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ABSTRACT: Thyroid hormones (THs) are a variety of iodine- e e
containing hormones that demonstrate critical physiological impacts M - " L) >
on cellular activities. The assessment of thyroid function and the 3 i
diagnosis of thyroid disorders require accurate measurement of TH
levels. However, largely due to their structural similarities, the
simultaneous discrimination of different THs is challenging. Nano-
pores, single-molecule sensors with a high resolution, are suitable for
this task. In this paper, a hetero-octameric Mycobacterium smegmatis
porin A (MspA) nanopore containing a single nickel ion immobilized ‘ :
to the pore constriction has enabled simultaneous identification of : CI_XJ K ™ | .):j\ Lo MspA-NTA-Ni

five representative THs including 1-thyroxine (T4), 3,3',5-triiodo-.- ¢ & ‘i~ |

thyronine (T3), 3,3’,5'-triiodo-L-thyronine (rT3), 3,5-diiodo-L-

thyronine (3,5-T2) and 3,3’-diiodo-L-thyronine (3,3’-T2). To automate event classification and avoid human bias, a machine
learning algorithm was also developed, reporting an accuracy of 99.0%. This sensing strategy is also applied in the analysis of TH in a
real human serum environment, suggesting its potential use in a clinical diagnosis.

KEYWORDS: thyroid hormone, biological nanopore, Mycobacterium smegmatis porin A, single-molecule detection,
nickel-nitrilotriacetic acid

hyroid hormones (THs) are a group of hormones critical discrimination between structurally similar thyroid hormones.

in the growth and development of the human body. They This normally requires advanced column chemistries and a
also act in the regulation of the metabolic rate and the complex optimization of separation conditions. The use of LC-
excitability of nervous system.' > As previously investigated, MS/MS also requires specialized training of operations and a
the TH level in blood is closely correlated with various high cost of instrument investment, which hinder their clinical
pathological conditions. Minor changes in the circulating application in the assessment of TH levels.
thyroid hormone concentrations can also adversely affect the Nanopores, adapted from naturally occurring pore-forming
cardiovascular system.s L-Thyroxine (T4) and 3,3’,5-triiodo-L- toxins and used as high-resolution single-molecule sensors,
thyronine (T3) are the main thyroid hormones and are may be suitable for TH sensing. Mycobacterium smegmatis
routinely used as clinical indicators to assess the thyroid porin A (MspA),H a conically shaped octameric nanopore with
function. Simultaneous identification of THs as well as their a superior resolution, is the first nanopore that demonstrated
metabolomes could provide valuable information for disease single-molecule DNA sequencing.'> It has also been recently
diagnosis and therapeutic options. Monitoring of THs can also used to decipher sequence-related information during peptide
assist in the assessment of the catalytic activity of deiodinases translocation.'>'* Recent development of the MspA nanopore
during TH metabolism. has also enabled its use in small molecule sensing. Technically,

A variety of techniques were used to monitor the TH levels.
In clinical laboratories, immunoassays (IA), including radio-
immunoassay (RIA),’ electrochemiluminescence immunoassay
(ECLIA),” enzyme-linked immunosorbent assay (ELISA),”
and so on, have been widely used. Immunoassays have high
specificity based on the antigen—antibody interaction. It
however, suffers from an extremely long analysis time and is ‘
susceptible to interference caused by other serum proteins and Revised:  December 20, 2023
antibodies. The liquid chromatography-tandem mass spec- Accepted: D ecember 22, 2023
trometry (LC-MS/MS) has also been applied to quantify T3 Published: December 27, 2023
and T4 in serum.”’® Though an elevated sensitivity and
selectivity was achieved, LC-MS/MS suffers from simultaneous

by introducing a chemical reactive adapter to the pore
lumen, >~ the nanopore immediately gains an affinity to a
category of small molecule analytes, so that corresponding
single-molecule binding events were observed. The high
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Figure 1. Identification of L-thyroxine (T4) by MspA-NTA-Ni. (a) Left: The chemical structure of L-thyroxine (T4). Right: The schematic diagram
of T4 sensing using MspA-NTA-Ni. The Ni** was introduced by coordination with the NTA adapter, which was covalently attached to the
nanopore by a maleimide—thiol reaction. For simplicity, this Ni** immobilized MspA is referred to as MspA-NTA-Ni (Supplementary Figure 1).
T4 can reversibly bind with the fixed Ni**, resulting in the appearance of successive nanopore events. The molecular mechanism is illustrated in the
purple dashed box. (b) A representative trace acquired using MspA-NTA-Ni with T4 as the sole analyte. The measurement was carried out in a
buffer of 1.5 M KCl, 10 mM CHES, pH 9.0. T4 was added to the cis chamber with a final concentration of 50 #M. A voltage of +100 mV was
continually applied. I, stands for the open pore current of MspA-NTA-Ni. The nanopore events produced by T4 were labeled with purple
diamonds above the trace. A zoomed-in view of a T4 event (marked with a purple arrow below the trace) was presented on the right (purple box).
(c) The event scatter plot of AI versus SD generated with results of T4. 224 nanopore events were employed to generate the plot.

resolution of the nanopore then serves to discriminate between
different types of analytes, demonstrating the selectivity of this
method. In this work, a hetero-octameric MspA containing a
fixed nickel ion at its pore constriction, which was recently
developed in nanopore sensing of proteinogenic amino acids,”’
was used for thyroid hormone sensing. Five types of THs were
successfully detected and fully distinguished from each other.
However, direct nanopore identification of THs has never been
previously reported.

(N90C),(M2),, which is a hetero-octameric MspA nano-
pore consisting of seven subunits of M2MspA-D16H6
monomers and one subunit of N9OC MspA-H6 monomer,
was first prepared. Here, the N90C MspA-H6 monomer
contains a sole cysteine at position 90 (Methods), however,
the M2MspA-D16H6 monomer does not have any cysteine at
all. Thus, the (N90C);(M2), hetero-octameric only contains a
sole cysteine, which is to be used for further pore modification.
To introduce a coordination adapter precisely to the pore
constriction, a nitrilotriacetic acid (NTA) chelator was
covalently linked to the cysteine residue of (N90C),(M2),
(Figure 1a). A single Ni** can subsequently be immobilized by
the NTA chelator to form a stable coordination complex so
that a nickel-modified MspA nanopore was generated.”’ For
simplicity, this nickel immobilized MspA is referred to as
MspA-NTA-Ni all through this manuscript. The pore
modification was also monitored in a step by step manner by
single-channel recording (Methods). Each irreversible tran-
sition of the current level corresponds to a step of successful
pore modification (Supplementary Figure 1). The MspA-
NTA-Ni can stay unchanged for a few hours of continuous
measurements, demonstrating a great stability of this platform
(Supplementary Figure 2). To this end, the generation of
MspA-NTA-Ni has been successfully validated.

The MspA-NTA-Ni can also be batch-prepared by mixing
(N90C),(M2),, maleimido-C3-NTA, and nickel sulfate
(Methods). The batch-prepared MspA-NTA-Ni was also
characterized by single-channel recording (Supplementary
Figure 3). The observed open pore current feature is also
consistent with the Ni*" immobilized stage of the pore when
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measured in the step by step demonstration of pore
modification (Supplementary Figure 1). If not otherwise
stated, all MspA-NTA-Ni used in follow up measurements
were batch-prepared. The MspA-NTA-Ni, which enables
reversible binding of compounds to the Ni** at the pore
constriction by coordination interaction, is further applied for
thyroid hormone sensing. L-Thyroxine (T4) (Figure 1a) is the
most abundant thyroid hormone in the bloodstream. T4 plays
a critical role in protein synthesis, oxygen consumption, and
the metabolism of lipid and glucose.® Abnormal levels of T4
may indicate thyroid disorders. T4 has also been widely used
to treat patients of hypothyroidism, or to improve the
prognosis for patients with nontoxic unimodular of multi-
nodular goiter (MNG) and differentiated thyroid cancer
(DTC).”” Thus, a rapid and accurate measure of T4 is an
immediate clinical diagnosis value.

In principle, the amino acid-derived chemical structure of T4
allows it to coordinate with an immobilized Ni** in the pore by
forming a five-membered chelate ring23 (Figure 1a). It is thus
speculated that this reversible binding to and dissociation from
the immobilized Ni** of the pore allow for the generation of
successive T4 events during nanopore measurements. The high
resolution of the MspA nanopore may also report highly
unique nanopore event features of T4, so that it can also be
directly discriminated from other thyroid hormone derivatives.

To experimentally verify that, nanopore measurements were
carried out using MspA-NTA-Ni in a KCI electrolyte buffer of
1.5 M KCI and 10 mM N-cyclohexyl-2-aminoethanesulfonic
acid (CHES) at pH 9.0 (Methods). A nanopore device
consists of two chambers. Conventionally, the electrically
grounded chamber is defined as cis, while the opposite
chamber is defined as trans. A transmembrane voltage of +100
mV was continuously applied (Supplementary Figure 4). T4
was freshly dissolved in dimethyl sulfoxide (DMSO) and
directly added to the cis chamber with a final concentration of
0.05 mM. Immediately afterward, successive nanopore events
were reported (Figure 1b). These events were, however, never
observed prior to T4 addition. The events appear as
telegraphic switching between two major current levels
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Figure 2. Identification of five types of thyroid hormones using MspA-NTA-Ni. (a) The deiodination metabolism map and the chemical structures
of five representative thyroid hormones. (b) Representative nanopore events of L-thyroxine (T4), 3,3',5-triiodo-L-thyronine (T3), 3,3’,5'-triiodo-L-
thyronine (rT3), 3,5-diiodo-L-thyronine (3,5-T2), and 3,3'-diiodo-L-thyronine (3,3’-T2). The measurements were carried out using an MspA-
NTA-Ni in a buffer of 1.5 M KCI, 10 mM CHES, pH 9.0. Each thyroid hormone was separately added to the cis chamber with a final concentration
of S0 yM (T4 and 3,3'-T2), 12.5 uM (T3 and 3,5-T2), or 150 uM (rT3) (Supplementary Figure 11 and Supplementary Table 2). A
transmembrane voltage of +100 mV was continually applied. (c) A 3D event scatter plot of AI, SD, and Med for five thyroid hormones. Five thyroid
hormones can be clearly distinguished in the 3D event scatter plot. The events were acquired from five independent measurements for each
condition with a sole thyroid hormone as analyte. Two hundred nanopore events from each thyroid hormone were used to generate the plot.

accompanied by short-residing and positive going spikes
(Figure 1b), generating a unique event appearance that has
never been previously observed before. The unique nanopore
event appearance of T4 is also advantageous for event
recognition in complex sensing environments.

It is also verified that the DMSO solvent did not cause any
noticeable interference during T4 sensing and played a critical
role in the dissolution of T4 (Supplementary Figures S and 6).
The rate of event appearance increases when the final
concentration of T4 is gradually upregulated, further indicating
that the observed events (Figure 1b) were indeed caused by
T4 (Supplementary Figure 7). However, no nanopore events
were observed when T4 was tested using nanopores without
any immobilized Ni**, again confirming that the role of Ni** is
critical in the generation of thyroid hormone events
(Supplementary Figure 8). T4 sensing can also be performed
with a Cu*" immobilized MspA nanopore, which is termed
MspA-NTA-Cu (Methods). However, the T4 events produced
by MspA-NTA-Cu demonstrate a dwell time much shorter
than that generated by MspA-NTA-Ni (Supplementary Figure
9). Consequently, MspA-NTA-Ni is more advantageous by
producing events with more information for event discrim-
ination. To this end, nanopore sensing of T4 was successfully
carried out with MspA-NTA-Ni and highly consistent T4
events with highly unique event features were reported. The
immobilized Ni** is also confirmed to be critical to achieving
this sensing capacity.

To describe the sensing events quantitatively, core event
parameters including the open pore current (), the current
blockage (I,), the blockage depth (AI = I, — I,), the noise
amplitude (SD), the median (Med), the event dwell time (t,),
and the inter-event duration (t,,) were defined as described in
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Supplementary Figure 10. Generally, the reciprocal of 7, (1/
7,,) is linearly correlated with the analyte concentration,
whereas the reciprocal of 7,5 (1/7,) is independent of the
analyte concentration (Supplementary Figure 7 and Supple-
mentary Table 1). Based on three independent measurements
at the same condition (N = 3), T4 demonstrates a mean
blockage depth (AI) of 94.8 + 1.3 pA, a mean noise amplitude
(SD) of 8.09 + 0.08 pA, and a mean median (Med) of 99.0 +
0.4 pA. The event scatter plot of AI versus SD generated by
results of T4 sensing also shows a single and narrowly
distributed population of events, indicating a high consistency
and reproducibility of the event (Figure lc).

The feasibility of thyroid hormone sensing using nanopores
has now been well demonstrated. Though first demonstrated
using T4, the same principle should also apply for other
thyroid hormones containing a-amino acid structures (Figure
2a). Physiologically, after T4 is released to the peripheral
tissue, it can be catalyzed by 5’'-deiodinase to remove an iodine
atom from the outer phenol ring to produce 3,3’,5-triiodo-L-
thyronine (T3) or to remove an iodine atom from the inner
tyrosine ring by 5-deiodinase to form 3,3’,5'-triiodo-L-
thyronine (rT3) (Figure 2a). T3 and rT3 are isomers, only
different in the position of an iodine atom (Figure 2a).
However, T3 and rT3 demonstrate completely different
biological functions. Because of its affinity for thyroid hormone
receptors, T3 is regarded as the most biologically active TH,
while rT3 does not have hormonal activity but acts as a major
competitor of T3 and inhibits thyroid function.”* Therefore,
direct discrimination between T3 and rT3 isomers is
significant to provide an accurate assessment of the thyroid
status. Conventionally, T3 and rT3 can be discriminated by
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Figure 3. Identification of five thyroid hormones by machine learning. (a) The workflow of machine learning. Two main modules, including the
training process and the predicting process, were included in the workflow. Briefly, nanopore events separately acquired with each type of thyroid
hormone were collected to form a data set. Seven features (A, SD, SDs,, top Med, skew, and kurt) were extracted from each event to build a feature
matrix. This feature matrix was passed to the “Classification Learner” toolbox of MATLAB for model training and validation. The best-performing
model was screened according to the 10-fold cross-validation results. The Linear SVM model has reported the best validation accuracy measuring
99.0%, and it is thus selected as the optimum model (Supplementary Table 3). For predicting, event features from unclassified events were first
extracted, followed by event identification using the previously trained Linear SVM model. (b) The confusion matrix produced by the Linear SVM
model. The row and column of the matrix respectively represent the true and the predicted class. The true positive rate (TPR) and the false
negative rate (FNR) were also shown on the right. (c) A representative trace produced by simultaneous sensing of all five thyroid hormones. The
measurement was carried out with an MspA-NTA-Ni in a buffer of 1.5 M KCl, 10 mM CHES, pH 9.0. A + 100 mV voltage was continuously
applied during the measurement. Five thyroid hormones were simultaneously added to cis to form a mixture. The final concentrations of T4, T3,
T3, 3,5-T2, and 3,3'-T2 were respectively set at 15 uM, 0.8 uM, 40 uM, 1 uM, and 20 uM. The zoomed-in view of the trace is also shown in
Supplementary Figure 18. The identity of each nanopore event was predicted by the trained Linear SVM model and labeled above the trace.

radioimmunoassay (RIA) or mass spectrometry. However, the visual inspection of their nanopore events (Figure 2b), again
RIA is time-consuming, susceptible to both binding protein demonstrating the exceptional resolution of MspA-NTA-Ni.
interferences and cross-reactivity with other far more abundant When the final concentrations of T3, rT3, 3,5-T2, and 3,3'-T2
iodothyronines such as T4, and requires the use of radio- were up-regulated, the corresponding mean inter-event
isotopes.”> The major issue for mass spectrometry is to durations (7,,) gradually decreased, indicating that the events
distinguish between the isomers, which often requires high- were indeed caused by the added THs (Supplementary Figures
energy fragmentation methods to determine their further 12—1S5 and Supplementary Table 1). These concentration
refined structural differences.*® dependence assay also provide a quantitative measure of THs
T3 and rT3 can be further deiodinated (Figure 2a), resulting solely using nanopore.
in the formation of a pair of isomers including 3,5-diiodo-L- To demonstrate a comprehensive comparison of the THs
thyronine (3,5-T2) and 3,3'-diiodo-L-thyronine (3,3’-T2).* being tested so far, the statistical results were summarized in a
Though there are routine detection methods available for T4 three-dimension (3D) scatter plot of AI, SD, and Med (Figure
and triiodothyronine,”*” efficient analytical methods for 2c). Five fully distinguished event distributions were
diiodothyronine have never been previously reported. Though demonstrated in the corresponding 3D event scatter plot,
experimental data support that diiodothyronine have potential confirming the superior resolution of MspA-NTA-Ni in the
influence on energy metabolism, their absolute contribution is discrimination of thyroid hormones. The incorporation of the
not clear.”® In addition, the blood concentrations of Med parameter has significantly enhanced the discrimination of
diiodothyronine are generally below the detection limit of TH events in the model comparison described in Supple-
most instruments, which sets another challenge for diiodothyr- mentary Figure 16. To this end, nanopore discrimination of
onine detection.”” five types of THs has been well demonstrated, which has also
Similar to T4, all the above-discussed THs contain metal- never been previously demonstrated by using any nanopore
coordination sites that can interact with the immobilized Ni** means. MspA-NTA-Ni also demonstrates direct discrimination
(Figure 2a). Therefore, the same measurements were of TH isomers including T3/rT3 and 3,5-T2/3,3'-T2,
respectively conducted using MspA-NTA-Ni, with T3, rT3, suggesting a superior resolution of sensing.
3,5-T2, and 3,3’-T2 treated as analytes. Experimentally, each To automate event classification, a machine learning
TH reports one type of event with unique characteristics algorithm was established. The machine learning workflow
(Figure 2b and Supplementary Figure 11). The events of all consists of two modules: the training process and the
analytes demonstrate level fluctuations accompanied by short- prediction process (Figure 3a). The training process was
residing spikes. These fluctuations generate abundant features, performed with events of known identities. A set of machine
which is beneficial in the discrimination of different THs. learning models were trained by studying various features of
These event characteristics are also highly reproducible based nanopore events. Then, the previously trained machine
on results of three independent measurements for each learning model was employed to automatically predict the
condition (Supplementary Table 2). The two pairs of isomers, identities of unclassified events, such as events from mixtures

T3/rT3 and 3,5-T2/3,3'-T2, can be distinguished directly by or natural samples.
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Figure 4. Identification of T4 in human serum using MspA-NTA-Ni. (a) A representative trace of MspA-NTA-Ni acquired without any analyte.
The measurement was carried out with MspA-NTA-Ni in a buffer of 1.5 M KCI, 10 mM CHES, pH 9.0. A +100 mV voltage was continuously
applied during the measurement. Background positive spikes were observed. (b) A representative trace of MspA-NTA-Ni acquired with 10 uL
human serum further added to cis. The human serum sample was commercially obtained and used without performing any treatment. Negative
going blockages were occasionally observed. (c) Representative trace acquired with the mixture of T4 and human serum. Human serum and 1 mM
T4 were mixed with a volume ratio of 1:1. Then, S0 pL of this mixture was added to the cis chamber reaching a final T4 concentration of 50 M.
Characteristic nanopore events of T4 successively appeared, indicating that nanopore sensing of T4 was not interfered with by the presence of the
human serum. (d) The event scatter plot of Al versus SD acquired from sensing results as demonstrated in (c). SO events were used to generate this

plot.

Specifically, a total of 1000 events from five TH sensing
results were collected to form a data set. Each event in the data
set has a known identity. Seven features including blockage
depth (AI), noise amplitude (SD), dwell time (t,;), median
(Med), half noise amplitude (SDs,), skewness (lew), and
kurtosis (kurt) were extracted for all data set events to
construct a feature matrix (Figure 3a). Here, three new
parameters (SDs,, skew, kurt) were introduced for a better
description of the event features. SDg, is defined as the
standard deviation of the top S50 percent of the current
blockage ranked from largest to smallest. skew and kurt were
employed to measure the probability distribution character-
istics of the current blockage. The machine learning process
was performed by using the “Classification Learner” toolbox of
MATLAB R2021 (MathWorks). Seven built-in classifiers
including Ensemble, Decision Trees, Discriminant Analysis,
Naive Bayes, Support Vector Machine (SVM), K Nearest
Neighbor (KNN), and Neural Network were trained. To avoid
bias, 10-fold cross-validation was performed. The average value
of the 10-fold cross-validation accuracy is used to evaluate the
model performance. The Linear SVM model from the SVM
classifier reported the highest 10-fold cross-validation accuracy
of 99.0% (Supplementary Table 3). The confusion matrix
generated by Linear SVM is demonstrated in Figure 3b,
according to which the true positive rate (TPR) of all THs
exceeds 97%. An impressive TPR of 100% was achieved by T3
and 3,5-T2. A parallel coordinate plot generated from the
feature matrix was also shown, and each parameter contributes
to event classification (Supplementary Figure 17a). The
training efficiency of the Linear SVM model was also evaluated
by the learning curve (Supplementary Figure 17b).

The trained Linear SVM was further applied in the
prediction of events acquired from the simultaneous sensing
of all five THs. Experimentally, with a single MspA-NTA-Ni,
T4, T3, T3, 3,5-T2, and 3,3’-T2 were simultaneously added to
the cis chamber to form a mixture. Various types of TH events
were immediately reported (Figure 3¢, Supplementary Figure
18, and Supplementary Movie 1). After data collection and
feature extraction, all events were recognized and labeled by
machine learning. The corresponding 3D event scatter plot of
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Al SD, and Med before and after Linear SVM prediction was
also shown in Supplementary Figure 19. To this end, a thyroid
hormone classifier based on nanopore sensing results was
established and applied to the identification of events in
mixtures.

To testify the anti-interference capacity and the robustness
of this sensing strategy, direct identification of TH was also
carried out in real biological samples as a background (Figure
4). Human serum is an aqueous solution containing a variety
of interfering compounds such as proteins, nucleic acids,
polysaccharides, and other small molecules.”® This complex
environment has posed the challenge of direct sensing of THs
in real human serum. However, if a nanopore can have a
sufficiently high resolution to directly recognize the target
THs, then the interference of the sample environment can be
minimized.

Experimentally, after the addition of 10 yL of human serum
to the measurement system, few nanopore events with short
residing time were observed with MspA-NTA-Ni (Figure
4a,b), indicating that the naturally occurring compound is not
causing any significant interference to this pore type. To
experimentally demonstrate that the presence of human serum
is not causing any interference with the measurement of T4,
serum was mixed with T4 and added to the cis chamber prior
to the nanopore measurement. Immediately afterward,
consecutive appearances of T4 events were reported (Figure
4c,d). The T4 events acquired in the presence of human serum
also demonstrate completely identical event features with that
measured by T4 as a pure compound. This is expected,
acknowledging the single-molecule nature of this sensing
mechanism and the high sensing specificity gained by the
introduced NTA-Ni adapter.

In summary, a Ni** immobilized MspA nanopore (MspA-
NTA-Ni) was reported to identify thyroid hormones (THs).
Acknowledging the superior resolution of MspA-NTA-Nj, five
major THs including T4, T3, rT3, 3,5-T2, and 3,3’-T2 were
fully distinguished. A machine-learning-based classifier was
established to automate event identification, with which a
general classification accuracy of 99.0% was reported.
Specifically, T3 and 3,5-T2, which are the isomers of rT3

https://doi.org/10.1021/acs.nanolett.3c04024
Nano Lett. 2024, 24, 305-311


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04024/suppl_file/nl3c04024_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04024?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

and 3,3'-T2 respectively, achieved a remarkable accuracy rate
of 100%. This sensing strategy is also capable of withstanding
challenging experimental conditions such as the presence of
human serum samples. However, due to the extremely low
concentrations of free THs in the human serum (9.5—21.5 pM
for free T4 and 3.3—6.5 pM for free T3 in normal human
subjects),’’ this strategy is currently unable to directly detect
naturally existed THs in serum. This sensing configuration
could be integrated into a nanopore array to further lower the
detection limit,”* which may be applied in the clinical diagnosis
of thyroid diseases, in a rapid and portable manner.
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