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Lateral flow assays for hormone detection
Leena Khelifa,? Yubing Hu, @*2 Nan Jiang @*® and Ali K. Yetisen @2

Endocrine diseases are the fifth most common cause of death and have a considerable impact on society
given that they induce long-term morbidity in patients. For many decades, the measurement of hormones
has been of great interest since this can be used to diagnose a plethora of pathological conditions. As a
result, the endocrine testing market has experienced exponential growth. Several techniques have been
utilised for the detection of hormones; however, they are expensive, laborious and require specialist
training. Conversely, lateral flow assays (LFAs) are cheap (<£1) and rapid (<5 min) devices. LFAs typically rely
on biochemical interactions between antibodies and antigens to produce coloured signals proportional to
analyte concentrations, which can be visually inspected. Given their simplicity, LFAs are now considered
the most attractive point-of-care device in medicine. However, the measurement of hormones in biofluids
using LFAs faces many challenges including (i) the necessity for sensitive detection methods, (i) the need
for multiplexed devices for the confirmation of a diagnosis, and (iii) difficulties in sample preparation and
pre-concentration. As such, most hormone LFAs remain in the research phase, and the few that have been
commercialised require further optimisation before they can be employed for routine use. This review
summarises the basic principles underlying lateral flow technology and provides an overview of recent
advances, challenges, and potential solutions for the detection of hormone biomarkers via LFAs. Finally,
hormone LFA kits available on the market are presented, with a look towards future developments and
trends in the field.

1. Introduction

Finite control of vital metabolic functions is facilitated by the
secretion of hormones by numerous glands in the body"?
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several conditions, many of which result in severe morbidity
and a myriad of downstream systemic effects. Thus, the
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measurement and monitoring of hormones can be useful for
the diagnosis of diseases. Furthermore, exogenous
hormone administration can be used to treat many
illnesses such as diabetes, and thus the ability to
quantify hormone concentrations is essential for personalised
and optimised therapy. Given the rise in endocrine-related
disease, the global endocrine testing market is experiencing
rapid growth.? In 2016, the market was valued at £5.7 billion*
and it is expected to double by 2027.* Factors such as lifestyle
changes in the working population have led to increased
hormonal imbalance. Growing incidence of diabetic, geriatric
and obese populations worldwide also means further increase
in the future is likely, due to the higher probability of chronic
illness in these groups.” Thus, hormonal monitoring and
regulation is essential to the diagnosis and treatment of
various diseases at present more than ever. Moreover, recent
advances in technology have allowed for extremely rapid,
portable, and affordable testing devices, which have all
increased popularity and demand for endocrine tests.”

The development of several assays in the 20th century was
pivotal to the current state of hormone biosensing.
Radioimmunoassay, fluorescent assays and gas
chromatography-mass spectrometry (GC-MS) are examples of
conventional techniques for hormone measurement.
However, these methods are time-consuming, expensive and
require trained professionals and expensive equipment, thus
limiting their use at point-of-care (POC). LFAs are rapid,
paper-based diagnostic devices which can be employed for
the detection of several analytes from a variety of biological
samples.® LFAs have been employed for the monitoring and
diagnosis of various health states, including diabetes and
pregnancy in both clinical and home settings. The
implemetation of such devices will reduce hospitalisation
duration and costs, thus helping to relieve the burden of
endocrine diseases on the national health service (NHS).
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Furthermore, the use of LFAs at home by patients will
promote awareness and responsibility and lead to accurate,
continuous monitoring of hormone levels. In turn,
abnormalities can be identified earlier, thus enabling earlier
commencement of interventions, and reducing morbidity
and mortality related to these illnesses.

This review summarises the basic components of LFAs
and the different types of LFA which are available at present.
We begin with a detailed discussion on the importance of
hormone sensing and analysis in routine clinical settings
followed by a brief introduction to LFAs and different
mechanisms which can be used to enhance the performance
of such devices. The use of LFAs in the endocrine world, their
advantages and disadvantages and their function in
comparison to gold standard devices in the field will be
critically analysed. In this review, we also overview the
analytical performance of developed and commercially
available hormone LFAs that are paving the way for improved
diagnosis and monitoring of endocrine disease. We will
consider the current challenges in hormone detection via
LFAs, the potential resolutions, and the future perspective
and trends driving the LFA market to the forefront of
endocrine testing.

2. Clinical significance and pitfalls in
hormone monitoring

Several hormones are important to the control of fertility and
pregnancy in women (Table 1). One of the first discovered
hormones was human chorionic gonadotropin (hCG) which
is produced in high quantities in the placenta.” Direct
measurement of molecules such as hCG was made possible
following the invention of radioimmunoassay in 1959 and
development of monoclonal antibodies later in the 1970s. In
pre-menopausal women, levels of serum hCG remain below 5
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Table 1 An outline of vital hormone concentrations which can be measured in various biological fluids to diagnose diseases or predict health
outcomes
Hormone Matrix Normal concentration Indication or pathology Associated concentration Ref.
hCG Blood <5 mIUmL™" Pregnancy >25 mIU mL™" 8
Urine <5 mIU mL™" Pregnancy >25 mIU mL™" 8
LH Blood 1.9-12.5 IU L' during follicular phase ~ Ovulation 8.7-76.3 IU L™ 11
Urine 5-25IU L™ Ovulation 12.2-118 IU L™ 18
E3G Urine <20 ng mL™ Ovulation 20-30 ng mL™" 10
FSH Blood 4.7-21.5 mIU mL™" Menopause/infertility 25.8-134.8 mIU mL™" 13
E1l Blood Follicular phase: 37-138 pg mL ™" Menopause 14-103 pg mL™" 14
Mid-cycle: 60-229 pg mL™" Pregnancy >11500 pg mL™" 14
Luteal phase: 50-114 pg mL™"
Saliva 3.2-7.9 pg mL ™" Menopause 0.9-3.1 pg mL™" 14
E2 Blood 15-350 pg mL™" in menstruating women Menopause 25.8-134.8 mIU mL ™" 16
E3 Blood <0.18 ng mL™" Foetal pathology Low E3 17
Low AFP
High hCG
0s Blood <10 ng mL™ Animal pregnancy >10 ng mL™" 19
Urine N/A Animal pregnancy N/A 20
Progesterone Blood 5-20 ng mL™" in menstruating women Menopause <1ng mL™" 21
Milk <4 ng mL™’ Animal pregnancy >4 ng mL™" 22
Testosterone Men: 300-1000 ng dL™ Infertility Men: <200 ng dL™ 23
Women: 15-70 ng dL™*
Prolactin Blood <25ngmL™" Pregnancy 80-400 ng mL™" 24
Pituitary tumours and other diseases >25 ng mL™" 25
Cortisol Blood 8 am: 138-635 nmol L™ Adrenal or pituitary disorders Cushing's: high 26
4 pm: 83-359 nmol L™* Adrenal insufficiency: low
Urine <120 nmol/24 hour Adrenal or pituitary disorders Cushing's: high 27
Adrenal insufficiency: low
Saliva 8 am: 10.2-27.3 ng mL™" Adrenal or pituitary disorders Cushing's: high 28
4 pm: 2.2-4.1 ng mL™" Adrenal insufficiency: low
Insulin Blood <25 mIUL™ Diabetes <25 mIU L™ after glucose load 29
Vitamin D Blood 30-100 ng mL™" Deficiency <20 ng mL" 30
TSH Blood 0.5-5 mIU L™ Hyperthyroidism <0.5mIU L™ 31
Hypothyroidism >5mIU L™
T3 Blood 100-200 ng dL™ Hyperthyroidism >200 pg dL™ 31, 32
Hypothyroidism <100 pg dL™
T4 Blood 5-12 pg dL™ Hyperthyroidism >12 pg dL™* 31, 32
Hypothyroidism <5 pgdL™
PTHLH Blood <3.9 pmol L™ Cancer >3.9 pmol L™ 33

IU L, rising to over 110000 mIU mL™" in pregnant women.®
Thus, the measurement of hCG has been implemented for
pregnancy detection. Gonadotrophins luteinising hormone
(LH) and follicle-stimulating hormone (FSH) are other
important fertility hormones. In both men and women, these
hormones are released from the anterior pituitary glands
under direct control from gonadotrophin-releasing hormone.
LH contributes to the maturation of primordial germ cells in
both sexes. In men, LH stimulates testosterone production
from Leydig cells, and in women it regulates the menstrual
cycle and triggers hormone release from the ovaries.” Levels
of circulating and urinary LH, as well as another hormone
estrone glucuronide (E3G), are a key indicator for fertility and
reproductive health in women.'® Serum LH concentrations of
1.9-12.5 IU L™ are typical of women in the follicular phase of
the menstrual cycle."” During the mid-cycle LH peak, a time
that precedes ovulation, LH concentrations reach 8.7-76.3 IU
L2 In urine, similar trends are identified (Table 1).
Thus, LH detection can be used to predict fertile windows for
sexual intercourse to promote or avoid conception. FSH, on
the other hand, promotes the function and maturation of

This journal is © The Royal Society of Chemistry 2022

follicles in females and seminiferous ducts in males. The
increase in FSH concentration can also forecast ovulation. In
women, FSH works closely with LH to control sexual
function. For women of child-bearing age, physiological
serum FSH lies between 4.7-21.5 mIU mL . After
menopause, these levels rise dramatically to between 25.8-
134.8 mIU mL".** Therefore, FSH is considered a biomarker
for the detection of infertility, and thus levels of this
hormone can be used to identify the commencement of
menopause in women. Measuring levels of oestrogen can also
provide important information about the fertility, pregnancy,
and menstrual cycle of patients. Oestrogen is produced in the
ovaries, adipose tissue, adrenal glands, and placenta. One
form of oestrogen, oestrone (E1), is produced by the body
after menopause and serves as an oestrogen repository. The
concentration of E1 in the blood varies greatly depending on
the stage of the cycle that the patient is in. In post-
menopausal women, serum E1 concentrations are around
14-102 pg mL "' In saliva the normal physiological range
for pre-menopausal women is between 3.2 and 7.9 pg mL ™,
compared to much lower concentrations of 0.9-3.1 in post-
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menopausal women."* The ratio of E1 to other oestrogens
can be used to detect menopause in women. Oestradiol (E2)
is the most common type of oestrogen in women of
childbearing age. E2 plays a significant role in the growth of
the cervix, fallopian tubes, myometrium, and vaginal lining,
and is responsible for maintaining an appropriate
environment in the ovaries for development of the egg cells.
It also facilitates the development of secondary sex
characteristics in women and the maintenance of pregnancy.
E2 is also used in hormone replacement therapy (HRT)."® In
menstruating women, normal E2 levels are around 15-350 pg
mL™.'® For post-menopausal women, normal levels should
be below 10 pg mL™."® Thus, the measurement of E2 may be
useful not only for assessment of normal female physiology,
but also for optimisation of HRT and for determination of
menopause. Another key regulator of the growth and
development of a foetus is oestriol (E3). Low concentrations
of this hormone in maternal circulation, alongside decreased
alpha-foetoprotein (AFP) and increased hCG concentrations,
can be indicative of foetal pathology (such as Down's
syndrome). In non-pregnant women, serum estriol levels
should remain below 0.18 ng mL™."” Salivary E3 tests are still
in development and have not yet been standardised.

In veterinary practise, oestrone sulfate (OS), a naturally
occurring oestrogen precursor which can be measured in
serum and urine, has shown to be almost 100% accurate in
detection pregnancy in mares.”® OS is produced by the
fetoplacental unit and its concentration peaks shortly after
mating and in the last trimester of pregnancy. Milk
progesterone levels are also an important hormone for on-
site animal pregnancy monitoring. This provides information
about pregnancy on day 19-21 following artificial
insemination.”® Milk progesterone levels are higher and
closely correlated to those in blood, thus providing a rapid
and non-invasive testing method. Moreover, progesterone
plays a significant role in regulating the menstrual cycle and
maintaining pregnancy in humans. Serum levels of the
hormone in post-menopausal women should be <1 ng mL™,
5-20 ng mL™" in menstruating women, and up to 90 ng mL ™"
in pregnant women.>® Low levels of progesterone
may  indicate  testosterone  deficiency in = men.
Testosterone is an anabolic steroid hormone, synthesised
primarily in the Leydig cells of male testes, female ovaries
and adrenal glands of both sexes.*> The detection and
quantification of this hormone is indicated for diagnosis of
infertility and polycystic ovarian syndrome, among other
diseases.*® A testosterone concentration of around 300-1000
ng dL™" is considered normal in men and 15-70 ng dL™ in
women.>® Levels of prolactin, another key fertility hormone,
fluctuate throughout pregnancy, reaching a peak at delivery
and declining after lactation.>®> The concentration of
prolactin in the serum of non-pregnant women is less than
25 ng mL " compared to 80-400 ng mL™ in pregnant women.>*
Prolactin levels may be exceptionally high due to pituitary
tumours, hypothalamic tumours and other conditions such
as acromegaly and primary hypothyroidism.>® Therefore, the
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ability to rapidly measure these hormones could allow for
faster diagnosis and treatment implementation for
patients.

Cortisol is another key hormone released by the adrenal
glands and regulated by the pituitary and hypothalamus.?”
Fine control of cortisol levels is important as it is essential to
the regulation of important metabolic functions, including
glucoregulation and blood pressure control. Cortisol
concentrations in blood follow a diurnal pattern: high in the
morning (138-635 nmol L™ at 8 am) and low in the evening
(83-359 nmol L' at 4 pm),*® and similar trends are seen in
urine. Imbalances in this could indicate diseases such
as adrenal insufficiency or Cushing's disease. Insulin is
another hormone involved in glucoregulation, and fasting
levels of insulin should remain below 25 mIU L™.*° After
food, insulin levels in a healthy individual rise, however those
with diabetes fail to increase their insulin to appropriate
levels. Vitamin D is another endogenous hormone which is
necessary for healthy growth and development. 25-
Hydroxyvitamin D3 (25(0OH)D3), measurable in blood, is most
representative of vitamin D status. In the blood, optimal
vitamin D levels are between 30-100 ng mL™". Levels under
20 ng mL ™" indicate deficiency of the hormone,*® and thus
can be used to identify patients who require vitamin D
supplementation. The measurement of thyroid hormones is
also essential for many individuals. Thyroid stimulating
hormone (TSH) triggers the production and secretion of
triiodothyronine (T3) and thyroxine (T4) which are important
in controlling a myriad of biochemical processes essential for
normal development.®® T3 and T4 are synthesised by the
thyroid gland and work synergistically to regulate the body's
metabolic rate, body weight, heart function, mood and bone
maintenance. Under normal physiological circumstances,
most T3 1is derived from deiodination of T4. The
quantification of these hormones patients and
clinicians to monitor and evaluate thyroid functions. Normal
blood T3 levels in adults should be between 100 and 200 ng
dL™, whilst T4 should be 5-12 pg dL™.*> Deficiency of T3
and T4 may indicate hypothyroid diseases, whilst excess
levels of these hormones in the blood could diagnose
hyperthyroid conditions, such as thyroid carcinoma. Another
hormone, parathyroid hormone-like hormone (PTHLH) is a
poor prognostic marker for head and neck cancers and thus
its measurement in tumour cell lysates can provide important
diagnostic information for cancer.*

Great efforts have been taken to study hormones and
obtain reference ranges to identify healthy and sick
individuals. However, the ability to measure hormones
accurately, rapidly, and sensitively is limited due to several
factors such as the requirement of highly sensitive tests and
matrix interferences. The most common hormone detection
methods are immunometric assays, high-performance liquid
chromatography (HPLC) and GC-MS. These methods have
only been validated for certain hormones, and they are
expensive, laborious and assays are often impacted by poor
sensitivity. Most hormones circulate in the pico- (107?) or

allows
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nano (107°) range,"® thus making it difficult to develop
devices which are sensitive enough for their detection.
Furthermore, there are often several closely related
compounds present in biofluids which makes selectivity an
issue for most tests; cross-reactivity is a particularly major
issue for immunoassays given the utilisation of antibodies.
This can cause false positive results leading to inappropriate
follow up studies. Moreover, matrix components may cause
interference in immunoassays, for example due to differences
in binding proteins. Generally, bound and unbound
hormones are measured together. This is because to measure
total hormone levels, the hormone would need to be
extracted from the binding protein first which requires
several complex steps prior to assaying. Certain patients may
have high or low binding protein concentrations, and this
has been well-documented.*® For example, pregnant women
and women on oral contraception have high binding protein
levels whilst liver disease may lead to reduced levels of these
proteins. Thus, while assays may perform well for healthy
patients, they can lead to incorrect conclusions if used to test
sick individuals.

Most hormones are measured in blood. The collection of
blood for testing is invasive and comes with associated risks.
Urine tests are becoming increasingly popular as non-
invasive testing methods, although they often rely on 24 h
collection which is time-consuming. For other biofluids, such
as tears or sweat, there is a lack of research, and thus
reference ranges and other important factors may not have
been determined. Several important validation parameters
must be considered during assay development (Table 2),
through assay verification, analysis of controls and study
samples, and comparison between different assays.”’ The
quality, robustness and diagnostic value of the device can
then be determined. Home assay kits are limited to
imprecisions during assay procedure by untrained
individuals. Furthermore, coefficients of variants (CVs),
which are used to determine assay precision, may be poor
especially for samples which lower concentrations. Sample
matrix can also influence results obtained from detection
devices. Unstable hormones may degrade rapidly following
sample collection, influencing the results obtained. Thus,

Table 2 Assay validation parameters for hormone detection
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timing and storage conditions used in a test procedure must
be carefully controlled. Freeze-thaw cycles may impact results
since some hormones are not resistant to repeated cycles.*
Differences in standardisation has also been a long-standing
issue for hormone detection methods. Studies should ideally
be carried out entirely in one location and under the same
conditions. Further, duplicate (or triplicate) analyses can
greatly improve test precision, due to reduction in human
error. Thus, whilst the development of tests to investigate
hormone concentrations are useful and entirely possible,
several considerations must be made to ensure test validity,
reliability and repeatability.

3. Principles of LFAs

An LFA is a paper-based diagnostic device.® It is used for the
detection and quantification of biomarkers, such as
hormones and antigens, from a variety of different samples,
including whole blood and saliva.”> Conventional
immunoassay techniques for biomarker detection such as
enzyme-linked  immunosorbent assay (ELISA) and
radioimmunoassay require trained professionals and time for
analysis. LFAs are cheap and simple to use, producing results
within 5-30 minutes.® LFAs are one-step assays that require
low sample volumes to produce qualitative, semi-quantitative
or quantitative results. The short development time, among
the other advantages such as long shelf-life, make LFAs
appealing for commercialisation. Despite this, inaccurate
sample volumes may reduce the precision of LFAs, and
restriction of sample volume can limit sensitivity. Good
antibody preparation is necessary for the success of LFA
analysis and bioreceptor cross-reactivity can limit sensitivity.
Moreover, only one analyte can be detected; multiplexing of
LFAs is extremely difficult, thus limiting the use of these
devices for accurate POC differential diagnosis. Nonetheless,
the global LFA market was estimated to be worth £4.4 billion
in 2019 and is forecast to reach £5.8 billion by 2026.*

LFAs rely on the capillary flow of a sample through the
device. Initially, the sample is introduced to the sample
application pad, which ensures optimal characteristics such
as viscosity, purity and pH to enable correct functioning of

Parameter Sub-parameter Definition
Precision Within-run Agreement of results of measurements obtained under the same conditions
Between-run Agreement of results obtained from multiple analyses of samples over separate runs
Measurement Method comparison Comparison between technique and well-established method in clinical use
accuracy Spike-recovery Determination of impacts of sample matrix and diluent used to prepare the standard curve
Detection limit Limit of The lowest concentration of analyte that can be accurately detected
(sensitivity) quantitation (LOQ)
Limit of detection The smallest concentration of analyte which can be consistently and reliably distinguished from
(LOD) baseline
Stability Ability of device to maintain integrity over a range of conditions
Specificity/selectivity Ability of the test to distinguish the analyte from other components in the sample
Diagnostic Reference interval A set of values used to interpret test results
characteristics Threshold values Values used to provide positive and negative results from patient tests

Detection range

The highest and lowest quantifiable concentrations that yield results consistent with the accuracy

and precision required by the assay

This journal is © The Royal Society of Chemistry 2022
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the assay.** After this, the sample flows to the conjugate pad
which, upon wetting, releases a labelled detection bioreceptor
(for example an antibody conjugated to a nanoparticle). The
bioreceptor is now able to bind to and ‘label’ the analyte in
question. The sample then travels through the membrane
which comprises at least 2 parts: a control line, to signify
correct function of the LFA, and a test line which produces a
colour representing the analyte concentration in the sample.
Following successful binding, a line is generated on the LFA,
signifying the presence or absence of the analyte. In generic
sandwich LFAs, the labelled analyte binds to the capture
bioreceptor at the test line (Fig. 1a). The stronger the signal
formed at the test line, the greater the concentration of the
analyte in the sample. Very small analytes are unable to
provide sufficient binding space on their surface for adhesion
to two bioreceptors. Therefore, a competitive LFA format is
used (Fig. 1b). With this format, the analyte is absorbed onto
the test line, and thus the labelled analyte from the sample
competes with the immobilised analyte for binding to the
labelled detection bioreceptor. Thus, test line signal is
indirectly proportional to analyte concentration. The final
aspect of the LFA is the absorbent pad, which enables
complete flow of the sample. Depending on the bioreceptor
utilised, results are most often visualised using an optical
reader or by the naked eye. The design of an LFA depends on
the analyte of interest. Different labels can be utilised to
enhance the sensitivity of devices, as outlined in Table 3.

4. Research advances in hormone LFAs

The success of diagnostic devices can be determined in the
research phase by investigating the limit of detection (LOD),
detection range, sensitivity, and specificity of the device,
among other important parameters (Table 2). This section
will discuss, to the best of our knowledge, the developments
in LFA technology for hormone detection, including the use

(a) Primary
Sample wit Labelled  2ntibody ::ggggaw
analyte antibody j y
By )'
Analyte-labeled Test line Control line

antibody complex
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(b)
Sample wit
analyte
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of mobile phone devices and multiplexing to enhance
usability and effectiveness of these devices for disease
diagnosis and monitoring. This information is essential to
understanding the different methods that have been
employed to detect each hormone and the success of these
for their intended purpose, for example a sufficient range for
diagnosis of disease. We will consider the pitfalls in current
hormone LFAs, and future trends which will work to
overcome these issues. This will enable future researchers to
improve upon these methods and enhance the analytical
ability of existing devices. In general, hormone LFA research
has focussed on fertility hormone, stress hormone and
thyroid hormone monitoring. Diagnosis of pregnancy
through hCG monitoring is one of the most well-known
applications of these devices, and the detection ranges, LOD
and sensitivity provided by LFAs are sufficient for this. For
investigation of fertility, LFAs for LH, oestrogens, and
testosterone have been developed. Measurement of LH using
LFAs has been successful, and smartphone applications have
been developed to enhance these methods. Oestrogen and
testosterone LFAs have all been developed in multiplexed
formats, thus allowing for simultaneous diagnosis of
infertility or diseases such as polycystic ovarian syndrome at
POC. However, there has been no research into testosterone
detection in biofluids using an LFA, and the ranges present
in research are insufficient to detect elevated or deficient
testosterone concentrations, thus providing a potential
avenue for future research. The measurement of progesterone
in particular has been researched in several formats,
including using fluorescent and enzyme-based labels, which
has been shown to enhance sensitivity for on-site monitoring
of farm animals. Cortisol is another well-researched
hormone, due to its implication is several disease states.
Many methods have been employed to enhance the use of
LFAs for cortisol detection, and these have provided good
clinical ranges for the diagnosis of disease. Furthermore,
LFAs exist for serum, salivary, plasma and sweat cortisol

Primary antibody-
Labelled analyte complex

anﬂbody Secondary

/antlbody
)ém/ }7/ A 4

Test I|ne

Analyte-labeled CONI'OI line

antibody complex

N T L

Competitjve

Excess reagent

a4

Fig. 1 Schematic representation of LFA detection process utilising antibodies and nanoparticle conjugates for (a) sandwich LFA and (b)

competitive LFA.
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Table 3 Common labels in LFAs and their applications in hormone detection
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Label Result Advantages Disadvantages Ref.
Gold nanoparticles Qualitative, e Most used label Expensive if purchased for 45-67
semi-quantitative or e High affinity toward biomolecules commercial use

quantitative e Strong optical signal for naked eye detection
Magnetic particles Qualitative or e Coloured magnetic particles produce colour at Requires a non-optical reader for 68-70
and aggregates quantitative the test line magnetic measurements
e Magnetic signals can also be measure
quantitatively using a magnetic assay reader
e Higher stability; increased sensitivity by 10 to
1000-fold
Fluorescent and Quantitative ¢ Amount of fluorescence can quantitate the Requires extra hardware which is 71-76
luminescent materials concentration of the analyte expensive
e Can be used with smartphones
Enzymes Qualitative or e Colour produced at test line due to enzymatic ~ Longer process for detection 77-80
quantitative reaction
e Enzymes can be loaded with gold
nanoparticles for enhanced sensitivity
Colloidal carbon Qualitative or e Cheap Weaker signal than gold 34,
quantitative e Black colour so easily detected with high nanoparticles 81

sensitivity

providing both non-invasive and quantitative techniques. In
the future, the development of a multiplexed cortisol LFA
could enhance the application of these devices by enabling
POC differential diagnosis of disease. Smartphone
applications for cortisol, LH and TSH LFAs have been
developed in research, which enable patients to monitor their
health at home. This will improve doctor-patient
relationships and as the information can be shared from the
app directly to the healthcare providers, for continuous
patient monitoring. Here we analyse the different methods
utilised and compare their analytical performances, as
summarised in Table 4.

4.1 Pregnancy and fertility

4.1.1 Human chorionic gonadotrophin. Whilst pregnancy
tests have been commercially available for some time,
scientists have continued to research novel detection
methods for enhanced sensitivity, rapidity, or ease of use. An
example of a typical hCG LFA is the Abbott TestPack Plus™
hCG urine assay, which was described by Osikowicz et al.®* in
1990. The system demonstrated high specificity (no cross-
reaction with LH or FSH, two hormones with similar
homology to hCG). However, the LOD of 50 mIU mL™" meant
that early tests were not sensitive enough to detect the early
stages of pregnancy and could only be used to determine
pregnancy at a later stage once hCG levels had risen. Another
issue identified was that assay sensitivity increased with time,
meaning that low concentrations could show positive results
after 30 minutes. However, such a lengthy assay time is not
desirable with LFAs. The implementation of colloidal carbon
nanoparticles® later in in 1994 created a darker colour at the
test line than typical LFAs, thus allowing more easily
detectable results even at low analyte concentration. The LOD
was significantly lower than the Abbott TestPack PlusTM
hCG Urine assay (10 mIU mL™" (ref. 81) compared to 50 mIU

This journal is © The Royal Society of Chemistry 2022

mL™" (ref. 82)), meaning that all pregnant cases could be

detected. Whilst promising, this study provided only pilot
experiments as the LFA was not optimised in terms of
sensitivity. Although both within run and between run CVs
were under 10% at 50, 150 and 450 mIU mL ™", showing good
precision of results at these concentrations, the detection
range of 10-500 mIU mL™" would only differentiate
pregnancy up to 4 weeks, after which extremely high
concentrations of hCG are observed.

Later, in 2006, Tanaka et al.*® described a novel urine hCG
LFA format using gold conjugates with enhanced sensitivity
(Fig. 2a and b). The conjugation of gold nanoparticles to the
primary antibodies and conjugate antibodies enhanced the
localised surface plasmon resonance (LSPR) of the colloidal
gold, leading to a more intense colour formation at the test
line and enhanced sensitivity (1 pg mL™ under optimal
conditions).  Conjugation of hCG antibodies to
superparamagnetic Fe;O,/poly(St-co-MPS)/SiO, composites
(average size 140 nm) was later trialled in a 2011 study.”®
Analysis of the LFA showed that the carboxyl content in the
functionalised particles affected the LOD and sensitivity of
the test, leading to a low LOD of 1 ng mL™,° which is
sufficient to cover the normal physiological range of hCG as
pregnant  concentrations. The wuse of
superparamagnetic conjugates’® produced a 10-fold and 50-
fold more sensitive LFA compared to carbon®' or gold®
respectively, although the gold enhancement method
described by Tanaka et al.*® was superior.

More recently, researchers have attempted to modernise
existing LFAs for digital and smartphone-based use. Hamad
et al.®® achieved a promising proof-of-concept hybrid device
which incorporated an electrochemical-based transducer on a
conventional LFA strip in order to form an on-chip rapid
hCG detection method. This study proved the possibility of
digitalisation for commercially available rapid tests to allow
for quantitative and reliable analyte detection. Around the

well as
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physiologically relevant

smartphone-assisted
imaging platform

range 0-150 nmol L™
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same time, a battery operated pre-concentration-assisted LFA
was described by Kim et al.®! in which the utilisation of a
simple 9 V battery with a low power consumption (81 uWw)
allowed for a 25-fold pre-concentration factor, demonstrating
significant sensitivity enhancement of a generic LFA (Fig. 2c).
The researchers demonstrated the use of a single gate pre-
concentrator (SGP) and dual gate pre-concentrator (DGP).
The use to the DGP allowed for a significantly more stable
preconcentration plug over an operation time of 20 minutes.
The fluorescence intensity was also observed over various
voltages utilising the DGP; a 25-fold preconcentration factor
was acquired when 9 V DC was applied for 20 minutes.
Consequently, clear colours were observed at the test lines
which could otherwise not be monitored without the pre-
concentration factor. Another novel and recent development
for LFAs is multiplexing. One multiplexed LFAs has been
developed to simultaneously detect hCG and pathogenic
bacteria  Escherichia coli 0157:H7 and Salmonella
typhimurium.®® The modified immunoassay allowed for
novel POC detection and demonstrated the future move
toward multiplexed LFAs. In accordance with the trends
observed in the literature, it is likely that the future move for
hCG LFAs will include implementation of novel labels for
enhanced sensitivity, multiplexing for differential diagnosis
of disease, and further digitalisation for enhanced ease of
use. Since specificity does not seem to be an issue for hCG
LFAs, the implementation of alternative recognition
molecules (e.g., aptamers) could be trialled, but would be of
less importance.

4.1.2 Luteinising hormone (LH) and estrone-3-glucuronide
(E3G). Like hCG, sandwich LFAs are used for LH detection.
Behre et al.'? researched the use of the ClearPlan® fertility
monitor: a commercially available LH dipstick at home for
determination of fertile windows in women. The monitor was
able to store data for several months to provide
gynaecologists with valuable information about the
menstrual cycles of patients being treated for infertility. The
ClearPlan fertility monitor enabled non-invasive and rapidly
detection of ovulation in 91.1% of instances. However, it
seems that the analytical performance of the device itself was
not tested in this study, thus questions remain about the
sensitivity, specificity, and other analytical performance
factors of the device, which would be of great importance. A
variety of designs, including different labels and the use of
smartphone software for quantitative detection, have since
been suggested for LH detection. In 2017, Liu et al.’® coupled
LH LFA technology with smartphone devices. Once images of
a lateral flow strip were obtained using a smartphone, the
test and control lines were extracted using canny edge detection
operator and fuzzy c-means (FCM) clustering algorithms. The
study concluded that the method was highly sensitivity as the
LOD was very low (1 mIU mL™"). Detection of serum LH was
complete within 15 minutes and a correlation coefficient of
0.964 was recorded when the method was tested on clinical
serum samples.”® The method was later developed for
detection of LH serum and urine samples. This test had a

Lab Chip, 2022, 22, 2451-2475 | 2459
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Fig. 2 Schematic illustrations of enhancement methods for hCG LFAs. (a and b) Test principle of a sandwich hCG LFA (a) before and (b) after
enhancement using gold nanoparticles. (c) LFA and pre-concentration unit.

significantly larger detection range of 0-250 mIU mL™ (ref.
75) compared to 0-125 mIU mL ™" (ref. 58) for the urine-only
LFA. Despite success of these studies in confirming the
ability of LH LFAs to determine fertile windows through
measurement of LH surges, selectivity has not been
determined. This is one of the most crucial
parameters influencing the success of a device. Several similar
molecules including hCG, FSH and TSH may interfere with
the results obtained, meaning that in patients with illnesses
such as thyroid disease, results obtained by the LFA may be
impacted. Selectivity testing will be essential to the future
optimisation of LH LFAs. Furthermore, the stability of the
LFAs has not been tested, which is especially important for
home monitoring tools, as a device must be able to maintain
integrity in a wide range of conditions. This is another area
for future studies.

E3G, a urinary metabolite of oestrogen, should be closely
monitored alongside LH as it gives a direct measure of
follicular growth. In 1999, Bonnar et al.®” carried out a large
prospective study on personal hormone monitoring for
contraception using the Persona LFA system. The hand-held
device produced green and red light to indicate fertile and
infertile phases, respectively. The study found that the
detection of LH and E3G for contraception had a 93.8%
efficacy, although 162 pregnancies occurred in 7209 cycles.
Whilst not as effective as medical contraception, hormone
monitoring is simple and an alternative for women who do
not wish to use other forms of contraception. Recently, an
“Inito” device was developed®® which, like the LFA by Bonnar
et al.,*” measured both LH and E3G simultaneously. The test

2460 | Lab Chip, 2022, 22, 2451-2475

strips utilised blue latex particles. This device was also
coupled to a smartphone to predict the fertile window in
participants. Both the Inito and Persona systems are useful
and provide a simple device for planning of pregnancy or
contraception, or general monitoring of female reproductive
health. However, the Inito reader has the advantage of
quantitative results which can be used by gynaecologists.
Furthermore, the Inito app could be used to collect and store
data. Again, the experiments lacked in depth analytical
testing, such as selecitivity testing, which would be a crucial
future step to ensure the efficacy of the device for testing of
patient samples.

4.1.3 Oestrone sulphate (0S). Henderson et al."® developed
a serum OS LFA which was able to distinguish pregnant
mares from non-pregnant ones. The test was based on a
competitive principle whereby the intensity of the blue dot at
the test line correlated inversely to the concentration of OS;
this could be assessed visually or by computer analyses. The
test had a short read-out time of 15-20 minutes. The
developed device produced qualitative results and the results
obtained were dependent on visual observation of ‘dark’ or
‘faint’ blue lines. This can be subjective, thus development of
quantitative detection methods using fluorescent or
smartphone-based readout systems, for example, could
augment the use of such devices in the future. Furthermore,
a major issue which may be identified during use of such a
device is that the duration of OS peaks are short;** so,
negative results may be achieved if the test is performed too
early or too late. Sample preparation was also an issue, since
the test was dependent on blood collection, followed by

This journal is © The Royal Society of Chemistry 2022
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mixing of the blood with buffer and label, before the dipstick
could be dipped into the sample. This could be improved
through development of novel OS LFAs for detection in urine,
which has already been documented as a biofluid for OS
detection. There seems to be a lack of research into LFAs for
OS; development and testing should be undertaken
in the future before commercialisation of these
techniques. It is also likely that multiplexed OS LFAs will be
developed in the future for the evaluation of high-risk
pregnancies in horses, given that OS, along with other
hormones such as progesterone, can be indicative of foetal
pathology.

4.1.4 Oestrogens. In 2017, a competitive LFA for the
detection of E3 was described.®® It incorporated immobilised
E3 at the test line, competing for anti-E3 antibodies
conjugated to superparamagnetic particles. Results were
obtained within 15 minutes and the LOD was 0.25 ng mL .
In healthy individuals, E3 concentrations in blood remain
under 0.25 ng mL™', rising to 2.5 ng mL™" in the first
trimester of pregnancy, and reaching up to 14.6 ng mL ™" in
the third trimester. A finding of low E3, coupled with low
AFP and elevated hCG concentrations, can be used to
diagnose Down's syndrome in a foetus. Thus, enhanced
sensitivity would be important to detect very low E3
concentrations in these patients, and multiplexing would be
necessary to make this device suited for the requirements. An
important advantage of this assay was that it required no
sample pre-treatment, enhancing ease of use. However, the
inter- and intra-assay CVs ranged between 5 to 13%, showing
slight lack in precision. There is a need for further
exploration to find more appropriate antigen-antibody pairs
to improve the performance of the system and feasibility of
the system for testing blood samples in clinics.

Levels of oestrogens in powdered milk have been a
growing concern in recent years, due to their unknown
effects on human health following consumption. Recently,
an LFA for the detection of oestradiol (E2) in milk was
described.*”” In 2018, Wang et al®” also produced a
competitive colloidal gold LFA which allowed the
determination of E3, oestrone (E1) and 17-B-oestradiol (17-
E2) in milk samples. The test consisted of one test line
which could bind any of the hormones with sufficient
sensitivity. Both tests were found to be rapid, although the
multiplexed LFA produced results in 10 minutes (ref. 57)
compared to only 8 minutes for the E2 LFA.®” The LOD for
E2 detection was extremely low (37.14 pg mL™")* indicating
high sensitivity. Furthermore, the results of the E2 LFA
were relatively identical to those obtained by HPLC and
required significantly shorter analysis time. While the
results are promising and the LFAs for detection of
oestrogens in milk have been well validated, more research
into the implications of drinking milk with elevated
oestrogen levels is required. This is important given the
rise in health-consciousness in the population; if side-
effects are identified, this could work to propel the
development of such a device into the future.

This journal is © The Royal Society of Chemistry 2022
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4.1.5 Progesterone. The first paper to describe an LFA for
progesterone detection was published in 1996.*” The
researchers demonstrated detection of the hapten using a
competitive LFA with gold-labelled progesterone conjugates
for competitive binding. Analysis took only 10 minutes, and
the LOD was 5 ng mL™" and 2 ng mL™" for visual and
photometric analysis, respectively. However, the results
showed high variability; this could be improved in the
future by preparing the detection zone with an ink jet
rather than manually. Furthermore, some cross-reactivity
was observed including 18.7% with pregnenolone and
39.12% with 11-alpha-progesterone. This could be enhanced
through the use of aptamers instead of antibodies. To
these issues, colloidal carbon was later
implemented as a label.** Significantly increased sensitivity
was observed; a LOD of 0.6 ng mL™" was achieved, which
was 3-fold more sensitive than the colloidal gold LFA.*”
However, the assay was developed to detect the hormone in
buffer. In future, spike recovery testing would be important
since this measures the effects of the chosen matrix (milk)
and its constituents on the results obtained through
comparison of results to those obtained from buffer used in
the calibration curve. Thus, the ability of the test to
accurately quantify the analyte in milk can be established.
The studies also concluded the requirement for additional
sample pre-treatment (e.g, solid-phase extraction) for
purification. Further studies would be required to develop
an off-laboratory LFA.

In 2015, another milk progesterone LFA, this time utilising
enzymes, was introduced’® (Fig. 3a). The test was rapid
(results in 15 minutes) and provided good correlation with
ELISA (R = 0.97, n = 46) (Fig. 3b). The LFA was also able
detect progesterone in a sufficient range (Fig. 3c and d). The
use of enzyme labels provided up to 30 times higher
sensitivity compared to conventional LFA labels such as
colloidal gold.*” Following the trend to implement new
molecules to enhance LFA application, a competitive LFA
utilising gold nanoparticle-duplexed aptamer conjugates”® for
progesterone detection was described in 2019. As expected,
this showed excellent sensitivity compared to antibody-based
assays. The device was developed to test progesterone levels
in water and was thus tested and validated using water
samples. In future, a similar technique could be developed
for detection of progesterone in cows' milk to detect pregnancy.
The first serum progesterone LFA was described in 2020.”" This
comprised of a disposable fluorescence immunoassay (FIA)
coupled with a portable imaging device which allowed for
estimation of circulating plasma concentrations of
progesterone in bovine plasma. Such a device could be useful
for rapid everyday use by farmers without the need for
specialist equipment or training. However, collection of blood
samples is difficult for on-site monitoring of cows by farmers.
Furthermore, despite high sensitivity, selectivity remains an
issue with progesterone measurement.

Pregnanediol glucuronide is a major metabolite of
progesterone and can be measured accurately in urine since

overcome
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it correlates directly with levels of the hormone in serum,
allowing for minor time delays. Monitoring the levels of this
hormone is indicated for both ovulation and the fertility
cycle. In 2018, Matfas-Garcia et al.®® described a smartphone-
linked LFA for accurate quantitation of pregnanediol
glucuronide for use in ovulation and fertility diagnostics. The
assay was found to have a low LOD (4.8 pg mL™"). 17-a-
Hydroxyprogesterone is another endogenous progesterone-
related hormone for which a competitive LFA has been
described.”® In serum, this hormone is a marker for
congenital adrenal hyperplasia. The test strip for the
detection of 17-o-hydroxyprogesterone utilised gold
nanoparticles and produced results in only 15 minutes,
making the device promising for on-site diagnosis of this
disease from small plasma samples. Further research would
be required to validate these assays and enhance their use. It
should also be noted that progesterone can be used as a
biomarker for menopause in women, and thus it should be
expected that future LFAs will be developed for this
application and tested using human blood or urine samples.

4.1.6 Testosterone. The implementation of LFAs for
testosterone detection has been a recent development and
one for which there is little research. In 2014, the first LFA
for testosterone detection was described.”® The test was a
multiplexed, competitive LFA with 5 separate test lines, each
of which comprised an immobilised antigen which would
compete with its specific analyte for binding to gold-labelled
antibodies (Fig. 4a and b). The LFA was highly sensitive and
provided good accuracy and reproducibility of results. The
results were obtained within 20 minutes. Furthermore, no
pre-treatment of the samples was required, meaning the test
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was extremely rapid and simple to use and would not require
trained personnel or equipment. However, to this day, no
testosterone LFA has been developed for the measurement of
the hormone in human biofluids. This will likely be
developed soon, given the implications of testosterone in
both male and female fertility and disease. Testosterone is
morphologically very similar to other endogenous hormones
such as oestriol, therefore selectivity is a potential issue that
will be encountered. Researchers should thus look to the
development of aptamer-based devices.  Moreover,
testosterone is present in blood at lower concentrations than
other fertility hormones. The LOD provided by the
multiplexed LFA was 5 ng mL™"; a 30-fold more sensitive
device would be required to detect normal testosterone
concentrations in females. Thus, emerging enhancement
techniques must be considered, such as colloidal carbon
labels, or fluorescent labels such as quantum dots.

4.2 Cortisol

Due to the recent implication of cortisol as a biomarker for
stress, detection of this hormone has gained widespread
interest. LFAs for the detection of cortisol in blood have been
developed. Leung et al.*® described a one-step cortisol LFA
which produced a test line signal that increased with
increasing cortisol concentration, despite being a competitive
LFA. The LFA utilised cortisol-BSA at the test line (termed
immune-threshold capture analyte) which competed with
cortisol in the sample for binding to the labelled IgG. This
meant that, when present in the sample, cortisol would bind
to the IgG and be immobilised at the test line, unlike the
standard competitive format. Thus, the proposed LFA had an
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Fig. 3 Enzyme lateral flow immunoassay for pregnancy testing in cows. (a) Schematic illustration of test strip (b) comparison of P4 measurements

in cows' milk using ELISA and LFA (c) P4 LFA calibration curve. (d) Visualisation of calibration curve after staining. Reproduced with permission.

Copyright 2015, Elsevier.
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advantage of simpler analysis by the user. The test strips were
evaluated using a stability test and accelerated stability test;
it was confirmed that the strips could be kept at room
temperature for up to 1 year without any significant loss of
activity. Cross-reactivity was low, and no sample pre-
treatment was required- both huge advantages for
commercialisation. Later, Nara et al’® described a
competitive LFA which utilised colloidal gold nanoparticles
conjugated to cortisol-3-carboxymethyloxime-adipic acid
dihydrazide-bovine serum albumin (F-3-CMO-ADH-BSA) for
competition with cortisol. This method also facilitated semi-
quantitative results by use of a reference shade card. The
LOD of 30 ng mL™', although enabling a preliminary
indication of cortisol levels, was not as sensitive as the
previously reported LFA (3.5 ng mL ™" (ref. 45)) and would not
be able to identify low cortisol concentrations. However, this
LFA utilised in-house developed gold labelled antigens, rather
than antibodies, reducing manufacture costs. One factor not
considered thus far for cortisol detection by LFA is the
presence of plasma proteins. In the blood, cortisol is largely
bound to plasma proteins cortisol-binding globulin (CBG)
and albumin.”® Thus, assay results may be misleading in
patients with altered concentrations of these proteins. This
should be studied extensively before the assays can be use by
patients, since this could impact the validity of results
obtained for sick patients.

The process of blood sample collection can lead to
elevated cortisol levels due to stress, rendering serum or
plasma cortisol LFAs inaccurate. Consequently, measurement
of cortisol in saliva has gained considerable attention over
the years, given that its concentration correlates well to
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unbound, serum free cortsiol.** Salivary cortisol is difficult to
measure since it is present in around one tenth of the blood
concentration.*” However, it is less invasive which offers a
significant advantage. In 2009, the first salivary cortisol LFA
was proposed by Yamaguchi et al®® The device utilised
enzyme-labelled glucose oxidase (GOD)-cortisol conjugates
which competed with cortisol, thus producing enhanced
colour intensity as cortisol concentration decreased (typical
competitive process). The LFA was able to accurately detect
cortisol in saliva from 1-10 ng mL™" and was thus able to
detect low morning cortisol concentration and covered the
normal range at night. Following from this, Yamaguchi et al.®
developed another competitive LFA for the quantitative detection
of cortisol in saliva, without the need for sample pre-treatment
and with a larger detection range (0.1-10 ng mL™). The lower
LOD meant that diseases such as adrenal insufficiency which
led to low cortisol concentrations could be detected, and
mildly high cortisol concentrations could be detected if
measured at night. The system incorporated a vertical flow
component in which the immune reaction occurred and a
lateral flow component which worked to remove proteins and
unreacted enzyme-labelled conjugate from the sample.
However, this LFA took relatively long to complete analysis
compared to other LFAs (35 minutes) and the range was still
insufficient to cover cortisol excess and deficiency both
during the day and at night. Furthermore, the CVs were
>10%, indicating poor precision.

Zangheri et al.”*> described an LFA strip, housed inside a
cartridge, which was adapted as a smartphone accessory to
utilise the smartphone camera (Fig. 5a-e). The LFA had a low
detection limit of 0.3 ng mL™" and a large detection range
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Fig. 4 Functioning of the multiplexed testosterone LFA. (a) Schematic illustration of the multiplexed competitive LFA for the detection of heavy
metal lead (Pb(i1)), algal toxin microcystin-leucine-arginine (MC-LR), antibiotic chloramphenicol (CAP), testosterone (T) and pesticide chlorothalonil
(CTN) in water (b) images of LFA strips for different concentrations of testosterone. Reproduced with permission.** Copyright 2015, Elsevier.
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(0.3-60 ng mL™"). Furthermore, its rapid detection and ease
of use make it useful for at-home monitoring by patients and
the device showed good agreement with conventional ELISA
(Fig. 5f). Compared to other methods, however, extra
equipment such as 3D printers would be required, making
this method relatively expensive. Based on a similar
principle, Zangheri et al.”* later developed a biosensor for
accurate and rapid monitoring of astronauts' health status
during space missions. Importantly, the assay was made to
withstand changes in gravity, mechanical stress and bubble
formation. The LFA proved to be sensitive when employed on
a space mission in Italy, detecting salivary cortisol down to
0.4 ng mL™". The device only detected the normal range and
so further optimisation would be required in order to detect
high levels of stress.

Gold nanoparticle labels coupled with silver enhancement
have also been utilised in the development of a very sensitive
cortisol LFA.°* The silver enhancer, previously reported to
enhance gold nanoparticle signal,®® was added 2 minutes after
the sample. A darker colour formed following enhancement
(Fig. 6a—c) which led to a significantly sensitivity achieved (LOD
of 0.5 ng mL™). Furthermore, this LFA had the highest reported
detection range of any researched LFA for the detection of
cortisol, covering low, normal and high cortisol concentrations.
Spike-recovery testing revealed that the matrix did not impact
the results obtained. Nonetheless, as with previous cortisol LFA
studies, the device was not utilised on patient cohorts with
specific illnesses, thus there is a need to test and validate the
device for diagnosis of disease. In 2018, Shin et al.”® proposed
the smart fatigue phone: an LFA and smartphone-linked
fluorescence signal reader for the quantitative detection of
salivary cortisol. Since the cortisol would need to be measured

(a) (b)

(d)
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below 1 ng mL ™" to detect fatigue, this sensor is highly sensitive
(LOD: 0.1 ng mL™"). However, the study included a relatively
small sample size, indicating that more research will be needed
before the device can be used in POC settings.

Competitive LFAs are often limited due to the narrow
measurable range, as seen with many of the previously
developed cortisol LFAs. To overcome this limitation, Oh
et al.”’ described a trap lateral flow immunoassay (trapLFI)
sensor with deletion and detection zones, instead of the
generic LFA format. The detection zone enabled the capture
of conjugates. Conjugates not bound to cortisol would be
immobilised at the deletion zone. Enzyme-catalysed colour
signals at the detection zone would therefore increase with
increased cortisol concentration. Thus, the ratio of deletion
zone: detection zone signal could be used to detect a large
range (0.1-100 ng ml™") of cortisol with significantly higher
sensitivity (9.9 pg mL™") and specificity than any previously
described cortisol LFA. This LFA provided a good correlation
with ELISA. TrapLFIs are a relatively novel development
renowned for their ultra-sensitivity, due to the decreased
deletion zone signal when there is an increase in detection
zone signal, and ability to detect proteins with low
molecular weights. TrapLFIs also show reduced false positive
results since unreacted conjugates must be perfectly trapped
in the deletion zone.

Most LFAs employed for the detection of cortisol rely on
antibody recognition, as previously described in this review.
Recently, aptamers conjugated to gold nanoparticles have
been used for the recognition of the hormone in both sweat®
and saliva.®® The advantages of aptamers are that they are
highly stable, cheaper and provide an overall simpler
handling method than antibodies. Interestingly, these
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Fig. 5 Smartphone-based LFA for cortisol detection. (a) Image of smartphone accessory with lens holder (b) images of 3D printed LFA cartridge
(image above) to house LFA test strip (image below) comprising a test and control line (c) image of phone connected to the smartphone accessory
(d) smartphone accessory with adaptor to insert the LFA cartridge for image capture (e) 3D design for LFA cartridge (f) agreement between
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assays covered only the physiological range of cortisol:
8-140 ng mL™" in sweat and 1-10 ng mL™"
To quantify cortisol in deficient of excessive states, a
user could dilute the sample appropriately, but this
would increase assay duration and complicate its use.
Thus, different techniques would be preferred, or
further optimisation would be required.

Generally, cortisol is the most widely researched hormone

in saliva.

for LFA detection over recent years. During these
development stages, several issues have arisen, some of
which have been met with novel solutions. Generally,

competitive assays yield confusing results: enhanced signal
for decreased analyte concentration. This can be confusing,
especially for the implementation of devices for patient
monitoring at home. New techniques such as trapLFIs
improve upon this, enabling simpler results for untrained
personnel. Furthermore, a major issue often encountered
with competitive assays, and seen with many of the
developed cortisol assays, is limited detection ranges. The
use of enhancement methods can improve these ranges, as
well as trapLFI development. The use of chemiluminescent
and fluorescent nanoparticles as well as aptamers has

This journal is © The Royal Society of Chemistry 2022
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enabled improved sensitivity for cortisol LFAs. Despite
extensive research into LFAs for cortisol detection in saliva,
as opposed to blood, sweat cortisol LFAs are a novel
development, and further research should be undertaken in
this field. Furthermore, it is likely that cortisol LFAs will
progress to further testing and validation, which has yet to be
undertaken for most tests. Pilot studies testing patient
samples with specific cortisol-related diseases will validate
the devices and provide vital information of their potential
use in hospitals.

4.3 Thyroid stimulating hormone (TSH)

In 2012, Kosack et al® described a rapid
immunochromatographic assay for the detection of TSH. The
test had a low LOD (10 mlU L") and high sensitivity (100%)
proving that this LFA could be useful in the management of
thyroid disease. It was found that, whilst correctly identifying
all sera with TSH >10 mlU L™, the test lacked sufficient
specificity (76.6%). Furthermore, given that the LFA relied on
visual inspection, determination of TSH at extremely low
concentrations (hyperthyroidism, 0.4 mlU L™") was found to
be inconclusive. Because of this, most TSH LFAs created
around this time had mainly been focussed on the detection
of hypothyroidism (high TSH levels).

Following from this, You et al> created a cell-phone-
based TSH LFA using Mie scatter optimisation
(Fig. 7a and b). This was the first LFA allowing for
quantitative analysis of serum TSH. A much higher sensitivity
was achieved (LOD = 0.31 mIU L") than in previous studies.
Given that the system incorporated the use mobile devices
(Fig. 7c and d), which are accessible for most populations
around the world, there is a high potential for this device to
be distributed and used widely. The error bars for all
results obtained for this study were large and/or
overlapping, which brings into question the true
accuracy of the overall test. Choi et al® developed a
surface-enhanced Raman scattering (SERS)-based LFA for
the measurement of TSH in clinical fluids. Raman
reporter-labelled gold nanoparticles were used as SERS
nano-tags and the presence of TSH could be observed
visually through a colour change at the test line or
quantitatively analysed. This was even more sensitive
than previously reported LFAs (LOD = 0.025 mlU L)
However, the study showed considerably higher % CVs
for lower TSH concentrations. Utilisation of Mie
scatter’ or Raman scatter® optimisation therefore
prove a strong possibility for early hyperthyroidism
diagnosis since they are able to detect concentrations
of the hormone below 0.5 mlU L™, although further
optimisation of sensitivity may be required to diagnose
severe cases.

Since the development of such highly specific TSH LFAs, a
variety of nano-labels have been implemented.
Preechakasedkit et al.>® synthesised hybrid nanocomposite
particles comprising a gold core coated in a europium(m)-
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which comprises a cartridge. Once the sample has been introduced to the LFA and results have been produced, the lateral flow strip is inserted
into the cartridge. This creates a darkbox which allows the iPhone to obtain take an image of the test strip without being affected by external light.
The photos can be used to obtain the concentration of TSH in the sample through analysis of the colour formed at the test line. Reproduced with

permission.>* Copyright 2013, Elsevier.

chelate fluorophore-doped silica shell. The fluorescence
detection system could also be linked to smartphone and
digital colour analysis for a lower LOD (0.1 pIU mL™"). More
recently, the use of paramagnetic particles®® allowed for rapid
(25 min), high-precision quantification of all -clinically
relevant concentrations of serum TSH with an even lower
LOD of 0.017 mlU L', pivotal for treatment strategy. These
provide examples of the potential for enhancing LFA
sensitivity using novel labels, which will likely continue to be
implemented in the future as new techniques emerge.

4.4 Parathyroid hormone-like hormone

LFAs have been implemented for detection of some cancer
biomarkers, however this remains a field which lacks
research. Chammorro-Garcia et al.>" developed a LFIA for the
qualitative (by eye) and quantitative (using a simple
colorimetric reader) of PTHLH, a hormone involved in the
progression of several tumours, in lysates and culture media
of different human cell lines. This method provided a cheap
and rapid alternative to conventional methods for PTHLH
detection, mostly  radioimmunoassay  (RIA) and
immunoradiometric assay (IRMA) which are routinely used

2466 | Lab Chip, 2022, 22, 2451-2475

for cancer patients. However, the observed LOD was 1.42 ng
mL™". The hormone is typically present in the picomolar
range, thus enhanced sensitivity will be a key focus for future
development, perhaps utilising different formats or labels as
seen with other successfully implemented hormone LFAs.

4.5 Insulin

Rapid glucose monitoring remains one of the most
important and useful approaches for the monitoring of
diabetes by patients at home. It seems logical that a similar
device for the detection of insulin could work hand-in-hand
with glucose monitoring in order to provide the best possible
patient care. Recently, an LFA was described for the
measurement of insulin and C-peptide for use in evaluating
insulin resistance indices among diabetic patients. The
SelexOn*® system by Osang Healthcare Inc. comprised a
cartridge which detected the analytes in a sandwich
immunoassay using capture antibodies conjugated with gold
nanoparticles. The device contained a camera which detected
the intensity of the gold nanoparticles allowing for
densitometric analysis. However, during insulin resistance
the body produces more insulin. The 2-hour postprandial

This journal is © The Royal Society of Chemistry 2022
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insulin levels can rise to 1153 pmol L™. The range for this
LFA was found to be 218.1-275.72 pmol L. Thus, the test
strips must be further optimised to assess larger ranges
before being employed for clinical use. As well as sensitivity,
was another issue encountered during the development of
this assay was that the population consisted
disproportionately of post-menopausal women. This would
have affected the results obtained, especially the cut-off
values, emphasising the importance of test standardisation.

4.6 Vitamin D

Vitamin D is difficult to measure due to the need for complex
sample preparation including separation of the marker from
its binding protein. In 2017, Vemulapati et al.°® described a
rapid LFA for the detection of 25(0OH)D3 from finger prick
samples, in which no sample preparation was required. This
was a competitive assay since 25(OH)D3 has a small size of
approximately 350 Da. The test strips were used in
conjunction with a smartphone-assisted portable imaging
device which allowed for quantitation which was highly
accurate (90.5%). This test allowed for reliable quantification
of the hormone levels across the entire physiologically
relevant range (0-150 nmol L™"). At higher concentrations,
the % CVs were >10%, thus precision could be an issue for
the device. In the future, novel methods could be utilised to
further improve this test.

5. Commercialisation of hormone
LFAs

LFAs for hormone detection are produced by several
manufacturers globally. The move towards POC testing is
desirable not only among clinicians and patients due its
rapid results (reduction of approximately 46 minutes per
patient”") and ease of use, but also because it has been
estimated that the total savings due to decreased waiting
time for results can be as high as €148 per patient.”* Thus,
much effort has been made to research and manufacture
novel LFAs (Fig. 8). For the detection of hormones, rapid
testing will enable self-monitoring of disease for patients at
home, further reducing costs and psychological impacts of
disease.

We have summarised the key manufacturers of
different hormone LFAs which can be used in clinics or
by patients at home (Table 5). As shown in Table 5, the
majority of LFAs that have been documented in research,
such as hCG, LH and cortisol, are available commercially.
The most commonly available LFAs are pregnancy tests.
Despite being well-researched, very few cortisol LFAs exist
commercially. This could be due to the fact that cortisol
was only recently implicated as a biomarker for stress.
Despite lacking research advances, T3 and T4 LFAs are
available commercially. These could aid in diagnosis and
monitoring of thyroid disease (alongside TSH LFAs) and
be wused to monitor thyroid replacement medication.

This journal is © The Royal Society of Chemistry 2022
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Similarly, FSH and prolactin LFAs are commercially
available, but research in the future to investigate
alternative methods to enhance sensitivity could be useful,
as well as testing of the devices in clinical settings.

5.1 Pregnancy and fertility

Today, rapid home pregnancy tests are the most popular and
widely available lateral flow test. These are available
commercially in many supermarkets and online stores,
typically costing between £1 to £30 per test. LFAs for hCG
detection have mainly been developed for urine, although
those for serum, plasma and whole blood are also available,
although they tend to have a slightly longer detection time of
5 minutes. Most pregnancy tests today have a sensitivity and
specificity of over 99%. The LOD of the tests varies between
companies, normally 20 mlU mL™" or 25 mlU mL™" and thus
capable for detecting pregnancy from the day of the expected
period. Interestingly, the hCG urine LFA produced by Veda
Lab™* has an exceptionally low sensitivity of 10 mlU mL™,
often able to detect pregnancy up to 4 days prior to the
expected period. Given that LH is structurally very similar to
hCG, LH LFAs became available soon after pregnancy tests
and are currently produced by a number of manufacturers
including Germaine,"** SA Scientific'>® and BTNX."** To aid
in ease of use, commercially available LFAs for the
determination of LH produce qualitative results from urine
samples'>""*** in which the LH surge can be detected non-
invasively. The lowest detection limit for urinary LH LFAs is
20 mIU mL™" (ref. 122) with a 99% sensitivity level. Few LFAs
exist for serum detection of LH, although those available
enable quantitative detection of LH'**"*®> and therefore may
be more widely used in clinical rather than home settings.

Urine FSH LFAs have also been commercialised,
although these are not wused widely in routine
settings."**'?° LFAs also exist commercially for the

detection of FSH in serum, whole blood and plasma.'”

Some FSH tests allow for accurate, quantitative detection
of the hormone®*''*'** which could be linked to a
computer software for monitoring of patient fertility by
gynaecologists. The availability of an LFA which is able to
simultaneously detect LH and FSH from one sample is
interesting, as it can be used at home and in clinics for
detection of abnormal cycle, PCO-Syndrome,
infertility and menopause.®® Similarly, few commercial
LFAs exist for the detection of prolactin.?>'*
Manufacturers have developed an FIA for quantitative
serum prolactin detection within 20 minutes.*® This LFA
offers an interestingly large detection range of 5-4000
mIU mL™" and is thus able to detect elevated prolactin
concentrations for the potential diagnosis of tumours and
other diseases.”” Another similar device also detects the
hormone in serum, as well plasma or whole blood, thus
giving it a wider variety of applications and it is has a
shorter assay time, thus producing accurate results more
rapidly with a range of 20-350 ng mL™, which is also

oestrous
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able to detect elevated prolactin concentrations (>25 ng
mL™)."" The same manufacturers have developed a
progesterone FIA."*® The test is quantitative, has a
detection range of 0.3-80 ng mL™' which enables the
detection of both low and high concentrations of this
hormone. This test was found to have low cross-reactivity
(<0.3 ng mL™") when tested with several potentially
interfering hormones, including oestradiol, estrone and
testosterone, which is extremely important. For
testosterone, only a few LFAs have been developed.****
The widest detection range for a commercial testosterone
LFA is 0.2-20 ng mL™.* Therefore, the device can be
employed in clinics for rapid detection of infertility in
men (low levels), polycystic ovarian syndrome in women
(slightly elevated levels) or androgen-secreting tumours
(extremely elevated concentrations). However, no simple
qualitative LFA exist for testosterone measurement, which
would facilitate the use of these commercially available
devices for use by patients at home.

5.2 Cortisol

LFAs for cortisol detection are a recent development, and few
have been brought to the market. SOMA Bioscience recently
developed a cortisol LFA for the quantitation of salivary
cortisol (taken using a mouth swab)."*' The test takes only 10
minutes to produce results which were tested against ELISA
in the range 1.25-40 mM. A lateral flow device (LFD) reader
is required to obtain these results, thus increasing the cost
and complexity of use. Another device is also commercially
available, however for the detection of cortisol serum, plasma
or whole blood (detection range: 25-250 ng mL™)."* This
LFA should be able to detect elevated concentrations of
cortisol in the evening, and thus could aid in the diagnosis
of diseases such as Cushing's or could indicate the presence
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Fig. 8 Images of commercially available LFAs: (a) FactPlus hCG pregnancy test,°2 (b) BTNX LH midstream test,*?° (c) Alfa Scientific Designs
Instant-View FSH urine test,*?® (d) CTK Biotech Prolactin,?® progesterone,*° testosterone,®® T3 (ref. 136) and T4 (ref. 137) FIA test, (e) SOMA

and (f) Germaine Laboratories rapid test kit AimStep thyroid screen TSH tes

t.133

of an adrenal carcinoma. These are currently the only
commercially available cortisol LFAs.

5.3 Thyroid function

Commercially, there are many LFAs for thyroid function
monitoring. Qualitative TSH LFAs"*>7'%
results within 5-10 minutes whilst quantitative tests
take between 15 and 20 minutes. One kit that is available is
an FIA with a larges detection range of 0.4-100 pIU mL"."*
Patients with hyperthyroidism have TSH levels of 0.4 plU
mL™" or lower. Only two of the available commercial kits are
sensitive enough to detect hyperthyroidism (LODs 0.3 (ref. 36
and 0.2 (ref. 119)). The LFAs available are likely to be more
useful for the diagnosis of hypothyroidism. Several T3 and T4
LFAs are also available (ranges of 0.5-10 nmol L™ (ref. 136)
for T3 and 0.75-15 (ref. 119) or 10-320 nmol L for T4 (ref.
137)). It should be noted that T3 and T4 are structurally very
similar which is an issue for specificity of the tests.

produce visual
36,119,135

5.4 Vitamins

There are a few commercially available vitamin D LFAs which
have the purpose of detecting vitamin D deficiency. The
assays produce results within 10 minutes (ref. 138) the range
of 3-100 ng mL™".*° The low LOD is useful as the device is
able to detect more extreme deficiency in vitamin D, and
could be potentially used to monitor supplementation, for
appropriate dosing.

6. Future perspectives

Evidence from the literature suggests that several challenges
remain in hormone detection by LFA, despite extensive
research into this field, and this could explain the lack of
commercialisation and more importantly the fact that, to this

This journal is © The Royal Society of Chemistry 2022
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Table 5 Analytical performance of commercially available hormone LFAs
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Hormone Sample/matrix Company/product name LOD Sensitivity Specificity Ref.
Beta-hCG Urine Fact Plus by Swiss Precision 25 mIU mL™" — — 92
Diagnostics
Clear Blue by Swiss 10 mIU mL ™" — — 93
Precision Diagnostics
Abbott Alere 25 mlU mL™* >99% 100% 94
Siemens Clinitest At least 25 mlU mL™" >99% — 95
Stanbio QuPID 20 mlU mL™" for urine 99% 99% 96
Quidel Sofia FIA 20 mlU mL™* >99% >99% 97
Germaine Laboratories 20 mlU mL™* — — 98
AimStrip
Sekisui Diagnostics OSOM 25 mlU mL™" 100% 100% 99
Clarity 25 mlU mL™" 99% 100% 100
Consult diagnostics 20 mlU mL™ >99% No cross-reactivity with LH, 101
McKesson h FSH or TSH
CLIAwaived, Inc. 25 mlU mL™* — — 102
BTNX Rapid Response 25 mlU mL™" >99.9%  — 103
SA Scientific 25 mlU mL™ >99% >99% 104
Instant-View 25 mlU mL™" >99% >99% 105
Urine or plasma Microgen Bioproducts Urine test strip: 25 mlU — 99.9% 106
mL™"
Urine/serum/plasma
cassette: 10 mlU mL ™"
Urine or serum Fisher HealthCare Sure-Vue Urine - 20 mlU mL™ No cross-reactivity with LH, 107
Serum - 10 mlU mL™" FSH or TSH
Meridian Bioscience Urine - 20 mlU mL™" >99% No cross-reactivity with LH, 108
ImmunoCard STAT! Serum - 10 mlU mL™* FSH or TSH
Polymedco Poly stat 20 mlU mL™* 100% 100% 109
HemoCue America 25 mlU mL™" — >99% 110
Beckman Coulter ICON 25
SA Scientific Urine - 20 mlU mL™ >99% >99% no cross-reactivity 111
Serum - 10 mlU mL™" with LH, TSH or FSH
Quidel one-step Urine - 20 mlU mL™* >99% >99% 112
Serum - 10 mlU mL™"
Sekisui Diagnostics OSOM 25 mIU mL™ 100% 100% urine 113
urine
99.5% 99% serum
serum
Cen-Med Enterprises 20 mlU mL™* — — 114
Germaine Laboratories 20 mlU mL™* — — 115
AimStep
Clarity 25 mlU mL™" 99% 100% 116
Instant-View 25 mlU mL™" >99% >99% 117
Whole blood, plasma  NOW Diagnostics 10 mlU mL™ >99% >99% 118
or serum ADEXUSDx
Urine, serum, plasma  Veda Lab 10 mIU mL™* — — 119
or whole blood
LH Urine BTNX — 98.7% — 120
Joysbio — — — 121
Instant-View 20 mlU mL™* >99% — 122
SA Scientific 25 mlU mL™" — — 123
Germaine Aimstep 40 mlU mL™* — — 124
Serum CTK Biotech FIA — — — 125
Serum, plasma or Veda Lab — — — 119
whole blood
LH and FSH Urine Concile CrinoCheck — — — 36
FSH Urine Instant-View 40 mlU mL™" >99% — 126
SA Scientific 25 mlU mL™" — No cross-reactivity 127
BTNX Rapid Response 25 mlU mL™" 99% — 128
Serum CTK Biotech FIA — — — 129
Serum, plasma or Veda Lab — — — 119
whole blood
Prolactin Serum CTK Biotech FIA — — — 25
Serum, plasma or Veda Lab — — — 119
whole blood
Progesterone — CTK Biotech FIA — — — 130
Testosterone — CTK Biotech FIA — — — 35
Concile CrinoCheck — — — 36
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Table 5 (continued)
Hormone Sample/matrix Company/product name LOD Sensitivity Specificity Ref.
Cortisol Saliva SOMA 0.55 nM — — 131
Whole blood, serum Veda Lab cortisol — — — 119
or plasma
TSH Whole blood Jant Pharmacal Corporation — — — 132
Accutest
Germaine Laboratories — — — 133
Aimstep
BTNX Rapid Response — — — 134
Serum or plasma CTK Biotech FIA — — — 135
Serum, plasma or Veda Lab — — — 119
whole blood
N/A Concile CrinoCheck — — — 36
T3 Serum or plasma Veda Lab — — — 119
N/A CTK Biotech FIA — — — 136
T4 Serum or plasma Veda Lab — — — 119
N/A CTK Biotech FIA — — — 137
Vitamin D Serum Quidel Sofia FIA 5.2 ng mL ™" — Some cross-reactivity 138
N/A Concile CrinoCheck — — — 36

day, LFAs are not gold standard diagnostic techniques, except
for pregnancy detection. Generally, hCG LFAs have been well
researched, optimised and tested, leading to the development
of several commercial products with high sensitivity,
specificity, and precision. Current hCG LFAs show suitable
detection ranges and are able to detect pregnancy at different
weeks. The development of digital hCG LFAs has been more
recent, but it well documented. It can be assumed that the
future move for modern hCG assays will be incorporation of
newly discovered nanoparticles, such as quantum dots, for
further enhanced sensitivity. Moreover, several diseases may
induce excessive hCG secretion, such as gestational
trophoblastic disease or pituitary disease. Thus, multiplexing
of LFAs in the future will enable patients and clinicians to
differentiate between pregnancy and illness at POC. For many
other fertility hormones, further tests are required. Many
studies do not investigate parameters such as selectivity or
test stability and have not been optimised in terms of
sensitivity. In the future, several steps will likely be taken to
enhance these methods. Firstly, the use of aptamers instead
of antibodies as bioreceptors leads to significant
improvements in test selectivity. This has been implemented
for progesterone®® and cortisol®'*° but remains a new area
for research for other hormones. Furthermore, many studies
have only focussed on optimisation for clinical fluids; this is
an issue since different matrices can have interfering
substances. Thus, in the future, these studies will be
important before bringing the devices to industry. Further, it
is likely that in the future, there will be a move away from
testing blood samples, and towards biofluids with less invasive
collection protocols such as saliva or sweat. Hormones are
relatively small molecules, and this many hormones such as
oestrogen, testosterone and cortisol rely on competitive LFA
formats for detection. Competitive assays yield the typical
competitive inhibitor results: decreased signal intensity with
increased analyte concentration. This can often be confusing for
the reader This can be overcome by incorporating new formats

2470 | Lab Chip, 2022, 22, 2451-2475

such as trapLFIs, which produce signals directly proportional
to the analyte concentration. It is likely that new methods to
detect haptens in this way will be developed in the future.
Also, competitive assays are often limited by small detection
ranges, and thus the LFAs developed are unable to detect
deficiency or excess of the hormones.

Another issue with hormone detection is developing
devices which are sensitive enough for their detection. From
the literature, it is clear that the implementation of carbon
nanoparticles, fluorescent nanoparticles and magnetic
nanoparticles cause a great improvement in test sensitivity.
Recently, fluorescent labels have gained interest for enhanced
sensitivity. In particular, quantum dots can be implemented
for 500x increased sensitivity.'*! However, as seen with
hormone LFAs, enhanced sensitivity often comes at the cost
of lengthier analysis times or the requirement for expensive
strip readers. Traditional colorimetric techniques, which have
been most widely implemented for hormone LFAs, require no
extra equipment. Thus, the future move will be to develop
and implement methods which can allow simple, rapid and
affordable POC diagnosis. One major issue currently faced is
difficulty in multiplexing LFAs. Few hormones have been
researched in multiplexed format, and no commercial
multiplexed hormone LFAs exist. Given the rise in interest in
personalised medicine and targeted therapy, multiplexed
devices have gained widespread interest. Multiplexed LFAs
can enable accurate diagnosis of disease since they test for
multiple biomarkers at once. It is likely that in the near
future, multiplexed LFAs will become commercially available
for hormone LFAs. An undeniable trend is the move towards
digitalised LFAs, for examples smartphone-readout systems.
This has been developed for fertility hormones such as hCG
and LH, to track fertility cycles and to identify ovulation
(fertile periods), however is will likely be incorporated for
other hormones for disease monitoring by patients at home.
It is also likely that we will begin to see more studies
investigating the use of commercial LFAs for disease
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diagnosis, monitoring, and prognostication, including pilot
studies on diseased cohorts.

7. Conclusion

LFAs have been extensively research and commercially
produced over the last 3 decades. They are rapid and cheap
portable devices which have enabled timely diagnosis and
monitoring of disease.** Monitoring of hormones has been a
key part of patient care within the endocrine world. Excess or
deficiency of hormones can be indicative of a plethora of
diseases. For this reason, the detection of hormones has
gained widespread interest and the NHS is investing heavily
into this sector. LFAs have been developed for the
detection of some hormones. Most LFAs utilise highly
specific antibodies labelled with coloured nanoparticles,
which bind to the analyte and immobilise the analyte in the
sample, thus producing colour on the test strip. Most
hormones can be detected using sandwich LFAs, such as
hCG and LH, while others must utilise competitive formats
as the molecules are too to be sandwiched between
antibodies, such as cortisol. Many LFAs have been made with
high sensitivity (>95%) and specificity (>95%) for the
diagnosis of endocrine diseases. For many hormones, such
as hCG and LH, these have proceeding past the research
phase and are widely available commercially. Several
methods for LFA enhancement have been trialled such as the
use of superparamagnetic and gold nanoparticle
enhancement techniques. This has allowed for improved
sensitivity. In the laboratory, many LFAs have been linked to
smartphone-readout systems;”>”>#¢8%89 however, these are
not yet used routinely by patients. The future move toward
read-out systems and the use of digital devices will enable
tracking of patient health at home by clinicians, as the
systems can be linked to existing healthcare systems in the
hospital. However, while LFAs have been produced in the lab
for other hormones, they are yet to be commercially available
such as insulin and PTHLH.

The development of more LFAs in the future will enable
more rapid diagnosis of disease, as well as efficient patient
monitoring. One of the key goals of the NHS long-term plan
is to improve diagnosis of disease and develop rapid, point-
of-care devices for disease diagnosis. In particular, the long-
term plan for diabetes is to develop digital self-management
support tools."*® The commercialisation of insulin LFAs,"®
and potential linking to a smartphone-readout system, would
help to meet these targets and therefore reduce the burden
of diabetes on the NHS and worldwide, due to earlier
detection of complications in patients through continuous
simple monitoring. Furthermore, much research exists into
LFAs for fertility and stress hormones. However, there is clear
lack of research into others such as hypothalamic hormones,
for examples gonadotrophin-releasing hormone and
somatostatin, and pancreatic hormones. This suggests there
is room for further future development. Moreover,
multiplexed LFAs have been developed only for the detection

This journal is © The Royal Society of Chemistry 2022
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of hCG and testosterone. Multiplexing is a newly emerging
field which is of great interest currently within the medical
world. Future research into hormone LFAs should focus on
multiplexed hormone sensing, for the purpose of differential
disease diagnosis at POC.
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