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Abstract

Immunosuppression is a crucial component of post-transplantation care in renal transplantation,
as it helps to improve patient and graft survival rates. However, all immunosuppressants share
a characteristic narrow therapeutic index, which means that even small variations in dosage
can lead to toxicity or ineffectiveness. Despite the undeniable benefits of immunosuppressants,
monitoring of therapeutic levels is essential for maintaining a balance between optimal
treatment and adverse effects. This comprehensive review highlights the advancements in
optical nanosensors based on nanoparticles over the past decades, displaying their potential
applications in detecting immunosuppressant pharmaceutical drugs. The appeal of these sensors
lies in their affordability and ease of use, as they do not necessitate complex or costly equipment,
making them an attractive option for such applications. It hopes that this review will facilitate the
development of new research directions and methodologies in this field, ultimately contributing

to its advancement.

Introduction

In modern transplantation practices, immunosuppression
is a crucial aspect of post-transplant care to ensure the
survival of both the patient and the graft. Research has
shown that the use of immunosuppressive medications
significantly improves patient and graft outcomes.!
Typically, around 6-12 months after transplant, oral
maintenance medication is introduced as part of long-
term treatment.”> Some of these prescription drugs are
cyclosporine A, tacrolimus, sirolimus, everolimus,
mycophenolate mofetil, mizoribine, leflunomide and
azathioprine. A common characteristic of these drugs is
their narrow therapeutic index, which can lead to both
adverse effects at high doses and reduced treatment
efficacy at low doses.’

Despite significant progress in reducing rejection
rates in kidney transplantation, cyclosporine A
still pose challenges due to their non-selective
immunosuppressive mechanism, which increases the
risk of infections and malignancies, as well as toxicity,
particularly kidney damage. Furthermore, cyclosporine
A ‘s pharmacokinetics are significantly influenced by
inter- and intra-individual variability.® Tacrolimus has
been proven effective in preventing graft-versus-host
disease. However, its use is limited by adverse effects

such as renal damage, neurotoxicity, hypertension, etc.,
and even low trough concentrations of tacrolimus (4-6
ng.mL") can cause nephrotoxicity.” Azathioprine is a
prodrug of 6-mercaptopurine, which has been used for
immunosuppression therapy since 1960.° However,
long-term use of azathioprine can lead to various
complications, including hepatotoxicity, low white blood
cell counts, pancreatitis, and increased risk of cancers
and infections.” Mycophenolate mofetil is a prodrug of
mycophenolic acid, a well-tolerated immunosuppressant
drug commonly used to prevent graft rejection.
However, its use during pregnancy is associated with
fetal development defects and a high miscarriage rate,
highlighting the need for regular monitoring of pregnant
women who take this medication.® Sirolimus is used to
prevent organ rejection by inhibiting T-cell and B-cell
activation. It has fewer side effects compared to other
immunosuppressants, but may cause thrombocytopenia,
hyperlipidemia, infections, and mucositis. It also has
limited dosing flexibility and is a costly medication.’
Everolimus is used to treat various types of solid tumors,
including hormone receptor-positive breast cancer that
does not have HER2 receptors, advanced kidney cancer,
pancreatic neuroendocrine tumors, and a rare brain tumor
called subependymal giant cell astrocytoma. However,
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everolimus may cause a decrease in white blood cells,
putting one at a higher risk of developing an infection.
Additionally, it may also reduce platelet levels, which
are essential for blood clotting, potentially increasing
the risk of bleeding problems.” Mizoribine received
approval from the Japanese government in 1971." It is
a type of imidazole nucleotide that works by specifically
blocking the activity of an enzyme called inosine-5-
monophosphate dehydrogenase, which is involved in the
production of purine nucleosides through the de novo
synthesis pathway. By doing so, mizoribine prevents the
proliferation of T and B lymphocytes. It is prescribed for
the treatment of nephrotic syndrome, lupus nephritis, and
rheumatoid arthritis. However, the most common side
effects of mizoribine use were leucopenia, impaired liver
function, rash, elevated uricacid levels, hyperuricemia, and
vomiting."? Leflunomide depletes pyrimidine nucleotides
in cells, thereby inhibiting cell growth and proliferation.
This can lead to immunosuppression, antiproliferative
effects, and potentially even antiviral activity. Additionally,
leflunomide’s ability to inhibit protein tyrosine kinases
contributes to its immunomodulatory effects, including
suppression of immune cell expansion, immunoglobulin
production, and increased release of immunosuppressive
cytokines. However, It may cause liver damage that can be
life-threatening and even cause death.

These drawbacks underscore the importance
of therapeutic drug monitoring (TDM) for
immunosuppression therapy in post-renal transplantation
follow-up. The primary goal of TDM is to achieve a balance
between an optimal therapeutic dose and minimizing
toxicity and adverse effects."

Conventional analytical methods used for detecting
immunosuppressants  have  primarily relied on
immunoassay and chromatography techniques. However,
these methods have several limitations, including
high costs, time-consuming analysis, and instability.
Furthermore, immunoassay systems are often affected
by cross-reactivity issues with antibodies, compromising
their sensitivity. Chromatography methods, although
highly sensitive and selective, require expensive
equipment and skilled personnel to interpret results.
Therefore, there is a need for rapid and easy-to-use
analytical methods that can be adapted for point-of-care
(POC) applications, enabling continuous determination
of immunosuppressant concentrations in biological
fluids.

Nanotechnology encompasses the application of
extremely small materials across various scientific
disciplines, including chemistry, biology, physics,
materials science, and engineering. In medical diagnostics
and biotechnology, optical methods are dominant, but
they have limitations. For instance, the detection limits of
these methods are often restricted by the quantum yield
of the fluorophore or chromophore, auto-fluorescence
of the sample, and photo-stability. Over the past few
decades, nanoparticles have been widely used to enhance

the spectral properties of fluorophores/chromophores,
alleviating some of their traditional photo-physical
constraints '> '®. Not only do nanoparticles improve
the limit of detection (LOD), but they also enhance the
selectivity and sensitivity of analytical methods.

This study aims to provide a comprehensive review of
nanoparticle-based methods for detecting the mentioned
immunosuppressive drugs. It is worth noting that
some recent reviews by Seyfinejad and Jouyban' and
Golsanamlou et al'” were published in 2021. However,
the Seyfinejad and Jouyban' study was related to
the chromatography method for determination of
immunosuppressant and Golsanamlou et al'’ reported the
optical and electrochemically method for determination
of some limited immunosuppressant. This work will be
an update for these studies and cover nanoparticle-based
optical sensors for detecting some of these prescribed
drugs such as cyclosporine A, tacrolimus, sirolimus,
everolimus, mycophenolate mofetil, mizoribine.,
leflunomide and azathioprine which categorized based on
the drug type. A literature search was conducted using the
Scopus and PubMed databases.

Detection principal in nanoparticle-based optical
systems

Nanoparticle-based optical systems are wused in
spectrophotometry and spectrofluorimetry methods for
the detection of analytes, and the detection principle
relies on the interaction between the nanoparticles and
the analyte molecules.”® In direct detection, nanoparticles
are specifically designed to bind to the analyte of interest,
causing a change in their optical properties, such as
absorption, emission, or scattering characteristics, which
is then measured using spectroscopic techniques like
UV-Vis spectroscopy or fluorescence spectroscopy.”
For example, a nanoparticle-based biosensor that
detects a drug would be designed with nanoparticles
conjugated with an antibody that specifically recognizes
that drug. When the desired drug binds to the antibody-
nanoparticle complex, it alters the optical properties of
the nanoparticles, allowing for its detection.

Indirect detection methods involve nanoparticles
interacting with the analyte through a secondary
mechanism, often used when direct detection is
challenging or impractical.”” For example, a nanoparticle-
based sensor that detects a drug would recognize and bind
to a secondary molecule present in abundance in the blood
plasma. When that drug binds to this secondary molecule,
it changes its conformation or binding properties, which
is then detected using spectroscopic techniques.

Spectrophotometry measures the amount of light
absorbed or transmitted by a sample at specific
wavelengths. In nanoparticle-based spectrophotometry,
nanoparticles absorb light at specific wavelengths due to
their unique optical properties, and when an analyte binds
to the nanoparticles, it changes their absorption spectrum,
allowing for detection. Alternatively, nanoparticles can
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scatter or reflect light at specific wavelengths, which can
be detected using transmittance spectroscopy.*

Spectrofluorimetry methods rely on the emission of
light by excited nanoparticles when exposed to an external
energy source. Fluorescence quenching or enhancing
occurs when the presence of an analyte causes a decrease
or increase in fluorescence emission due to interactions
with the nanoparticles.?!

Nanoparticle-based optical systems offer several
advantages, including high sensitivity due to their unique
optical properties, specificity through conjugation with
target-specific molecules, multiplexing capabilities to
detect multiple analytes simultaneously, and portability
due to miniaturization and integration into portable
devices.”?

Developed nanoparticle-based methods for detection
of selected immunosuppressants

The nanoparticle-based detection methods reported
here are categorized based on the immunosuppressant
drug type. An overview of the reported methods along
with their analytical features is provided in Table 1, with
a detailed explanation of each method in the following
sections. It should be noted that we did not find any
nanoparticle-based optical method for determination of
everolimus, mizoribine and leflunomide which can report
here and hope that this research will be a guideline for
further research in this field for other unworked drugs. A
total of 10 relevant articles were identified for the given
keywords and the following sections provide a brief
summary of each report.

Cyclosporine A

In a direct determination method, Jahed et al % used
dopamine-capped silver nanoparticles (AgNPs) as a
colorimetric probe for detection of cyclosporine A in
human plasma and drug formulation samples. They
reported that the dopamine-capped AgNPs exhibit
a characteristic peak at 410 nm. However, when
cyclosporine A is added, a new peak emerges at 600 nm,
indicating the aggregation of the AgNPs. Moreover, the
suspension of AgNPs changes color from yellow to brown,
providing a visual indication of the interaction between
the AgNPs and cyclosporine. The method showed a linear
response toward cyclosporine A in the concentration
range of 0.002-0.100 umol.L"* and 0.17-0.85 umol.L* in
water and plasma, respectively. In another work with
indirect determination basis, Wells et al** reported a silica
nanoparticle-immobilized glucose dehydrogenase protein
(GDH) for fluorimetric determination of cyclosporine
A in human blood, serum, urine, and saliva samples.
They constructed a biosensor array by depositing silica
nanoparticle-immobilized GDH protein on the fiberglass
sheets. The array can be stored in dry form and can be
quantitatively detected using a smartphone camera,
highlighting the method’s potential for use in field-based
and POC settings (Figure 1). The enzymatic activity of

GDH, which can affect by interaction with cyclosporine
A, was tracked by monitoring changes in the fluorescence
of phenazine methosulfate (excitation wavelength: 365
nm; emission wavelength: 465 nm). Herein, phenazine
methosulfate was used as an electron mediator which
the fluorescence of its reduced state was used for analyte
tracing. The method can be used for determination of
cyclosporine A in the range of 2-15 pmol.L".

Golsanamlu et al* used a ratiometric fluorescent sensor
based on zeolitic imidazolate framework (ZIF-8) and
norepinephrine-capped silver nanoparticles (AgNPs@
NE) for determination of the cyclosporine A in plasma
sample. By cyclosporine A addition, the fluorescent
emission intensity of the ZIF-8-AgNPs@NE probe is
reduced across two linear ranges: 0.01 to 0.5 ug mL™" and
0.5 to 10 pg mL™". This method detected cyclosporine A
with alow LOD 0f0.007 pg mL"". The reported mechanism
for probe fluorescence quenching was reported to be
inner filter effect which can be related to overlapping the
absorbance spectra of cyclosporine A and ZIF-8-AgNPs@
NE in the wavelength range of 250-400 nm.

Tacrolimus

Jiang et al** developed colloidal gold nanoparticle-based
immunochromatographic strip (CG-ICS) to detect
tacrolimus in human whole blood using the monoclonal
antibody 4C5. The test strip consists of several layers.
The first layer is a polyvinyl chloride backing plate. On
top of this, two lines were created on a nitrocellulose
(NC) membrane. One line, the T line, was coated with
an antigen, while the other, the C line, was treated with
goat anti-mouse IgG-HRP. The NC membrane was then
dried for 12 hours at 37 °C. A conjugate pad containing
GNP-labeled mAbs was attached to the NC membrane
near the T line, and an absorbent pad was added with a
2 mm overlap with the NC membrane near the C line.
The finished strips were cut into 3 mm wide pieces and
stored in a dry environment for future use. After the
sample solution was added to the test strip, it migrated
to the absorbent pad under capillary action. The gold
nanoparticles-labeled mAbs on the conjugate pad
followed the sample and captured tacrolimus present in
the solution. As it passed through the T line, unbound
mAbs bound to the coating antigen, creating a light red
band. The remaining mAbs then combined with goat
anti-mouse IgG-HRP on the C line, resulting in a second
red band. If there was sufficient tacrolimus in the sample,
all mAbs were bound, leaving the T line colorless. In
contrast, samples with no tacrolimus would display two
distinct red bands on the NC membrane. Through visual
examination, the visual limit of detection (vVLOD) and
cutoff value for qualitative detection were determined to
be 1.0 ng.mL" and 20.0 ng.mL", respectively. In another
work, Golsanamlu et al*” reported a direct colorimetric
platform based on the norepinephrine modified AgNPs
for quantification of tacrolimus in plasma samples. It
has been established that catecholamines like dopamine
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Table 1. Analytical features of the reported nanoparticles-based optical method in the literature for determination of immunosuppressant pharmaceuticals

Analyte Method Nanoparticle ~ Mechanism Inves'tlgated Linear range [.)et.ectlon Reference
matrix limit
Water:
Plasma 0.002-0.100
Spectrophotometry ~ AgNPs Nanoparticles aggregation and drug pmol.L" - 3
formulation Plasma: 0.17-
0.85 pmol.L"
Silica Tracking the enzymatic activity of GDH,
Cyclosporine nanoparticle which can affect by interaction with Blood, serum,
A Spectrofluorimetry immszilized cyclosporine A, by monitoring changes  urine, and 2-15 pmol.L"" 2 pmol.L"! 2
. in the fluorescence of phenazine saliva
GDH protein
methosulfate
0.01-0.5 pg
Ratiometric ZIF-8-AgNPs@  Probe fluorescence quenching was mL~! 0.007 pg
. . Plasma - 25
fluorescence NE probe reported to be inner filter effect 0.5-10 g mL-".
mL™!
When tacrolimus is present, the GNP-
labeled mAbs on the conjugate pad
capture it as it migrates through the strip,
Gold binding to the coating antigen on the T
Visual examination . line. This leaves no mAbs available to Whole blood 1.0 ng.mL" 20
nanoparticle . .
react with goat anti-mouse 1gG-HRP on
the C line, resulting in a colorless T line,
) indicating a positive result for tacrolimus
Tacrolimus presence.
g
Norepinephrine i ”rgn-fSL 70
Spectrophotometry  modified Aggregation Plasma 7§.ng L - 0.1 ng.mL" 27
AgNPs 1000 ng.mL",
(g-C,Nye formation of a non-fluorescent .
Spectrofluorimetry  La:Y,O complex between g-C,N,@La:Y,O pharmaceutical 0-4 pmol.L"! 0-017 r 2
N ) ) S compounds pmol.L
nanocomposite  nanocomposites and tacrolimus
The enhancement of the weak signal
AeNPs of calcein-KMnO, chemiluminescence
5 system by adding AgNPs in the presence . 5.0x10° "
. catalyzed . ; Pharmaceutical " 2.6x10 2
Chemiluminescence f and proportional to concentration of -2.0x10 o
calcein-KMnO L compounds R pmol.L
4 azathioprine due to the energy transfer pmol.L
system .
Azathionri to the unreacted calcein molecules for
zathioprine emitting
Preventing nucleation and growth of
. . ) Tablet
the nanoparticles due to interaction .
. . formulations 0.14-2.88 0o
Spectrophotometry  AgNPs/ PVA/CS  between the sulfur and nitrogen atoms in , 0.09 pmol.L
Y . and human pmol.L
azathioprine 's molecular structure with
b serum
the Ag ions already present on the probe
Gold In sirolimus-positive samples, the
Sirolimus Visual test . antibodies bind to the colloidal gold- Whole blood 20 ng.mL" "
nanoparticles - .
mAbs, causing the T line to turn red.
Increase in mycophenolic acid’s
fluorescence intensity in the presence Fluorescence:
Mycophenolic  Fluorescence and (PEI). and of PEl and acting CdTe@SiO, as a built- 0.5-50 33 ng.mL"
i . . 7(],[)!)(2 N N 2 Plasma ) . 27
acid colorimetric CdTe@SiO, in correction factor and a reference pg.mL”’ Colorimetric:
signal for ratiometric detection of 83 ng.mL"
mycophenolic acid
Ligand binding \d‘omains
N
o
X
Target analyte T?l"
* CHy
5 PMS,,
CaM 1577
Aex =365 nm
cpGDH Calmodulin +2H* + 2e H ex
. binding peptide . N
Inactive + Active
o N “TA,,, =465 nm
Glucose CH3 fluorescence
PMS, .4

Figure 1. Schematic illustration of the GDH-based biosensor, which generates a fluorescence output signal. The diagram shows the components involved:
circularly permuted GDH (cpGDH), glucose dehydrogenase (PQQ), calmodulin (CaM), and phenazine methosulfate in its reduced (PMSox) and oxidized
(PMSred) forms. Reproduced with permission of the publisher.>
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and norepinephrine can form strong chemical bonds on
material surfaces through an oxidation reaction under
alkaline conditions. Specifically, the two hydroxyl groups
on norepinephrine transfer electrons to form a quinone
structure on the surface of AgNPs, while the alkylamine
groups stabilize the AgNPs. As shown in Figure 2, the color
and UV-Vis absorption spectrum of the AgNPs change
dramatically in the presence and absence of tacrolimus.
When tacrolimus is added, the suspension’s color
shifts from yellow to reddish-brown, indicating AgNP
aggregation. The binding reaction between tacrolimus
and norepinephrine -functionalized AgNPs causes
aggregation, resulting in a visible color change. Notably,
no reaction occurs between tacrolimus and AgNPs in
the absence of norepinephrine, and the mixture remains
colorless. The developed nanoprobe is capable of detecting
tacrolimus concentrations in plasma samples across two
linear ranges, specifically from 2 ng.mL" to 70 ng.mL" and
70 ng.mL" to 1000 ng.mL", with LOD of 0.1 ng.mL"".

In another work in direct determination mode,
Zolgharnein et al*® synthesized graphitic carbon
nitride (g-C,N,)@La:Y,0, nanocomposite by thermal
polymerization of melamine and used a fluorescence
sensor to detection and determination of tacrolimus
in the pharmaceutical compounds. The presence of
tacrolimus results in the suppression of fluorescence
emission intensity at 369 nm in this nanosensor. The
possible mechanism for this phenomenon is formation
of a non-fluorescent complex between g-C\N,@La:Y,O,
nanocomposites and tacrolimus before excitation. As
a result, the quenching effect observed by tacrolimus
is classified as a static type, meaning that the complex
formation precedes excitation and quenches the
fluorescence emission. This assay demonstrated a linear
range of 0-4 umolL’, with a detection limit of 0.017
pumol.L! and the quantification limit of 0.058 umol.L .

Azathioprine
Mohammad Almahri and Jabli* reported a AgNPs

Brown
Aggregation

Tacrolimus (Tac)

catalyzed calcein-KMnO, chemiluminescence system
for direct determination of azathioprine in the
pharmaceutical preparation. The method mechanism
was the enhancement of the weak signal of calcein-
KMnO, chemiluminescence system by adding AgNPs
in the presence and proportional to concentration of
azathioprine. It can be related to the energy transfer
to the unreacted calcein molecules for emitting. The
analytical curves showed a linear relationship across the
concentration ranges of 5.0x10-3 to 2.0x10-3 umol.L"!
and the LOD of 2.6x10* pmol.L". In another work,
Barkat Rezaei et al*® used a smart probe by incorporating
the features of electrospun poly (vinyl alcohol)/chitosan
(PVA/CS) nanofibers and surface plasmon resonance of
AgNPs for azathioprine analysis in tablet formulations
and human serum samples. Silver ions were covalently
bonded to the surface of PVA/CS nanofibers through the
amino groups in the chitosan framework, followed by
reduction with ascorbic acid, resulting in the formation of
AgNPs on the nanofiber surface (Figure 3). The presence
of azathioprine during the reduction process, however,
hindered the formation of AgNPs on the surface,
thereby reducing the plasmon resonance intensity of the
nanoparticles. It is likely that the presence of azathioprine
hinders the formation of AgNPs on the nanofiber surface
due to the interaction between the sulfur and nitrogen
atoms in azathioprine ‘s molecular structure with the
Ag*ions already present on the nanofibers, thereby
preventing nucleation and growth of the nanoparticles.
The method demonstrated a linear correlation between
analytical response and azathioprine concentration
within the range of 0.14-2.88 pmol.L"', with a detection
limit of 0.09 umol.L".

Sirolimus

Jiang et al*! used an efficient CG-ICS using colloidal gold
to quick and screening for sirolimus in a one-step process.
The strip consists of a sample pad, an absorption pad, and

Yellow
Dispersion
A
A < Ag >
< Ag >

AV Norepinephrine

—Tac (0.5 ppm)
—Without Tac

300 400 500 600 700 800

Wavelenght (nm)

Figure 2. An illustration of the colorimetric detection process for tacrolimus using AgNPs functionalized with norepinephrine. Reproduced with permission of

the publisher.?”
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two lines (T and C). When a sample solution is added to
the strip, the colloidal gold-mAbs migrate upwards by
capillary action. In samples that contain sirolimus, these
antibodies bind preferentially to the colloidal gold-mAbs.
The remaining mAbs then combine with sirolimus-
carboxymethoxylamine hemihydrochloride (CMO) -
bovine serum albumin (BSA) immobilized on the T line,
causing it to turn red. As the concentration of sirolimus
increases, the T line becomes progressively lighter
and eventually disappears if the concentration is high
enough to bind all the colloidal gold-mAbs. The C line,
which contains goat anti-mouse IgG antibody, captures
free colloidal gold-mAb and remains red in all cases.
However, in sirolimus-negative samples, all the colloidal
gold-mAbs are bound to sirolimus-CMO-BSA and goat
anti-mouse IgG, resulting in both lines turning red. The
strip’s vVLOD was demonstrated to be 20 ng.mL" in whole
blood samples, with a cut-off value of 100 ng.mL", as
visually detected by the naked eye without the need for
specialized equipment.

OH OH

M + NQ\A/ ono\N} ono‘//-;‘ OH

222 c N,
PVA/Chitosan
nanofibers

Mycophenolic acid

Shi et al*? validated a fluorescence and colorimetric dual-
readout probe based on the poly ethylenimine (PEI),
and CdTe@SiO, for determination of mycophenolic
acid in plasma samples (Figure 4). The presence of PEI
significantly enhanced the blue fluorescence emitted by
mycophenolic acid, while the red fluorescence of CdTe@
SiO, quantum dots served as a stable reference signal.
When exposed to an alkaline environment, the carboxyl
and phenolic hydroxyl groups of mycophenolic acid are
expected to lose their hydrogen ions, resulting in the
formation of phenolate anions. This change enhances
the conjugation of the molecule, ultimately leading to an
increase in mycophenolic acid’s fluorescence intensity.
Whereas, the CdTe@SiO, nanomaterial with SiO, shield
and red fluorescence has the potential to serve as a built-
in correction factor and allowing for a reliable reference
signal for ratiometric detection of mycophenolic acid. The
fluorescence response was linear between 0.5-50 pug.mL",
with a LOD of 33 ng.mL". The fluorescent colorimetric

AgNO;(aq.) ®

B NH, ---AgY--...

9 >
< OZN‘}/\J;I
*

In situ-Reduction

Figure 3. A schematic illustration of biosensor developed by combining the unique properties of electrospun PVA/CS nanofibers and surface plasmon resonance
of AgNPs for the detection of azathioprine. Reproduced with permission of the publisher.*

PEL; 000

Cﬂ’)\." CH')‘\“(CHJ\H (CHNHy (CH2:NH(CHYNH;
\‘,\.\,\_/-h'\_ f\x\_ﬁ\hm\wﬁr\,\"; o

b
N,
Weak BN v, S - hanced

CdTe
@Si0,

6000 6] aderimns [
-~ z o
z -
<) el
. 4000 Sl
Z e
2 Cosceataton of NPA (Reel)
= 2000
=
=
sl 0
}L,"F ) () \ 400 500 600
On-site detection Wavelength (nm)

R LY
mesessl-| ¢ ).

Visual detection Camera  GlPYEEYaY

Figure 4. A schematic illustration of a fluorescence and colorimetric dual-readout probe based on the poly ethylenimine (PEI),, ,,, and CdTe@SiO, for
determination of mycophenolic acid. Reproduced with permission of the publisher.*
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card as a semi-quantitative detection method for
mycophenolic acid, with visual color changes from red to
violet to blue showed a linear response for concentrations
from 0.5 to 50 pg.mL". The Color Collect App enabled
quantitative detection with a LOD of 83 ng.mL".

Conclusion

This study reviews nanoparticle-based optical sensors for
the analysis of immunosuppressants such as cyclosporine
A, tacrolimus, sirolimus, mycophenolate mofetil, and
azathioprine covering the period up to 2024. A total of
10 articles were retrieved from the Scopus and PubMed
databases. To facilitate easy comparison and access, the
analytical parameters of each method were compiled in
a Table. The results show that nanosensors can serve as
a viable alternative to other methods including HPLC,
capillary electrophoresis and electrochemical techniques,
which are often limited by expensive equipment, high
solvent consumption, labor-intensive sample preparation
procedures, and the need for expertise in techniques.
The widespread adoption of rapid detection methods for
pharmaceuticals of this type appears to be lacking, leaving
a significant gap in the field. This presents an exciting
opportunity for the development of innovative analytical
methods that can facilitate faster and more efficient
detection. The design of new methods that can effectively
address the challenges associated with the detection of
these pharmaceuticals could have a profound impact
on the pharmaceutical industry, enabling improved
quality control, enhanced patient safety, and more
efficient production processes. Therefore, this area offers
a rich potential for future research and development in
analytical method design.
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