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L-lactate is a key metabolite and biomarker with wide range of concentrations across human body fluids.
Accurate and continuous monitoring of human lactate and lactate dehydrogenase (LDH) concentration
is essential for sports, clinical, and diagnostic applications. Conventional enzyme-based sensors
employing lactate oxidase or lactate dehydrogenase dominate current practice but face inherent
limitations in stability, operating conditions, and production cost. On the other hand, affinity-based
sensors can be promising alternatives. This review highlights recent advancements in affinity sensors for
L-lactate and LDH detection such as the first reported L-lactate aptamers, their selection and
characterization, and their integration into wearable electrochemical devices. Affinity sensors for lactate

dehydrogenase (LDH) detection, including aptamer- and antibody-based assays, are also summarized.
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emphasis on sensitivity, selectivity, and potential for multiplexed, non-invasive monitoring. Overall, these
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1. Introduction

Lactate is a critical chiral metabolite present in both enantio-
meric forms in many living organisms. In humans, r-lactate is
the dominant form that could be used to assess the physiological
conditions of individuals. During anaerobic respiration, pyruvate
generated from glycolysis cannot undergo efficient oxidation,
thus are shunted toward fermentation to generate lactate by
lactate dehydrogenase (LDH). Since the majority of body lactate
is produced by muscular tissues, lactate concentration is a key
indicator for athletic performance." Abnormal lactate concen-
tration is also a biomarker for diagnosing various pathological
conditions including kidney and liver diseases and cancer.
Under the physiological pH of 7.4, lactic acid exists as its anionic
form of lactate, a weak conjugate base that serves as a buffer to
neutralize excess protons produced.>? For a healthy adult, resting
serum r-lactate concentration ranges from 0.5-2.2 mM but can
elevate to 25 mM during intense exercises.*” In other body fluids,
t-lactate concentrations range from 16 to 30 mM in sweat,*® and
can exceed 100 mM after exercises,' 0.2 to 4.9 mM in saliva,****
0.5 to 1.0 mM in tears," and 0.2 to 1.0 mM in urine (Table 1).**
Thus, sensors for monitoring r-lactate need to cover a broad
concentration range to fit specific analytical needs.

Because of the critical role of lactate in human physiology
and pathology, its detection has significant importance in both
commercial and clinical applications and has become a subject
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approaches for L-lactate and LDH detection in diverse settings.

of intensive research. Enzyme-based methods have long been
employed for lactate sensing, with lactate oxidases (LOx) and
lactate dehydrogenases (LDH) being the two most widely used
enzymes.>™ Both enzymes catalyze redox reactions in which
electron transfer can be measured and correlated with lactate
concentration. Since the resulting electrical current is directly
proportional to the lactate concentration in a sample, enzyme-
based electrochemical sensors have become the most
common approach for lactate detection. LOx catalyzes the
oxidation of i-lactate to pyruvate in the presence of oxygen.
During this process, hydrogen peroxide (H,0O,) is produced as
a by-product, which is subsequently oxidized at the electrode
surface to enable detection.

LDH is a ubiquitous tetrameric enzyme present in animals,
plants, prokaryotes, and most human tissues. It requires NAD"
as a cofactor to catalyze the conversion of r-lactate to pyruvate,
concurrently reducing NAD' to NADH. The generated NADH
can be electrochemically oxidized back to NAD', releasing

Table 1 Typical lactate levels in various body fluids

Body fluids [Lactate] (mM) Ref.
Serum (resting) 0.5-2.2 4-7
Serum (exercise) 25 4-7
Sweat (rest) 16-30 8and 9
Sweat (exercise) >100 10

Saliva 0.2-4.9 11 and 12
Tears 0.5-1.0 13

Urine 0.2-1.0 14
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Table 2 Comparison of sensing strategies for lactate and LDH
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Sensing strategy =~ Detection limits and ranges  Advantages Limitations Wearable sensors Ref.
Aptamers In the mM range for High specificity, Susceptible to nuclease Highly suitable, 28-30
-lactate detection. For affinity; reproducibility; ~ degradation; performance compatible with flexible
LDH binding, K4 thermal stability; easy varies in complex biofluids  electronics
can reach nM surface modification
Molecular mM range for r-lactate Rapid signal Limited selectivity in Moderately suitable, 31-33
probes generation; simple complex matrices; mainly optical systems
assay formats; possible  photobleaching;
real-time monitoring interference by background
autofluorescence
MIPs PM to mM range Excellent stability; low Template leakage; lower Promising for wearable = 34-36
cost; long shelf life; affinity than biological applications
resistant to harsh receptors
conditions
Antibody Not suitable for lactate. Exceptional selectivity High production cost; Limited by stability, 37 and 38
LDH: nM range and well-established limited thermal stability; denaturation and slow
biorecognition irreversible denaturation kinetics
platform possible; batch-to-batch

electrons that are detected by the electrode. Compared with
traditional laboratory techniques such as HPLC, enzyme-based
sensors enable the development of portable and user-friendly
devices. Beyond enzymatic approaches, considerable effort
has also been directed toward inorganic nanomaterial-based
electrochemical sensors,'® and lactate detection often incorpo-
rate nickel-based materials.*** As enzyme-based methods have
been extensively reviewed,?*?* those contents will not be
repeated here.

Despite their advantages and extensive study, enzyme-based
sensors face several intrinsic limitations. First, enzymes depend
on well-defined tertiary and quaternary structures for catalytic
activity, restricting their operation to narrow ranges of
temperature, pH, and ionic strength. As physiological condi-
tions fluctuate, these sensors are susceptible to denaturation,
leading to reduced accuracy. Second, enzyme-based sensors
generally have shorter shelf lives than synthetic alternatives,
particularly at ambient temperatures; enzymes often require
storage at —80 °C to prevent degradation, posing challenges for
long-term monitoring. Finally, the extraction, purification, and
immobilization of active proteins are costly, limiting the
affordability and scalability of enzyme-based systems.

To address these limitations, an alternative class of detection
methods employs affinity ligands, such as antibodies, aptam-
ers, molecular probes, and molecularly imprinted polymers.
Rather than relying on catalytic reactions, these sensors detect
target analytes through specific binding interactions. Owing to
their ease of modification and relatively low cost, affinity ligand-
based sensors are increasingly attractive for the development of
portable and continuous monitoring devices for various
metabolites. With the recent emergence of lactate-binding
aptamers,”®*” affinity ligand-based detection is gaining
growing attention as a promising research direction.

In addition to lactate, lactate dehydrogenase (LDH) is an
important analytical target. Studies have shown that LDH levels
correlate with lactate under certain pathological conditions,
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making LDH detection a potential indirect approach for lactate
monitoring. Accordingly, this review also covers LDH detection
strategies. Given the clinical significance of accurately and
efficiently monitoring 1-lactate and LDH in various body fluids
across both clinical and athletic settings, substantial research
has focused on affinity-based biosensors. Here, we evaluate the
strengths and limitations of different platforms for r-lactate and
LDH detection, including those based on aptamers, proteins,
small molecule probes, and molecularly imprinted polymer
(MIPs) as shown in Table 2.

2. Aptamer-based biosensors

Aptamers are single-stranded nucleic acids that can selectively
bind to target molecules.**** Aptamers were first reported in
1990 using a combinatorial biology method called systematic
evolution of ligands by exponential enrichment (SELEX).***
Later, naturally occurring aptamers known as riboswitches were
discovered, which were found in the untranslated regions of
mRNA in many bacterial cells.** While riboswitches binding to
dozens of metabolites have been reported, none of them is for
lactate. Compared with antibodies, aptamers offer several
advantages, including smaller size and molecular weight, low
immunogenicity, and greater structural stability across a wide
range of temperatures, ionic strengths, and pH conditions.*>*®
Moreover, aptamers are particularly well suited for binding
small molecules, whereas antibodies are often less effective for
metabolite detection.” Aptamers function through rapid
conformational changes into defined secondary structures
upon target binding, enabling high specificity and program-
mability.*** These properties make aptamers especially well-
suited for detecting small metabolites such as lactate.

2.1. Lactate binding aptamers selected using r-lactate

The first r-lactate binding aptamers were reported by our group
by the capture-SELEX method.”” The 10 most abundant

This journal is © The Royal Society of Chemistry 2026
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A Family 1 Copies
Lac201 GACGAC-GAGTAGCGCGT-ATGAATGCTTTTC-TA-TGGA-GTCGTC 15958
Lac209 GACGAC-GAGTAGTGTGT-TTCACCTCTGGTG-TA-TGGA-GTCGTC 1193
Lac2010 GACGAC-GAGATGTTTAC-ATGTAAGTGAGTGT--GTGGA-GTCGTC 1076
Lac206 GACGACCGAGTAGTTCGTCATAGCATTATGCC————- GGAGGTCGTC 1388
Lac207 GACGAC-GAGTAGCGAGT-ATCTTCATGTGA--TAGTGGA-GTCGTC 1333
Family 2
Lac204 GACGACTATGGAGTTCCTGTAACGAGTAGCGCGTATGTCGTC 3019
Lac205 GACGACTATGGAGGTTTATTGCCGAGTAGCGCGTATGTCGTC 2173
Lac208 GACGACTATGGAGTCCTTTGTGCGAGTAGTGCGTATGTCGTC 1224
Family 3
Lac202 GACGACGCAGGGAGTTTTAACGGCTCTTGCGACTGTGTCGTC 11109
Lac203 GACGACGCAGGGAGTTTTAACGGCTCTTGCGACTGGGTCGTC 4553
B RZEGCT c CTG?A D
GcGTATGnTTT CL;T, “ACGAGTAG &CGGCTCTTGC
s % IN % "TpqTGAGG N
A A G c G—C
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Fig.1 Secondary structures of L-lactate binding aptamers generated using SELEX. (A) Sequence alignment of the most abundant sequences in
the library. The secondary structures of the (B) Lac 201, (C) Lac 204, and (D) Lac 202 aptamers. Adapted from ref. 27 with permission from Wiley,
Angewandte Chemie International Edition, 2023, 62, e202212879, copyright 2023.

sequences in the library can be assigned to 3 families (Fig. 1A), calorimetry (ITC) shows that the Lac201 aptamer has a dissoci-
and the secondary structures of these 3 families (Fig. 1B and D) ation constant (Kg) of 0.43 mM, which falls within the physio-
were predicted by mFold (Fig. 1B and D).*® Isothermal titration logical lactate range at rest. Notably, it retains binding
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Fig. 2 (A) A schematic demonstration of the fluorescent biosensing mechanism for lactate detecting aptamers. (B) Selectivity of Lac 201. It is
demonstrated that out of the common interferents tested, the aptamer showed high selectivity towards L-lactate. Adapted from ref. 27 with
permission from Wiley, Angewandte Chemie International Edition, 2023, 62, e202212879, copyright 2023.
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performance even in 90% serum, highlighting its potential for
in vivo lactate monitoring.

Sensing of lactate was first demonstrated using a DNA strand
displacement assay by extending the 5’-end of the aptamer with
5 nucleotides and labeling it with a 5-FAM fluorophore
(Fig. 2A). This FAM-labeled aptamer was then hybridised with
a quencher-labeled 12-mer DNA, where upon analyte binding of
the aptamers, the quencher strand was displaced leading to
increased fluorescent intensity. This sensor achieved a limit of
detection (LOD) of 0.55 mM. In addition, the Lac201 aptamer
was 7-fold more selective for r-lactate than p-lactate (Fig. 2B).

This r-lactate sensing aptamer has also been examined for
potential application. Bakhshandeh et al>* constructed
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a wearable aptamer-based sensor using microneedle to elec-
trochemically detect biomarkers including lactate and glucose
in the interstitial fluid of animals (Fig. 3A). First, hyaluronic
acid (HA) was modified with methacrylic anhydride (MA) to
produce highly and lightly crosslinked methacrylated HA (HC-
MeHA and LC-MeHA). HC-MeHA was then used to mold the
hydrogel microneedles, while LC-MeHA served as a thin
adhesive layer between the electrode and the microneedle
(Fig. 3B). The Lac201 aptamer was tagged with a methylene
blue (MB) as a redox reporter and attached to a gold working
electrode. Upon binding to lactate, the aptamer undergoes
a conformational change, bringing the MB closer to the gold
surface, resulting in increased electron transfer (Fig. 3C). The
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(A) Schematic demonstration of the wearable aptamer-based sensor using microneedles on mice. (B) Procedures for the construction of

hydrogel microneedles and the integration of aptamers into the sensor. (C) Mechanism of analyte detection through conformational change in
DNA secondary structure and detection of induced voltage change. Adapted from ref. 51 with permission from Wiley, Advanced Materials, 2024,

36, 2313743, copyright 2024.
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A Names Previous names Family 1 Sequence (5’ to 3') Abundance B
D-Lac1101 Lac201 GACGACGAGTAGCGCGTATGAATGCTTTTTCTATGGAGTCGTC 25.75%
D-Lac1104 Lac207 GACGACGAGTAGCGAGTATCTTCATGTGATAGTGGAGTCGTC 0.23% 20 C
gAAT

D-Lac1106 Lac209 GACGACGAGTAGTGTGTTTCACCTCTGGTGTATGGAGTCGTC 0.07% G TT

D-Lac1107 Lac2053 GACGACGAGTAGTGAGTACAACTWGCAGT TTGTGGAGTCGTC 0.04% g AG

D-Lac1111 Lac2021 GACGACGAGTAGCGTGTATATTCGGAGAAGTATGGAGTCGTC >0.01% GA G

A

Names Previous names Family 2 Sequence (5’ to 3') Abundance CA GG 0

D-Lac1102 Lac205 GACGACTATGGAGGTTTATTGCCGAGTAGCGCGTATGTCGTC 18.62% 10_CA T

D-Lac1108 N/A GACGACCTATGGAGCACATTGCGAGTAGCGTGTATGGTCGTC 0.02% TC G

D-Lac1112 N/A GACGACTATGGAGGTTTATCGCTGAGTAGCGCGCATGTCGCC > 0.01% g %

D-Lac1124 Lac2011 GACGACTATGGAAGAGTGTGTCTGAGTAGCGTGTATGTCGTC > 0.01% C—G
Names Previous names Family 3 Sequence (5' to 3') Abundance é g

D-Lac1103 Lac2059 GACGACATTCACACAGGTGGACATTTAGGAGGTGATGTCGTC 16.81 % C—G 40

D-Lac1110 N/A GACGACCTTCACACAGGGGGACATGGAGGAGGTGAGGTCGGC 0.02% A—T

D-Lac1113 N/A GACGACATGCACACAGGGGGACAGTGAGGAGGTGATGTCGGM > 0.01% ; G—C

D-Lac1137 N/A GACGACAGTCACACAGGCGGACAGTRAGGAGGTGAGGTCGGC >0.01% 5

D-Lac1141 Lac2079 GACGACMTTCACACAGGTGGACATTTAGGAGGTGAKGTCGTC >0.01%

D-Lac1144 N/A GACGACAGGCACACAGGGGGACATGCAGGAGGTGAGGTCGGC | > 0.01% D-Lac1103

Fig. 4

(A). L-lactate binding aptamer sequences and categorization into 3 families. (B) Secondary structure of the p-Lac1103 aptamer from Family

3. Adapted from ref. 26 with permission from American Chemical Society, Analytical Chemistry, 2026, 98, 7515-7523, copyright 2026.

sensor has a LOD of 1.04 mM. The sensor was tested on
a range of common interferents in ISF including sugars,
amino acids, and other small molecules, showing high selec-
tivity towards lactate. Recently, the lactate aptamer was also
used to crosslink hydrogels and such gels can in turn be
sensitive to lactate.**

2.2. Searching for p-lactate binding aptamers yielding
a better 1-lactate aptamer

The identification of i-lactate aptamers also motivated the
search for p-lactate-binding aptamers. p-lactate is primarily
generated through bacterial metabolism. Humans have limited
capacity to metabolize p-lactate. In healthy individuals, plasma
p-lactate concentrations typically range from 0.006 to
0.25 mM.” Elevated p-lactate levels are generally associated with
pathological conditions. For instance, p-lactate acidosis is
a serious complication in patients with short bowel syndrome,
where excessive production of p-lactate by the gut microbiota
leads to plasma concentrations exceeding ~3 mM. This condi-
tion is often accompanied by neurological symptoms, including
confusion and ataxia.>*

Using 100 mM p-lactate as target for aptamer selection, we
also obtained 3 families of sequences (Fig. 4A). Families 1 and 2
closely resembled that of the r-lactate binding aptamers
mentioned above. Therefore, Lac1103 from family 3 was
examined more closely (Fig. 4B). Interestingly, Lac1103 still
exerted higher binding affinity towards r-lactate than p-lactate.
For example, using the fluorescence strand-displacement assay,
an apparent Ky of 0.46 mM for r-lactate and 2.5 mM for p-lactate
was obtained. ITC showed a K4 of 0.11 mM for 1-lactate. While
we failed to obtain an aptamer with higher affinity to p-lactate,
we obtained a better r-lactate aptamer that can be used for the
detection of r-lactate in lower concentrations. This observation
suggests that DNA aptamers might have intrinsic preferences to
certain chirality.

This journal is © The Royal Society of Chemistry 2026

3. Lactate binding proteins for lactate
detection

While high-quality antibodies for lactate are not known, some
naturally occurring proteins can selectively bind to lactate. Nasu
et al.>® reported a genetically encoded fluorescent lactate probe
that is spectrally and spatially multiplexed. By respectively
linking green (cpGFP) and red fluorescent proteins (cpmApple)
to the lactate-binding periplasmic protein TTHA0766 endoge-
nous to Thermus thermophilus, this detection probe system was
able to simultaneously and orthogonally detect extracellular
and intracellular lactate molecules, respectively (Fig. 5).

L-lactate
TTHA0766 H3C (9]

‘i’ N HO: o: =
cpGFP ‘ 4_

)

L-lactate
HsC

[bs
g Gs @

Fig. 5 Protein fluorescent probe for lactate detection both intracel-
lularly and extracellularly. The lactate binding proteins and the fluo-
rescent proteins are connected by peptide linkers. Adapted from ref.
32 with permission from Springer Nature, Nature Communications,
2023, 14, 6598, copyright 2023.
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Directed evolution was conducted on the 2 types of sensors for
greater change in fluorescent intensity (AF/F) upon lactate
treatment. The optimal GFP-linked sensor was named
eLACCO2.1, while the optimal red fluorescent protein linked
sensor was named R-iLACCO1 (Fig. 5).

Results of the detection system showed that eLACCO2.1, the
second-generation green fluorescent r-lactate biosensor modi-
fied from their previous work,*® showed a AF/F of 14 as purified
protein when treated with 10 mM of r-lactate. The red fluores-
cent r-lactate sensor R-iLACCO1, on the other hand, showed
a AFJF of 20. In terms of affinity, eLACCO2.1 had an in situ
apparent K4 of 580 uM and Ca”>* dependent fluorescence. The
sensor eLACCO2.1 had an in situ apparent K4 of 680 uM. These
affinities are comparable to the binding of i-lactate by aptam-
ers, suggesting that proteins and DNA are comparable for
molecular recognition of this target. Recently, a red fluores-
cence version of this sensor was also developed.®”

Chang et al.>* and Li et al.*® developed a sensor call FiLa to
detect the spatiotemporal landscape of cellular lactate
metabolism. FiLa was developed by linking a fluorescent
protein to the lactate-binding protein LIdR. LIdR is a tran-
scriptional regulator found in E. coli and other bacteria that
binds to DNA promoter regions in the absence of lactate. Upon
lactate binding, LIdR undergoes a conformational change and
dissociates from the promoter. This property has been lever-
aged to create highly sensitive lactate sensing probes. Fluo-
rescent proteins of different colors have also been
incorporated for specific applications; for example, red fluo-
rescent proteins, with emission wavelengths of ~600 to
700 nm, enable deeper tissue penetration compared with green
or blue fluorescence, making them advantageous for in vivo
lactate imaging.

Fig. 6
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4. Small molecular probe-based
biosensors

A molecular probe is a molecule or complex, either synthetic or
naturally occurring, that can be used to detect other molecules
or structures through binding interactions. Compared to
aptamers and proteins, small molecule probes can be designed
for cell penetration and other functions. In addition, they are
often more stable compared to biopolymers.

A recent publication by Wojcieszek et al.* illustrated a prin-
ted lactate sensor based on a Zr(wv)-porphyrin ionophore.
Specifically, Zr-tetraphenylporphyrin  (Zr-TPP) and Zr-
octaethylporphyrin (Zr-OEP) were mixed with polyurethane,
lipophilic additives, and plasticizer to prepare the ionic-
selective electrode (ISE) membranes. The sensor material
mixture was then drop-casted on the surface of a graphene
screen-printed electrode, forming a non-catalytic, potentio-
metric lactate sensor. Moreover, the Zr-porphyrin membranes
were prepared in 2 variants: PU plasticized with polar o-NPOE,
containing anionic (TFPB™) additives, and PU plasticized with
non-polar DOS, containing cationic (TDMA") additives. The Zr**
center in the porphyrin structure exerts high affinity for the
carboxylate group. As lactate from the sample diffuses into the
ISE membrane, a stable coordination complex between lactate
and Zr-porphyrin will be formed (Fig. 6A). Such binding alters
the ionic activity and charge distribution at the membrane,
generating a measurable change in membrane potential. Out of
these sensors, the Zr-TPP plasticized with DOS, containing
cationic TDMA" additives demonstrated the best sensitivity and
selectivity towards lactate with a sensitivity of —76.6 mV dec™"
and a linear range from 10™* M to 10™" M. To evaluate selec-
tivity, the researchers tested common anions present in human
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(A) Schematic representation of Zr-porphyrin dimer—-monomer equilibrium and its changes caused by increasing lactate concentration.

(B) Testing various anions for classical electrodes with membranes: (a) Zr-TPP/PU/o-NPOE/KTFPB; (b) Zr-TPP/PU/DOS/TDMACL; (c) Zr-OEP/PU/
o-NPOE/KTFPB; (d) Zr-OEP/PU/DOS/TDMACL. Measurements were performed in MES buffer solution, pH 5.5. Adapted from ref. 59 with
permission from Elsevier, Sensors and Actuators B: Chemical, 2024, 421, 136475, copyright 2024.
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sweat, including chloride, nitrate, acetate, lactate, and
perchlorate (Fig. 6B). Although Zr-TPP exhibited preferential
response to lactate, perchlorate emerged as a notable inter-
ferent, and overall selectivity was limited compared with other
reported lactate sensors. This outcome is expected given the less
specific binding mechanism. Overall, while the sensor demon-
strates some degree of sensitivity and selectivity toward lactate,
there is still room for further improvement.

5. MIP-based sensors

Molecularly imprinted polymers (MIPs) are polymers synthe-
sized in the presence of a template molecule, where a cavity with
the shape of the imprinted target is formed in the polymer
matrix.® MIPs are cheaper and higher in stability compared to
antibodies, although the binding affinity and specificity of MIPs
is usually lower. Different types of MIP-based biosensors such
as optical and luminescent sensors.*>*"* Lactate represents
a very challenging target molecule for MIPs since it has very low
binding epitopes.

5.1. MIPs for lactate

For making MIP-based lactate biosensors, positively charged
monomers are often used since lactate is negatively charged. As
indicated in Table 3, positively charged 3-APTES is a commonly
used functional monomer for electrochemical lactate sensors.

View Article Online
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Another type of monomer contains boronic acid derivatives
such as 3-APBA and 5-indolylboronic acid, which can form
reversible bonds with molecules that have cis-diols or o-
hydroxycarboxyl group. Fig. 7 shows the structures of various
functional monomers used for imprinting lactate, and mixing
a few different monomers, even better binding performance
could potentially be achieved.

5.2. MIP-based electrochemical sensors for lactate

Dykstra et al.*® proposed a reagent-free MIP-based detector to
monitor sweat lactate. Traditional MIP-based electrochemical
sensors require external redox probes for detecting MIP-analyte
binding. Their sensor, instead, utilizes Prussian Blue (PB),
a widely used electron-transfer mediator for enzymatic biosen-
sors,”*”® and incorporated an internal layer of PB nanoparticles
using electrodeposition in acidic environment. On top, a 3-
APBA and pyrrole MIP layer was synthesized in neutral envi-
ronment for lactate detection. When tested in 0.1 KCI (pH 6.5),
the LOD is 0.20 mM, while in artificial sweat (pH 6.5), the LOD is
0.62 mM. Furthermore, it is shown that the sensor has a shelf
life of 10 months in ambient environment, making it a prom-
ising candidate for long-term monitoring of lactate levels.
Chen et al’® integrated large-scale flexible MIP-based
sensors into textile fabrics for long-term sweat lactate moni-
toring. By constructing electrodes from carbon nanotube fibers,
the design improved the interface between the fibers and MIP

Table 3 Summary of recent publications on MIP-based detection for lactate

Sensor LOD Detection method Functional monomers Linear detection range Ref.
PtNPs/Pt@MIP 1.09 mM Electrochemical Pyrrole 5-30 mM 66
ZIF-8@ZnQ@MIP-GCE 29.9 fM Electrochemical 4-ABA 1.1-1.0 pM 67
MIP 0.162 mM Electrochemical MAA 1.1-1.7 mM 68
MIP/Ag-AuNPs 0.03 uM Electrochemical — 1-220 uM 69
PANI-co-PBA@ AuNP 13 mM Electrochemical 3-APBA 4.5-56 mM 70
MIP 0.2 mM Electrochemical 3-APBA & pyrrole 1-35 mM 36
MIP@PIn-BAc/ZnO 3.38 mM Optical 3-APTES & 5-indolylboronic acid 0-30 mM 71
MIP-TES — Triboelectric 3-APBA 0-20 mM 72
MIP-AgNWs 0.22 M Electrochemical 3-APBA — 73

o)
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o /@
_OH
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5-indolylboronic acid

OH
3-Aminophenylboronic acid
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Fig. 7 The commonly used functional monomers in MIP-based sensors for lactate detection.
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layers, enhancing both reusability and analyte diffusion for
more effective biomarker detection. The fabric-based biosensor
demonstrated stable, repeated in situ lactate measurements
over more than 400 cycles. In terms of performance, it exhibited
a wide detection range from 10 pM to 25 mM.

5.3. MIP-based optical sensors for lactate

While most MIP-based sensors for lactate detection relied on
electrochemistry, a recent publication by Wusiman et al.™
demonstrated the first portable MIP fluorescent sensor for
lactate detection. In this publication, the ZnO QDs were used as
a quantifiable fluorescent source to detect lactate binding. The
researchers did a comparison between two sensing materials
using two functional monomers: 3-APTES and 5-indolylboronic
acid. The ZnO@APTES-MIP was prepared in a one-step proce-
dure by mixing APTES dispersed QDs with APTES, lactic acid,
TEOS and additional ingredients at pH 7.0, whereas the
MIP®@PIn-BAC was prepared in a two-step procedure (Fig. 8A).
The NIP versions of these materials were also prepared without
the addition of lactate, and the sensing materials were subse-
quently coated onto quartz chips by spin coating. Because of the
thin film coating, simple optical detectors can be used.

The sensors were tested on lactate, ascorbic acid, uric acid,
and glucose in DI water and PBS. Results indicated that in the
PBS, the MIP@PIn-BAC sensor has a detection range of 0-
30 mM of lactate. The MIP@PIn-BAc/ZnO exerted much better
selectivity towards lactate, while ZnO@APTES-MIP cannot
distinguish between lactate and other tested molecules.
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Although more cost-effective and more stable, MIP-based
biosensors also face several limitations such as lower binding
affinity and specificity compared to antibodies.

6. Sensors for LDH detection

Under normal physiological conditions, LDH is primarily
localized within tissues, with serum levels typically ranging
from 140-280 U L™! in adults, 150-300 U L™! in adolescents,
and 160-450 U L' in infants. Serum LDH levels exceeding
500 U L' generally indicate tissue damage (cytolysis) and the
release of LDH into circulation. While elevated lactate levels do
not always correspond to increased LDH (e.g., during intense
exercise), elevated LDH is commonly associated with patho-
logical conditions.”” This is often accompanied by increased
lactate levels (>2.0 mM), resulting either from impaired tissue
oxygenation (type A lactic acidosis), such as in hemorrhage or
hypoperfusion, or from enhanced lactate production under
normoxic conditions (type B lactic acidosis) due to metabolic or
organ dysfunction.”®*®® Given the correlation between LDH and
lactate in certain pathological states,*** and the role of LDH in
lactate metabolism, this section reviews affinity-based sensors
for LDH following the discussion of lactate detection.

6.1. LDH binding aptamers and their clinical applications

Over the years, several publications have addressed the devel-
opment of aptamer-based sensors for LDH detection. A primary
example is the development of aptamer-based diagnosis of the

Sensor preparation
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Fig. 8 Schematic demonstration of the first portable MIP-based biosensor for lactate monitoring. The detection mechanism uses ZnO QDs as
quantifiable fluorescence signals to detect binding.”* Adapted from ref. 71 with permission from Springer Nature, Microsystems & Nano-

engineering, 2024, 10, 175, copyright 2024.
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malaria biomarker. The Tanner lab** obtained an aptamer
named “2008s” that exerted high specificity toward Plasmodium
falciparum LDH (PfLDH) (Fig. 9A). They screened a library
containing a random 35 nt region using affinity chromatog-
raphy for PfLDH binding. A counter-selection step was intro-
duced to eliminate aptamers binding human LDHA1 and
LDHB. The 2008s aptamer demonstrated excellent affinity
towards PfLDH with a Ky in the range of 42 - 59 nM while
showing negligible binding to human LDHs. Crystal structures
of the aptamer-protein complex revealed that 2 aptamer
molecules bind symmetrically to the PELDH tetramer, spanning
2 subunits each. The aptamers specifically interact with the
PfLDH substrate specificity loop (residue 102-108) which is
a region absent in human LDHs (Fig. 9B). Subsequently, the
same group further examined the specificity of the 2008s
aptamer towards PfLDH and compared the aptamer with
a previously discovered pL1 aptamer®** that could bind to both
pf and PvLDH using aptamer-tethered enzyme capture (APTEC)
assay and enzyme-link oligonucleotide assay (ELONA). In this

*
)\

& subunit A

“)

Fig. 9
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publication, the researchers applied the two aptamers to patient
blood samples and compared them under actual clinical
conditions. The researchers demonstrated the potential of
developing fast and cost-effective aptamer-based malaria diag-
nosis methods to distinguish between PfLDH and Plasmodium
vivax LDH (PvLDH).*

Guo et al.”*® used four libraries containing random regions
from 30 to 60 nt to select aptamers for human LDH, and LDH
was immobilized on magnetic beads for positive selection. In
the end, four aptamers (LDH7-1, LDH7-9, LDH8-2, and LDH9-1)
showed K4 values below 25 nM, indicating strong binding
affinity. Selectivity was tested against human serum, serum
alpha-fetoprotein (AFP), and bovine serum albumin (BSA), and
the candidate aptamers showed high specificity towards LDH.

Kim and Choi reported an enzyme-linked aptamer-based
sandwich assay (ELISA) for PfLDH detection based on the
2008s aptamer.®” The assay involved immobilizing biotinylated
aptamers in a streptavidin coated well, where the aptamers
would bind to PfLDH. HRP conjugated aptamers were

5'-ctgggcggtagaaccatagtgacccagccoictac-3'

(A) Crystal structure of PfLDH binding aptamer- PfLDH complex. (B) Zoom-in view of the interaction between PfLDH substrate specific

loop and the aptamer. Adapted from ref. 83 with permission from National Academy of Sciences, Proceedings of the National Academy of

Sciences, 2013, 110, 15967-15972, copyright 2013.
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subsequently added to the wells. After washing away unbound
aptamers, TMB substrate was added to the mixture, and colour
change could be measured to quantify enzyme concentration.
When tested on blood samples, the LOD of the sensor was 34.9
ng mL " with good selectivity.

In 2025, Yuan et al.® developed a novel electrochemical
aptamer sensor that can quantify the serum concentration of
PfLDH in a single step and a few minutes. The researchers re-
engineered two aptamers specific for PFLDH binding: “2008s”
and “P11” (ref. 89) to maximize their binding-induced confor-
mational change and consequently maximizing signal trans-
duction. Variants were generated by shortening them from the
5" or 3’ ends in increments of approximately 5 bases, which
destabilized the secondary structures to induce a greater
conformational change during target binding. After optical (a
fluorophore-quencher pair) and electrochemical characteriza-
tion of these aptamers, sensors were constructed by respectively
immobilizing these aptamers onto electrodes. The P11-30
variant showed the best performance for rapid and specific
detection of PfLDH with an apparent K4 of 161 &+ 47 nM.

6.2. Antibody-based sensor for LDH detection

Sousa et al.*” described a polyclonal antibody-based sandwich
ELISA to detect pvLDH in clinical blood samples. To obtain the
antibodies, mice and rabbit were immunized with 2 segments
of pvLDH protein (pvLDH1-43 and pvLDH35-305) obtained
using recombinant protein expression. Following inoculation,
total serum was obtained, and IgG was purified. For detection,
rabbit polyclonal antibody anti-pvLDH 1-43aa was immobilized,
and upon sample addition, pvLDH was attached to the anti-
body. After washing, 2 types of primary mouse antibodies (anti-
pvLDH 1-43aa and anti-pvLDH 35-305aa) were added respec-
tively, following by HRP conjugated secondary antibodies (anti-
mouse IgG antibodies). Both mouse antibodies showed selec-
tivity towards pvLDH and could not detect pfLDH in human
clinical blood samples.

In 2025, Banguera-Ordofiez et al.*® developed a lateral flow
immunoassay (LFIA) integrated with smartphone for rapid,
sensitive, and specific detection of serum LDH concentration to
monitor tissue damage and diseases. The researchers first ob-
tained high affinity monoclonal antibodies for LDH with a K4 of
5 nM. To enhance the sensitivity of LFIA, carbon nanoparticles
(CNPs) were used as signal transducers instead of the conven-
tional AuNPs. The anti-LDH antibodies were covalently coupled
to the CNPs and integrated into the LFIA test strip. A
smartphone-based system was developed to read and analyze the
LFIA results through capturing the images of the test strip and
quantifying LDH levels. Result demonstrated that the CNP-based
LFIA showed a 55-fold improvement in sensitivity compared to
the conventional AuNP-based LFIA, achieving a detection limit of
1.5 ng mL ™", For visual detection limit, the CNP-based LFIA (2.4
ng mL ") was 7.8 times lower than AuNPs (18.8 ng mL ).

Both aptamer and antibody-based sensors for LDH can
achieve binding affinity in the nM region as well as high
selectivity towards LDH. Despite both detection systems rely on
binding to specific regions or epitopes of the enzyme, aptamer-
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based sensors appear to have the advantage of ease of
modification.

7. Conclusion and future directions

t-lactate is a key metabolite and biomarker essential for main-
taining physiological homeostasis, making efficient, accurate,
and cost-effective detection methods critically important.
Although enzyme-based sensors are widely used, they typically
rely on detecting oxidation byproducts (e.g., hydrogen peroxide
or NADH), which can be susceptible to interference. Addition-
ally, such sensors face limitations including short shelf life and
challenges in enzyme purification and stability due to structural
complexity. This review focuses on affinity-based sensors for
direct r-lactate detection. While antibody-based sensors are
commonly used for macromolecules, they are not available for
lactate; however, given the correlation between lactate and LDH,
antibody-based LDH detection is briefly discussed. We high-
light the first r-lactate-binding aptamer discovered by our
group. Other affinity probes discussed include lactate-binding
proteins, as well as molecular probes based on metal coordi-
nation chemistry and MIPs.

Affinity-based sensors
Compared with enzyme-based systems, they may exhibit weaker
binding affinities for small molecules and often struggle to
achieve similarly low detection limits. In particular, enzymes
have catalytic turnovers and thus can easily achieve amplified
detection. In complex matrices such as human serum,
nonspecific interference can further compromise sensor
performance. Nevertheless, continued research is expected to
address these challenges and advance the development of more
robust and sensitive affinity-based detection platforms.

Given the current developments, a few future directions are
possible. First, a horizontal comparison among the above-
mentioned methods could be useful. When examining our
aptamer-based sensor, MIP-based sensors, and molecular
probes, most sensors mentioned have LODs and linear detec-
tion ranges in the mM concentrations with only a few excep-
tions having pM or even pM concentrations. This observation
suggests the necessity of some standard reference methods to
obtain more reliable experimental results. Second, aside from r-
lactate, we have also discussed our findings on aptamers for
simultaneous 1 and p-lactate detection. Aptamer-based sensors
are especially promising because of their intrinsic properties as
biomacromolecules that can be used to detect biological
metabolites. Future efforts could focus on the development of
aptamers for p-lactate and use such aptamers for practical
biosensors that can be used for continuous monitoring. Third,
simultaneous monitoring of lactate and LDH might be inter-
esting since multiplexed detection can give more information
on the physiological state of patients. Finally, incorporation of
the affinity ligands with nanomaterials may further improve
biosensor detection performance.®*~*®
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