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Progress in nanoparticle-based electrochemical
biosensors for hormone detection
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Cristina Tortolini,®* Andrea Lenzi,® Andrea Maria Isidori,®
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Hormones are chemical messengers that regulate a wide range of physiological processes including
metabolism, development, growth, reproduction and mood. The concentration of hormones that orches-
trate the numerous bodily functions is very low (1 nM or less). Efforts have been made to develop highly
sensitive tools to detect them. This review represents a critical comparison between different types of
nanoparticle-based electrochemical biosensors for the detection of various hormones, namely cortisol, sex
hormones (estradiol, progesterone, testosterone), insulin, thyroid-stimulating hormone (TSH) and growth
hormone (GH). The electrochemical biosensors investigated for each hormone are first divided on the basis of
the biological fluid tested for their detection, and successively on the basis of the electrochemical transducer
utilized in the device (voltammetric or impedimetric). Focus is placed on the nanoparticles employed and the
successive electrode modification developed in order to improve detection sensitivity and specificity and bio-
sensor stability. Limit of detection (LOD), linear range, reproducibility and possibility of regeneration for con-
tinuous reuse are also investigated and compared. The review also addresses the recent trends in the develop-
ment of wearable biosensors and point-of-care testing for hormone detection in clinical diagnostics useful for
endocrinology research, and the future perspectives regarding the integration of nanomaterials, microfluidics,
near field communication (NFC) technology and portable devices.

They can be categorized into three systems, namely,
steroids, peptides, and amino acid-derived, depending on

1.1 The role played by hormones in pathology and diagnosis

Hormones are signalling molecules transported to distal
organs to regulate various physiological and behavioural func-
tions." Hormones are secreted by glands or specific cells, circu-
late in the bloodstream, and specialize in targeting certain
cells. Knowledge of precise hormone levels, which fluctuate in
the human body, is of extreme importance in better under-
standing the role they play and the potential impact of their
imbalance on health and well-being. Levels of hormones are
therefore significant diagnostic indicators for possible disease
status.
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their building units, as shown in Fig. 1. Steroid hormones
possess lipid solubility which enables them to traverse the
plasma membranes of target cells and exert their effects
within the nuclei. Peptide hormones are composed of amino
acid chains, are therefore water-soluble and exert their primary
physiological effects on the endocrine system by binding to
cell surface receptors.”® Some of them are glycoproteins (TSH,
luteinizing hormone, LH, and follicle-stimulating hormone,
FSH). Amino acid-derived hormones are small molecules with
chemical structures similar to particular amino acids, namely
tyrosine (catecholamines) and tryptophan (thyroid hormones).

In this review, we describe the most relevant works published
in recent years about electrochemical nanoparticle-based bio-
sensors for the detection of the above-described hormones.

For each of them, a first division has been made according
to the biological body fluid of detection, and a sub-classifi-
cation was further carried out depending on the electro-
chemical technique employed in each sensing device.

Different voltammetric techniques, namely cyclic voltam-
metry (CV), differential pulse voltammetry (DPV), square wave
voltammetry (SWV) and amperometry, have been indicated
with the general term “voltammetric” biosensors in order to

This journal is © The Royal Society of Chemistry 2024
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distinguish them from those based on the electrochemical
impedance spectroscopy (EIS) technique and referred to as
“impedimetric” biosensors.”*° Moreover, wearable non-inva-
sive biosensors for hormone detection in biofluids such as
sweat and interstitial fluid (ISF) have been reported and dis-
cussed. Finally, the review has been concluded with challenges
and future perspectives for nanoparticle-based biosensors to
detect hormones in various human biofluids.

1.2 Relevant hormones and current detection methods

Scientists have identified over 50 hormones in the human
body so far. In this review we focus on 7 key hormones which
mostly affect the health in our bodies; in particular, 4 lipid
hormones derived from cholesterol, i.e. cortisol, estradiol, pro-
gesterone and testosterone, and 3 peptide hormones, ie.
insulin, GH and TSH.

Table 1 displays the different concentrations of primary
hormones found in biological fluids, including serum, urine
and saliva.'’ 2>

1.2.1 Cortisol. Cortisol (11f,17x,21-trihydroxypregn-4-ene-
3,20-dione) is a steroid hormone synthesized by the zona fasci-
culata of the adrenal cortex. The release of cortisol is regulated
by the hypothalamic-pituitary-adrenal (HPA) axis response,
which is the main stress response system of the human body.

The process which leads to the release of cortisol from the
adrenal cortex begins in the hypothalamus with the pro-
duction of corticotropin-releasing factor (CRF). CRF interacts
with specific receptors in the pituitary gland and causes the
release of adrenocorticotropic hormone (ACTH), which signals
to the adrenal gland cortex to release cortisol into the blood-
stream from which it can diffuse to target tissues (Fig. 2).>*
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Cortisol is a small molecule (362.46 g mol™") of neutral
electrostatic charge and is soluble in fat. It can pass across
cytoplasmic membranes and act as messenger in several meta-
bolic pathways. Because cortisol is released by the organism in
response to stress, it regulates several pathways aimed to
prepare the body to overcome the crisis. Cortisol is involved in
the formation of glucose and its metabolism. At the same
time, it is involved in the regulation of appetite, and the con-
centration of cortisol determines the formation of carbo-
hydrate, proteins or fat.>* Furthermore, after a bleeding
wound, cortisol regulates the activation of anti-inflammatory
and anti-stress pathways.>’

Persistently high levels of cortisol can lead to serious health
conditions such as insulin resistance, dyslipidaemia, hyperten-
sion and obesity. Longer exposure to high cortisol concen-
trations can lead to bone demineralization, difficulties in the
intestinal absorption of calcium, water retention and muscle
breakdown.?>?* The involvement of cortisol in numerous
stress-related diseases and conditions makes it a prime diag-
nostic target for the detection of persistent stress levels and for
preventing related conditions.?® In the absence of any pathol-
ogy, cortisol levels change during the day in a reproducible
cycle, peaking in the morning approximately one hour after
waking up and progressively decreasing to reach a minimum
around midnight.*’

Because cortisol is able to pass cytoplasmic membranes it
can be found in detectable concentrations in many parts of
the human body; the most relevant for its detection are hair,
saliva, sweat, urine, blood, and interstitial fluid.>®=3*

In an analytical laboratory setting, cortisol quantification is
obtained using three main techniques: liquid chromatography
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Fig. 1 Classification of hormones based on their building units.

paired with tandem mass spectroscopy/mass spectroscopy
(LC-MS/MS), radioimmunoassay (RIA) and enzyme-linked
immunoassay (ELISA).>” LC-MS/MS is mostly used for quanti-
tative analysis, because it has a low LOD of 0.1 ng mL™" and it
can test samples in a wide range of concentrations, but it
requires sophisticated equipment and trained personnel.?”

Commercial RIA kits have a LOD of 8.6 nM and they are
easier to perform. But a great limitation to their use is the
need for radioisotopes to use as markers, which produces
dangerous waste that is difficult to dispose of.*® ELISA
immunoassays are the most recent and commonly used tech-
nique; they have good selectivity for cortisol compared with
other steroids, but their accuracy and reproducibility is still
lacking compared with LC-MS/MS.?”*® All three of these tech-
niques are expensive to run (LC-MS/MS, RIA), require special-
ized personnel and waste management (LC-MS/MS, RIA) and
are time consuming (ELISA 1.5-2 h).
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Electrochemical measurements have several advantages
compared with the above techniques: they are wusually
simpler to use than LC-MS/MS, they do not require toxic or
radioactive material as does RIA, they do not need to
destroy the sample as does the ELISA, and they are usually
faster with no direct intervention required by an operator. It
is interesting to note that these advantages are valid for the
detection of all hormones and not only for cortisol detec-
tion. On the other hand, they offer some unique advantages;
for example, an electrochemical cortisol detector can be
deployed to the point of care (PoC), they have a limit of
detection and selectivity similar to ELISA and can track the
cortisol level during the day.”**%*°

1.2.2 Sex hormones. Sex hormones are steroid hormones
derived from cholesterol which play a crucial role in regulating
both reproductive and non-reproductive systems, influencing
sexual function and behavior. They serve as chemical messen-
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gers in the body, and their actions are mediated by receptors
within various central nervous system structures, including the
hypothalamus, midbrain, amygdala, cortex, and pituitary
gland. Binding to specific receptors, sex hormones elicit cellu-
lar responses through both genomic and non-genomic mecha-
nisms, involving signal transduction processes.*>*!

Sex hormones are vital for sexual development and function
in both males and females, each eliciting unique effects.
While androgens are commonly referred to as male sex hor-
mones due to their masculinizing effects, estrogens and pro-
gestogens are considered female hormones. It’s crucial to note
that all sex hormones are present in each gender, contributing
to various functions across organs and systems.*>*”

Estrogen is present in both blood and interstitial fluid.
Upon binding, estrogen permeates the cell membrane, entering
the cell nucleus and forming a hormone-receptor structure. This
structure, known as a dimer, binds to specific sequences in the
genome called estrogen-response elements situated in regions
that regulate gene transcription. Estrogen acts through various
nuclear receptors, influencing tissues such as the endometrium,
vagina, and breast. Its non-genomic activities include the removal
of granular calcium cells and modulation of uterine blood flow,
occurring independently of cellular receptors. Additionally, estro-
gens counteract the effects of parathyroid hormone, minimizing
calcium loss from bones and promoting bone strength. Estrogens
find applications in hormone replacement therapy for meno-
pause, oncology, and contraceptives. In summatry, estrogens play
a crucial role in developing and maintaining both internal and
external genitalia, enhancing skin appearance and functionality,
improving bone density through increased osteoblastic activity,
regulating kidney retention of sodium, chloride, and water, and
reducing overall cholesterol levels in the body."**

Progesterone, secreted by the corpus luteum and placenta,
plays pivotal roles in both the menstrual cycle and pregnancy.
Its applications extend to hormonal contraception, long-term
ovarian suppression in conditions like dysmenorrhea, endome-
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triosis, hirsutism, and bleeding disorders. Often combined with
estrogen to mitigate uterine or cervical cancer risk, progesterone
is integral to hormone replacement therapy and feminizing
hormone therapy. In addition to its essential functions, progester-
one serves as a crucial metabolic intermediate along the pro-
duction pathways for various endogenous steroids, encompassing
sex hormones, corticosteroids, and neurosteroids. Its effects are
amplified in the presence of estrogen, with estrogen receptors
upregulating or inducing the extraction of progesterone receptors.
An imbalance in progesterone levels impacts aldosterone func-
tion, influencing sodium retention and extracellular fluid volume.
In the reproductive system, progesterone engages in non-genomic
signaling affecting sperm, modulating intracellular calcium sig-
naling and sperm motility. During pregnancy, progesterone con-
tributes to endometrial preparation for implantation, thickening
vaginal epithelium, making cervical mucus impenetrable to
sperm, and inhibiting lactation. In the absence of pregnancy,
declining progesterone facilitates menstruation, considered a con-
sequence of progesterone withdrawal. Beyond reproduction, pro-
gesterone plays a role in breast development and is implicated in
breast cancer pathophysiology. Similar to estrogen, it influences
skin health, with decreased levels during menopause contributing
to skin atrophy and increased wrinkling. Hormone replacement
therapy, including progesterone, enhances skin characteristics
such as collagen content, thickness, elasticity, hydration, and
surface lipids. In the brain, progesterone’s impact extends to sero-
tonin receptors, potentially influencing addiction. Insufficient
progesterone levels may lead to behaviors aimed at enhancing ser-
otonin activity, such as alcohol, cannabis, and nicotine consump-
tion. Overall, like estrogen, progesterone exhibits protective effects
against skin aging and has intriguing implications in neuro-
chemical processes.>>®°

Androgens serve as the primary steroid determining sex in
males; nevertheless, both males and females produce these
hormones. In men, insufficient androgen levels can lead to a
diminished sex drive and the development of gynecomastia.
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Conversely, females with excessive androgen expression may
experience symptoms like hirsutism, acne, and other related
issues. Testosterone, the most prevalent androgen, is produced
both by the ovaries and testicles. Across all genders, androgens
play crucial roles in various physiological processes, including
the regulation of bone density, muscular development, onset
and maturation during puberty, red blood cell production,
libido, and sexual function. In men, androgens induce specific
effects such as voice deepening, hair growth on the face, scalp,
underarms, chest, and genitals, and the development of
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sperm. In women, androgens regulate menstruation, help
prevent osteoporosis by minimizing bone loss, assist in con-
ception and pregnancy, and stimulate the growth of pubic and
underarm hair.*'~%°

The most common techniques for the detection of sex hor-
mones in clinical settings are direct chemiluminescent
immunoassays, which do not require any pre-analysis purifi-
cation, but they have demonstrated some limitations in accu-
racy and reproducibility.’” For this reason, from 2007 the
Endocrine Society has suggested the use of mass spectrometry
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Table 1 Normal concentrations of cortisol, estradiol, progesterone,
testosterone, insulin, TSH and GH for healthy subjects in different
human body fluids

Hormone Body fluid Normal concentration
Cortisol Saliva Morning: 10.2-27.3 ng mL™"
Midnight: 2.2-4.1 ng mL™"
Hair 55 pg mL ™"
Urine 14-78 mg/day
Serum Morning: 250 ng mL ™"
Midnight: 50 ng mL™"
Interstitial ~30 ng mL " averaged during the
fluids day
Sweat 8.2-141.7 ng mL ™"
Estradiol Saliva Female: 9-15 pg mL™"
Male: 2.6-10.6 pg mL ™"
Urine Female: 30-400 pg mL™"
Male: 10-50 pg mL ™"
Serum Female: 30-400 pg mL™"
Male: 10-50 pg mL™"
Progesterone Saliva Female: 27.1-103.6 pg mL ™"
Male: 15.5-49.5 pg mL™"
Urine Female: 0.1-0.3 ng mL ™" (prepubes-
cent), 0.1-0.7 ng mL™" (follicular
stage), 2-25 ng mL " (luteal stage)
Male: 0.3-0.9 ng mL™"
Serum Female: 0.1-15.9 ng mL ™"
Male: 0.1-0.9 ng mL™"
Testosterone  Saliva Female: 35-300 pg mL™"
Male: 70-274 pg mL™"
Urine Female: 2-10 mg day ™"
Male: 40-120 mgday
Serum Female: 15-46 ng dL ™"
Male: 265-923 ng dL™*
Insulin Plasma <1ngmL™"
Serum 0.2-0.4 ng mL™"
Urine 0.1-0.8 ng mL™"
Saliva 0.02-0.04 ng mL™"
Tears 0.3-0.5 ng mL™"
Milk 4.6-12.2 ng mL™"
Interstitial fluid ~ 1.9-3.4 ng mL™"
Cerebrospinal 0.2-0.3 ng mL™"
fluid
TSH Serum 0.5-5.0mU L™
Urine 0.4-4.0 mU L™!
GH Serum 1.8+1.2ngmL™"
Saliva 0.6 + 0.5 pg mL™"
Urine 5.1 +1.9 pg mL™"

Adrenal Gland

Cortisol

Hypothalamus

.l
Pituitary Gland
(e}

\J

Bloodstream

Fig. 2 Hypothalamic—pituitary—adrenal axis response chain and mole-
cular structure of cortisol.

(MS) analysis for sex hormone characterization and quantifi-
cation. Recently, in 2013, a standard assay has been developed
by the National Institute of Standard and Technology (NIST)

This journal is © The Royal Society of Chemistry 2024
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that can analyze samples for sex hormones with liquid chrom-
atography-mass spectrometry (LC-MS/MS).*”

Testing, such as that offered by nanoparticle-based electro-
chemical biosensors, will greatly improve our capability to
determine the concentration of and the role played by sex hor-
mones in clinical settings.®”

1.2.3 Insulin. Insulin is a small peptide hormone com-
posed of 51 amino acids in total with a molecular weight of ca.
5.7-5.8 kDa.®®® The structure of human insulin consists of
two peptide chains, namely the A-chain (21 amino acids) and
the B-chain (30 amino acids), which are connected via two di-
sulfide bridges. Insulin is a pancreatic hormone produced by
B-cells and is responsible for regulating blood glucose levels in
humans.®® Our bodies respond to the presence of high blood
glucose by releasing insulin, which promotes carbohydrate
metabolism and glucose uptake by adipose tissue and
muscle.®®*7° This process attempts to convert an appropriate
amount of glucose into a storage form of glycogen for cellular
uptake and thus reduce the circulation of glucose molecules in
the bloodstream. An impairment of glucose regulation activi-
ties leads to the development of diabetes mellitus (DM), which
is clinically classified into type 1 diabetes mellitus (T1DM) and
type 2 diabetes mellitus (T2DM).**”7> Both types of DM are
characterized by an irregular increase in blood glucose, but
they differ in their underlying mechanisms. T1DM is an auto-
immune disease that contributes to the decline of pancreatic
beta-cells and consequently hyperglycemia.”” In the pathogen-
esis of T1DM, T-cell-mediated autoimmunity destroys beta-
cells leading to a decline in beta-cell mass. As a result, patients
lose the ability to produce insulin, fail to adjust blood glucose
levels to normal, and eventually develop dysglycemia and
symptomatic TIDM. In T1DM patients, insulin secretion is
negligible or has disappeared, and treatment relies on lifetime
insulin injection. Therefore, TIDM is diagnosed by the pres-
ence of TIDM-associated autoantibodies.”

On the other hand, T2DM is a significant change in blood
glucose level primarily caused by insulin deficiency, insulin re-
sistance, or both.”! Insufficient insulin secretion is led by beta-
cell dysfunction, resulting in the pancreas being unable to
produce enough insulin to effectively control blood glucose
levels. In some cases, insulin is physiologically secreted in
response to rising blood glucose levels. However, the body is
poorly sensitive to insulin and the glucose regulation mecha-
nism is rarely activated, thus there is a loss of the ability to
reduce blood glucose, known as insulin resistance. Since
insulin resistance is a feedback regulation mechanism, insulin
is continuously released in an attempt to maintain glucose at
normal level. As a result, a relatively high amount of insulin is
circulated in T2DM patients. In this case, elevated blood
glucose levels can be detected, and patients are diagnosed
with T2DM. Individuals with metabolic insulin resistance are
at risk of having subsequent complications, including cardio-
vascular disease, blindness, high blood pressure, kidney
failure, obesity, and even fatality.°®”° To distinguish between
these two types of DM, T2DM exhibits insulin resistance, while
T1DM is characterized by the presence of autoantibodies.””
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Insulin is indeed a vital biomarker, predominantly found in
the bloodstream. Insulin levels can vary depending on an indi-
vidual’s health condition. For effective diagnosis, the associ-
ation between insulin concentration and diabetes should be
analysed while considering the condition of the patient. In
T1DM, insulin is virtually undetectable, especially in the later
stages, due to insulin deficiency. In contrast, individuals with
T2DM develop insulin resistance, leading to elevated blood
insulin levels.

While blood is the primary source for insulin detection,
insulin hormones can also be detected in other body fluids.
Excess blood insulin increases toxicity due to glucose overcon-
sumption. In response, the body activates physiological pro-
cesses to reduce blood insulin levels. The kidneys and liver
play a role in regulating the level of blood insulin. The liver is
primarily responsible for insulin removal and degradation,
while the kidneys are involved in the reduction of insulin
levels, but to a lesser extent.”” In general, the kidneys diminish
toxic substances and restore vital compounds to the blood-
stream. In this case, blood insulin is filtered in the kidneys
through the glomeruli and reabsorbed by renal tubules, a
process termed insulin clearance.”? In insulin clearance an
appropriate amount of insulin is returned to the bloodstream
and the remaining is excreted in urine.”” Urinary insulin is
found at low levels because most of the insulin (>98% of the
glomerulus-filtered insulin) is subjected to reabsorption by
proximal renal tubes.

In non-diabetic people, the insulin clearance rate is stable
and independent of serum insulin. On the other hand, insulin
clearance is high in T2DM, primarily due to elevated blood
insulin levels, which can exceed the transport capacity of renal
reabsorption. Therefore, urinary insulin can be a potential bio-
marker for diabetes. However, to consider urinary insulin as a
biomarker, other health conditions need to be accounted for.
Insulin with creatinine clearance.”*”®
Furthermore, liver or kidney diseases can increase insulin
clearance.”* Renal disease significantly elevates urine insulin
levels due to diminished tubular reabsorption of the
hormone.”® With derangement of kidney function, the filter
mechanism is not as effective as normal, thus decreasing
insulin reabsorption and increasing blood sugar level. Using
urinary insulin for clinical diagnosis may be challenging with
the derangement of kidney and liver functions, and careful
interpretation of results is necessary.

Insulin is indeed present in blood and urine due to the
insulin removal mechanism. Furthermore, it can be detected
in other body fluids. A recent review has summarized the
levels of insulin found in various types of body fluids.””
Table 1 outlines the types of fluids and their corresponding
insulin concentration ranges. As evident from Table 1, insulin
is most abundant in milk and interstitial fluids. However,
these fluids are not suitable for home testing, especially inter-
stitial fluids, which require skilled medical staff and equip-
ment for sample extraction. Among the listed fluids, serum is
the preferred choice for sampling due to decent insulin
content. However, other fluids such as urine and saliva hold

clearance varies
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potential for insulin biomarkers, offering the advantages of
convenience and detection, compared with traditional blood-
based tests.””

Insulin in the clinical setting is mostly detected using chro-
matographic techniques such as high-pressure liquid chrom-
atography (HPLC), capillary electrophoresis chromatography
(EC) and, more recently, LC-MS/MS, but they require compli-
cated procedures to prepare the samples, and costly machin-
ery. Immunosensors have also been used to determine the
concentration of insulin, but as seen for other hormones, they
have a slow rate of analysis that limits their clinical use.””

1.2.4 Thyroid-stimulating hormone. Thyroid-stimulating
hormone (TSH) is a glycoprotein hormone originating from
the anterior pituitary which serves as the primary stimulus for
thyroid hormone synthesis by the thyroid gland. Additionally,
it induces the growth of thyroid follicular cells, leading to the
enlargement of the thyroid. The release of TSH is regulated by
the hypothalamic-pituitary axis. Neurons in the hypothalamus
release thyroid-releasing hormone (TRH), which, in turn,
stimulates thyrotrophs in the anterior pituitary to secrete TSH.
TSH then prompts thyroid follicular cells to release thyroid
hormones, primarily in the form of triiodothyronine (T3) or
thyroxine (T4). T3, the active form of thyroid hormone, consti-
tutes only 20% of the released hormone, with the majority of
T3 originating from the peripheral conversion of T4 to T3.
Thyroxine (T4), also known as tetraiodothyronine, makes up
more than 80% of the secreted hormone. Upon entering circu-
lation, T4 undergoes de-iodination to form T3. Both T4 and T3
exert negative feedback on the anterior pituitary, with elevated
levels suppressing TSH secretion, and low levels stimulating
TSH release. Moreover, TSH stimulates the thyroid gland to
secrete prolactin.”®

TSH levels are typically monitored in serum and urine
samples. Table 1 presents the concentrations of TSH in these
biological fluids among healthy individuals.”®"*°

Clinical analysis of TSH requires a great sensitivity for the
different forms of the hormone. In clinical settings this is
achieved by using immunoassay with sensitivity <0.01 mIU L™*
or by MS/LC-MS tandem.®! Electrochemical biosensors have
better sensitivity, faster results and better selectivity compared
with immunoassay and MS/LC-MS tandem.

1.2.5 Growth hormone. Growth hormone (GH) is a peptide
hormone that stimulates growth, reproduction, and cell regen-
eration in humans. Moreover, it stimulates the production of
insulin-like growth factor 1 (IGF-1) and increases the concen-
tration of glucose and free fatty acids.

GH is secreted episodically, with approximately two-thirds
of the daily secretion of GH happening during the night at the
onset of slow-wave sleep, with the first episode of slow-wave
sleep of the night triggering secretory pulses releasing 70% of
the total daily secretion of GH. In normal healthy individuals
GH has a constant minimal basal secretion over 24 h that is
too low to be detected with immunoassay, which accounts for
50% of the daily amount, interrupted by peaks of secretion
which account for the majority of the whole secretion. The
ultradian rhythm of GH secretion is the result of the inter-
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action of many different factors; for example, jet-lag tempor-
arily increases GH peak amplitudes, physical stresses increase
the levels of GH, while psychological conditions such as
depression reduce GH levels.®> GH secretion is also related to
nutrition, with malnutrition and fasting causing an increase
in GH while obesity and the ingestion of glucose suppress the
secretion of GH.*

GH concentration changes in pulses, and it peaks during
puberty.®* In a healthy subject the concentration of GH regu-
lates the metabolism of carbohydrates, proteins and lipids,
while at the same time it stimulates the expression of insulin
growth factor (IGF-1), which regulates the growth of cartilage
and bones.*>*°

The hyperexpression of GH is connected with gigantism or
acromegaly, and the ability to detect an increase of GH peaks
and concentration would give important information on the
development of aggressive forms of tumours.®”:%®

For its action on the metabolism and the response of the
body to physical exertions, GH is also consider a doping sub-
stance by the World Anti-Doping Agency.®

Concentrations of GH in biofluids other than blood have
been less studied. In 2016 Gough et al. measured the levels of
GH in serum, urine and saliva in 11 male candidates before
and after physical activity (Table 1).%°

Immunoassays are the most common clinical analyses for
the serum concentration of GH, but recently there have been
reports on the poor comparability between different immuno-
assays and on their analytical value.”*

View Article Online
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1.3 Biosensors: advantages and drawbacks compared with
traditional techniques

Biosensors are appealing tools with the extraordinary capacity
to detect a biological event on a transducing device utilizing a
signal proportionate to the analyte concentration.”>® Both
microfluidic innovations and nanotechnology advances have
made easier the design and development of miniaturized
devices that can operate as PoC devices.'*%'%

The identification of molecules in the human body specifi-
cally for the purpose of keeping track of one’s health is
referred to as molecular diagnostics, which covers both early
and emergency diagnostics.'”" Early disease detection can
improve patients’ quality of life while they are receiving treat-
ment and enhance the likelihood that they will survive.

Biosensors can be classified according to their recognition
elements (bioreceptors) or type of transducer signal that was
employed for target detection (Fig. 3A). Bioreceptors are anti-
bodies, enzymes, DNA or aptamers, molecular imprinted poly-
mers (MIPs), and cells. Their corresponding biosensors can
be: immune-, enzymatic-,'*> apta-, DNA/nucleic acid (geno-),
cell-based sensors (Fig. 3B).

Aptasensors are a particular class of nucleic acid bio-
sensors, based on aptamers (single-stranded DNA/RNA) that
“fit” specifically to a target. They are synthetic antibodies, DNA
receptors that can replace antibodies, or complete DNA
strands. MIPs are best described as synthetic analogues to the
natural, biological antibody-antigen systems. As such, they
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Fig. 3 Schematic representation of (A) biosensor components, (B) types of bioreceptors and (C) comparison between the pros and cons of the tra-

ditional techniques for hormone detection and electrochemical biosensors.
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operate by a “lock and key” mechanism to selectively bind the
molecule with which they were templated during production.
MIPs potentially offer the specificity and selectivity of the bio-
logical receptors with the explicit advantages of durability with
respect to environmental conditions and low cost.

Most biosensors are based on enzymes; they can recognize
the target employing electroactive species'®* as by-products of
their enzymatic reaction. The target recognition of the biore-
ceptor can be quantified by measuring the transductor signal
at the interface of the biosensing device.'® There are several
transduction signals, based on mass variations, dielectric con-
stant, heat, and redox signal, and, consequently, biosensors
can be also classified as piezoelectric, optical, calorimetric and
electrochemical, respectively.'® The superior characteristics of
the electrochemical biosensors in terms of sensitivity and
selectivity, operational simplicity and possibility of miniaturi-
zation have made these devices suitable candidates for the
development of marketable PoC devices.

1.4 Electrochemical biosensors

Additionally, depending on the type of transducer, the electro-
chemical biosensors can be subdivided into the following cat-
egories: amperometric, potentiometric, conductometric and
impedimetric biosensors, depending on the interaction of the
biomolecules at the electrode surface which may be generated.
These sensors are based on the interaction of the biomolecules
and the electrode surface, which may generate a measurable
current at a particular potential (amperometric), a measurable
potential or charge accumulation (potentiometric), or may
alter the conductive properties of the medium (conducto-
metric) or the charge transfer resistance (impedimetric).'*

In recent years, advances in the design and synthesis of
novel nanomaterials with different dimensions have enabled
their incorporation into the development of biosensing electro-
chemical platforms, including 1D (e.g. nanotubes, nanowires,
nanorods), 2D (e.g. graphene, nanosheets) and 3D (e.g. nano-
particles, quantum dots) nanomaterials. In particular, nano-
particles (NPs) have been largely used in biosensing techno-
logy electrode surface modification due to their excellent
amplification of the detection signal.

Owing to their very small size (1-100 nm), they exhibit
unique and very attractive chemical, physical and electronic
features different from those of bulk materials, and they can
be employed successfully in the development of promising
electrochemical sensing devices. Usually, metal NPs present
good conductivity and catalytic characteristics, which enable
them to act as “electrical wires” to improve the electron trans-
fer (ET) between the redox center of the enzymes and the elec-
trode surface, and moreover to act as catalysts to increase the
electrochemical reactions.

Many kinds of nanoparticles (metal, oxide and semiconductor
ones) are widely used in electrochemical analytical devices. Their
principal functions can be summarized as follows: (i) bio-
molecule immobilization (thanks to their large specific surface
area they can strongly adsorb the bioreceptor on the electrode
surface and preserve their bioactivity); (ii) catalysis of electro-
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chemical reactions (due to their excellent catalytic properties); (iii)
electron transfer enhancement, acting themselves as redox
mediators (NPs act as mediators); (iv) labelling molecules (due to
their small size and modifiability); and (v) acting as reactants
(thanks to their chemical activity).'*®%

For hormone detection, biosensors offer several advantages
compared with the most widely used conventional techniques,
such as HPLC, HPLC-M and MS-GC. Unfortunately, it is well
known that these methods involve lengthy procedures and
need qualified personnel to carry out the analysis. Hormone
detection with electrochemical biosensors is comparatively
much faster, more sensitive, and less expensive, as it does not
require expensive equipment or specialists.

Moreover, biosensors allow rapid response and ease of min-
iaturization for PoC diagnostics.'® In addition to the advantage
of electronic miniaturization of electrochemical biosensors for
PoC diagnostics'® there are many mobile applications, and the
possible integration of this technology into the internet-of-things
(IoT) would help with both the real-time monitoring of patients
and the rapid transmission of clinical data on infectious diseases.
Moreover, the users of this diagnostic technology are able to
perform an assay using their own devices, thus opening the door
to easy, affordable techniques based on PoC technology. With
these benefits, electrochemical biosensors are able to meet the
technological needs and public health requirements of PoC,
involving the widespread accessibility for people to early diagno-
sis and treatment of diseases.

When compared with electrochemical biosensors, the most
common techniques used for the detection of hormones are
expensive to perform and maintain, while requiring long sample
preparations and time for analysis or lacking the necessary sensi-
tivity to be used for clinical evaluations. Electrochemical bio-
sensors have similar sensitivity to MS techniques without the cost
and the training requirement for techniques such as MS (lengthy
sample preparation) or ELISA (30 min-4 h of testing time).®” The
convenience and speed of electrochemical analysis allow the
quick determination of multiple hormones with the same dur-
ation and resources required for a single sample.

On the other hand, biosensors have also some pitfalls such
as interference in real sample analysis, weak long-term stabi-
lity and contamination of the biosensor surface which, in
some cases, may limit their reusability.

Fig. 3C summarizes the advantages and disadvantages of
electrochemical biosensors compared with conventional chro-
matographic methods for hormone detection.

2. Nanoparticle-based
electrochemical biosensors for
hormone detection in biological fluids
Biofluids produced by the human body used for biosensing
hormone detection are blood, urine, saliva, sweat and tears.

Blood is collected from the patient with a blood draw by insert-
ing a needle, and it is therefore an invasive procedure with

This journal is © The Royal Society of Chemistry 2024
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consequent patient discomfort, which may limit its appli-
cation. Moreover, it has to be repeated at regular time intervals
when it is necessary to measure the hormone levels over time.
Serum and plasma are both fluids derived from the liquid part
of the blood: serum is obtained by letting the blood clot and
collecting the supernatant, while plasma is obtained by stabi-
lizing the blood sample with anti-clotting agent (ethylenedia-
minetetraacetic acid, citrate etc.) and then separating the
liquid part of the blood from the solids by centrifugation.™*°
The use of blood, serum and plasma has been limited due to
the invasiveness of the procedure to collect the samples.

Urine, saliva, sweat and tears are externally secreted bio-
fluids which have the advantage of their non-invasive detec-
tion. In particular, urine and saliva are considered vital bio-
fluids due to their easy accessibility and good availability.
Moreover, they show good correlations with most blood ana-
lytes, which make them a valid alternative to blood analysis.
The collection of urine and salivary samples is usually quick
and not particularly invasive, which allows repeated sampling
several times during the day.

Sweat and tears represent other interesting biofluids for
their good correlation with blood, although their collection
may be not always easy. For example, in many applications
outside athletics, it is often necessary to use wearable bands to
locally stimulate sweating.

Saliva, sweat and tears also show some limitations leading
to contamination. The concentration of their bioanalytes is
more variable compared with the composition of blood, and
can be influenced by different factors such as the presence of
microbes on the skin, in the case of sweat and tears, or by
food ingestion, in the case of saliva."""

All these disadvantages may be overcome with the intersti-
tial fluid (ISF). The ISF is definitely the most minimally inva-
sive accessible fluid of the body. It basically acts as a mediator
between blood vessels and cells in the constant supply of
nutrients and removal of waste products, and therefore it rep-
resents the most reproducible matrix and shows excellent cor-
relation with blood.''® However, ISF extraction requires the
realization of a complex integrated wearable device which
allows extraction, collection and detection of the desired bioa-
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nalytes in a continuous manner. Hormone detection with
wearable biosensors will be discussed in section 3.

The simplest strategy for electrochemical-based monitoring
of hormones is their direct electrochemical signal at the elec-
trode surface at a specific potential. In this approach, the
hormone of interest is directly oxidized or reduced at the elec-
trode surface producing an electroactive product, which can be
electrochemically measured, whose concentration is pro-
portional to the target hormone. However, direct oxidation
usually occurs at a high overpotential, which can lead to elec-
troactive interference from other species present in the biologi-
cal matrix. With regard to this, nanomaterials have been suc-
cessfully utilized for electrode surface modification with the
result of higher selectivity. However, to better address this
issue, indirect detection methods have been realized based on
the use of specific biorecognition elements coupled to the elec-
trode surface, allowing for sensitive and selective detection of
the target hormone.

The electrochemical nanoparticle-based biosensors
described in this review, namely immunosensors, aptasensors,
and MIP-based biosensors, depending on which bio-
recognition element is used, ie. antibodies, aptamers, or
MIPs, respectively, may involve direct, competitive, or sand-
wich configurations and label-free or label-based approaches.
Less frequently enzymes are employed, corresponding to the
so-called enzymatic biosensors.

In the following, various recent electrochemical detection
strategies used for measuring selected hormones in several
sample matrices are presented, and are schematized in Fig. 4.

2.1 Detection of cortisol

Cortisol is not an electroactive molecule and lacks a specific
enzyme catalysing its redox reaction. Consequently, most corti-
sol biosensors are affinity biosensors based on bioreceptors,
such as antibodies (immunosensors), aptamers (aptasensors)
and MIPs.

Regular sampling and analysis of cortisol concentrations
during the day is fundamental for studying the metabolic
behaviour of a hormone that naturally has a peak of concen-
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Fig. 4 General principle of nanoparticle-based electrochemical biosensors for detecting hormones from biological fluids.
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Table 2 Electrochemical nanoparticle-based biosensors for cortisol detection

Nanoparticles Electrode Receptor Transducer Bodily fluid LOD Linear range Ref.
AuNPs Au Aptamers DPV Saliva 0.8 pM 0.28 pM-0.28 pM 114
Ni nanoclusters-N-CNT GCE MIP DPV Saliva 2.37 fM 10 fM-1 nM 115
AuNPs/MoS,/AuNPs C AntiC DPV Saliva 0.18 nM 0.5 nM-200 nM 116
SmMoO, nanoflowers GCE Aptamers DPV Saliva 45 fM 100 fM-10 pM 113
AuNPs Au MIP SWV Saliva 200 fM 1 pM-0.5 uM 119
NiCo-MOF/SnS¢-Thioacetamide/AuNPs GCE AntiC SWV Saliva 80 fM 0.28 pM-0.28 pM 120
CuWO,@MoS, NPs/Chitosan-AuNPs GCE AntiC Ccv Saliva 38.6 aM 2.8 fM-2.8 uyM 122
ZnO nanoflakes Au AntiC Ccv Saliva 1 pM 100 pM-100 nM 123
ZnO nanorods Au AntiC Cv Saliva 1 pM 10 pM-100 nM 123
DNA-AuNPs superlattice Au Aptamers EIS Saliva 0.13 nM 0.5nM - 10 nM 124
MWCNTs/AuNPs PDMS AntiC DPV Sweat 0.83 fM 2.8 fM-2.8 uyM 125
AgNPs and AuNPs GCE Aptamers DPV Sweat 0.25 pM 0.28 pM-28.6 nM 126
Fe,0; nanosized ellipsoid Carbon Yarn AntiC Cv Sweat 8.3 aM 2.8 fM-2.8 uyM 127
MnO, nanocacti GCE AntiC EIS Sweat 23 fM 0.1 pM-1.5 nM 128
ZnO nanocrystals Pd AntiC EIS Sweat 2.8 nM 27.6 nM-0.5 pM 129
Ag@AgO core/shell Au AntiC Ccv Serum 1.8 pM 2.8 pM-2.8 uM 130
Fe;O0, NPs and AuNPs GCE AntiC DPV Serum 0.14 nM 0.28 nM-2.8 uyM 131
AuNPs Au AntiC SWV Blood 44.1 pM 137.9 pM-6.9 nM 132

tration in the morning and slowly decreases with time to reach
a minimum around midnight.

Table 2 summarizes the characteristics and performances
of nanoparticle-based electrochemical biosensors for cortisol
in the literature.

2.1.1 Saliva samples. Cortisol concentrations in saliva are
always fairly low, less than ~30 ng mL™" in the morning and as
low as 2.2 ng mL™" at night, which requires the development
of very sensitive sensors."*?

2.1.1.1. Voltammetric biosensors. Examples of DPV electro-
chemical biosensors for the detection of cortisol in saliva can
be found in the work of Sharma V. et al., Duan D. et al, Liu J.
et al. and Rezapoor-Fashtali Z. et al.'**'*¢

Sharma V. et al. in 2023 developed an electrochemical
sensor based on a printed Au electrode on which AuNPs are
deposited and then functionalized with aptamers to detect
cortisol."**

Liu J. et al. (Fig. 5A) described an electrode based on a
AuNP-modified carbon electrode, on which a layer of MoS, was
deposited. On it another layer of AuNPs was deposited and
modified with a PEG-COOH attached to antibodies. In this
work the AuNPs were used both to anchor the different layers
of the sensor and to improve the electrical contact between the
electrode and the antibody. One of the advantages of this
sensor was that it was easily controlled using a smartphone
app.116

Duan D. et al. in 2022 (Fig. 5B) offered a different approach
for the construction of a biosensor; their DPV electrochemical
sensor was based on a glass carbon electrode on which were
dropped nitrogen-doped carbon nanotubes modified with
nickel nanoclusters (NiNCs-N-NCTs). The presence of the
NiNCs-N-NCTs on the surface of the electrode greatly expanded
the surface area and the sensitivity of the sensor, thus allowing
it to register the minute change in current caused by the
binding of cortisol on the matrix formed by the polymerization
of o-phenylenediamine in the presence of cortisol (0.5 mM).
After reticulation the polymer formed was able to retain cav-
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ities in the shape of the molecules of cortisol present during
the process, creating sites where cortisol in the sample could
interact. According to Duan D. et al. the bamboo-like structure
of the electrode improved the transmission of the signal from
the MIP to the electrode, thus providing an enhancement of
the signal detected.'"®

Rezapoor-Fashtali Z. et al. (Fig. 5C) for their sensor utilized
samarium molybdate (SmMoO,) nanoflowers deposited on a
glassy carbon electrode (GCE) and trapped in a layer of poly-
pyrrole (PP). The resulting mesh was then covered with
reduced graphene oxide (r-GO). On this base, aptamers were
attached by exploiting their terminal -NH moiety and used to
interact with cortisol. In this set up the layer of r-GO main-
tained a weak negative charge that slightly repelled DNA
sequences (negatively charged), thus preventing entanglement
and improving the interaction with cortisol. The sensor
required 15 min of incubation in a solution containing the
analyte in order to maximize its response to the presence of
cortisol."*?

Another interesting voltammetric technique is SWV, which
is faster than DPV and can sometimes offer better sensitivity
and be less affected by non-faradaic currents, although it is
less suitable for very diluted samples."*”'*®

Both Yeasmin S. et al. and Yang B. et al. applied SWV to the
detection of cortisol in salivary fluid, while utilizing different elec-
trodes and methods of detection."***° In the work of Yeasmin S.
et al., AuNPs and a MIP were formed on the surface of a gold-
plated electrode. The reactions which led to the simultaneous for-
mation of Au NPs and MIP were done by applying between 0 V to
1 V to a solution of o-phenylendiamine and HAuCl, in the pres-
ence of cortisol. The resulting polymer had Au NPs trapped in its
matrix and, after washing, cavities shaped like molecules of corti-
sol. During the analysis of a sample some of the cavities were
occupied by cortisol, and the amount of current passing through-
out the electrode was reduced.™’

Yang B. et al. used a complex metal-organic framework
(MOF) electrode based on a combination of Ni(NOs),, K3[Co

This journal is © The Royal Society of Chemistry 2024
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(A) The construction and detection procedure of cortisol immunosensor: (a) fabrication of layer-by-layer self-assembled gold nanoparticles/

molybdenum disulfide/gold nanoparticles (AuNPs/MoS,/AuNPs) sandwich-structured screen-printed electrode (SPE), (b) covalent immobilization of
cortisol antibody through self-assembled monolayer of polyethylene glycol (PEG).™'® (B) Preparation of the NiNCTs/MIP electrode and SEM charac-
terization: (a) multisteps fabrication of the NiNCs-N-CNTs/GCE electrode and MIP layer, (b) SEM images of NiNCs-N-CNTs (A) and MIP/NiNCs-
N-CNTs (B), TEM images of MIP/NiNCs-N-CNTs, (C) and NiNCs-N-CNTs (D), STEM-EDS mapping (C, N and Ni elements) of NiNCs-N-CNTs (E).**®
(C) Aptasensor design: (A) electro-polymerization to form polymeric nanocomposites, (B) rGO dropping, (C) aptamer loading, (D) aptasensor immer-

sion in the cortisol solution, (E) electro-chemical investigation of ferricyanide as a probe on the surface of the aptasensor.

(CN)e] and SnS,. The NiCo-MOF was shaped as nanocubes and
embedded in a matrix of SnS, and thioacetamide. In the same
matrix AuNPs were formed. On this complex structure mono-
clonal antibodies were attached and used to detect cortisol."*°

CV is a fundamental technique for the study of redox reac-
tions, based on the fast application of a potential range to a
sample while measuring the current produced.'*

Nong C. et al. developed an electrochemical biosensor for
cortisol in saliva based on a modified glassy carbon electrode
(GCE) on which core shell particles of CuWO, covered in MoS,
were deposited. On the functionalized surface of the electrode
a network of chitosan decorated with AuNPs was layered and
functionalized with anti-cortisol monoclonal antibodies; foetal
bovine serum (FBS) was then used to reduce the possibility of
non-specific binding."*?

Vabbina P.K. et al. have developed two electrochemical bio-
sensors based on ZnO nanoflakes or ZnO nanorods immobi-
lized on a gold electrode (Fig. 6A). On these nanostructures
antibodies were attached and used to detect the presence of
cortisol."?®

The width of the linear range for this system does not com-
pletely represent the differences between the two particles’
morphology tested by Vabbina et al.; ZnO nanorods were able
to give a linear response for quantities of cortisol 10 times

This journal is © The Royal Society of Chemistry 2024
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smaller than the flakes, but the larger exposed surface of the
flakes and their shape improved the contact with the electrode
and the binding with the antibody, thus generating sharp and
defined peaks when used for CV. This gain in resolution and
the relative ease of manufacture made the ZnO nanoflakes the
most likely candidate for further development.

2.1.1.2. Impedimetric biosensors. Cantelli et al. used EIS for
cortisol detection, a technique able to collect information about
the processes happening on the electrode surface by measuring
the fluctuations of impedance caused by the biorecognition
process at the electrode surface in the presence of a redox probe
in solution (Fig. 6B). In this work the authors have realized a
superlattice of DNA sequences attached to an Au electrode and
attached to AuNPs and to specific aptamers.'**

2.1.2 Sweat samples. According to the most cited studies,
sweat can contain between 8.16 ng mL™" and 141.7 ng mL™" of
cortisol, a concentration comparable to blood and plasma.**
Recently, there has been new evidence that these values may
have been overestimated, with the actual concentration of cor-
tisol in sweat attested to be around 0.5 ng mL™" (1.4 nM) to 1.7
ng mL™" (4.7 nM), with large variations caused by the stress
level and the diet."**

2.1.2.1
commonly used techniques for analysing the concentration of

Voltammetric biosensors. DPV is one of the most
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cortisol in sweat samples. Obviously, several different electro-
chemical platforms and different NPs have been employed for
electrode modification. Liu et al. used multi-walled carbon
nanotubes (MWCNTs)'*® to increase the sensitivity of thin
microelectrodes, whereas Huang et al. in 2021 used MWCNTSs
in combination with mesoporous carbon material (CMK-3)
bound with chitosan and decorated with Ag NPs as a way to
detect the presence of cortisol in sweat.

The voltammetric biosensor described by Liu et al. was
formed by a thin layer of MWCNTs supported on a film of
polydimethylsiloxane (PDMS), which was functionalized with
AuNPs and cortisol-specific antibody (Fig. 7A). Later the elec-
trode was incubated with BSA to saturate all the locations for
nonspecific binding. The prepared electrochemical biosensor
was thin and flexible enough to be worn as a patch and detect
the level of cortisol in real-time."?®

Z. Huang et al. described an electrochemical biosystem
based on a GCE electrode on which MWCNTs and CMK-3 were
deposited and blocked with chitosan (Fig. 7B). On this deco-
rated surface, Ag NPs were adsorbed and used as support for
aptamers, which were able to bind cortisol with antibodies
and Au NPs which were used to produce the analytical
signal.'*®

CV is relatively less popular as a detection technique for
cortisol in sweat samples; however, Sekar et al. have success-

18146 | Nanoscale, 2024, 16, 18134-18164
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fully created an electrochemical biosensor based on this tech-
nique."” The proposed biosensor was fabricated by deposition
of nanosized ellipsoidal Fe,O;, 300-350 nm in diameter and
850 nm in length, on a carbon yarn, followed by the immobil-
ization of cortisol-specific antibodies. The excess of non-
specific binding sites was blocked by BSA. The proposed
immunosensor was able to fully analyse sweat samples in only
120 .’

2.1.2.2. Impedimetric biosensors. Zhou et al. developed a
biosensor based on MnO, nanostructures, while Munje et al.
developed a biosensor based on the deposition of NPs of ZnO
on the surface of polyamide substrate."**">°

Zhou et al. studied the possibility of fabricating an electro-
chemical biosensor based on MnO, nanostructures as nano-
rods, MnO, nanoparticles/carbon and MnO, nanocacti
(Fig. 8A). Nanocacti are nanoparticles of approximately spheri-
cal structure with spikes and crumpled thin surfaces similar to
the leaves of a succulent plant. Of the three nanostructures
only MnO, nanocacti showed some resistivity, which is necess-
ary for EIS analysis. These structures were used to form the
biosensors, modified with monoclonal antibodies for cortisol,
and the non-specific binding sites blocked with BSA.'*®

The last NP-based electrochemical biosensor for the detec-
tion of the concentration of cortisol in sweat based on EIS
listed in this review was developed by Munje et al. (Fig. 8B). In

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (A) Stepwise fabrication of the immunosensor (Anti-Cmab/AuNPs/M
described by Huang et al.*2®

their work, Munje et al. deposited a thin layer (¥90-100 nm) of
ZnO on a polyamide matrix by pulsed laser deposition; on this
layer antibodies specific for cortisol were attached by using
dithiobis(succinimidyl propionate) (DSP) as crosslinker.'**

This system was on the threshold between nanostructured
material and true NPs; the pores in the polyamide matrix were
nanosized, as were the ZnO nanocrystals laser deposited on it,
but in its complex the structure was macroscopic.

2.1.3 Other body fluids. Although the initial stage of corti-
sol biosensing used only blood serum as a sample, only a few
papers have been reported in the literature in recent years for
the detection of cortisol in blood and serum, which have been
now overtaken by sweat and saliva for their non-invasive
nature of detection.

Both Kaushik et al. and Sun et al. developed two immuno-
sensors to detect cortisol in human serum."**'*! Kaushik et al.
developed an electrochemical biosensor based on alternate
electrodeposition of layers of polyalanine and core-shell
Ag@AgO NPs on a gold electrode. On the modified electrode,

This journal is © The Royal Society of Chemistry 2024

WCNTs/PDMS);*2% (B) preparation and functioning of the cortisol sensor

monoclonal antibody for cortisol was attached and non-
specific adsorption was prevented by the deposition of BSA on
the surface of the electrode. The presence of cortisol and its
concentration was established by CV."*°

Sun and collaborators developed an electrochemical bio-
sensor based on a glass carbon electrode (GCE) covered in
Nafion on which a layer of polyethylenimine graphene oxide
(rGO-PEI) modified with Fe;0, NPs was attached. On the elec-
trode a layer of AuNPs was also deposited. Cortisol was
attached to the surface of the electrode and used as an anchor
point for monoclonal cortisol antibodies modified with an
enzyme able to induce the dimerization of phenylethyl-
enediamine in the presence of H,0, which could be detected
by DPV."*!

Liu et al. have developed an electrochemical biosensor for
detecting the presence of cortisol in blood samples. On an Au
electrode, AuNPs were deposited; on this substrate thiolated
protein G and monoclonal antibodies for cortisol were
attached and tested using SWV."*?

Nanoscale, 2024, 16, 18134-18164 | 18147
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2.2 Sex hormones

Most electrochemical biosensors for the three main sex hor-
mones, estradiol, testosterone and progesterone, in all biologi-
cal samples reported in the literature are based on antibodies
and enzymes. Table 3 summarizes the characteristics and per-
formances of NP-based electrochemical biosensors for estra-
diol, progesterone and testosterone in the literature.

2.2.1 Urine samples. Analyzing urine for the detection of
sex hormones has been a potential avenue, yet its application
has been constrained by the nature of the sample collection
procedures.

2.2.1.1 Voltammetric biosensors.. CV was often used for the
detection of the three sex hormones. Sanli et al. developed a
portable testosterone biosensor based on the use of a screen-

129

printed working electrode (SPWE) functionalized with mag-
netic NPs (MNPs), in particular iron oxide NPs.'** The
designed biosensor was tested by CV using a spiked synthetic
urine sample, and demonstrated a high selectivity and sensi-
tivity towards testosterone, with a linear range between 50 and
1000 ng mL ™" and LOD value of 23.68 ng mL™*.**

DPV was also often used because of its superior sensi-
tivity. Huang et al. used AuNPs for the design of a selective
and sensitive enzyme biosensor for 17-p-estradiol.** A GCE
was modified with copper sulfide nanosheets (CuS) that
acted as electrical conductor, and the dual modification of
glucose oxidase and gold nanoparticles (AuNPs) on the elec-
trode generated the electrochemical signal amplification.
The combination of AuNPs and CuS nanosheets favored the
electron transfer and amplified the DPV electrochemical

Table 3 Electrochemical nanoparticles-based biosensors for sex hormones detection

Sex hormone  Nanoparticle  Electrode Receptor  Transducer Bodily fluid LOD Linear range Ref.
Testosterone ~ MNPs SPE Antibody  CV Urine 23.7ngmL™"  50-1000 ng mL™" 133
Estradiol AuNPs GCE Enzyme  DPV Urine 6.0x107"M 50x10"-50%x10°M 134
Estradiol RhNPs GCE Enzyme DPV Urine 0.54 pM 0.9-11 pM 135
Estradiol AuNPs GCE Aptamer  DPV Urine 0.7 pM 0.001-1 nM 136
Estradiol AgNPs GCE Antibody ~ Amperometry ~ Urine 65 pg mL ™" 0.1-50 ng mL™" 137
Progesterone ~ N-HCSs GCE Aptamer DPV Urine 33x107°nM  1x107°-4.2x107° nM 138
Estradiol AuNPs GCE Aptamer  DPV Serum 1.5 pM 12 pM-60 nM 140
Estradiol AuNPs SPCE Antibody  CV, DPV Serum 10 pg mL ™ 0.01-100 ng mL ™" 141
Estradiol AuNPs Au electrode  Antibody ~ SWV Serum 0.84pgmL™"  0.54-1.36 x 10* pgmL™" 142
Estradiol AuNPs GCE Aptamer  DPV Serum 5 pg mL™* 0.01-500 ng mL™" 143
Estradiol Au@Pt GCE Aptamer  DPV Serum 80x107"M  1.0x107"%-1.0x10°M 144
Progesterone NiO-AuNFs SPCE Aptamer DPV Serum 0.58 pg mL™" 0.003-314.46 ng mL™" 145
Progesterone ~ AuNPs GCE MIP SWV Serum 0.17 nM 0.2-125 nM 146
Testosterone  AuNPs ITO glass Antibody  EIS Saliva 3.9ng mL™" 10 ng mL™'-0.5 pg mL™" 149
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signal; this made it possible to obtain a high sensitivity
with a LOD of 60 fM."**

Povedano and colleagues developed an electrochemical
enzymatic biosensor based on rhodium nanoparticles (RhNPs)
for 17-B-estradiol detection.®*® The innovative platform was
obtained by a one-pot reaction that generated a nanomaterial
based on graphene oxide/Rhodium nanoparticles (rGO/
RhNPs). In particular, the simultaneous reduction of Rhodium
(m) chloride (RhCI3) and graphene oxide with sodium boro-
hydride (NaBH,) generated a novel platform subsequently
drop-casted onto a GCE. The rGO/RhNPs/GCE was used as a
support for binding the laccase enzyme, thus obtaining a bio-
sensor used for 17-p-estradiol monitoring. The DPV showed a
high sensitivity, high selectivity and a low LOD (0.54 pM) for
the designed biosensor.'*’

Huang et al. developed a sensitive aptasensor based on a
thiol group-tagged 17-p-estradiol aptamer on a GCE previously
modified with AuNPs and cobalt sulfide nanosheets (CoS) for
monitoring the level of 17-B-estradiol in a urine sample."*®
Through differential pulse voltammetry it was possible evalu-
ate the LOD value and the linear concentration range, 0.7 pM
and 0.001-1 nM, respectively. This electrochemical aptamer
biosensor based on a hybrid nanomaterial composed of
AuNPs and CoS demonstrated high sensitivity, high selectivity
and good stability.'*®

AgNPs were used by Cincotto et al. to build an immunosensor
for estradiol monitoring."*” After the synthesis of mesoporous
silica-coated reduced graphene oxide (SiO,/GO), that allowed the
anchoring of metal NPs safely onto the graphene support and
favouring the catalytic performance, AgNPs were used to obtain
the AgNPs/SiO,/GO hybrid. This hybrid structure was adsorbed
onto the GCE and then grafted with 4-aminobenzoic acid to
create a desirable surface for covalent bonding of the capture anti-
body. This strategy allowed the development of a competitive
immunosensor for the determination of estradiol hormone that
exhibited good reproducibility and stability, a linear range
between 0.1 and 50 ng mL~" and a LOD of 65 pg mL™"."*’

Ghanbarzadeh et al. have developed a novel non-invasive
sensor aimed at monitoring progesterone levels."*® In their
study, they designed an ultrasensitive electrochemical aptasen-
sor capable of detecting progesterone in human urine. The
sensor utilized nitrogen-doped hollow carbon spheres
(N-HCSs) to covalently immobilize high-density aptamer (Apt)
sequences, which served as the bioreceptor for progesterone.
To fabricate the sensor, N-HCSs were dropcast onto the surface
of a GCE, followed by the addition of Apt specific to progester-
one onto the N-HCS-modified electrode. Subsequently, BSA
was employed as a blocking agent to prevent nonspecific inter-
actions. By employing DPV, the sensor demonstrated a limit of
detection (LOD) value of 3.33 fM and a linear concentration
range spanning 10 fM to 5.6 pM. This aptasensor exhibited a
high selectivity even in the presence of various off-target
species, showcasing its effectiveness in detecting progesterone
in human urine samples."*®

2.2.2 Serum samples. The biosensors used for sex
hormone detection in serum samples were obtained by the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

modification of SPWE, GCE or other types of electrode with
different types of NPs to obtain sensitive and selective
platforms.

2.2.2.1 Voltammetric biosensors. Electroanalytical tech-
niques such as linear sweep voltammetry (LSV), CV, DPV, SWV,
and chronoamperometry offer comprehensive qualitative and
quantitative insights into electroactive species. Consequently,
they are increasingly recognized as potential alternatives to
more traditional spectrometric or chromatographic tech-
niques. These methods are extensively employed for monitor-
ing various hormones, including sex hormones, owing to their
ability to provide detailed information on their concentrations
and behavior.'*®

A novel nanocomposite based on the interaction between
AuNPs and thionine (Thi) was studied by Liu and colleagues to
develop an electrochemical aptasensor to quantify the concen-
tration of 17-B-estradiol in serum samples.*® The cationic dye
Thi was used as electrochemical indicator and was mixed with
carbon nanotubes (CNTs) to form a Thi/CNTs composite. After
that, the Thi/CNTs solution was added into an AuNP solution,
forming AuNP/Thi/CNTs, and this support was cast onto a GCE.
The designed platform modified with a specific aptasensor was
studied by DPV in the presence of different concentrations of
17b-estradiol, and exhibited a very low limit of detection of 1.5
pM and a linear range from 12 pM to 60 nM."*

In another work AuNPs were combined with carbon nano-
tubes (CNTs) to obtain an electrochemical immunosensor for
17-B-estradiol detection.'*" Wang et al. fabricated a microflui-
dic device based on AuNPs, MWCNTs and Thi used to modify
a SPWE. In this designed composite, Thi molecules acted as
electrochemical mediator while MWCNTs and AuNPs, like any
nanomaterials, favouring electron transfer for the signal
amplification. The synergistic effect of electrochemical
mediator and catalytic material produced a sensitive electro-
chemical immunosensor that revealed a low limit of detection
of 10 pg mL "

SWV was also utilized. Moneris et al. designed a sensitive
immunosensor based on AuNPs for 17-p-estradiol (17b-E)
monitoring in real bovine serum samples.'**> The immunosen-
sor was constructed on a gold disk electrode modified with a
simple layer of cysteamine (Cys-Au electrode) grafted with
AuNPs. Over this structure was immobilized the anti-17b-E
monoclonal antibody (mADbE), thus obtaining a highly sensi-
tive and selective immunosensor towards the target molecule
(Fig. 9)."*

Ming et al. have introduced a novel folding aptasensor plat-
form featuring microfluidic channels specifically designed for
the label-free electrochemical detection of 17-p-Estradiol.’*?
They utilized an innovative nano-assembly comprising amine-
functionalized SWCNTs, methylene blue, and AuNPs to modify
a GCE working electrode, thereby enhancing the detection sen-
sitivity for estradiol. The calibration curve derived from experi-
mental data demonstrated a linear range spanning from 10 pg
mL™" to 500 ng mL™", with an achieved detection limit of 5 pg
mL~". Moreover, the platform underwent experiments for E2
detection in clinical serum, yielding results highly comparable

Nanoscale, 2024, 16,18134-18164 | 18149
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Fig. 9 Schematic presentation of the 17-p-estradiol electrochemical immunosensor based on Cys-Au electrode modified with gold nanoparticles

and anti-17-p-estradiol monoclonal antibody.*2

to those obtained using large electrochemical luminescence
apparatus. The proposed device is a portable, inexpensive, and
highly sensitive aptasensor platform that is capable of detect-
ing estradiol with high resolution in a real human sample.'*?

Zhao et al. have presented another electrochemical aptasen-
sor tailored for monitoring 17-f-estradiol in serum samples.'**
They  electrodeposited  poly(3,4-ethylenedioxythiophene)
(PEDOT)-graphene oxide (GO) coupled with Au@Pt nanocrys-
tals (Au@Pt) onto a GCE. Notably, the Au@Pt nanocrystals,
synthesized through a one-step reaction, were utilized for
immobilizing the aptamer specific to 17-p-estradiol, thereby
enhancing detection sensitivity. Upon the addition of 17-
B-estradiol the signal obtained through DPV gradually
decreased. Under optimal conditions, the calibration curve for
17-p-estradiol displayed a linear range spanning from 0.1 pM
to 1 nM, with an impressively low LOD of 0.08 pM. The devel-
oped aptasensor exhibited high selectivity, stability, and
reproducibility.***

An electrochemical progesterone aptasensor was success-
fully developed by Samie et al.'*® They utilized NiO-Au hybrid
nanofibers (NiO-AuNF) synthesized via the electrospinning
technique, combined with graphene quantum dots (GQDs)
along with MWCNTs to modify a screen-printed carbon elec-
trode (SPCE). This modification aimed to create an effective
immobilization matrix rich in carboxylic functional groups
essential for binding the progesterone-specific aptamer.
Transmission electron microscopy (TEM) images of the NiO-
Au nanocomposites revealed a highly porous structure com-
posed of numerous nanoparticles, providing a large surface
area and minimizing transport hindrance for subsequent cata-
lytic reactions. The aptasensor demonstrated a dynamic con-
centration range spanning from 0.01 to 1000 nM, with an
impressive detection limit of 1.86 pM. Furthermore, the pro-
posed aptasensor was successfully employed for determining
progesterone levels in human serum samples.'*’

A simple biosensor based on MIP was built by Laza et al.

for the determination of progesterone in calf serum

18150 | Nanoscale, 2024, 16, 18134-18164

samples.'*® Initially, AuNPs were electrochemically generated
on GCE to enhance the surface activity. Subsequently, the MIP
was deposited through the electropolymerization of amino-
phenol in the presence of the target analyte. The linear range
and LOD values achieved with this platform were determined
via SWV and found to be 0.2 to 125 nM and 0.17 nM, respect-
ively. The biosensor’s selectivity was evaluated against com-
pounds with similar structures to progesterone, demonstrating
no interference effects."*

2.2.3 Saliva samples. Saliva is gaining increasing reco-
gnition as an appealing diagnostic fluid for several reasons.
Firstly, it contains various salivary biomarkers that accurately
reflect both normal physiological states and disease conditions
in humans. These biomarkers provide valuable insights into
the health status of an individual. Secondly, saliva offers sig-
nificant advantages over traditional blood sampling methods.
Collecting saliva is non-invasive, painless, and relatively easy
compared with venous blood collection. Additionally, saliva
collection does not require highly trained medical personnel,
specialized equipment, or strict storage conditions, reducing
logistical challenges and costs associated with sample collec-
tion and transportation. Overall, the presence of disease-
related biomarkers in saliva coupled with the ease of sample
collection makes it a promising diagnostic fluid for a wide
range of applications in healthcare and biomedical
research."*’

2.2.3.1 Impedimetric biosensors. The identification of testos-
terone in saliva has been accomplished, prompting studies
into the reliability of salivary testosterone analysis. These
studies aim to establish a strong correlation between salivary
testosterone levels and serum testosterone concentration.™*®

Sun et al. developed an impedimetric immunosensor for
testosterone monitoring in saliva samples.'*® In this work the
self-assembled monolayer (SAM) of (3-aminopropyl)triethoxysi-
lane (APTES) formed onto an indium tin oxide (ITO) glass elec-
trode by immersion into APTES solution and then AuNPs were
dropcast on the modified electrode. Finally, the plates were

This journal is © The Royal Society of Chemistry 2024
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washed and left to dry under N, gas flow. The final step con-
sisted of dropcasting a solution of Ab-testosterone for the
immobilization of the antibody on the electrode thus obtain-
ing the desired immunosensor (Ab-testosterone/AuNPs/APTES/
ITO glass electrode). This developed sensor provided a linear
concentration of testosterone from 10 ng mL ™" to 0.5 pg mL ™,

with a limit of detection of 3.9 ng mL~"."*°

2.3 Insulin

The traditional electrochemical biosensors for insulin detec-
tion rely on the electroactivities of insulin due to the presence
of electroactive amino acid residues, such as tyrosine, histi-
dine, and cysteine, which are electro-active."® In the redox
process insulin contains three disulfide bonds, the redox
behaviour of which plays a crucial role in electrochemical
detection.’**? Under electrochemical activation, these di-
sulfide bonds can undergo reduction and oxidation processes,
influencing the electrochemical properties. In electrochemical
studies, insulin molecules adsorb onto the electrode surface,
forming a monolayer. This adsorption allows for the reduction
of disulfide linkages, resulting in the formation of thiol moi-
eties. These thiol groups can undergo re-oxidation, leading to
the reformation of the original disulfide bonds and release of
electrons. Therefore, insulin is adsorbed onto the electrode
surface, to which it transfers electrons due to the oxidation
process, resulting in a measurable electrochemical signal.
However, conventional bare electrodes are limited by slow
response (ca. 100 s) due to slow electron transfer kinetics and
the high potential required to electrocatalytically oxidize
insulin.'®" Bare electrodes generally require high energy to
induce electro-oxidation reaction of insulin, causing overpo-
tential, a common problem found in electrochemical electro-
des. Electrodes are rapidly deactivated resulting in the surface
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fouling issue. This is caused by radical products of the di-
sulfide oxidation process generated by anodic electrochemical
reaction of insulin, which adsorb and accumulate on the elec-
trode surface.”>'>® This therefore reduces the stability and
lifetime of the electrodes. Because of the surface fouling issue,
NPs have been incorporated into the electrodes to improve the
efficiency and performance of electrochemical sensors. It is
known that NPs with inherent catalytic activities can be used
as electron transfer mediators or catalyzers to facilitate elec-
tron transfer at the interface between an electrode and insulin,
leading to the reduction of voltage required for insulin oxi-
dation, which could significantly prolong the lifetime of elec-
trodes and increase electrochemical activities.

However, other interfering substances, such as uric acid,
glucose, and ascorbic acid, in sample matrices are also electro-
active and potentially influence electrochemical detection,
causing false positive results."®® Regarding specificity and
selectivity of non-immune electrodes, biological insulin reco-
gnition molecules, such as antibodies, aptamers, and MIPs
have been combined with NP-modified electrodes to allow
insulin binding and prevent undesired compounds approach-
ing the electrodes. However, the use of biological molecules
requires appropriate storage conditions to prevent protein
denaturation, with short lifetime of the modified electrodes.*®

Table 4 summarizes the characteristics and performances
of NP-based electrochemical biosensors for insulin in the
literature.

2.3.1 Serum samples. Serum is the most used sample in
diagnosis as it contains a high level of insulin. For this reason,
most studies have selected insulin serum as the model for
their tests in human samples.

2.3.1.1 Voltammetric biosensors. An electrochemical apta-
sensor based on a dual-signal strategy for detecting serum insulin

Table 4 Electrochemical nanoparticle-based biosensors for insulin detection

Nanoparticles Electrode Receptor Transducer Body fluid LOD Linear range Ref.
AuNPs Gold electrode Aptamer SWV Serum 0.1 pM (0.58 pg mL™") 10 pM-10 nM 157
IONPs and rGO MGCE MIP DPV Serum 3 pM 0.01 nM-1 nM 158
AuNP@MoS; GCE Antibody DPV Serum 0.05 pM 0.1 pM-1 nM 159
nanocomposites
Au@CusZng/HPCNC and GCE Antibody Amperometry Serum 0.453 fg mL™" 0.022 pg mL™'~ 160
AuNPs/NHG 222 ng/mL
DPV 0.341 fg mL™! 0.022 pg mL™'-11
ng mL™"
Chronoamperometry 0.0124 pg mL™! 0.1 pg mL™'-50

ng mL™*
PANP@MoS, GCE Antibody Amperometry Serum 0.52 pM 1.72 pM-17.2nM 161
Zn,Si0,-PdNPs and GCE Antibody Chronoamperometry Serum 0.25 fg mL™" 0.1 pg mL™" 162
AuINCs SWV 80 fg mL™! -1 to 50 ng mL™"

0.1 pg mL™"

—-50 ng mL ™"
CQDs GCE Aptamer EIS Serum 106.8 pM 0.5 nM-10 nM 163
AgNFs-decorated rGO ITO micro-disk Antibody EIS Serum 8.62 pM in buffer and 172.4 pM-172.4 165

electrode 12.07 pM in serum nM
AuNPs PGE Aptamer EIS Plasma and 0.27 nM (1.57 ng 1.0-1000.0 nM 168
urine mL ™)
Nano MIPs Screen printed MIP DPV Plasma 26 ftM 50-2000 pM 169
platinum electrodes

AuNPs SPCE Aptamer SWV Saliva 45 pM (0.26 ng mL™")  0.05-15 nM 170

This journal is © The Royal Society of Chemistry 2024
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was developed and demonstrated."”” Instead of directly measur-
ing insulin oxidation, the assay utilized a combination of methyl-
ene blue (MB) and a redox reporter (Fc) to generate simul-
taneously detectable electrochemical signals. Additionally, AuNPs
were employed as a catalyst. The preparation of the dual-probe
aptasensor and its SWV response are shown in Fig. 10.

The gold electrode was modified with a “signal-off” probe
(DNA1@MB-IBA) and a “signal-on” probe (DNA2Fc@GNPs/
DNA1@MB-IBA) (Fig. 10A).

Redox activities were generated by Fc and MB for the “on”
and “off” signals, respectively. In the absence of insulin, the
MB probe was initially closer to the electrode than the Fc
complex, allowing MB to effectively transfer electrons, result-
ing in a dominant off-signal observed at ~0.28 V (Fig. 10B).
Conversely, the on-signal of the Fc probe became more influ-
ential in the presence of insulin as the Fc complex approached
the electrode, resulting in an enhanced oxidation peak at 0.38
V while decreasing that of the MB probe due to the displace-
ment of the MB probe. AuNPs played a crucial role in mediat-
ing electron transfer to amplify electrochemical signal. In
Fig. 10C, the SWV signal of the electrode without AuNP modifi-
cation is displayed, and it points out an enhancement in the
electrochemical response compared with the AuNP-modified
electrode in Fig. 10B.

Due to the immobilization of aptamers, the aptasensor
demonstrated high specificity for insulin, even in the presence

A)

OO/
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of interfering substances. When tested in insulin-spiked
serum, the aptasensor showed analytical performance compar-
able to ELISA kits. Despite its high accuracy, sensitivity, and
specificity for insulin determination, this dual-probe aptasen-
sor is single-use and cannot be utilized for continuous
measurement due to the immediate displacement of insulin
upon insulin binding.

The specificity of electrochemical sensors toward insulin is
one of the most important factors to be considered, as several
blood components are electroactive. The employment of bio-
molecules certainly enables a high specific binding property;
however, it may decrease the stability of the sensor, and needs
special conditions for long-term storage. To overcome the
limitations of using biorecognition molecules, researchers
have recently integrated the MIP technique with the electro-
chemical sensor due to its high specificity, available multiple
binding sites, and signal regeneration capability.

Despite the high targeting capability of immune-based
electrochemical sensors for analytes, the stability of bio-
recognition molecules remains a major concern. To address
this limitation, Zhu et al. demonstrated electromagnetic MIP
(EMMIP) showing the use of magnetic NPs in electrochemical
biosensors."”® They prepared an insulin-MIP membrane using
ternary Fe;0,@rGO/PANI NPs (MGP NPs). Fe;0, NPs were pre-
pared on rGO sheets followed by polymerization of polyaniline
(PANI) in the presence of insulin templates (Fig. 11).

1200

signal-off probe 900}
MCH
a b
signal-on probe - 0
-~
; 300
> AN fl A\
> o) /\ i e

A J‘{ N
S @\ v
\/_ insulin

N\

D thiolated DNA1

0 INA2
g S MBIBA JJ
> 3

Q y
S signal-off
O GNPs /§ probe /\J:!?‘g

SH-Fc

signal-on

probe

:
,§

Au clectrode

Fig. 10 Schematics of a dual-probe electrochemical aptasensor. (A) Preparation of the Fc and MB probes on a gold electrode and the displacement
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This method exploited the unique characteristics of various
materials to improve efficiency of electrochemical biosensors.
PANI polymer and rGO are electrically conductive and influ-
ence electrocatalytic activity, promoting electron transfer at the
interface. PANI was also used as an MIP membrane for insulin
recognition. Unlike other studies, the role played by metallic
NPs did not involve an enhancement of the electrochemical
reaction, but the magnetic NPs were utilized to facilitate elec-
trode regeneration.

Due to the embedding of Fe;0, NPs, the EMMIP membrane
was responsive to the external magnetic force of a magnetic
glassy carbon electrode (MGCE). Consequently, the MIP mem-
brane was magnetically controllable. The adsorption of the
EMMIP membrane could be controlled by applying or remov-
ing the external magnetic force of the MGCE.

Disadvantages of the conventional molecular imprinting
technique include the degradation of protein during polymer-
ization, such as exposure to high temperature, and it is
difficult to imprint large and structurally complex molecules,
which restricts their diffusivity. Surface imprinting is impor-
tant as the imprinted sites are close to or at the surface of
MIPs, avoiding the protein embedment in the polymer matrix,
and thereby making the elution and rebinding of the target
protein easier. It is superior to conventional imprinting
process.

In conventional MIP electrodes, the electrode regeneration
process is often complex and time-consuming. The EMMIP
technique offers a convenient and rapid method for electrode
regeneration by utilizing the magnetic properties of Fe;O,

This journal is © The Royal Society of Chemistry 2024
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NPs. The EMMIP membrane preparation and insulin elution
can be performed independently without the electrode, allow-
ing for the removal of the EMMIP membrane and reloading of
a fresh EMMIP membrane within 15-20 min under magnetic
activation. This facilitates high-throughput analysis.

The study by Zhu et al. demonstrated the crucial role played
by PANI in both insulin binding and electrochemical perform-
ance. Insufficient PANI loading resulted in reduced binding
sites and a weaker electrochemical signal, while excessive PANI
loading led to excessive crosslinking and hindered insulin
template removal.

The EMMIP sensor exhibited good selectivity towards
insulin in the presence of interfering substances and ions. The
EMMIPs maintained their reusability for up to 10 times of
insulin elution, adsorption, and measurement. Moreover, they
could be stored for up to 20 d while retaining 90% of initial
performance. The EMMIP assays showed a strong correlation
with the results obtained from radioimmunoassays, validating
their accuracy.

Overall, the EMMIP technique is a facile, simple, and con-
venient method for the sensitive and specific determination of
insulin in complex serum samples. The magnetic properties of
Fe;0, NPs enable rapid electrode regeneration and facilitate
high-throughput analysis. The EMMIP sensor exhibits high
sensitivity, selectivity, and reusability, making it a promising
tool for insulin detection in clinical and research settings.

A sandwich-based electrochemical immunoassay for deter-
mining insulin was developed by Sun et al.'** An enhancement
of sensitivity was achieved using MoS, nanosheets decorated
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with AuNPs while its specificity was enabled by the immobiliz-
ation of antibodies. The presence of MoS, nanosheets gave
advantages of high specific surface area and excellent synergis-
tic enhancement of the electrochemical response with metal
NPs. AuNPs were in situ grown on MoS, nanosheets in their
study. As a result, the nanocomposites were conductive and
accelerated charge transfer at electrode surface. Furthermore, a
hybridization chain reaction (HCR) was introduced to their
immunoassay to further amplify electrochemical signal. The
signalling molecules, RuHex, were electrostatically attached to
DNA helices, resulting in 2.8-fold signal enhancement. This
immunoassay showed good specificity, reproducibility, and
stability. In the interference investigation, their immunoassay
was selective to insulin, and other feasible molecules such as
BSA, carcinoembryonic antigen (CEA), prostate-specific
antigen (PSA), platelet-derived growth factor (PDGF) and vascu-
lar endothelial growth factor (VEGF) did not interfere with the
detection. The immunosensor was stable for 2 weeks when
stored at 4 °C. Moreover, the immunosensor could be used in
a complex matrix of serum, showing recoveries between
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96.0-106.4%, probably because of the presence of impurities
in the sample. However, this method requires multiple steps
which raise the complexity of the analysis.

Amperometry is also utilized among the voltammetric tech-
niques. Each material presents unique advantages for enhan-
cing electrochemical performance. Recent research has com-
bined the strengths of various nanomaterials to achieve
improved electrochemical detection of serum insulin.'®® One
study involved the fabrication of nanocomposites: Au-adhered
bimetallic CusZng hollow porous carbon nanocubes
(Au@CusZng/HPCNC) and AuNP-deposited nitrogen-doped
holey graphene (AuNPs/NHG), which were employed in a sand-
wiched immunoassay (Fig. 12).

The excellent performance of insulin detection was attribu-
ted to the synergy between the large electrocatalytically active
area of Au@CusZng/HPCNC and the electrical conductivity of
AuNPs/NHG. The bimetallic CusZng nanomaterials possessed
inherent catalytic properties, making them excellent catalysts.
When coupled with Au, they accelerated electron transfer at
the GCE interface. Additionally, CusZng/HPCNC catalyzed the
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Fig. 12 Preparation of (A) Au@CusZng/HPCNC/Ab, and (B) NHG. (C) Preparation of immune-based electrochemical biosensors.*¢°
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reduction reaction of H,O, during amperometric measure-
ments and enhanced the sensitivity of the DPV technique by
speeding up electron transfer. Therefore, AuNPs/NHG
enhanced electron transport while Au@CusZng/HPCNC acted
as a signal amplifier, enabling more sensitive insulin
detection.

The high conductivity and surface area of AuNPs/NHG,
which contributed to accelerating electron transfer, were con-
firmed by CV and EIS in this study. No interference from other
hormones, including leptin (LEP), ghrelin (GHRL), or other
molecules such as dopamine (DA), BSA, or glucose (GLU), was
observed.

Despite the incorporation of antibodies, the sensor exhibi-
ted good stability with 20 cycles of measurement and long-
term storage of 11 d at 4 °C. The developed immunosensor
was validated in human serum using electrochemical and
ELISA techniques. The results obtained from these methods
showed good correlation, indicating high reliability.
Nonetheless, the total analysis time was 170 min, with 90 min
for insulin binding and 80 min for AuNPs/NHG binding.
Additionally, the efficiency of this immunosensor was tempera-
ture-dependent.

Another research group demonstrated the fabrication of an
H,0,-based electrochemical immunosensor.'®" To improve
analytical performance, the electrode was modified with
PdNPs functionalized with MoS, followed by antibody immo-
bilization. Amorphous MoS, provided a large surface area for
the attachment of PANPs and antibodies. The presence of
PdNPs promoted catalysis of H,O, reduction via a synergistic
effect leading to great current response enhancement. In
terms of specificity, the immunosensor exhibited high speci-
ficity toward insulin in the presence of prostate specific
antigen, IgG, and CEA. The electrode could perform for 60
cycles and the lifetime was 18 d. Moreover, the immunosensor
was tested with insulin in a serum matrix, showing recoveries
of 95.3-102.8%, suggesting high accuracy.

Development of the electrochemical enhancement tech-
nique related to metallic NPs was also demonstrated by Li
et al. in 2018."%> Their sandwich immunosensor was based on
the use of PdNP-decorated zinc silicate spheres (Zn,SiO,-
PdNPs) in the detection of insulin in human serum. This was
a dual-function technique which was suitable for both SWv
and chronoamperometric measurements, resulting in ultralow
LOD.

Two NPs were included in their dual-function signal
enhancement technique: Zn,SiO,-PdNPs and gold icosahedra
nanocrystals (AuINCs). Zn,SiO,-PdNPs possessed excellent
electrocatalytic properties toward H,O, reduction, thus improv-
ing the sensitivity of the chronoamperometry. In the mean-
time, Zn,SiO,-PdNPs hindered electron exchange at the elec-
trode interface which, on the other hand, increased the
current change and therefore positively affected the sensitivity
of SWV detection. In case of AuINCs, they were introduced
into the immunosensor for the immobilization of antibodies
as they could attach with biomolecules tighter than the spheri-
cal shape.

This journal is © The Royal Society of Chemistry 2024
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The electrochemical signal exhibited maximized analytical
efficiency at physiological pH, making the immunosensor in
this study suitable for clinical applications. PSA, hepatitis B
surface antigen (HBsAg), CEA and human serum albumin did
not show significant electrochemical responses compared with
the signals of insulin. After 2 weeks of storage, the signal of
this dual-function assay reduced by 4.8%. The immunosensor
was tested with insulin-spiked serum samples and exhibited
good relative standard deviation (RSD) and recovery rate.
Hence, selectivity and stability were acceptable while the LOD
was extremely low with wide linear working range.

2.3.1.2 Impedimetric biosensors. A simple, cheap, and facile
preparation to modify electrodes using carbon quantum dots
(CQDs) was proposed by Abazar and Noorbakhsh.'®* CQDs
were dispersed in a chitosan matrix to homogeneously distri-
bute onto the electrode surface via electrostatic attraction. The
CQD-chitosan nanocomposite offered feasibility for further
biofunctionalization to enable selectivity toward insulin.
Moreover, it was reported that CQDs were effective in prevent-
ing electrode fouling.'®* Insulin exposure led to a blocking
effect because of structural conformation of the aptamer to
bind insulin molecules. This resulted in an extreme increase
in resistance using EIS measurement. Feasible interfering
species including BSA, ascorbic acid, uric acid, and r-cysteine,
did not affect insulin detection due to the presence of apta-
mers. The analytical performance of the impedimetric apta-
sensor developed in this study was investigated with serum
samples and revealed recoveries of 96.8-105.6%, showing great
accuracy. Moreover, in comparison with commercial methods,
the developed CDQ-chitosan based aptasensor showed recov-
ery rates of 98.5-101.9%. The modified electrode could be kept
at 4 °C for a week. However, as aptamer was used, the reaction
was optimized at 60 min incubation.

Noble metallic silver nanoflowers (AgNFs) coupled with
rGO nanocomposites were reported for the modification of
electrodes for insulin detection.'®® Insulin molecules were
recognized by antibody-immobilized AgNF-rGO on the elec-
trode. Both AgNFs and rGO possessed excellent electrical con-
ductivity. The presence of AgNFs increased the intensity and
density of the electric field, making the nanocomposites more
electrically conductive. Therefore, the synergistic effect
between AgNFs and rGO resulted in significant acceleration of
the electron transfer rate and therefore enhancement of the
impedance response. The binding of insulin caused the incre-
ment of impedance which was proportional to insulin concen-
tration. This impedimetric immunosensor was selective to
insulin in the presence of C-reactive protein and BSA. The
study noted the reusability, reproducibility, and stability (1
week) of the immunosensor.

2.3.2 Plasma samples. Beside human serum, a sufficient
amount of insulin can be found in plasma samples for extrac-
tion for electrochemical quantification. Previous research
suggests that there is no significant difference between the
concentration of insulin in serum and plasma.'®® However,
plasma insulin is more inconsistent than serum insulin,
leading to lower reproducibility of results for insulin diagno-
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sis."®”” Some research still focuses on the quantification of
plasma insulin and will be discussed in this section.

2.3.2.1 Impedimetric biosensors. An immune-based electro-
chemical sensor integrating AuNPs and a conductive polymer
was developed by Ensafi et al. for plasma insulin determi-
nation.'®® The surface of a pencil graphite electrode (PGE) was
electrodeposited with a conductive poly-orthophenylene
diamine polymer to enhance charge transfer and provide a
porous structure for the attachment of AuNPs and insulin-
recognizing aptamers. The successful fabrication resulted in a
dramatic increase in insulin-electrode interaction and electro-
catalytic activity. Attributed to the stability of the aptamers, the
modified electrode retained acceptable electrochemical activity
with up to 10 d of storage. Aptamers provided the modified
electrode with the ability to recognize insulin. Nonetheless,
the interaction between aptamers and insulin took 90 min to
complete, possibly due to the slow binding kinetics of apta-
mers. Furthermore, a poly-orthophenylene diamine polymer
was introduced to the PGE to increase analytical performance.
However, it was found that the polymer coating could reduce
specificity. Polymeric pores induced non-specific absorption of
plasma proteins, as the electrooxidation of BSA, luteinizing
hormone, and follicle-stimulating hormone was observed. The
study pointed out the importance of optimizing the polymer
thickness. Despite these limitations, the proposed electrode
exhibited impressive outcomes with insulin-spiked plasma
samples. The evaluation of this aptasensor with 50 nM and 70
nM insulin in plasma showed recoveries of 103% and 88.9%,
respectively.

2.3.2.2 Voltammetric biosensors. The integration of bio-
molecules into electrochemical biosensors leads to the
increase of logistical and storage costs. Although biomimetic
MIP has been utilized in electrochemical biosensors, it has
suffered with the complexity of biological samples, thus
decreasing in reliability, and may not be practical for the clini-
cal diagnosis of insulin. To address the challenge, Garcia Cruz
et al. developed an electrochemical sensor using MIP nano-
particles (nanoMIPs) which was compatible with the complex
matrix of serum.'® The polymeric monomer formulation was
computationally designed and then optimized in their
research to achieve maximum sensitivity and selectivity for
insulin determination.

Electroactive ferrocenylmethyl methacrylate monomer was
presented in nanoMIP during fabrication as a redox probe.
Hence, nanoMIPs provide insulin-capturing and signal-report-
ing activities. The recognition of insulin resulted in the
change of electron transfer of ferrocence and a subsequent
increase in current response, which was found to be pro-
portional to insulin concentration. The nanoMIP-based
electrochemical sensor developed in this study was highly
robust as it could be kept for 168 d at 4 °C, showing extreme
stability compared with the other reports mentioned earlier. In
selectivity testing, it showed negligible response to potential
interferences in blood including haemoglobin, human serum
albumin, and human proinsulin C-peptide. According to this
report, the nanoMIP-based electrochemical detection was
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reproducible and accurate. Utilizing nanoMIPs offers several
advantages such as high number of insulin-recognition sites,
high stability, and high feasibility for clinical use. Moreover,
the cost of production is lower than for other biomolecule-
based sensors, making it more friendly for mass production at
an industrial scale.

2.3.3 Other biological fluids. Blood is the predominant
source of insulin, making it widely favoured for insulin detec-
tion in clinical settings. However, traditional blood-based
insulin detection methods are invasive, requiring a small
volume of blood to be drawn. Since insulin is not only avail-
able in the bloodstream, alternative body fluids, such as urine,
sweat, and saliva, offer more non-invasive approaches for
insulin detection. This section will discuss the use of alterna-
tive body fluids for insulin detection.

The use of urine as an alternative source for insulin detec-
tion offers several advantages over blood-based methods.
Urine collection is non-invasive, painless, and can be per-
formed multiple times throughout the day, allowing for con-
tinuous monitoring of insulin levels. Additionally, urine
samples are less susceptible to interference from other pro-
teins and compounds, potentially enhancing the accuracy of
insulin detection.

The aptamer-based electrochemical sensor developed by
Ensafi et al,, mentioned earlier in this review, also demon-
strated the ability to identify insulin levels from urine
samples.'®® Using the same PGE modification with AuNPs and
poly-orthophenylene diamine polymer, EIS measurements
revealed that the recovery rate for insulin determination in
insulin-spiked urine (50-100 nM) was 93.0-94.0%. Other pro-
teins did not interfere with the detection.

Nonetheless, urine-based insulin detection presents certain
challenges. The concentration of insulin in urine is consider-
ably lower than in blood, necessitating the development of
more sensitive detection methods. Additionally, the presence
of other metabolites and compounds in urine can potentially
interfere with insulin detection.

The fabrication of a gold-modified aptasensor for insulin
detection has been previously described. However, these
methods typically rely on invasive blood collection. Recent
efforts have demonstrated a promising non-invasive method to
translate electrochemical insulin and glucose detection to a
PoC device.'’® The authors demonstrated a miniaturized
electrochemical assay for the prediction of prediabetes from
saliva samples using a smartphone to facilitate home testing.
An illustration of the configurative structure of the dual-
marker aptasensor for insulin and glucose detection is shown
in Fig. 13. AuNPs were chemically formed on the SPCE, fol-
lowed by immobilization of MB-modified aptamers to simul-
taneously recognize insulin and glucose from the samples.
This assembly was then integrated into a portable biochip for
wireless analysis.

In the assay, the MB compound was responsible for gener-
ating redox activity, while AuNPs enhanced conductivity at the
interface. Initially, the MB tags were positioned close to the
sensing interface leading to substantial current responses for

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02075h

Open Access Article. Published on 29 1403. Downloaded on 15/12/1404 08:44:32 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Reduction

SPCE-AuNPs-GluApt-MB

View Article Online

Review

C *
—
Glucose \ 45
< 4
E
§ 35
£
3 M\MM
O 31
7 —u - ~ PV
’ > . 25 ——without glucose
* oo ~——without insulin
< of ~ 2
> 04 03 0.2 01
Insulin Potential V

SPCE-AuNPs-InsApt-MB

Fig. 13 Diagram of the simultaneous detection of insulin and glucose using the smartphone-assisted electrochemical aptasensor, measured by

amperometric technique.'’®

both redox probes. The insulin- and glucose-aptamers
responded to the presence of insulin and glucose by under-
going conformational changes that allowed them to capture
these target compounds. The morphological alteration of the
aptamers dislocated the MB tags farther away from the elec-
trode surface, decreasing in the electrical currents of the
corresponding channels.

The study not only presented the simultaneous detection
capability and exceptional analytical efficiency of their apta-
sensor, but also exploited the switchable structure feature of
the aptamers to enable real-time monitoring of these analytes.
The reversibility of the current signal could be easily controlled
by disrupting the G-quadruplex formation of the aptamers.'”"

Owing to the high specificity of engineered aptamers, particu-
larly towards insulin and glucose, no cross-reaction between
insulin-aptamers and glucose, or between glucose-aptamers and
insulin, was observed. Moreover, human immunoglobulin (IgG),
BSA, interferon-y (IFN-y), and VEGF did not interfere with the
detection of insulin and glucose. The modified aptasensor pro-
vided long-term storage of 30 d at 4 °C.

The feasibility of the portable aptasensor was evaluated
with spiked saliva samples, demonstrating high reliability with
recovery rates of 92.0-98.8% and 95.1-104.1% for insulin and
glucose, respectively. Under optimization, the aptasensor
required 30 min for antigen-aptamer interaction completion
to maximize sensitivity. The operational period was shorter
than that of the continuous monitoring MIP cryogel sensor
(55 min)'”> and electrochemiluminescence (ECL) aptasensor
(135 min).'”?

Overall, this aptasensor offered simple electrode prepa-
ration, continuous measurement, non-invasiveness, and feasi-
bility for being a PoC device for predicting pre-diabetic
progression.

This journal is © The Royal Society of Chemistry 2024

2.4 Thyroid-stimulating hormone

Table 5 summarizes the characteristics and performances of
nanoparticle-based EIS biosensors for TSH in the literature.

2.4.1. Serum samples. TSH is monitored in serum samples
by electrochemical biosensors principally based on AuNPs
combined with other chemical compounds to obtain highly
sensitive platforms.

2.4.1.1 Impedimetric biosensors.. Saxena et al. presented an
immunosensor for the quantification of TSH by the EIS tech-
nique that showed a high sensitivity and selectivity of the sensor,
with a LOD value of 0.001 pIU mL™" and a linear concentration
range between 0.001 and 150 pIU mL™"."”* A SPCE was functiona-
lized by the addition of APTES that added free amino groups
onto the surface of the electrode. After that, the electrode was
further modified with AuNPs and cystamine dihydrochloride
which bound with NPs and provided free amine groups. At the
end, anti-TSH antibody was immobilized over the electrode with
a direct immobilization. Thanks to EIS analysis it was possible to
note a high affinity and selectivity for TSH molecule."”

In another work AuNPs were used to build a biosensor for
TSH monitoring in serum samples by Beitollahi et al.'”® An ionic
liquid/ carbon paste electrode (CILE) was modified with AuNPs
and thioglycolic acid (TGA) that activated the surface of the elec-
trode. After that, the thyroid-stimulating hormone immunosensor

Table 5 Electrochemical Au nanoparticle-based biosensors for TSH
detection in the serum using antibody as receptor

Electrode LOD Linear range Ref.
SPCE 0.001p IU mL™* 0.001-150 pIU mL™" 174
CILE 0.1 ng mL™" 0.2-90 ng mL ™" 175
Gold-SPE — — 176
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was developed with the conjugation of TSH antibody by a
covalent bond to the TGA/AuNPs/CILE platform. Before the
measurement by EIS, the electrode was incubated with various
concentrations of TSH and with horseradish peroxidase (HRP)-
labeled TSH antibody. This TSH immunosensor showed a LOD of
0.1 ng mL" and the peak current growth with the increase in the
concentration of TSH from 0.2 to 90.0 ng mL """

Saxena and colleagues proposed an impedimetric immuno-
sensor based on AuNPs for TSH monitoring in serum samples."”®
Through EIS the concentration of TSH was detected by a novel
immunosensor obtained by the modification of a gold SPE.
Firstly, cysteamine hydrochloride was added onto a SPE; this was
followed by the dropcast of colloidal AuNPs onto the functiona-
lized working electrode. Cysteamine hydrochloride was added
again onto the AuNP-modified electrode leading to AuNP-cata-
lyzed amide bond formation with free amine groups on the plat-
form. As a final step anti-TSH antibody was added to the built
immunosensor. This work was based on the choice of the most
suitable circuit used in EIS analysis for obtaining an EIS-based
diagnostic device for TSH detection.'”®

2.5 Growth hormone

Table 6 summarizes the characteristics and performances of
NP-based electrochemical biosensors for GH in the literature.

2.5.1 Serum samples. Because the concentration of growth
hormone is very variable, and very low in the periods between
pulses, analysis of the serum fraction of blood samples is a
promising target for analysis for its relative concentration.

2.5.1.1. Impedimetric biosensors. For its sensitivity EIS is
the most common technique used to detect the presence of
growth hormone in serum. Two research groups, Rezaei B.
et al. and Allafchian A. R. et al., have developed two different
types of NP-based electrochemical biosensors for the detection
of growth hormone."””"'7®

Rezaei et al. described an electrode made of gold covered in
AuNPs modified with 1,6-hexanedithiol (HDT) and functiona-
lized with growth hormone-selective antibodies."””

Allafchian et al. utilized nanostructures of diphenylalanine
deposited on the surface of GCE and modified with GH anti-
bodies. When deposited and dried, diphenylalanine self-
assembled in a flower-like structure approximately 20 pm in
diameter."”®

The technique of EIS was also used to measure the quantity
of GH that can be found in plasma, as reported by Bohlooli
et al. in 2021. In their report Bohlooli et al. created an electro-
chemical biosensor based on a glass carbon electrode on
which were deposited Fe;0, NPs; the electrode was then func-

Table 6 Electrochemical nanoparticle-based biosensors for GH detection
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tionalized with a layer of MIP (PANI) to detect the presence of
growth hormone.'”®

2.5.1.2 Voltammetric biosensors. To find a solution to the
challenge of studying the concentration of growth hormone in
serum samples, different types of electrochemical biosensors
based on NPs and exploiting different electrochemical analyti-
cal methods have been developed.

Serafin et al. in 2012 and later in 2014 developed two
different types of NP-based electrochemical biosensors for the
detection and quantification of GH in serum or saliva
samples. In 2012 they developed a biosensor able to detect GH
by SWV, and in 2014 they developed biosensors for the analysis
of GH and prolactin by DPV in serum and saliva.®>*%° In 2012
they developed an electrochemical biosensor based on mag-
netic beads functionalized with anti-hGH (human growth
hormone) antibodies; when in contact with GH the beads
trapped the GH and became targets for the interaction with
another aliquot of antibody molecules on which a third func-
tionalized antibody was connected. The functionalization on
the last antibody produced a signal when exposed to SWYV,
which was proportional to the amount of GH trapped by the
magnetic beads. The magnetic properties of the beads were
used to drive the nanoparticles with attached antibodies
complex to the surface of the electrode.®® In 2014 Serafin et al.
realized an electrochemical biosensor based on a carbon
printed electrode modified with carbon nanotubes on which
was deposited a layer of poly(3,4-ethylenedioxythiophene)
(PEDOT) NPs. On the surface of the modified electrode a layer
of AuNPs was deposited and antibodies for hGH and prolactin
were attached. In presence of either hGH or prolactin these
electrodes could interact with dopamine, generating a detect-
able change on the peaks’ shape of the DPV cycle.'®® This
system was used to detect hGH and prolactin both in serum
and in saliva with similar results.

3. Wearable biosensors for
hormones detection

The development of comfortable, non-invasive biosensors to
detect hormones in real time is becoming a real need. Real-
time monitoring of hormones is possible with the develop-
ment of wearable biosensors which allow their continuous
detection in epidermal biofluids, such as ISF and sweat.
Therefore, wearable biosensors technology has undergone
great expansion in the last decade.'®"®> However, so far not
many studies are available in this area.'®¢*8°

Nanoparticles Electrode Receptor Transducer Bodily fluid  LOD Linear range Ref.
AuNPs Au Anti-hGH EIS Serum 93.0fM  135.6 fM-4.52 pM 177
Diphenylalanine nanoflowers GCE Anti-hGH EIS Serum 17.2fM  4.52 fM-4.52nM 178
Fe;04 GCE MIP EIS Plasma 2.71pM 4.52 pM-4.52nM 179
Magnetic beads Au/CPE Anti-hGH/hGH/Anti-hGH-labeled SWV Serum 226 fM 452 fM-4.52 nM 89

CNT/PEDOT NPs CPE Anti-hGH DPV Serum/saliva 199 aM  45.2 fM-45.2 nM 180
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The main common issue to overcome in wearable device
biosensors is the difficult electrode surface regeneration,
which may cause poor reproducibility, thus affecting the possi-
bility of continuous monitoring. Surface contamination, due
to the accumulation of proteins and cells during continuous
usage, may decrease the sensor sensitivity with consequent
signal loss. Another issue is the use of nanomaterials, which is
strictly dependent on their biocompatibility and biological cell
safety. It is necessary that the NPs employed are totally bio-
compatible, as cytotoxicity could represent a severe hazard for
clinical applications, due to the direct contact between the bio-
sensor surface and the human skin.

Four works have been recently published in the literature
regarding hormone detection with wearable devices.

In the first work, Mugo et al. developed a wearable textile
electrochemical biosensor fabricated on a flexible cotton textile
substrate, on which a layer of polyaniline decorated with carbon
nanotubes and cellulose nanocrystals was deposited, to improve
the electrical conductivity of the substrate. On this layer AuNPs
and a MIP layer were formed and ensured selective capture of the
cortisol molecule. With this set up Mugo et al. have achieved a
LOD of 22.1 nM and a linear range between 27 nM and 136.6 nM
in human sweat, with the biosensor being wearable as a patch
and reusable for 15 measurements in a 30 d period. To ensure
complete removal of cortisol in order to allow repeated measure-
ment, 45 CV cycles were applied (—1.0-1.0 V range, 0.1 V s~ " scan
rate), and the phosphate buffer was replaced every 15 cycles.'*

The integration of microfluidic technologies and wearable
biosensors has also been utilized in laboratory medicine appli-

Reaction
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Adsorbent
Pad
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cations. A recent study by Lee and co-workers depicted a wear-
able lab-on-a-patch (LOP) platform comprising a stretchable,
label-free, impedimetric biosensor and a stretchable microflui-
dic device for on-body non-invasive immunodetection of corti-
sol. This device utilized a 3D nanostructured Au working elec-
trode and could detect cortisol in sweat at pM levels.**

Fiore et al. (Fig. 14) used a printed electrode modified with
carbon black/Prussian blue NPs (CB/PB-NPs) as support for
their electrochemical biosensor. On the printed electrode they
deposited magnetic beads modified with a layer of antibodies
supporting a layer of monoclonal cortisol antibodies, in order
to have a functional distance between the beads and the anti-
body. The test devised by Fiore et al. works as a competitive
assay, in which enough cortisol is modified with acetylcholin-
esterase to saturate the magnetic beads; in the presence of
unmodified cortisol from a sweat sample, the marked cortisol
is displaced and the signal generated by the system is reduced.
With this system Fiore and collaborators reached an LOD of
8.3 nM and a linear range between 27.6 nM and 386.2 nM.
Compared with the other biosensors in this section those of
Fiore L. et al. are the least sensitive, but they are still sensitive
enough to detect sweat cortisol levels of 8 ng mL™" to 140 ng
mL™"; as a trade-off the result of the analysis can be read
directly from a wearable patch on the patient using a NFC-
capable smartphone and a dedicated app.*®*

There is only one paper regarding a wearable nanobiosen-
sor for real-time oestradiol monitoring in sweat (Ye et al.). The
device was based on aptamers appropriately attached to a
MXene surface modified with AuNPs and bound to single-
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AChE: Acetyicholinesterase
ATCh: Acetylthiocholine
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Fig. 14 Mechanism of action of an electrochemical biosensor with printed electrode modified with carbon black/Prussian blue nanoparticles.!%?

This journal is © The Royal Society of Chemistry 2024
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stranded DNA molecules tagged with a molecule that can
directly donate or accept electrons under certain conditions.
When an aptamer binds to an oestradiol molecule, it releases
the redox molecule. That molecule is then recaptured by a
nearby electrode, generating an electrical signal that correlates
with the oestradiol level. The device was able to wirelessly
transmit the data it collected to an app that runs on a smart
phone, providing a simple interface for the users. Another
innovation of this device was the design of the microfluidics
that collected sweat and channelled it into the sensor. Tiny
automatic valves incorporated in the microfluidics allowed
only a small, fixed amount of sweat into the sensor and then
prevented additional sweat from entering. The design enabled
stable estradiol analysis without additional sweat disturbing
the process. Moreover, to account for differences in sweat com-
position, the device also collected information about sweat
pH, sweat salt levels, and skin temperature, and used it for
real-time calibration. The biosensor offers extraordinary sensi-
tivity with an ultra-low limit of detection of 0.14 pM.'*?

Despite the great research efforts made in several labora-
tories, the wearable devices developed in this field are still
proofs-of-concept, and further research is still needed.

4. Conclusions and future
perspectives

In this review, recent advances in NP-based biosensors for
hormone detection are discussed, focusing on principles, tech-
niques, and biological fluids of detection. Various electrochemical
platforms and microfabrication techniques are described and
compared, in order to improve the performance of biosensors, in
terms of sensitivity, power output and reproducibility.

As shown in Tables 2-6, compared with the voltammetric
biosensors reported for all hormones, the performance in
terms of linear range and LOD of the reported impedimetric
biosensors was weaker in these two aspects. Regarding the bio-
logical fluid of detection, all hormones have been detected in
serum. Cortisol, insulin, testosterone, and GH were also deter-
mined in saliva, whereas urine was chosen in several works for
sex hormone biosensor testing. It is interesting to note that
TSH was detected only via EIS in serum samples, and that cor-
tisol was the only hormone to be detected in human sweat,
both with voltammetric and impedimetric transduction, but
once again the voltammetric mode gave lower LODs, in the
fempto-aptomolar range (Table 2).

The combination of biorecognition elements with innova-
tive NPs holds much promise for enhancing hormone detec-
tion. However, there are still limitations and challenges to
overcome for further application and commercialization.

Although NP-based biosensors for hormone detection are
well developed, no commercially available device for PoC use
exists yet, and the path towards commercialization of wearable
technologies is even tougher.

Effectively, only very few start-up companies around the
world have commercialized microneedle-based devices, like

18160 | Nanoscale, 2024, 16, 18134-18164
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Caura (UK) for simultaneous glucose and heart rate detection
and Nutromics (Australia) for the continuous measurement of
a range of micronutrients.

The main challenges for the development of microneedle-
based platforms are the following: (i) the biofouling effect with
consequent decrease of sensor reproducibility and lifetime; (ii)
the low biocompatibility of the device, which can cause local
skin inflammation; (iii) deficiencies in the calibration and vali-
dation protocols, which limit the accuracy of the device. Of
course, the intense scientific work in this area shows great
promise, but the major problem to overcome toward their
possible marketization remains the gap existing between aca-
demic research and industry, together with the difficulties
related to obtaining formal approvals for in vivo research
studies. Moreover, the clinical significance of wearable testing
data is another important issue which needs to be addressed.

However, it is very important to keep in mind that the success-
ful realization of these challenging targets will be reached only by
multidisciplinary work between electrochemistry, nano- and bio-
engineering, electronics, and medical communities.

For the successful translation of “proof-of-concept” wear-
able biosensors into marketable PoC devices, an appropriate
interface with smartphone-based wireless devices and algor-
ithm-based applications has to be developed. At present, two
technologies are used for real-time data streaming and ana-
lysis in wearable sensing devices: low-energy Bluetooth and
NFC. Unfortunately, both of them have obvious drawbacks; for
example, NFC needs to be close to the receiver electronics to
work well. Therefore, a transmission system that achieves the
ideal connection has yet to be developed. The integration of
machine learning algorithms with smartphone-based sensors
has the potential to lead to highly accurate analytical results.

In the near future, the development of all these techno-
logies will be certainly scaled-up to the industrial level, and
the amalgamation of hormone biosensors/wireless communi-
cation/data analysis platforms presents great potential for real-
time remote health monitoring and personalized medicine
development.
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