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Abstract: Aptamers are a novel technology enabling the continuous measurement of analytes in blood
and other body compartments, without the need for repeated sampling and the associated reagent
costs of traditional antibody-based methodologies. Aptamers are short single-stranded synthetic
RNA or DNA that recognise and bind to specific targets. The conformational changes that can occur
upon aptamer–ligand binding are transformed into chemical, fluorescent, colour changes and other
readouts. Aptamers have been developed to detect and measure a variety of targets in vitro and in vivo.
Gonadotropin-releasing hormone (GnRH) is a pulsatile hypothalamic hormone that is essential for
normal fertility but difficult to measure in the peripheral circulation. However, pulsatile GnRH release
results in pulsatile luteinizing hormone (LH) release from the pituitary gland. As such, LH pulsatility is
the clinical gold standard method to determine GnRH pulsatility in humans. Aptamers have recently
been shown to successfully bind to and measure GnRH and LH, and this review will focus on this
specific area. However, due to the adaptability of aptamers, and their suitability for incorporation into
portable devices, aptamer-based technology is likely to be used more widely in the future.

Keywords: aptamer; synthetic oligonucleotides; gonadotropin-releasing hormone (GnRH); luteinizing
hormone (LH); pulsatility

1. Introduction

Gonadotropin-releasing hormone (GnRH) is decapeptide secreted into the hypophyseal portal
system by specialised hypothalamic neurons, to reach its site of action at the pituitary gland. GnRH
acts on pituitary gonadotropes to stimulate the production and secretion of gonadotropins (luteinizing
hormone (LH) and follicle stimulating hormone (FSH)) [1]. LH and FSH stimulate the secretion of
sex steroids from the gonads (primarily testosterone from the testes and oestrogen/progesterone from
the ovaries) [2]. Apart from during the pre-ovulatory phase of the menstrual cycle, GnRH and LH
secretion are inhibited by sex steroids (i.e., negative feedback) [3]. However, during the pre-ovulatory
phase of the menstrual cycle, oestrogen exerts positive feedback on GnRH and LH secretion, leading to
increased LH secretion and the production of the LH surge required for ovulation [3].

GnRH, LH and FSH all exhibit pulsatile secretory patterns, which are pivotal to their biological
functions [3], including stimulation of gonadal sex steroid secretion. GnRH has a short half-life of
2–8 min in the peripheral circulation [4], with very low levels (i.e., ≤5pg/ml) detected in plasma [5].
Therefore, it is challenging to measure GnRH in the peripheral circulation. As LH pulses are temporally
coupled with GnRH pulses and LH is stable in the blood [6], LH levels and pulses are commonly
measured and used as the clinical gold standard surrogate markers of GnRH secretion.
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GnRH and LH pulsatility change during different reproductive stages and at different phases
of the menstrual cycle. Pre-pubertally, LH levels are low and very few LH pulses are detectable.
However, as puberty progresses, LH pulse frequency increases in response to increased GnRH
pulsatility [7]. In adulthood, LH pulses occur approximately every 2 h in healthy men [8]. In healthy
women, LH pulses occur every 1-2 h in the follicular phase and every 4 h in the luteal phase [2].
When reproductive senescence occurs in menopausal women, LH levels are markedly elevated
(resulting from the absence of negative feedback due to oestrogen deficiency), and approximately one
LH pulse occurs each hour [9].

Reproductive pathology is characterised by alterations in the normal patterns of GnRH and LH
pulsatility. In hypogonadotropic hypogonadism, LH, FSH and sex steroid levels are abnormally
low, with few or absent pulses. This may occur due to genetic defects giving rise to Congenital
Hypogonadotropic Hypogonadism (CHH—e.g., ANOS1 gene variations in Kallman’s Syndrome) [10].
However, in adolescents who have constitutional delay of growth and puberty (CDGP), the pattern
of LH, FSH and sex steroids is indistinguishable from the pattern seen in CHH. Whilst children
with CDGP will eventually progress through puberty, people with CHH require long-term hormonal
supplementation. Therefore, it is important to be able to distinguish between these conditions, but there
is still significant diagnostic uncertainty using current approaches [10]. Evaluation of LH pulsatility
may help reduce this uncertainty, as patients with CHH have been shown to lack the sleep-entrained
increase in LH pulse amplitude and number present in 75% of pre-pubertal children [11]; and in
the small proportion of patients with CHH that have detectable pulsatile LH secretion (25% in one
series of 78 men), the LH pulses are abnormal (i.e., low amplitude and/or low frequency) [12].

Acquired hypogonadotropic hypogonadism can be caused by pituitary dysfunction due to trauma,
surgery, cranial irradiation, obesity, opioids, infiltrative and/or autoimmune disease. Additionally,
a type of hypogonadotropic hypogonadism (termed hypothalamic amenorrhea in women) may also
occur due to stress, weight loss and/or an extended period of intense physical activity, and this
reproductive disorder occurs in 4% of pre-menopausal women [13]. Abnormal LH pulsatility is also
present in Polycystic Ovarian Syndrome (PCOS, which affects up to 13% of women of reproductive
age) and is characterised by at least two of the following features: hyperandrogenism, polycystic
ovarian morphology on ultrasound and/or oligomenorrhea/amenorrhea [14]. Furthermore, it has
been recognised that these conditions may co-exist with a subset of women exhibiting clinical and/or
biochemical features of both hypothalamic amenorrhea and PCOS [15]. Women with hypothalamic
amenorrhea have low LH levels and reduced LH pulsatility [16], whereas women with PCOS have high
basal LH levels and increased pulsatility [17]. However, despite the valuable information provided
by the assessment of hormone pulsatility that can be used to aid diagnosis of reproductive disorders,
it is not performed in routine clinical practice (for the reasons outlined below), and thus, LH pulse
assessment is currently only performed in research centres.

The detection and quantification of hormones (e.g., LH) have been reliant on antibody-based
techniques for many decades. However, problems with these methods include suboptimal inter-assay
reliability and reproducibility, high cost of reagents, high sample volumes required (limiting the number
of samples that can be taken from a single subject) and the time-consuming nature of antibody-based
assays [18]. To overcome these problems, alternative methods of analyte detection and quantification
have been developed. One such method is based on the use of aptamers (i.e., synthetic ligand-binding
oligonucleotides). In line with advancements in this technology, the development of aptamer-based
assays has accelerated over the last two decades, such that their use is likely to become more widespread.

In this review, we highlight the major types of aptamers in development and outline possible
applications for aptamer-based technology in the assessment of GnRH/LH pulsatility.

2. Aptamers

Aptamers are single-stranded DNA or RNA oligonucleotides that are selected to recognise
and bind to specific ligands. Currently, most aptamers are developed using systematic evolution of
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ligands by exponential enrichment (SELEX) [19,20]. In SELEX, an oligonucleotide library is generated
or purchased from commercial providers. The library is incubated with the target ligand, and sequences
that do not bind to the ligand are discarded. Sequences that are bound to the ligand are then dissociated
from the ligand, collected and amplified using polymerase chain reactions (PCR), preceded by reverse
transcription for RNA aptamers and followed by single strand DNA generation for DNA aptamers.
The cycle of ligand-binding, removal of unbound sequences, collection and amplification of bound
sequences is repeated to obtain significant quantities of the sequences that bind efficiently to the ligand.
Assays are performed using the ligand-binding sequences, and the highest-performing sequence(s) is
(are) identified and synthesised (Figure 1).

Figure 1. Summary of systematic evolution of ligands by exponential enrichment (SELEX) procedure
for generation of aptamers for a specific target ligand. (I) Oligonucleotides from a library are incubated
with the target. (II) Following incubation, oligonucleotides that do not bind to the target are separated
from the bound oligonucleotide-target complexes and discarded. (III) Oligonucleotides that bind to
the target are eluted. (IV) The eluted oligonucleotides are then amplified and incubated with the target.
(I) The cycle is then repeated several times, with increased stringency of the elution conditions during
subsequent cycles, to produce an enriched pool of the best candidate oligonucleotides. (V) After the last
cycle, the selected oligonucleotides are then assessed, and the sequences with the highest binding
affinity are selected and synthesised. These sequences can then be modified by addition of groups to
the 3′-end to reduce their susceptibility to nucleases, alteration of nucleotide bases and/or generation of
spigelmers (i.e., mirror-image isomers).

Post-SELEX, modifications of the aptamer structure can be employed to improve stability (e.g., by
capping the 3′-end of the oligonucleotide with inverted thymidine or biotin to reduce its susceptibility to
3′-exonuclease [21,22]), increase the half-life of the aptamer in vivo (e.g., by conjugation of polyethylene
glycol (PEG) to the 5′-end [23] to reduce the rate of renal clearance) and enhance ligand-binding affinity
(e.g., by adding amino groups to the oligonucleotide sequence [24] and/or modifying nucleotide bases
within the sequence [25]). More recently, other types of modified aptamers have been developed,
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with increased resistance to degradation by nucleases and/or increased binding affinities, including
spiegelmers (oligonucleotide sequences consisting of L-(deoxy)ribonucleic acids that are synthetic
mirror-image isomers of naturally-occurring D-(deoxy)ribonucleic acids) [26]; circular aptamers [27];
and multimers (i.e., aptamers that have the ability to bind to more than one region of their ligands,
which improve the aptamers’ sensitivity and specificity) [28,29].

The ability of an aptamer to bind to its target depends on its three-dimensional structure [19,20].
Additionally, the aptamer–ligand interaction can produce a marked conformational change in
the aptamer [30], which can be used to provide a bioassay read-out using electrochemical, mass-sensitive
and optical methodologies (Figure 2).

Figure 2. Examples of electrochemical, mass-sensitive and optical aptamer biosensors. A—The aptamer is
attached to an electrode at one end with an electrochemical reporter (blue oval) covalently linked to the other
end. Binding of the aptamer to its target ligand (green rectangle) results in a change in its shape, which alters
the distance between the electrochemical reporter and the electrode. Consequently, the electron transfer
rate between the electrochemical reporter and the electrode changes, producing a change in the current.
B—(I) In a mass-sensitive biosensor, the aptamer is attached to a quartz surface, and aptamer–ligand
binding results in a change in wave frequency. (II) In a different version of the mass-sensitive biosensor,
the aptamer is immobilised on the surface of a microcantilever. Aptamer–ligand binding produces a change
in the compressive stress at the microcantilever surface. C—(I) In an optical biosensor, a fluorophore (F)
is attached to one end of the aptamer and a corresponding quencher (Q) is attached to the other end.
Aptamer–ligand binding changes the shape of the aptamer, which brings the fluorophore and quencher
closer to together. This results in a reduction in the fluorescence intensity. (II) In a different type of optical
biosensor, gold nanoparticles (NP) associate with the unbound aptamers. Aptamer–ligand binding causes
the nanoparticles to dissociate from the aptamer. The dissociated nanoparticles aggregate, which (in
the presence of salt—NaCl) produces a visible colour change.

Electrochemical aptamer sensors consist of aptamers immobilised on an electrode at one
end and attached to an electrochemical reporter (such as methylene blue [30,31], ferrocene [32],
ferrocene-functionalised polyelectrolyte poly(3)-alkoxy-4-methylthiophene [33] or ruthenium (III)
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hexamine [34]) on the other end. Aptamer–ligand binding alters the shape of the aptamer, resulting
in a change in the electron transfer rate between the electrochemical reporter and the electrode. This
produces a change in the electrical current, the magnitude of which is proportional to the amount of
ligand present, and this change in current is measured by a potentiostat. Mass-sensitive aptamer sensors
measure analytes by detecting changes in the refractive index at a surface [35], changes in resonance
frequency of quartz crystals [36,37] or altered degree of bending between microcantilevers [38] produced
by aptamer–ligand binding. In fluorescent optical systems, binding of the ligand to an aptamer labelled
with a fluorophore at one end and a quencher at the other, results in increased distance between
the fluorophore and the quencher and enhancement of a fluorescent signal [39,40]. In a variant
of the fluorescent system, the unbound aptamer’s structure keeps the fluorophore and quencher
apart until the conformational change caused by aptamer–ligand binding brings the fluorophore
and quencher close together, resulting in a reduction in fluorescence intensity [41,42]. In a different type
of fluorescent system, pyrene moieties at each end of an aptamer form an exciplex and fluoresce when
aptamer–ligand binding occurs [43]. Another commonly used fluorescent system is the donor–acceptor
system, in which the aptamer is labelled with Cy3 (donor) at one end and Cy5 (acceptor) at the other
end, and detectable fluorescence resonance energy transfer (FRET) occurs between the donor–acceptor
pair after the aptamer binds to its ligand [44]. In colorimetric optical systems, aptamers dissociate from
the nanoparticles following aptamer–ligand binding and change colour in the presence of sodium
chloride (NaCl) and/or heat [45,46]; or an enzymatic colour change is produced by aptamer–ligand
binding following exposure to UV light [47,48].

Currently, the diagnosis of many conditions is made using antibody-based methods of detection
and/or quantification of biomarkers specific to the condition of interest, such as the measurement of
LH, FSH and testosterone using chemiluminescent immunoassays to determine if hypogonadism
is primary (due to testicular failure) or secondary (due to pituitary or hypothalamic dysfunction).
However, variability between batches of the same antibody can produce variation in results within
the same experimental setting [49], as well as the potential for cross-reactivity with other analytes
reducing the specificity of an antibody (with one study reporting that only 56% of the 109 commercially
available antibodies tested displayed 100% specificity for their peptide targets [50]). Suboptimal
antibody specificity increases the likelihood of obtaining false positive results, with resulting significant
adverse consequences for patients (such as additional investigations, unnecessary treatment and/or
psychological harm [51]). Thus, there is a need to explore alternative methods of analyte detection
and measurement.

Aptamers possess several properties that may prove to be advantageous. For instance, it typically
takes months to produce antibodies whilst aptamers can be produced in weeks. The production of
aptamers does not require the use of animals [30], and their production can be rapidly upscaled, which
could lead to reduced costs. Aptamers can detect metal ions [52] and small molecules [52–55] that
cannot be recognised by antibodies. Furthermore, certain (i.e., electrochemical) aptamer-based sensors
do not require additional reagents [30]; therefore, readouts are obtained more quickly, and multiple
measurements can be made periodically and/or continuously over an extended period of time.

Aptamers can be modified (more readily than antibodies) to increase their specificity, ligand
affinity, half-lives and/or facilitate their incorporation into sensor devices [56,57]. Recently described
aptamer-based devices include a lateral flow strip for the detection of hepatitis C core antigen in
serum (with a colour-change produced by a positive result visible to the naked eye within 10 min) [58],
a microfluidic paper device for detection of aflatoxin B1 in milk [59] and standard blood glucose
meters have been adapted for quantification of interferon-γ [60] and cocaine in human serum [61]
using aptamers. Additionally, aptamer-based devices have also been used for in vivo measurement of
cocaine in different regions of rat brains using modified electrodes [62] and for in vivo measurement of
antibiotics in ambulatory rats using implanted sensors [63].

Furthermore, aptamer microarray platforms can be used to detect a large number of protein
analytes in biological samples simultaneously (which is currently only possible to a limited extent
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with antibody-based methodologies). In these platforms, ~1000 Slow Off-rate Modified Aptamers
(SOMAmers—i.e., aptamers with slow ligand dissociation rates that are selected for different proteins),
which carry both a 5′-photocleavable biotin tag and a 3′-fluorescent label, are incubated with samples
(e.g., plasma, serum or cell lysates). The SOMAmer-protein complexes are captured onto streptavidin
coated beads (via streptavidin-biotin binding), and unbound proteins are washed away. The proteins
that are bound to SOMAmers are then tagged with non-photocleavable biotin. Ultraviolet light is used
to separate the photocleavable biotin from the SOMAmers, and the photocleavable biotin remains
attached to the streptavidin beads. The SOMAmer-protein complexes are then immobilised on new
beads via streptavidin binding to the non-photocleavable biotin and free SOMAmers are washed
away. The proteins are then dissociated from the SOMAmers by raising the pH of the solution.
The SOMAmers are then hybridized to a microarray of single-stranded DNA probes complementary
to the SOMAmers’ oligonucleotide sequences. When the microarray is scanned, the hybridized
SOMAmers (and, therefore, the proteins detected by the SOMAmers in the samples) are then quantified
by fluorescence of the 3′ label. SOMAmer platforms have been used to identify potential chronic kidney
disease biomarkers in human plasma [64]; identify novel Duchenne Muscular Dystrophy biomarkers in
mouse serum [65]; discover differential protein expression patterns between tumour and non-tumour
tissue in hepatic tissue resected from people with hepatocellular cancer [66]; and identify proteins in
plasma subsequently used to develop and validate a prospective risk score for patients with ischaemic
heart disease [67].

Thus, the versatility of aptamer-based techniques and the many advantages they have over
antibody-based methodologies make them suitable for the detection and quantification of GnRH
and LH in vitro and in vivo.

3. GnRH Aptamers

Several GnRH aptamers have been described, which bind to GnRH in vitro (in non-buffered
solutions, cell culture and urine) and in vivo (in rats and rabbits). Using SELEX followed by solid phase
synthesis utilising chiral isomeric nucleotides, a high-affinity GnRH RNA spiegelmer and a high-affinity
GnRH DNA spiegelmer were generated with equilibrium dissociation constants (KD) of approximately
45 nM [68]. These aptamers bound preferentially to GnRH, with minimal binding to buserelin (a GnRH
analog) and chicken luteinizing-releasing hormone (LHRH, which differs from GnRH by only a single
amino acid), and did not bind to vasopressin and oxytocin (i.e., neuropeptides that are structurally
different from GnRH) at concentrations ranging from 0.1-1000 µM [68]. Both spiegelmers prevented
GnRH-mediated activation of its receptor (as measured by calcium ion release) in Chinese hamster
ovary (CHO) cells transfected with the human GnRH receptor, with IC50 values of ~200 nM for the RNA
spieglemer and ~50 nM for the DNA aptamer [68].

A different DNA spieglemer with a higher affinity to GnRH (KD = 20 nM), called NOX 1255, and a
pegylated form of NOX 1255 (i.e., NOX 1257) inhibited GnRH-mediated calcium ion release (with
an IC50 value of 20 nM) in CHO cells transfected with the human GnRH receptor [54]. NOX 1255
and NOX 1257 are highly specific for GnRH as there was no inhibition of buserelin activity when these
aptamers were co-incubated with buserelin in cultures of CHO cells [54]. In vivo, in castrated male
rats, subcutaneous administration of NOX 1255 suppressed LH levels by 67% for up to 6 h, whilst
intravenous NOX 1257 suppressed LH to pre-castration levels for 24 h [56]. Additionally, neither
repeated dosing of NOX 1255 or NOX 1257 over 14 weeks elicited an immune response in rabbits [56],
a species that is commonly used to generate antibodies used in antibody-based assays [69].

These studies demonstrate the high specificity and affinity of the selected GnRH aptamers. These
GnRH aptamers selectively bind to GnRH, with little or no binding to structurally similar compounds
(i.e., chicken LHRH and buserelin) and structurally dissimilar compounds (vasopressin and oxytocin).
Furthermore, as conditions in vivo are different from the in vitro conditions under which aptamers are
generated and tested, it is encouraging that the aptamers retained their activity in vivo. The extended
suppression of LH produced by the PEG-modified aptamer, and the absent immunogenicity of NOX
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1255 and NOX 1257 (in rabbits), makes these aptamers suitable agents for use in research (where
GnRH-mediated pathways are being investigated) and as therapeutic agents (such as in assisted fertility
cycles where endogenous LH suppression is required and in prostate cancer to produce androgen
suppression). However, further safety and efficacy studies are required before the potential utility of
these aptamers is realised. Encouragingly, a precedent for therapeutic aptamer use exists in the form
of an anti-vascular endothelial growth factor aptamer that has been licensed for the treatment of
macular degeneration [70,71].

More recently, a GnRH aptamer has been used successfully to measure GnRH in a prototype
aptamer-nucleic acid sequence-based amplification (aptamer-NASBA) lab-on-a-chip device based
on a 384-well microplate, which could be read by standard fluorescence microplate readers [72].
Samples containing sub-picomolar concentrations of GnRH were added to the aptamer-coated
gold reaction surface of this device. After removing unbound GnRH by washing, anti-GnRH
biotinylated antibodies were added followed by streptavidin, which bound to the biotinylated
antibodies. The resulting aptamer-GnRH-biotinylated antibody-streptavidin sandwich was incubated
with biotinylated single-stranded DNA that bound to the streptavidin at a different site. Following
reverse transcription of the streptavidin-bound DNA to RNA, T7 RNA polymerase was used to amplify
the RNA, thus producing an amplified fluorescent signal that was proportional to the concentration
of GnRH in the sample. This aptamer-NASBA device could be used to measure multiple samples
simultaneously in under 1 h, which would be useful when conducting pulsatility studies, where
ideally sampling should be performed every 5-10 min for a minimum of 8 h [73]. NASBA assays
can be performed with sample volumes as little as 5µl [74]; therefore, aptamer-NASBA assays would
be suitable for pulsatility studies performed on rodents that have low circulating volumes of blood
compared to larger mammals.

Blood sampling is invasive and can cause stress-induced cortisol release, which in turn suppresses
GnRH and LH secretion and pulsatility [75,76]. The measurement of GnRH in urine may circumvent
this problem. In greyhound dogs and humans, GnRH metabolites have been detected in urine, but
intact GnRH in urine has only been detected after [but not prior to] administration of GnRH, using mass
spectrometry [77,78]. Similarly, NOX 1255 (a GnRH spiegelmer) was unable to detect GnRH in the urine
of healthy horses, but it detected GnRH one hour after GnRH administration [79]. Additionally, unlike
the antibody-based assay, NOX 1255 did not detect the GnRH metabolite (GnRH5-10), indicating that
the specificity of this aptamer for intact GnRH is preserved in urine. Collectively, these data suggest
that NOX 1255 (and other GnRH aptamers) may be suitable for measurement of GnRH in urine after
exogenous GnRH administration but not for measurement of endogenous GnRH levels.

4. LH Aptamers

It is not feasible to measure GnRH in the hypophyseal-portal circulation in humans (as this would
require access to blood vessels at the base of the brain). Additionally, GnRH has a very short half-life
in the peripheral circulation [4]. Therefore, as LH pulses are preceded by GnRH pulses in a one to
one ratio [6,80], circulating LH is commonly measured and used as a gold standard surrogate marker
of GnRH pulsatility in humans. However, standard methods of determining LH pulsatility require
frequent manual blood sampling (i.e., every 10 min for a minimum of 8 h), with LH levels measured
using antibody-based assays [8]. This is impractical in clinical settings and presents challenges in
research settings as it is labour-intensive, a large number of samples and blood volumes are required
(≥48 samples/8-h sampling period) and the associated costs are high (~25 US dollars/sample). Therefore,
aptamer-based methods may prove to be a superior method of assessing LH pulsatility.

A recent ground-breaking study demonstrated the ability of an LH aptamer (coupled to a robotic
electrochemical platform) to detect different patterns of LH secretion in stored undiluted serum
samples from healthy pre-menopausal women (normal LH levels and pulsatility), post-menopausal
women (high LH levels and increased pulsatility) and women with hypothalamic amenorrhea (low
LH levels and reduced pulsatility) [30]. The electrochemical platform consisted of a potentiostat,
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laptop interface, programmable liquid-handling robot, wire electrodes functionalised with the LH
aptamer and a 96-well-plate onto which samples were loaded [30]. Excellent correlation was reported
between LH concentrations measured using the aptamer and levels measured with the traditional
antibody-based assay performed using an in-hospital laboratory automated analyser (R2 = 0.94, p <

0.001), with pulsatility confirmed using Bayesian spectrum analysis [30].
This robotic electrochemical aptamer system was automated, reusable, low cost and highly specific

for LH (as there was negligible cross-reactivity with FSH, which shares a common α-subunit with
LH and which circulates at higher levels than LH in post-menopausal women [81]). These attributes
confer significant advantages over traditional antibody-based LH measurement. Additionally, this LH
aptamer system can be adapted by inclusion of other aptamers to enable measurement of multiple
proteins (including hormones) in a single sample [64,82]; by integration of a wire electrode with
an automated blood collection system for real-time measurements [83,84]; and/or by incorporation
of a microneedle skin patch [85] to measure hormones in dermal interstitial fluid. Furthermore,
other electrochemical aptamer platforms have been successfully adapted and used for real-time
continuous monitoring of pre- and post-administration drug levels in venous blood of ambulatory
rats for ≥5 h [63]. Therefore, further development of this novel robotic LH-aptamer system could
enable continuous ambulatory real-time hormone sensing with increased accuracy and accessibility of
pulsatility assessment of LH in different physiological and pathological conditions.

5. Potential Applications of GnRH/LH Aptamers

As aptamers have been used in conjunction with modified implantable electrodes (i.e., gold-coated
electrodes functionalized with cocaine-specific aptamers) to measure cocaine in vivo in rat brains [62];
a similar approach could be used to measure GnRH in the hypothalamus in animals. This would provide
invaluable information such as changes in GnRH pulsatility during different stages of reproductive
maturity and senescence, and in rodent models of human reproductive orders such as PCOS (the most
common reproductive disorder affecting pre-menopausal women [14]). Furthermore, incorporation of
LH aptamers into intravenous or subcutaneous sensors would facilitate detailed characterisation of
LH secretion and pulsatility in rodents, sheep and other mammals, which have been limited by factors
such as blood volumes, technical challenges, as well as antibody-based assays with low specificity
and inadequate sensitivity.

Furthermore, the development of the robotic LH-aptamer system described above [30] to include
wireless connection to a portable transdermal sensor (similar to continuous glucose monitors currently
in use for diabetes management [86]) would revolutionize reproductive endocrinology research, due to
the reduced costs and quantity of (previously inaccessible) information this technology would enable
researchers to obtain. In addition, the availability of an inexpensive portable method of assessing
LH pulsatility would facilitate timely and accurate diagnosis of patients presenting to clinicians with
reproductive disorders, particularly as currently these patients’ reproductive hormones are assessed
using single timepoint blood tests. Thus, GnRH and LH aptamers could have significant and beneficial
impacts on research and in healthcare.

6. Challenges

Although aptamer development has progressed over the last two decades, there are relatively few
aptamer-based compounds currently in use in clinical research and healthcare. This might be due to
differences in ligand binding and bioavailability of the aptamers in vitro (where they are generated)
compared with in vivo use (where the temperature, pH and the presence of interfering factors such as
lipids can influence the structure and function of the aptamers). Furthermore, in vivo, non-specific
binding of the aptamer can occur, which can be difficult to predict during the process of aptamer
selection and modification. However, cross-reactivity can be reduced by including negative selection
cycles during SELEX to remove oligonucleotides that bind to proteins that are structurally similar
to the target protein (e.g., oligonucleotides that bind to FSH were identified and discarded during
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negative selection SELEX cycles used to produce the LH aptamer discussed above [30]). Additionally,
aptamers have been reported to have lower, similar or higher binding affinities compared with
antibodies for a specific target [87]. Therefore, careful selection of the best candidate sequence and/or
post-SELEX modification may be required to ensure that the binding affinity of an aptamer exceeds
that of an antibody for a given target.

Modifications made to aptamers to improve their pharmacokinetic properties can also adversely
affect their function. For instance, conjugation of PEG to an interleukin-17A RNA aptamer more than
doubled the half-life of the aptamer in vivo [23]. However, significant titres of anti-PEG antibodies
were detected in 37% of plasma samples from 377 healthy donors [88]. This may limit the widespread
use of PEGylated aptamers as anti-PEG antibodies can reduce the efficacy of PEGylated aptamers [89],
and these antibodies were identified as the cause of serious hypersensitivity reactions in clinical trials
of an anticoagulant RNA PEGylated aptamer [90].

Another challenge is not all targets are suitable for aptamer generation. Unlike targets with
positively charged groups, hydrophobic targets and targets containing phosphate groups [which are
negatively charged] are more difficult to select appropriate aptamers for [91,92]. As GnRH and LH
are not hydrophobic and do not contain phosphate groups, they are suitable aptamer targets as
evidenced by the highly specific and sensitive GnRH and LH aptamers described above [30,56,68,77].
Additionally, initial aptamer generation costs are high. However, once a suitable aptamer has been
generated, the production costs of the aptamer are likely to be lower than antibody-generation costs (e.g.,
<USD 50/g for aptamers supplied by Aptagen LLC [93] compared with ~USD 300/g for recombinant
monoclonal antibodies produced using mammalian cell lines [94]).

There are currently no standardized aptamer selection protocols for a given target with over 20
different types of SELEX procedures described in the literature [95]. Additionally, the SELEX process
can be slow (i.e., with 8-20 cycles performed), often yielding <15 candidate aptamers from an initial
pool of 1015 molecules, which then require post-SELEX optimisation [30,68,96,97]. Overcoming these
challenges will enable the full potential of this class of synthetic oligonucleotides to be realized for
assessing GnRH/LH pulsatility and many other diverse applications.

7. Conclusions

Aptamer development is a rapidly expanding field with numerous potential research, diagnostic
and therapeutic applications. Due to the many advantages of aptamers over traditional antibody-based
detection and quantification methods, adoption of aptamer technology into routine use in research
and healthcare settings may occur in the near future as technical challenges are overcome.
Aptamer-based technology has the potential to be a powerful research tool, as well as to enable real-time,
continuous, low cost ambulatory LH pulsatility assessments in clinical settings. This could transform
clinical practice by providing more accurate diagnosis of reproductive disorders (currently based on
single timepoint blood tests that do not assess LH pulsatility), and thus improve the management of
these conditions.

Author Contributions: Conceptualization, C.I.-E., A.A., A.C. and W.S.D.; Writing—Original Draft Preparation,
C.I.-E.; Writing—Review and Editing, C.I.-E., A.A., A.C. and W.S.D.; Funding Acquisition, C.I.-E., A.A., A.C.
and W.S.D. All authors have read and agreed to the published version of the manuscript.

Funding: The Section of Endocrinology and Investigative Medicine is funded by grants from the MRC, BBSRC
and NIHR and is supported by the NIHR Biomedical Research Centre Funding Scheme. CI is funded by an Imperial
College London-BRC IPPRF Fellowship. AA is funded by an NIHR Clinician Scientist Award (CS-2018-18-ST2-002).
WSD is funded by an NIHR Professorship (RP-2014-05-001).

Acknowledgments: The views expressed are those of the authors and not necessarily those of the NHS, the NIHR
or the Department of Health.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2020, 21, 7394 10 of 15

References

1. Hazum, E.; Conn, P.M. Molecular Mechanism of Gonadotropin Releasing Hormone (GnRH) Action.
I. The GnRH Receptor. Endocr. Rev. 1988, 9, 379–386. [CrossRef] [PubMed]

2. Marques, P.; Skorupskaite, K.; George, J.T.; Anderson, R.A. Physiology of GNRH and Gonadotropin Secretion;
Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G., Dungan, K., Grossman, A., Eds.; Endotext: South
Dartmouth, MA, USA, 2000.

3. Knobil, E.; Plant, T.; Wildt, L.; Belchetz, P.; Marshall, G. Control of the rhesus monkey menstrual cycle:
Permissive role of hypothalamic gonadotropin-releasing hormone. Science 1980, 207, 1371–1373. [CrossRef]
[PubMed]

4. Handelsman, D.J.; Swerdloff, R.S. Pharmacokinetics of Gonadotropin-Releasing Hormone and Its Analogs.
Endocr. Rev. 1986, 7, 95–105. [CrossRef] [PubMed]

5. Huseman, C.A.; Kelch, R.P. Gonadotropin Responses and Metabolism of Synthetic Gonadotropin-Releasing
Hormone (GnRH) during Constant Infusion of GnRH in Men and Boys with Delayed Adolescence. J. Clin.
Endocrinol. Metab. 1978, 47, 1325–1331. [CrossRef] [PubMed]

6. Clarke, I.J.; Cummins, J.T. Increased Gonadotropin-Releasing Hormone Pulse Frequency Associated with
Estrogen-Induced Luteinizing Hormone Surges in Ovariectomized Ewes. Endocrinology 1985, 116, 2376–2383.
[CrossRef]

7. Boyar, R.; Finkelstein, J.; Roffwarg, H.; Kapen, S.; Weitzman, E.; Hellman, L. Synchronization of Augmented
Luteinizing Hormone Secretion with Sleep during Puberty. New Engl. J. Med. 1972, 287, 582–586. [CrossRef]

8. Izzi-Engbeaya, C.; Jones, S.; Crustna, Y.; Machenahalli, P.C.; Papadopoulou, D.; Modi, M.; Panayi, C.;
Starikova, J.; Eng, P.C.; Phylactou, M.; et al. Effects of Glucagon-like Peptide-1 on the Reproductive Axis in
Healthy Men. J. Clin. Endocrinol. Metab. 2020, 105. [CrossRef]

9. Prague, J.K.; Voliotis, M.; Clarke, S.; Comninos, A.N.; Abbara, A.; Jayasena, C.N.; Roberts, R.E.; Yang, L.;
Veldhuis, J.D.; Tsaneva-Atanasova, K.; et al. Determining the Relationship Between Hot Flushes and LH
Pulses in Menopausal Women Using Mathematical Modeling. J. Clin. Endocrinol. Metab. 2019, 104, 3628–3636.
[CrossRef]

10. Young, J.; Xu, C.; Papadakis, G.E.; Acierno, J.S.; Maione, L.; Hietamäki, J.; Raivio, T.; Pitteloud, N. Clinical
Management of Congenital Hypogonadotropic Hypogonadism. Endocr. Rev. 2019, 40, 669–710. [CrossRef]

11. Wu, F.C.W.; Butler, G.E.; Kelnar, C.J.H.; Stirling, H.F.; Huhtaniemi, I. Patterns of Pulsatile Luteinizing
Hormone and Follicle-Stimulating Hormone Secretion in Prepubertal (Midchildhood) Boys and Girls
and Patients with Idiopathic Hypogonadotropic Hypogonadism (Kallmann’s Syndrome): A Study Using
an Ultrasensitive Time-Resolved Immunofluorometric Assay. J. Clin. Endocrinol. Metab. 1991, 72, 1229–1237.
[CrossRef]

12. Pitteloud, N.; Hayes, F.J.; Boepple, P.A.; DeCruz, S.; Seminara, S.B.; MacLaughlin, D.T.; Crowley, W.F., Jr.
The role of prior pubertal development, biochemical markers of testicular maturation, and genetics in
elucidating the phenotypic heterogeneity of idiopathic hypogonadotropic hypogonadism. J. Clin. Endocrinol.
Metab. 2002, 87, 152–160. [CrossRef] [PubMed]

13. Gordon, C.M.; Ackerman, K.E.; Berga, S.L.; Kaplan, J.R.; Mastorakos, G.; Misra, M.; Murad, M.H.; Santoro, N.F.;
Warren, M.P. Functional Hypothalamic Amenorrhea: An Endocrine Society Clinical Practice Guideline. J.
Clin. Endocrinol. Metab. 2017, 102, 1413–1439. [CrossRef] [PubMed]

14. Teede, H.J.; Misso, M.L.; Costello, M.F.; Dokras, A.; Laven, J.; Moran, L.; Piltonen, T.; Norman, R.J.
Recommendations from the international evidence-based guideline for the assessment and management of
polycystic ovary syndrome. Hum. Reprod. 2018, 33, 1602–1618. [CrossRef] [PubMed]

15. Carmina, E.; Fruzzetti, F.; Lobo, R.A. Increased anti-Mullerian hormone levels and ovarian size in a subgroup
of women with functional hypothalamic amenorrhea: Further identification of the link between polycystic
ovary syndrome and functional hypothalamic amenorrhea. Am. J. Obs. Gynecol. 2016, 214, 714.e1–714.e6.
[CrossRef]

16. Jayasena, C.; Abbara, A.; Veldhuis, J.D.; Comninos, A.N.; Ratnasabapathy, R.; De Silva, A.; Nijher, G.M.K.;
Ganiyu-Dada, Z.; Mehta, A.; Todd, C.; et al. Increasing LH pulsatility in women with hypothalamic
amenorrhoea using intravenous infusion of Kisspeptin-54. J. Clin. Endocrinol. Metab. 2014, 99, E953–E961.
[CrossRef]

http://dx.doi.org/10.1210/edrv-9-4-379
http://www.ncbi.nlm.nih.gov/pubmed/2851440
http://dx.doi.org/10.1126/science.6766566
http://www.ncbi.nlm.nih.gov/pubmed/6766566
http://dx.doi.org/10.1210/edrv-7-1-95
http://www.ncbi.nlm.nih.gov/pubmed/3007081
http://dx.doi.org/10.1210/jcem-47-6-1325
http://www.ncbi.nlm.nih.gov/pubmed/122428
http://dx.doi.org/10.1210/endo-116-6-2376
http://dx.doi.org/10.1056/NEJM197209212871203
http://dx.doi.org/10.1210/clinem/dgaa072
http://dx.doi.org/10.1210/jc.2018-02797
http://dx.doi.org/10.1210/er.2018-00116
http://dx.doi.org/10.1210/jcem-72-6-1229
http://dx.doi.org/10.1210/jcem.87.1.8131
http://www.ncbi.nlm.nih.gov/pubmed/11788640
http://dx.doi.org/10.1210/jc.2017-00131
http://www.ncbi.nlm.nih.gov/pubmed/28368518
http://dx.doi.org/10.1093/humrep/dey256
http://www.ncbi.nlm.nih.gov/pubmed/30052961
http://dx.doi.org/10.1016/j.ajog.2015.12.055
http://dx.doi.org/10.1210/jc.2013-1569


Int. J. Mol. Sci. 2020, 21, 7394 11 of 15

17. Coutinho, E.A.; Kauffman, A.S. The Role of the Brain in the Pathogenesis and Physiology of Polycystic Ovary
Syndrome (PCOS). Med. Sci. 2019, 7, 84. [CrossRef]

18. Weller, M.G. Quality Issues of Research Antibodies. Anal. Chem. Insights 2016, 11, 21–27. [CrossRef]
19. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage

T4 DNA polymerase. Science 1990, 249, 505–510. [CrossRef]
20. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nat. Cell Biol.

1990, 346, 818–822. [CrossRef]
21. Chai, Z.; Guo, L.; Jin, H.; Li, Y.; Du, S.; Shi, Y.; Wang, C.; Shi, W.; He, J. TBA loop mapping with

3’-inverted-deoxythymidine for fine-tuning of the binding affinity for alpha-thrombin. Org. Biomol. Chem.
2019, 17, 2403–2412. [CrossRef]

22. Wilbanks, B.; Smestad, J.; Heider, R.M.; Warrington, A.E.; Rodriguez, M.; Maher, L.J. Optimization of a 40-mer
Antimyelin DNA Aptamer Identifies a 20-mer with Enhanced Properties for Potential Multiple Sclerosis
Therapy. Nucleic Acid 2019, 29, 126–135. [CrossRef] [PubMed]

23. Haruta, K.; Otaki, N.; Nagamine, M.; Kayo, T.; Sasaki, A.; Hiramoto, S.; Takahashi, M.; Hota, K.;
Sato, H.; Yamazaki, H. A Novel PEGylation Method for Improving the Pharmacokinetic Properties of
Anti-Interleukin-17A RNA Aptamers. Nucleic Acid 2017, 27, 36–44. [CrossRef] [PubMed]

24. Song, M.-S.; Sekhon, S.S.; Shin, W.-R.; Kim, H.C.; Min, J.; Ahn, J.-Y.; Kim, Y.-H. Detecting and Discriminating
Shigella sonnei Using an Aptamer-Based Fluorescent Biosensor Platform. Molecules 2017, 22, 825. [CrossRef]

25. Virgilio, A.; Amato, T.; Petraccone, L.; Esposito, F.; Grandi, N.; Tramontano, E.; Romero, R.; Haider, S.;
Gomez-Monterrey, I.; Novellino, E.; et al. Improvement of the activity of the anti-HIV-1 integrase aptamer
T30175 by introducing a modified thymidine into the loops. Sci. Rep. 2018, 8, 7447. [CrossRef] [PubMed]

26. Sczepanski, J.T.; Joyce, G.F. Binding of a Structured d-RNA Molecule by an l-RNA Aptamer. J. Am. Chem.
Soc. 2013, 135, 13290–13293. [CrossRef]

27. Dong, H.; Han, L.; Wang, J.; Xie, J.; Gao, Y.; Xie, F.; Jia, L. In vivo inhibition of circulating tumor cells by
two apoptosis-promoting circular aptamers with enhanced specificity. J. Control. Release 2018, 280, 99–112.
[CrossRef]

28. Cho, M.; Oh, S.S.; Nie, J.; Stewart, R.; Radeke, M.J.; Eisenstein, M.; Coffey, P.J.; Thomson, J.A.; Soh, H.T.
Array-based Discovery of Aptamer Pairs. Anal. Chem. 2014, 87, 821–828. [CrossRef]

29. Fukaya, T.; Abe, K.; Savory, N.; Tsukakoshi, K.; Yoshida, W.; Ferri, S.; Sode, K.; Ikebukuro, K. Improvement
of the VEGF binding ability of DNA aptamers through in silico maturation and multimerization strategy. J.
Biotechnol. 2015, 212, 99–105. [CrossRef]

30. Liang, S.; Kinghorn, A.B.; Voliotis, M.; Prague, J.K.; Veldhuis, J.D.; Tsaneva-Atanasova, K.; McArdle, C.A.;
Li, R.H.W.; Cass, A.E.G.; Dhillo, W.S.; et al. Measuring luteinising hormone pulsatility with a robotic
aptamer-enabled electrochemical reader. Nat. Commun. 2019, 10, 852. [CrossRef]

31. Liang, Y.; Guo, T.; Zhou, L.; Offenhäusser, A.; Mayer, D. Label-Free Split Aptamer Sensor for Femtomolar
Detection of Dopamine by Means of Flexible Organic Electrochemical Transistors. Materials 2020, 13, 2577.
[CrossRef]

32. Xu, Q.; Liu, Z.; Fu, J.; Zhao, W.; Guo, Y.; Sun, X.; Zhang, H. Ratiometric electrochemical aptasensor based on
ferrocene and carbon nanofibers for highly specific detection of tetracycline residues. Sci. Rep. 2017, 7, 14729.
[CrossRef] [PubMed]

33. Le Floch, F.; Ho, H.A.; Leclerc, M. Label-Free Electrochemical Detection of Protein Based on
a Ferrocene-Bearing Cationic Polythiophene and Aptamer. Anal. Chem. 2006, 78, 4727–4731. [CrossRef]
[PubMed]

34. Cheng, A.K.H.; Ge, B.; Yu, H.-Z. Aptamer-Based Biosensors for Label-Free Voltammetric Detection of
Lysozyme. Anal. Chem. 2007, 79, 5158–5164. [CrossRef] [PubMed]

35. Tombelli, S.; Minunni, M.; Luzi, E.; Mascini, M. Aptamer-based biosensors for the detection of HIV-1 Tat
protein. Bioelectrochemistry 2005, 67, 135–141. [CrossRef]

36. Shan, W.; Pan, Y.; Fang, H.; Guo, M.; Nie, Z.; Huang, Y.; Yao, S. An aptamer-based quartz crystal microbalance
biosensor for sensitive and selective detection of leukemia cells using silver-enhanced gold nanoparticle
label. Talanta 2014, 126, 130–135. [CrossRef]
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