which is an immunosuppressive agent used
to lower the body's natural immunity in patients who receive organ transplants as well as to treat
autoimmune conditions. Laboratory based analytical instrumentation provide a routine methodology to
measure mycophenolate mofetil and its metabolites, but there is scope to develop in-the-field analytical
measurements that are comparable to those from laboratory equipment. Electroanalysis provides an

Received 22nd July 2024 opportunity to provide highly selective and sensitive outputs but are cost-efficient and can support on-
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site analysis. In this review, we provide an electroanalytical overview of the current research directed
DOI: 10.1039/d4ay01379d toward the measurement of mycophenolate mofetil and mycophenolic acid, offering insights to future

rsc.li/methods research.

1. Introduction to mycophenolate
mofetil

Mycophenolate mofetil is a prodrug of mycophenolic acid, and
classified as a reversible inhibitor of inosine monophosphate
dehydrogenase (IMPDH);"” Fig. 1 shows the chemical structures
of both compounds. This drug is an immunosuppressant
combined with other drugs such as corticosteroids to prevent
organ rejection after hepatic, renal, and cardiac transplants and
to treat autoimmune conditions such as lupus, lung fibrosis
and Crohn's disease."”**® Interestingly, mycophenolic acid was
first isolated as a fermentation product of Penicillium brevi-
compactum cultures by Bartolomeo Gosio (see Fig. 1B)} in
1896.7* Mycophenolic acid received attention due to its anti- HO
fungal, antitumor, antibacterial, antiviral and immunosup-
pressive properties based on data from early studies.®
Furthermore, the immunosuppressive effect of mycophenolate
mofetil is, in fact, achieved due to its metabolite, mycophenolic
acid. The oral bioavailability of mycophenolic acid is low,
therefore it is administered as a prodrug, mycophenolate
mofetil. Both mycophenolate mofetil and mycophenolic acid
needs to be monitored by clinicians due to its potent
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Faculty of Science and Engineering, Manchester Metropolitan University, Dalton
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+ Bartolomeo Gosio (1863-1944) is an Italian physician who made diverse but yet
important contributions to microbiology. Gosio discovered “Gosio Gas” where he

showed that fungal volatilization of arsenic into trimethylarsine and furthermore

showed that penicillium brevicompactum produced mycophenolic acid and
furthermore discovered an antibacterial compound against the anthrax
bacterium. See an overview of Gosio: ref. 7. R. Bentley, in Advances in Applied
Microbiology, Academic Press, 2001, vol. 48, pp. 229-250.
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Fig. 1 (A) Chemical structure of mycophenolate mofetil and myco-
phenolic acid. (B) Image of Bartolomeo Gosio. Image reproduced from
ref. 7. Copyright 2001 Elsevier.
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immunosuppressive effects and potential side effects, which
may include increased risk of infections and certain cancers.

The pharmacokinetics of mycophenolate mofetil report that
when administrated orally, it is absorbed in the small intestine.
After which, it is hydrolysed to mycophenolic acid by plasma
esterases, reaching the peak plasmatic concentration within 60
to 90 minutes, noting that mycophenolate mofetil is undetect-
able in plasma.>** Mycophenolic acid is bound to albumin and
its principal inactive metabolite is mycophenolic acid glucuro-
nide. It is reported that 87% of mycophenolic acid is excreted in
urine and 6% in faeces, with less than 1% of the administered
dose of mycophenolate mofetil excreted as the active drug
metabolite, mycophenolic acid.®* Mycophenolic acid has a half-
life average of 17 hours where whole blood results indicate
more than 99% of drug remains within plasma, supporting the
rationale for the measurement of mycophenolic acid within
serum or plasma.'® Therapeutic monitoring typically measures
mycophenolic acid levels and associated metabolites as an aid
in the management of mycophenolic acid therapy. Samples are
usually taken at specific times post-dose e.g., 1-2 hours after
dosing for therapeutic range for mycophenolic acid 1.0-3.5 pg
mL " (~3.1-11 pM) or mycophenolic acid glucuronide 35-100
ng mL~ ! (~70-201 uM) for a 2 g day ' dose; greater than 25 pg
mL ™" (~50 uM) are classed as toxic.’* A 3 g day ' dose may have
plasma concentrations up to 5.0 pg mL™' (~10 uM).'* Myco-
phenolic acid has been shown that this is metabolized to
mycophenolic acid B-p-glucuronide, mycophenolic acid acyl
glucuronide and mycophenolic acid phenolic glucoside.*?

Useful approaches have been reported for the quantification
of mycophenolic acid and its metabolites in human plasma and
urine to ensure to ensure therapeutic efficacy and minimise
toxicity. This is particularly important in patients undergoing
organ transplantation. For example, capillary electrophoretic*®
and high performance liquid chromatography with UV (HPLC-
UV)" have been reported, as well as ultra-high performance
chromatography - tandem mass spectrometry has been used to
measure mycophenolic acid and its metabolites in human
plasma and urine.” Note that a protein precipitation solution
comprising 30% of aqueous 0.2 M ZnSO,/70% methanol is
needed where 200 pL of the human plasma/urine is mixed with
600 pL of the precipitation solution which are then centri-
fuged.” Other approaches use a CEDIA® mycophenolic acid
immunoassay, but it is reported that high performance chro-
matography - tandem mass spectrometry which have a superior
specificity over immunoassays."® Such approaches provide
analytical techniques with high sensitivity and selectivity, but
drawbacks include the requirement for highly skilled operators,
high operational costs with and extensive analysis time
involving pre-concentration step(s), calibration, preparation
and sampling.*®

An alternative approach that can rival the laboratory
methods, as described above, is the use of electrochemistry.
This is an influential tool for quantitative chemical analysis and
finds applications in a wide range of fields allowing for real-time
monitoring and precise measurements, a field that is termed as
electroanalysis. In comparison to traditional laboratory instru-
mentation that require bulky, complex to perform, time-
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consuming and expensive instrumentation, electroanalysis
provides an affordable and easy to use solution which are
portable, rapid analysis times, yet provide sensitivity and
selective approaches towards the analyte being measured.
There are many available potentiostats that are hand-held,
battery operated, and can be controlled by mobile devices via
bluetooth allowing in situ measurement to be realised."” In this
review, we consider the use of electroanalytical approaches for
the measurement of mycophenolate mofetil and mycophenolic
acid.

2. Electroanalytical sensing of
mycophenolate mofetil

We have summarised all electroanalytical reports reported for
the sensing of mycophenolate mofetil within Table 1, which
reports useful linear ranges and low limits of detection (LoD),
with the various modification of electrochemical substrates
shown. The direct electrochemical oxidation of mycophenolate
mofetil is limited as this results in high overpotential, slow
kinetics, poor sensitivity and low selectivity; as one can
observed within Table 1, these intrinsic problems are overcome
through the use of surface modifications using various mate-
rials. For example, Solgi et al.'® report on the use of adsorptive
anodic stripping differential pulse voltammetry using
a magnetic Fe;O, nanoparticles and functionalized carboxyl-
ated multi-walled carbon nanotubes modified glassy carbon
electrode (GCE). This gave rise to a linear range of 0.05-200 uM
with a LoD of 9 nM towards mycophenolate mofetil. The same
group extends their direction for the sensing of mycophenolate
mofetil opting for a molecularly imprinted polymer which
produced a linear range of 9.9 nM-87 uM with a LoD of 7 nM
and provides a simple, free of interference sensing approach.

Other useful approaches report the use of an ionic liquid (n-
hexyl-3-methylimidazolium hexafluoro phosphate) decorated
carboxylated single wall carbon nanotube modified with
magnesium oxide.>” The authors used commercially available
single wall carbon nanotubes which are modified with magne-
sium oxide using a chemical hydrothermal methodology
resulting in single crystalline nanoparticles. These are next
mixed with graphite powder using diethyl ether as a solvent.
After evaporation of solvent, these are combined with the ionic
liquid and paraffin oil, which are then placed into a glass tube
with a copper wire to connect this to the potentiostat.>* This
electrode was explored towards the sensing of mycophenolate
mofetil in the presence of tryptophan which gave a LoD of 0.07
uM and a linear range of 0.1-450 uM. This was further explored
for the sensing of mycophenolate mofetil at a concentration of 5
uM where the potential interferent are added, namely: glucose,
glycine, vitamin By, isoleucine, vitamin Bg, ascorbic acid,
lithium, potassium, sodium, and chloride ions, all of which did
not interfere. The authors demonstrated their sensor is useful
toward real applications by measuring mycophenolate mofetil
within a pharmaceutical sample. The pharmaceutical sample
was prepared by grinding 10 tablets of mycophenolate mofetil
by mortar and pestle which are dissolved in 100 mL 1: 1 water/

This journal is © The Royal Society of Chemistry 2024
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(A) Synthesis of 3-aminopropyltriethoxysilane modified NiCo,O4 and its application in the electrochemical sensing of mycophenolate

mofetil. (B) SEM images of (i) sea urchin nanostructured NiCo,Oy. (ii) Magnified image of the urchin model of NiCo,Oy,. (iii) Needles of the sea
urchin model of NiCo,0y,. (iv) Magnified image of nanoneedles showing the nanospheres. Figures reproduced from ref. 24 Copyright 2024 Royal

Society of Chemistry. Creative Commons license.

ethanol via ultrasonication. After ultrasonication, the solution
was filtered using filter paper and it is ready for real sample
analysis. Notably, they compared their sensor with HPLC which
showed good agreement to both methodologies; this approach
offers a rapid yet sensitive approach for the determination of
mycophenolate mofetil within pharmaceutical samples that can
be used routinely saving the problems of using HPLC (see
introduction). This rapid yet sensitive approach has merits used
in the routine sensing within pharmaceutical samples.

One approach has used electrochemically reduced graphene
oxide and explored the sensing of mycophenolate mofetil.
Graphene oxide was made via the usual Hummers' method,
which is then drop-coated onto the surface of a GCE. It is then
electrochemically reduced within pH 6 by potential cycling

This journal is © The Royal Society of Chemistry 2024

between +0.6 V to —1.6 V 25 times, producing 6 layers of indi-
vidual graphene oxide sheets, after which this electrode is ready
to use.”® The authors report that this produced two irreversible
oxidation peaks at +0.84 V and +1.1 V (see later), which gave
a linear response to mycophenolate mofetil of 40 nM-15 uM
with a LoD of 11.3 nM. This approach was shown to be useful in
the measurement of mycophenolate mofetil within pharma-
ceutical samples and exhibited a recovery of 99.34-98.00%.>
An interesting material has been used for the sensing of
mycophenolate mofetil, as shown within Fig. 2, 3-amino-
propyltriethoxysilane functionalized nickel cobaltite (NiC0,0,)
has been fabricated using a solvothermal methodology which
produces sea urchin type nanostructured material which has
a size of 10.32 nm.> This material is drop-casted onto a carbon

Anal. Methods, 2024, 16, 6954-6963 | 6957
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Fig. 3 (A) Cyclic voltammograms of 1.25 x 10~* M mycophenolate mofetil in phosphate buffer (pH 6.0) at a scan rate 100 mV s~. 1to 5 are the
successive voltammetric sweeps. (B) A summary of the electrochemical mechanism of mycophenolate mofetil. Figures are reproduced from ref.

20 Creative Commons license.

cloth which gave a linear response of 10-100 nM and 1-100 pM
with a LoD of 1.23 nM. This sensor was explored to interferents,
namely: ascorbic acid, dopamine, glutamic acid, KCl, NaCl,
glucose, glycine and alanine, in addition to immunosuppres-
sant drugs, tacrolimus and cyclosporine. Using a concentration
of 10 times more than mycophenolate mofetil, negligible
response to the interferents was observed, highlighting the
selectivity towards mycophenolate mofetil. The reproducibility
and long-term storage stability of the electrodes were studied,
which showed that over 21 days that the repeatability of the
sensor is useful with only a standard deviation of 1.54%.>* Last,
this sensor was explored within artificial blood serum samples
and cerebrospinal fluid, where the authors made additions of
mycophenolate mofetil which gave a linear range of 10-100 nM

6958 | Anal. Methods, 2024, 16, 6954-6963

and a LoD of 6.8 nM. Further work needs to be conducted to
assess its use within biological and clinical diagnostics.

The electrochemical oxidation of mycophenolate mofetil has
been studied using a GCE, where it can be observed, as shown
within Fig. 3A, there are two oxidation peaks at +0.63 V and
+0.92 V (vs. SCE). These show that on successive cyclic voltam-
metric sweeps, the signal is diminished where it is reported that
this is due to the adsorption of the oxidized product on the
electrode surface.” Ideally, the authors need to refresh the
electrode surface via mechanical polishing to ensure that the
largest electroanalytical signal can be realised.

The authors used bulk electrolysis for 6 h at a fixed potential
of +1.2 V, which were isolated and subjected to mass spectral
analysis. This showed three peaks at m/z values of 334, 320, and

This journal is © The Royal Society of Chemistry 2024
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302, respectively, corresponding to the fragmentation peaks of
oxidation products of mycophenolate mofetil namely, (i), (ii),
and (iii), respectively.>® The first oxidation («,) peak, Fig. 34, is
attributed to electrochemical oxidation occurring at phenolic -
OH followed by a nucleophilic attack at the para position to OH
group by either water molecule or methanol.** The second
oxidation («,) peak is attributed to oxidation of enolic -OH
group - see Fig. 3B for an overview.”® The authors report a useful
linear range of 0.5-750 uM with a LoD of 0.148 uM towards
mycophenolate mofetil. The authors claim that their sensor is
useful for the measurement of mycophenolate mofetil as
evidence by analysing a pharmaceutical sample and also spiked
urine and serum samples. Other approaches have reported the
use of MXene nanosheets (Nb,CT,-APTES) towards mycophe-
nolate mofetil which have been funcationsed with (3-amino-
propyl) triethoxysilane which reports a linear range of 10-100
uM and a LoD of 1 uM.** This sensor has promise as it has been
shown to be successful in the measurement of mycophenolate
mofetil within spiked human serum samples reported recov-
eries of 85.5-93.6%.%

3. Electroanalytical sensing of
mycophenolic acid

Table 1 also summarises the sensing of mycophenolic acid,
where it can be observed that various approaches have been

Demethylation

CHa

Fig. 4
phenolic acid.

This journal is © The Royal Society of Chemistry 2024
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reported. For example, using violet phosphorene which is a new
2-dimensional material and the most stable allotrope of phos-
phorus, or the use of MXene which is a class of two-dimensional
inorganic compounds that consist of atomically thin layers of
transition metal carbides, nitrides, or carbonitrides.®® Zhang
and co-workers report the fabrication of a bulk modified screen-
printed electrochemical platform which was modified with
copper based porphyrin nanosheets of 6.6 nm thickness.*®
Using this approach, a LoD of 10 nM is achievable but they are
yet to explore their sensor in the measurement of mycophenolic
acid in real samples. Notably, they used HPLC-MS/MS via
chronoamperometry at an applied potential +0.67 V (vs. Ag/
AgCl) within pH 7.4 which allowed them to confirm the elec-
trochemical oxidation of mycophenolic acid involves a two-
electron and two-hydrogen oxidation process, followed by
a nucleophilic attack of water molecules at the para position of
the hydroxyl group; see Fig. 4A.*® Furthermore, the electro-
chemical mechanism has been studied using electrochemistry
coupled with liquid chromatography and tandem mass spec-
trometry (HPLC/ESI-MS/MS). This was used to study the oxida-
tion products of mycophenolic acid using a boron-doped
diamond electrode within pH 3.5 over the range of 0-3 V (vs.
Pd/H,), which is summarised within Fig. 4B.** Since the authors
compared their electrochemical oxidation of mycophenolic acid
against pH, we suggest that the mechanism is as suggested: see
Fig. 4A.%°

Glucuronicacid
conjugation

(A) Electrochemical oxidation mechanism of mycophenolic acid; (B) schematic structures of possible oxidation products for myco-

Anal. Methods, 2024, 16, 6954-6963 | 6959
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Fig. 5 (A) Dependence of the 1327 cm™! mycophenolic acid band intensity on the PBS buffer pH and on the potential applied to the surface-
enhanced Raman spectroscopy substrate. Mycophenolic acid concentration was 100 pM. Potential-dependant spectral changes of myco-
phenolic acid. 100 uM in PBS pH 2.7, after wetting in a mycophenolic acid free PBS pH 2.7 solution (—0.8 V for 60 s followed by +0.8 V for 60 s)
when the potential was changed from +0.8 V to —0.8 V with 0.2 V steps (vs. Ag/AgCl). The black arrows indicate the direction of potential
changes during potential sweeps. The error bars in (a) represent the standard deviation of 3 measurements. The vertical dashed lines in (b)
highlight the position of mycophenolic acid characteristic peaks. (B) Calibration curves obtained for mycophenolic acid with the optimised
electrochemically assisted surface-enhanced Raman spectroscopy conditions (EC-SERS, black curve, preconditioning of —0.1 V for 60 s fol-
lowed by +0.8 V for 60 s, and surface-enhanced Raman spectroscopy detection during 0.2 V) and without any potential applied (red curve).
Comparison of the surface-enhanced Raman spectroscopy and electrochemically assisted surface-enhanced Raman spectroscopy spectra of
mycophenolic acid at lower concentrations, highlighting the gain in sensitivity obtained with electrochemically assisted surface-enhanced
Raman spectroscopy. The in-house built tabletop spectrophotometer used to acquire the spectra is displayed. Figure reproduced from ref. 25

Copyright 2024 Elsevier.

Warfarin and mycophenolic acid were determined simulta-
neously using a B-cyclodextrin/multi-walled carbon nanotubes/
cobalt oxide nanoparticles modified carbon paste electrode.®
This electrode gave well-resolved electrochemical oxidation
peaks and a linear range of 0.5-200 uM and a LoD of 0.03 uM.
The author demonstrated that the presence of Coz;O, nano-
particles improved the electrocatalytic activity but also
increased the surface area providing a suitable substrate for
adsorbing drugs at the electrode surface.* This sensor is
explored further where they report the sensing of mycophenolic
acid in human urine and serum. Human urine samples are
collected from a 40 year-old man who had not used any

6960 | Anal. Methodss, 2024, 16, 6954-6963

mycophenolic acid (and warfarin) during his lifetime. The urine
was filtered through a 0.45 um filter and diluted 10 times with
addition of buffer (pH = 5), then spiked with mycophenolic
acid. This sensor exhibited recoveries across the range of 97.5-
99.6%. In terms of the human blood serum samples, these were
obtained from a local medical laboratory from volunteers who
had not used any mycophenolic acid (and warfarin). The use of
methanol is reported as sedimentation agent which was added
to each serum sample. Next, the samples are centrifuged
(10 min at 5000 rpm) for separation of the precipitated proteins.
The clear supernatant layer was further filtrated through a 0.45
um filter obtaining protein-free human serum sample where it

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) Differential pulse and cyclic voltammograms of 4 uM mycophenolic acid and 20 uM mycophenolate mofetil. pH 5 with (i) MWCNTs/
GCE and (ii) bare GCE. Figure reproduced from ref. 29. Copyright 2014 Elsevier. (B) An overview of chitosan — MWCNTs/gold nanoparticles/GCE

sensor. Figure reproduced from ref. 30. Copyright 2023 Elsevier.

This journal is © The Royal Society of Chemistry 2024
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is diluted in a ratio of 1:10 with buffer (pH = 5). This sensor
exhibited recovery across the range of 98.7-101%. Further work
needs to validate the sensors response against laboratory-based
instrumentation.

The use of Raman fingerprint region and surface-enhanced
Raman spectroscopy vibrational study of mycophenolic acid
has been studied using gold nanopillars.> As shown in Fig. 54,
the effect of electrochemical assisted surface-enhanced Raman
spectroscopy when different charges are applied from +0.8 V to
—0.8 V. It can be readily seen that the potential of +0.2 V
corresponds to potential of zero charge and also the most
intensity can be seen in acidic medium.”® Using optima elec-
trochemical parameters which involved preconditioning with
—0.1 V for 60 s then +0.8 V for 60 s, and surface-enhanced
Raman spectroscopy detection during +0.2 V, this approach
allows the sensing of mycophenolic acid over the range of 1-50
uM with a LoD of 1.7 uM (see Fig. 5B). Furthermore, the use of
electrochemically assisted surface-enhanced Raman spectros-
copy can be observed (Fig. 5B) where detection sensitivity can be
reached by applying the optimum potentials to the surface-
enhanced Raman spectroscopy chip, improving mycophenolic
acid adsorption on the surface-enhanced Raman spectroscopy
surface. This improvement, in sensitivity and repeatability, can
be attributed to improved control of molecular attraction and
orientation on the surface-enhanced Raman spectroscopy
substrate through applied potentials.”® This is an interesting
approach that should be considered further for the sensing of
mycophenolic acid.

The use of multi-walled carbon nanotubes (outer diameter
between 70 and 90 nm and inner diameter between 5 and 9 nm)
deposited upon a GCE have been reported for the simultaneous
determination of mycophenolate mofetil and its active metab-
olite, mycophenolic acid using adsorptive differential pulse
voltammetry.*® As shown in Fig. 6A, two electrochemical profiles
can be observed at +0.87 V and +1.1 V (vs. Ag/AgCl), which are
well resolved and are superior to that of a bare glassy carbon
electrode. This sensor reports the simultaneous determination
of mycophenolate mofetil and its active metabolite, mycophe-
nolic acid reporting linear ranges of 5-160 uM and 2.5-60 uM,
and LoDs of 0.9 uM and 0.4 uM respectively. The repeatability
and stability of the sensor were investigated by cyclic voltam-
metric measurements of 10 pM mycophenolate mofetil and 30
uM mycophenolic acid, where it was found that relative stan-
dard deviation (RSD) for successive assays was 1.4% and 1.2%
and retained 95% of the initial response after 2 weeks sug-
gesting that the sensor has good stability and reproducibility.
The sensor was explored towards interferents, where no inter-
ference is reported for the sensing of mycophenolate mofetil
and mycophenolic acid in the presence of glucose, fructose,
ascorbic acid, starch, calcium, magnesium, and carbonate. This
sensor was evaluated in the sensing of mycophenolate mofetil
and mycophenolic acid within spiked urine and serum samples
which was directly compared with HPLC, showing excellent
correlation. This sensor has could be applied to the determi-
nation of mycophenolate mofetil and mycophenolic acid in
biological samples giving a selectivity and sensitivity approach.
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A notable approach has reported a chitosan altered multi-
walled carbon nanotube with gold nanoparticle modified elec-
trode towards mycophenolic acid.** A GCE was polished using
alumina and placed into a gold salt solution where gold nano-
particles are formed via electrochemical precipitation through
holding the potential negative for 10 seconds. Next, chitosan
and multi-walled carbon nanotubes are drop-cast onto the gold
nanoparticle glassy carbon surface and the sensor is ready to
use. This sensor gave rise to a linear range of 0.001-0.1 uM
towards mycophenolic acid with a LoD of 0.05 pM. This sensor
is evaluated in spiked rat plasma. Blood samples are obtained
from healthy rats, where they precipitated the proteins with
acetonitrile and centrifuged at 12 000 rpm for 10 min. Using the
supernatant as a blank plasma sample, it is diluted five times
diluted in a phosphate-buffered solution (pH 6). The spiked
mycophenolic acid is evaluated at 3, 10 and 30 pM which are
directly compared with HPLC showing good correlation. This
sensor noted that the analysis took 15 min or less and it is much
cheaper and quicker than the HPLC method (60-120 min)
suggesting that the electrochemical approach has potential for
practical applications.*®

4. Conclusions

We have overviewed the use of electroanalytical sensors for the
determination of mycophenolate mofetil and mycophenolic
acid. Researchers have used a wide range of material modifi-
cations, mainly onto the surface of glassy carbon electrodes. To
fully utilise the advantages that electrochemistry can provide,
a movement toward low-cost electrodes that do not require
treatment such as screen-printed or additively manufactured
electrodes are recommended. In comparison to laboratory-
based instrumentation, which measures all metabolites
within human plasma/serum, in the case of electrochemistry,
only two have been determined, e.g., mycophenolate mofetil
and mycophenolic acid. The electrochemistry field needs to
expand its use to measure all metabolites, within real samples
and needs to compare their analysis against laboratory-based
instruments; chromatography with electrochemical detection
is suggested. The use of electrochemistry has the possibility to
provide sensitive and selective approaches to the measurements
of the target analytes while being economical, portable and is
quicker than laboratory-based instrumentation; but yet there is
more to do to ensure that electrochemistry can realise its
potential and validate electrochemical results to ensure confi-
dence in the approach.
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