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Abstract

Nanopore sensing of proteomic biomarkers lacks accuracy due to the ultra-low abundance

of targets, a wide variety of interferents in clinical samples, and the mismatch between

pore and analyte sizes. By converting antigens to DNA probes via click chemistry and

quantifying their characteristic signals, we show a nanopore assay with several amplification
mechanisms to achieve attomolar level limit of detection that enables quantitation of circulating
Mycobacterium tuberculosis (Mtb) antigen ESAT-6/CFP-10 complex in human serum. The assay’s
non-sputum-based feature and low-volume sample requirements make it particularly well-suited
for detecting pediatric tuberculosis (TB) disease, where establishing an accurate diagnosis is
greatly complicated by the paucibacillary nature of respiratory secretions, nonspecific symptoms,
and challenges with sample collection. In the clinical assessment, the assay was applied to analyze
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ESAT-6/CFP-10 levels in serum samples collected during baseline investigation for TB in 75
children, aged 0-12 years, enrolled in a diagnostic study conducted in Cape Town, South Africa.
This nanopore assay showed superior sensitivity in children with confirmed TB (94.4%) compared
to clinical “gold standard” diagnostic technologies (Xpert MTB/RIF 44.4% and Mtb culture
72.2%) and filled the diagnostic-gap for children with unconfirmed TB, where these traditional
technologies fell short. We envision that, in combination with automated sample processing and
portable nanopore devices, this methodology will offer a powerful tool to support the diagnosis of
pulmonary TB in children.
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Utilizing nanometer-scale pores in biological proteins or fabricated from artificial, solid-
state membranes, nanopore sensing has shown single-molecule sensitivity and demonstrated
excellent accuracy for amino acid identification and nucleic acid sequencing.1~9 Nanopore
sensing has also displayed great potential for protein analysis, and has begun to emerge as a
biomarker detection tool for clinical use.1%-15 Theoretically, the concentration of an analyte
can be determined by recording and statistically analyzing the frequency of ionic current
blockade events induced by translocation of single analyte molecules through the nanopore
under an applied electrical potential.16-20 In practice, to obtain statistically significant
numbers of translocation events within a reasonable measurement time, the concentrations
of the analyte must be higher than the nanomolar level.21 Additionally, due to the non-
selective translocation of analytes in nanopores and the stochastic nature of the electrical
current blockade signals, different analytes often generate similar signals. Therefore, it is
difficult to specifically sense ultra-low amounts of biomarkers mixed with a high abundance
of interferent molecules in complex clinical specimens, such as serum, using nanopores
without any recognition receptors.14 Existing nanopore technologies are thus primarily used
to analyze or sequence high-abundance purified analytes, despite their single-molecule level
detection capacity. Furthermore, the electrochemical sensing mechanism and the fixed size
of the sensing surface limit the utility of nanopores to only charged macromolecules with
sizes comparable to the pore, such as single-stranded DNA (ssDNA).22. 23

To realize sensitive and specific detection of low-abundance proteomic biomarkers in human
serum by nanopores, we have incorporated click chemistry and host-guest chemistry to
develop an assay process that converts proteins to customized ssDNA probes. Taking
advantage of the built-in catalytic amplification and specific recognition receptors offered
by the ssDNA probes, this nanopore-based testing assay exhibited attomolar (aM) level

limit of detection (LOD) when applied to quantify Mycobacterium tuberculosis (Mtb)
specific ESAT-6/CFP-10 antigen complex in human serum samples. Detecting circulating
Mitb antigens in blood has the potential to improve the diagnosis of tuberculosis (TB) disease
and bypass unreliable sputum sampling and consequent sensitivity issues.24 Mtb-derived
CFP-10 and ESAT-6 are actively secreted as virulence factors early after infection and

also attenuate mycobacterial clearance,?® 26 implying that their presence in serum may be
used to diagnose TB disease.2’~2% However, these antigens circulate at low concentrations
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and form antigen complexes that limit detection by standard immunoassays.3? Our
previous studies systematically demonstrated the utility of a mass spectrometry-based
blood test that quantifies ESAT-6 and CFP-10 derived peptides, which achieved excellent
clinical performance as diagnostic and prognostic biomarkers.31-34 However, financial
and operational barriers of this technology currently hinder its clinical application, as
mass spectrometers are rarely affordable in resource-limited regions where TB prevalence
is usually the highest. Other blood tests that detect ESAT-6 and CFP-10 TB-specific
antigens are the commercial Interferon-gamma release assays (IGRAS), such as are used
in the QuantiFERON-TB Gold In-Tube test and the T-SPOT TB test.3> However, the
disadvantages of these commercial IGRASs include the requirement of a large volume of
blood, preanalytical sample constraints posed by the need for performing the test on viable
bacterial cells, and specialized laboratory infrastructure and expertise. Furthermore, their
limited sensitivity in children, particularly in those under five years of age, and inability to
discriminate between infection and disease results in high false-positive rates for detecting
TB in high-burden settings.36: 37

With the recently developed portable nanopore devices,38: 39 the biosensing assay described
herein can directly quantitate circulating ESAT-6/CFP-10 antigen complex and can be
incorporated into a point-of-care test device with the necessary accuracy, portability, cost
efficiency, and simplicity to fill the diagnostic gaps in high TB-burden areas. Diagnostic
performance of this nanopore assay was evaluated by testing clinical samples collected from
children enrolled in a prospective TB diagnostic cohort study in Cape Town, South Africa,
a high TB-burden setting with an estimated TB incidence of 730 per 100,000 population.
The results of the nanopore assay were compared to international consensus clinical case
definitions for pulmonary TB in children (described in Methods), using serum samples
collected at baseline.0

Nanopore Assay for Sensitive and Specific Detection of Mtb Antigen Complex

Nanopore sensors operate by monitoring changes to an electrical current as molecules
pass through a protein or synthetic nanopore. Traditional signal analysis, which relies
solely on dwell time and current blockade of individual signals, often fails to accurately
distinguish molecules in complex samples, such as clinical specimens. This is because these
parameters are based on the molecular size, weight, or structure of the analytes. In clinical
samples, there is a vast number of non-target proteins capable of translocating through

or interacting with a given nanopore that may share these physical attributes, leading

to erroneous signals with dwell times and current blockades comparable to those of the
analyte(s) of interest. As a result, nanopore signals generally demonstrate poor specificity
in complex biological fluids like blood.#1-45 The target biomarker of the assay developed
in this study is the ESAT-6/CFP-10 heterodimer antigen in blood. Due to its large size,
low charge, and low concentration in the complex serum sample, direct detection with a
nanopore is challenging and expected to yield marginal accuracy. Therefore, we designed
an assay process to immunoprecipitate the antigen complex from serum and convert it

to ssSDNA probes through a catalytic click reaction to increase the detection sensitivity.
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Meanwhile, specificity was greatly improved by utilizing the characteristic signal of a
host-guest modification to the probes.#6-48 The assay protocol involved five specific steps
(Figure 1a): (1) Enriching ESAT-6/CFP-10 antigen complexes from human serum samples
using capture antibody (anti-ESAT-6/CFP-10) modified dynabeads; (2) Forming sandwich
structures with detection antibody (anti-ESAT-6/CFP-10) modified copper oxide (CuQ)
nanoparticles; (3) Releasing Cu* by acid treatment; (4) “Clicking” ssDNA-alkyne (DNA-A)
with azido adamantane using a Cu* catalyst to obtain ssDNA-azido adamantane (DNA-AA);
and (5) Generating the host-guest structure of ssDNA probes by adding cucurbit[6]uril
hydrate (CBJ[6]). Translocation of the sSSDNA probes through an a-hemolysin (a-HL)
nanopore produced highly characteristic signature signals (/.e., oscillation signals) that were
clearly distinguished from non-specific signals of DNA-A and DNA-AA (Figure 1b—d).

In this nanopore assay, biomarker concentration in the sample is determined only by the
frequency of the signals with the oscillation pattern, regardless of their current blockade and
dwell time, thus eliminating the associated specificity issue. The oscillation signal frequency
correlated with the amount of sSDNA probes and, thus, the concentration of the ESAT-6/
CFP-10 antigen complex. No oscillation signals were observed during the translocation of
CBJ6] in the absence of guest molecules (Figure S1, Supporting Information), confirming
that the oscillation pattern can only be induced by the DNA-AA@CB[6] probes, which
further establishes the specificity of our nanopore assay. This process engenders a versatile
biosensing strategy by combining the nanopore’s single-molecule sensitivity to sSSDNA with
catalytic amplification, resulting in a characteristic signal pattern that allows detection and
quantitation with high confidence.*®

Characterization of ssDNA Probes and Signal Analysis

The ssDNA probe, which generates a characteristic oscillation signal when translocating
through an a-HL nanopore, was constructed based on a customized ssDNA backbone with
an alkyne-containing thymine base, placed in the middle of a sequence of cytosines. Using

a Cu™ catalyst, released from CuO, a “guest” molecule (azido adamantane) was linked to

the alkyne group on the thymine, which could then catch a “host” molecule (CB[6]) in
solution to form the host-guest complex (Figure 2a). This structural evolution was confirmed
by electrospray ionization mass spectrometry (ESI-MS), showing corresponding peaks of
DNA-A (6290.2) and DNA-AA (6467.3) before and after the click reaction (Figure 2b),

as well as IH nuclear magnetic resonance (NMR) spectra, showing the chemical shift of
protons of CB[6] molecules in the host-guest reaction product, DNA-AA@CB[6] (Figure
2c). The characteristic oscillation signals can be induced only by ssDNA probes with the
host-guest complex structure. The presence of Cu* is necessary for the click reaction and the
CBJ6] is necessary for the host-guest reaction (Figure S2).

Comparison between corresponding nanopore signals of DNA-A and DNA-AA revealed
similar current blockade (1/1g) and dwell time (Figure 2d and €). The DNA-AA@CBJ6]
signals showed more signals with higher 1/l and longer dwell time than DNA-A and
DNA-AA (Figure 2f). Nonetheless, current blockade and dwell time were not used for
differentiating DNA-AA@CBIJ6] signals from the other populations. Upon formation of the
DNA-AA@CB([6] host-guest structure, the ssDNA probe showed a characteristic pattern in
its nanopore signal, with three consecutive stages, which was used for signal identification
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and quantification: Level 1, with long and deep blockades, indicating trapping of the
probe in the pore; Level 2, with shorter and smaller blockades, corresponding to sSDNA-
AA translocation after dissociation of CB[6]; and Level 3, featuring a transient current
fluctuation caused by the oscillation of CB[6] in the pore cavity (Figure 2g).

Assay Optimization and Standard Curves

To increase cost effectiveness, we optimized the assay for the usage of capture and detection
antibodies. We selected 2.5 ug per ~5x107 dynabeads and 6 ug per 80 g CuO particles,
respectively, for future experiments (Figure S3a and b). To decrease the sampling volume
demand for children, we found the lowest serum sample volume needed for each test to
achieve the highest sensitivity (100 pL) (Figure S3c). To achieve the shortest sample-to-
answer time while maintaining highest reaction efficiency, both click reaction time and
host-guest interaction time were optimized to 6 hours (Figure S3d and e). In testing healthy
sera spiked with various amounts of ESAT-6/CFP-10 antigen complex, raw current traces
indicated a positive correlation between the oscillation signal frequency and the biomarker
concentration (Figure 3a). Cumulative counting of oscillation signals in 20-second intervals
for each concentration showed steady increases, indicating that recording times between
one and four minutes would yield consistent signal frequency, ensuring reliable antigen
quantification (Figure 3b). Finally, a standard curve was established between oscillation
signal frequency and ESAT-6/CFP-10 antigen complex concentration. The linear range

of the curve indicates a limit of quantification (LOQ) of 100 aM and a large dynamic

range up to 1 nM (Figure 3c). Further examination of raw data confirmed that oscillation
signals could be reliably detected in the 10 aM sample but not in the blank control sample,
indicating that the assay achieved 10 aM limit of detection (LOD) (Figure 3c inset and S4).
For comparison, an ELISA protocol was developed and optimized. However, its high LOD
could not support ESAT-6/CFP-10 detection in clinical samples (Figure S5). Specificity
validation was conducted by spiking excessive clinical interferents such as hemolysate,
triglycerides, bilirubin, and human albumin into human serum. Individual interferents did
not cause significant influence on nanopore test results. However, signal frequency was
significantly dampened when the serum sample was contaminated with the combination of
all interferents (Figure S6).

ESAT-6/CFP-10 Quantification in Pediatric Samples

To assess the clinical performance of the nanopore assay, pediatric serum samples collected
at the Desmond Tutu TB Centre (DTTC, Stellenbosch University, South Africa) were
analyzed. Participants (N= 75) were children, 3 months to 12 years old, with presumptive
pulmonary TB who were enrolled for further TB evaluation and testing in a diagnostic study.
The children were retrospectively categorized into ‘confirmed TB’, ‘unconfirmed TB’, or
‘unlikely TB’ groups, according to the NIH clinical case definitions and consideration

of symptomatic responses to treatment (if treated) for TB (Methods, Table 1, and Table
S1).40 After obtaining nanopore test results, the clinical classification was unblinded to

the researchers for further analysis. The quantitative nanopore assay results obtained for

all children are illustrated in Figure 4a. The mean ESAT-6/CFP-10 level + the standard
deviation (SD) of three experiments for each child is depicted and grouped into one of

the three categories (confirmed, unconfirmed, and unlikely TB). The graph shows cases
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with exceedingly low (between LOD and LOQ) and undetectable (below LOD) values in
magnified insets under the main figure, for clarity. The diagnostic threshold value (1.15 fM)
was determined using the receiver operating characteristic (ROC) analysis (Figure 4b) and
was used to call if the result was positive (values above the threshold) or negative (values
below the threshold) for TB by the nanopore assay. The optimal sensitivity and specificity
values provided by the ROC analysis are 94.4% and 81.0%, respectively.

The number of positive (pink blocks) and negative (grey blocks) diagnoses, as defined by
the threshold value, determined from the nanopore assay, along with results from the clinical
tests (TST, smear, Xpert, and Mtb culture) are illustrated in Figure 4c¢ for all children in
each group (white blocks indicate children who did not receive a given test). Among the

18 children with confirmed TB, three (participant numbers: P10, P27, and P49, denoted by
blue stars) had negative bacteriological results from baseline blood sample; these children
were later confirmed for TB by positive Xpert tests performed on follow-up respiratory
samples, collected between the first and second months of the study. All confirmed children
began antituberculosis treatment at the time of baseline sample collection. The nanopore test
results for this group were generally consistent with the results from clinical testing, with
the exception of P27, who had ESAT-6/CFP-10 that was quantifiable (above the LOQ), but
below the threshold. Notably, this child’s chest x-ray (CXR) indicated TB and the child had
a positive TST at baseline but was negative on all bacteriological tests (Mtb culture, Xpert,
and smear).

Of the 36 children with unconfirmed TB, ten were designated as negative by the nanopore
assay, with one quantifiable (above the LOQ), but below the threshold. Among these ten,
two (P3 and P4, denoted by green stars) should be redesignated as unlikely TB, as discussed
in the following section. The remaining 26 children tested positive with above threshold
ESAT-6/CFP-10 levels. The TSTs of 11 unconfirmed TB children were positive, eight

of which coincided with positives from the nanopore test. None of the unconfirmed TB
children tested positive on the smear, Xpert, or culture tests. The remaining 21 children were
categorized as unlikely TB; four of these tested positive by the nanopore assay, two of which
were deemed false-positives due to the absence of any clinical signs of the disease. It was
concluded that the other two children, P21 and P35 (black stars), should be redesignated to
the unconfirmed TB group, as discussed further in the following section.

Following NIH definitions, we calculated the nanopore assay’s diagnostic sensitivity and
specificity within this cohort (Figure 4d). The 94.4% sensitivity for the confirmed TB group
was significantly higher than that of the Xpert (44.4%) and Mtb culture (72.2%). In the
unconfirmed TB group, the nanopore test detected TB in 26 of 36 children, revealing 72.2%
of TB-positive children missed by the Xpert and Mtb culture methods. It is well-known

that the microbiological reference standard is imperfect in children and is likely to miss a
proportion of children with TB disease who have low bacillary loads that fall below the
detection threshold for both culture and molecular tests.>%-23 Although the 81.0% specificity
of the nanopore test fell short of the 100% Xpert and culture specificity, it is creditable
considering the test’s ability to identify two children initially misassigned to the unlikely
TB group (see Discussion), and that TB disease was not ruled out in this group. In terms of
overall diagnostic performance, the nanopore test demonstrated enormous potential for the
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diagnosis of pediatric TB, outperforming current clinical technologies, including the TST,
smear test, and the more sensitive Xpert, and Mitb culture.

DISCUSSION

Approximately one million children (<15 years) developed TB in 2019, causing 205,000
TB-related deaths, worldwide.>* Misdiagnosis can result in undertreatment and ultimately
irreversible injury or even death, especially for children with HIVV/TB co-infections or
disseminated TB. Children with TB frequently have paucibacillary disease, exhibit non-
specific symptoms, and are likely to rapidly progress to disseminated TB in the absence

of appropriate treatment.>5-58 ess than 15% of children are sputum acid-fast bacilli smear
positive, and the “gold standard” Mib culture test yields are only 30%—-40%.58-60 The
PCR-based Xpert MTB/RIF sputum assay was introduced in the past decade to improve the
speed and specificity of TB testing, but still has poor sensitivity in cases with low bacterial
loads, and cannot distinguish between live and nonviable Mtb.51: 62 Moreover, respiratory
samples are difficult to obtain from children, especially after symptom improvement,
making pediatric TB diagnosis and treatment monitoring even more challenging using
sputum-based methods.>>: 61. 62 Immunological tests, such as TST and IGRAs detect the
host immune response to Mtb infection, but cannot distinguish TB disease from latent TB
and are less sensitive in children with immature or compromised immune systems.63. 64

Nonspecific symptoms, the paucibacillary nature, and the need for invasive sputum
collection all contribute to the difficulty in pediatric TB diagnosis, which may delay
antituberculosis treatment initiation.%> Accurate blood-based assays that use small sample
volumes for pediatric TB testing are lacking. Heterodimer ESAT-6/CFP-10 plays a key

role in the virulence of Mtb infection.56:26 Diagnostic performance of ESAT-6 and CFP-10
antigens in adult serum and urine samples suggests their considerable promise as biomarkers
for a non-sputum-based pediatric TB test.57-71 We have previously developed a circulating
Mtb antigen blood assay using mass spectrometry.31-34 However, its technical and financial
barriers significantly impede its clinical applications in resource-limited regions where TB is
most prevalent. In this work, we demonstrate a more affordable nanopore assay that enables
the quantification of heterodimer ESAT-6/CFP-10 antigens across a wide dynamic range in
100 pL serum samples. A cost analysis of current TB detection techniques has demonstrated
that our nanopore sensing system is more cost-effective than several common diagnostic
tools for TB screening (Table S2). For real-world application considerations, the acid
treatment step, immediately after immunoprecipitation, can eliminate the risk of infection
from any pathogens in the blood sample, permitting readout in less controlled environments
(7.e., BSL-1 or -2) with safety. Our approach detected TB disease in children within the
unconfirmed TB group, missed by current clinical tests (7.e., Xpert and Mtb culture).
Furthermore, the sensitivity of this test (94.4% in confirmed TB) exceeds the WHO’s
recommendation (=66%, which is the average sensitivity of the Xpert MTB/RIF assay) for
a non-sputum biomarker test for childhood intrathoracic, microbiologically confirmed TB."2
Four children (P3, P4, P21, and P35) demonstrated discrepancies between their clinical
classification and the results of the nanopore assay, calling for further review of the clinical
records of these children (Table 2). Of these, P3 and P4 were classified as unconfirmed

TB based on 2015 NIH TB clinical case definitions, with abnormal CXRs indicating lung
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cavities and enlarged lymph nodes, respectively, and presenting with well-defined symptoms
of pediatric TB disease.”® However, they tested negative on the TST and were designated

as ‘symptomatic controls’, with no treatment provided and showing no improvement at
follow-up appointments. The ESAT-6/CFP-10 levels of these children were undetectable
(both with values of fM). Further inspection of their individual clinical analyses revealed
that they had received a final alternative diagnosis. Based on this information and the
nanopore assays, we conclude that P3 and P4 should be recategorized as unlikely TB.

The other two children demonstrating inconsistencies, P21 and P35, were classified as
unlikely TB, despite high ESAT-6/CFP-10 levels of 50.59 fM and 49.60 fM, respectively.
The CXR of P21 was abnormal, but not suggestive of TB, therefore the child was not
initially diagnosed. However, this child started on antituberculosis treatment, four months
post-enrollment, due to progressive symptoms and was therefore assigned a treatment status
of ‘control to case’. This, along with P21’s high ESAT-6/CFP-10 level, suggests that our
nanopore strategy for testing TB potentially detected an early disease stage in this child. P35
also had an abnormal CXR, displaying consolidation in the lung tissue, but was determined
not to be suggestive of TB. Though placed in the unlikely TB group and never treated

for TB disease, P35 tested positive on the TST, and was therefore provided with isoniazid
preventive therapy; the child showed improvement at follow-up appointments. This could
be a case of latent TB, or possibly of incipient/non-severe TB, that was adequately treated
with preventive therapy and which our nanopore testing method was able to detect. Based
on these analyses, we conclude that P21 and P35 should be categorized as unconfirmed TB.
With these recategorizations, the sensitivity of our nanopore assay was calculated at 77.8%
in children with unconfirmed TB and 83.3% in children treated for TB disease (confirmed-
plus-unconfirmed TB) and the specificity increased from 81.0% to 90.5% (Figure 4d).

To effectively detect ultra-low concentration of ESAT-6/CFP-10 in serum, amplification

is crucial for this nanopore sensing platform. There are two amplification mechanisms,
incorporated to realize an attomolar level LOD. First, ESAT-6/CFP-10 antigen complexes
are immunoprecipitated and formed into sandwich structures with magnetic beads and CuO
nanoparticles. An acid treatment then releases Cu™* to catalyze a click reaction between
DNA-alkyne and azido adamantane. This click reaction plays an important role, not only

as a signal transducer to transform the ESAT-6/CFP-10 concentration information to DNA
probe signal frequency, but also to realize signal amplification. Second, a voltage bias

of 160 mV is applied across the nanopore. Under the same applied potential, highly

charged DNA probes can translocate the nanopore more efficiently than proteins or peptides,
inducing more measurable signals. The ultra-small diameter of the a-HL channel (~1.4 nm)
contributes to the high sensing specificity in this platform. The nanochannel only allows

one ssSDNA molecule to pass at a time, which causes retention of the CB[6] from the
host-guest structure of the probe. After separation from the DNA probe, CB[6] oscillates

in the pore lumen before translocating or exiting from the entrance. This process induces a
characteristic oscillating pattern on the ionic current signal that is not observed for any other
molecules in this sensing system and can thus be precisely recorded and quantified to reflect
the amount of the target biomarker without false readings.

We also identified limitations of this testing method. First, during the Cu*-catalyzed
click reaction between DNA-alkyne and azido adamantane, an increasing amount of Cu*
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generally increases the amount of product. However, there is a possibility that the amount of
product from the reaction may reach a plateau; this, in turn, could dampen the concentration
of TB antigen that is detectable in the blood sample. Fortunately, our TB diagnostic method
focuses primarily on the low-level existence of ESAT-6/CFP-10 antigens complex; thus, this
issue has limited impact on the results of this study. Second, since the biological nanopore
inserts into a phospholipid bilayer membrane, the stability of the membrane plays a decisive
role in the performance of the pore. Therefore, improvements on techniques that support

the stability and durability of the membrane are needed to enhance the efficiency and data
validity of the test. Finally, while most standard oscillation signals with Level 1, 2, and

3 can be observed clearly, there are occasionally non-standard oscillation signals that are
exceptions. For example, one stage of the translocation process may be indetectable, which
is particularly likely for Level 2 due to the brevity of the dissociation process, or analyte
may present an oscillation signal that is too short or indistinct. In these cases, manual
recognition of the signals is necessary. We believe that through the establishment of machine
learning, signal analysis issues can be identified and processed automatically.

CONCLUSIONS

The nanopore-based blood assay for ultrasensitive quantification of circulating Mtb antigen
ESAT-6/CFP-10 complex demonstrated substantial proficiency in identifying TB in children.
Owing to the click chemistry amplification and the nanopore’s high sensitivity in detecting
DNA, this assay reached attomolar level detection and quantification limits. Direct detection
of circulating Mtb antigens significantly shortened the sample-to-answer time compared

to the “gold standard” Mtb culture method for diagnosis, with a turnaround time of
approximately two days as opposed to four-eight weeks.”4 7> Though still longer than

the approximately two-hour testing process of the Xpert assay,’ 77 our nanopore method
demonstrated superior sensitivity, reliability, and ease of sample collection. Furthermore, as
the nanopore test enables quantitation of ESAT-6/CFP-10 levels, its potential in treatment
evaluation through monitoring antigen dynamics warrants continued investigation. Future
research objectives include further reducing assay time, technical barriers, and cost by
integrating this assay method with portable nanopore readers and microfluidic devices for
automated point-of-care testing of TB and other infectious diseases.

METHODS

Participant Recruitment and Categorization

The clinical cohort has been described elsewhere.”® Children below 13 years of age

were recruited from March 2012 to March 2017. Written informed consent from parents/
caregivers and ethics approvals from the Stellenbosch University Health Research Ethics
Committee and the ethics boards of participating hospitals were obtained. Children living
with or without HIV were eligible if they presented with symptoms suggestive of pulmonary
TB. Comprehensive TB investigations were completed, including the collection of a
minimum of two respiratory samples for Mtb bacteriology. Respiratory samples were tested
by concentrated smear microscopy for acid-fast bacilli, liquid medium Mtb culture (Bactec
MGIT 960 system; Becton Dickinson Diagnostic Systems, New Jersey, USA), and Xpert
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MTB/RIF assay (Xpert, Cepheid Inc., Sunnyvale, CA). Additional investigations included
HIV testing (HIV DNA PCR in children under 18 months of age and HIV enzyme-linked
immunosorbent assay (ELISA), for children over 18 months of age), tuberculin skin test
(TST; Mantoux, 2 Tuberculin Units PPD RT-23, Statens Serum Institute, Copenhagen), and
an antero-posterior plus lateral chest x-ray (CXR), dual read by experts. Whole blood (2

ml) was collected and separated within two hours into serum aliquots by centrifugation

as per manufacturer’s instructions. All children were then followed for 6 months or until

TB treatment completion. International consensus clinical case definitions (NIH definitions)
were applied retrospectively at the two-month follow-up to classify participants as having
“confirmed TB”, “unconfirmed TB”, or “unlikely TB”. In summary, case definitions were
applied as follows: confirmed TB based on microbiologic evidence (/.e., positive Mtb culture
or positive Xpert results); unconfirmed TB if positive for >2 of the following criteria: 1)
TB-associated symptoms/signs, 2) abnormal TB-consistent chest radiograph, 3) close TB
exposure or immunologic evidence of Mitb infection (/.e., with Mtbinfection, TST positive),
or 4) positive response to TB treatment (improvement or resolution of presenting symptoms
two months after treatment initiation); unlikely TB if lacked two criteria for unconfirmed
TBA0 (Table S1).

Materials and Instruments

Magnetic beads M-270 Carboxylic Acid (30 mg mL™1, 2x10° beads mL~1, supplied in
purified water) was purchased from Thermo Fisher Scientific (CA, USA). Copper oxide
(nanopowder, < 50 nm particle size), bovine serum albumin (BSA), and a-HL from
Staphylococcus aureus (lyophilized powder, protein ~60% by Lowry, 210,000 units/mg
protein) was purchased from MilliporeSigma (Darmstadt, Germany). ESAT-6/CFP-10 rabbit
polyclonal antigen complex, and rabbit polyclonal anti-ESAT-6/CFP-10 antibody complex
were obtained from MyBioSource (CA, USA). DNA-alkyne was synthesized by Sangon
Biotechnology Co. Ltd (Shanghai, China). Micro Bio-Spin P6 gel columns (Tris buffer)
were purchased from Bio-Rad (CA, USA). All samples and buffers were prepared in
deionized water from a Milli-Q water purification system (Resistivity: 18.2 MQ/cm, 25
°C, Millipore Corporation). All samples were rotary incubated on Multi-Rotator PTR-35
Grant-bio. All electrophysiology experiments were performed on a Planar Lipid Bilayer
Workstation (Warner Instruments). The wash buffer consists of NaCl (0.15 M) and
NayHPO4 (10 mM) at pH 7.4. The assay buffer consists of NaCl (0.1 M), Tween 20
(0.025%), BSA (0.1%), and Na,HPO,4 (10 mM) at pH 7.2. The nanopore work solution
consists of KCI (3 M) and Tris (10 mM) at pH 8.0.

Preparation of Capture Antibody-Dynabeads

The dynabeads were washed twice with 2-(N-morpholino) ethane-sulfonic acid (MES,

25 mM, pH 5.0) before use. Both 1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide
hydrochloride (EDC) and N-hydroxy succinimide (NHS) were dissolved in cold MES (25
mM, pH 5.0, 1 mL) to reach 50 mg mL~1 concentration. Then, EDC solution (50 L) and
NHS solution (50 L) were added to dynabeads and incubated at room temperature for

30 min for activation. After incubation, the tube was placed on a magnet for supernatant
removal. The dynabeads were then washed twice again with MES (25 mM, pH 5.0, 100 pL).
Capture antibody (anti-ESAT-6/CFP-10) and MES (25 mM, pH 5.0, 100 pL) were added
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to the activated dynabeads and incubated for 2 h at room temperature. After incubation,
the tube was again placed on the magnet for supernatant removal. The dynabeads coated
with antibodies were incubated with 100 pL Tris (50 mM, pH 7.4) for 30 min to quench
the excessive activated carboxylic acid groups and then washed four times with 100 pL
phosphate buffer saline (PBS). After blocking with BSA (0.05%, 50 pL), the prepared
dynabeads were suspended in PBS (100 pL) and stored at 4°C for further use.

Preparation of Detection Antibody-Copper Oxide Nanoparticles

Copper Oxide Nanoparticles (CUONPs) (1 mg) were added in PBS (1 mL) and were then
dispersed by ultra-sonication for 10 min. Detection antibody (anti-ESAT-6/CFP-10) was
added to the CUONP solution, drop by drop, for 3 min and incubated for 3 h. Then, the
solution was centrifuged at 9000 g for 10 min to remove excess detection antibodies and
suspended. The detection antibody-CuONPs was dispersed in PBS (1.5 mL) and centrifuged
again (5000 rpm for 10 min) to collect CUONP precipitate. Finally, 10% BSA in PBS (200
pL) was added to the detection antibody-CuONPs and vortexed for 30 min before storage at
4°C.

Formation of Sandwich Structure Compound using Standard and Clinical Samples

Capture antibody-dynabeads (50 pL) were washed with assay buffer (500 L) five times.

To prepare standard samples for calibration curves, assay buffer (400 L) was added to
sterile filtered human serum (100 uL), spiked with various concentrations of ESAT6/CFP-10
antigen and incubated with capture antibody-dynabeads at room temperature for 1 h. After
incubation, dynabeads were washed with assay buffer (500 L) five times, and detection
antibody-CuONPs (16 L) was added and incubated for 1 h. Then the mixture was washed
with wash buffer (500 pL) five times to remove the unbound CuONPs. HCI (10 mM, 200
uL) was added and incubated for 10 min to release the Cu®. The solution was adjusted to pH
7.4 and lyophilized. The residue was dissolved in deionized water (20 uL) for ligating DNA
probes. A similar protocol was followed for processing clinical serum samples (100 pL).

All procedures involving human samples were conducted in a biosafety cabinet located in a
Biosafety Level 2 (BSL-2) laboratory. The rest of the assay protocols, after acid treatment,
were conducted outside of the biosafety cabinet.

Synthesis of DNA Probes and Characterization

DNA (5’-CCCCCCCCCCTCCCCCCCCCC) modified with an alkyne moiety on the T base
(DNA-A, 100 uM, 2 uL), azido adamantane (dissolved in acetonitrile, 200 mM, 2 uL),
sodium ascorbate (20 mM, 2 pL), and Cu* solution (obtained as described above, 2 L)
were added to HEPES buffer (100 mM, 2 L). The reaction was incubated for 6 h at room
temperature and then stopped by the addition of EDTA (100 mM, 2 uL) to the reaction. The
product was filtered by Micro Bio-spin P6 columns and DNA-AA was obtained. DNA-A
and DNA-AA were subjected to mass spectrometry (MS) to confirm their transformation by
this click reaction. Then, CB[6] aqueous solution (5 mM, 10 uL) was added to DNA-AA and
incubated for 6 h to obtain the final DNA-AA@CBI[6]. CB[6] and DNA-AA@CBI6] were
subjected to nuclear magnetic resonance (NMR) to ensure the host-guest reaction happened
successfully. Finally, the DNA probes were tested as they translocated the a-HL nanopore
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by recording the resulting current signals and quantifying the original concentrations of
ESAT-6/CFP-10 antigen complex in samples.

Nanopore Sensing and Data Analysis

1,2-Diphytanoyl-sn-glycerol-3-phosphocholine (DPhPC) was used to form a synthetic

lipid bilayer membrane across an aperture, 200 pm in diameter, in a 25 pm thick
polytetrafluoroethylene film, which divided a fluid chamber into two compartments, cis
and #rans. Both compartments contained 1 mL of work solution (3 M KCI, 10 mM Tris, pH
8.0). Each sample was added into the ¢/s compartment, which was connected to the ground.
A 160 mV potential was applied to the #rans compartment, which was connected to the
head-stage of the amplifier. lonic currents were measured by using Ag/AgCl electrodes with
a patch-clamp amplifier (Warner Instruments, CA, USA). All experiments were carried out
at room temperature. Current records were analyzed with Clampfit 10.7 software (Warner
Instruments). Characteristic current signature events were manually counted for statistical
analysis.

Interference Study

To evaluate the specificity of this assay, typical interferents in human samples, including
hemolysate, triglycerides, bilirubin, and human albumin were analyzed. These interferents
provided with the kit (INT-01 Routine Interferents, ASSURANCE Interference Test Kit,
Sun Diagnostics) were used to obtain diluted experimental concentrations for these studies.
Standard human serum sample aliquots (ESAT-6/CFP-10 antigen complex concentration:
100 fM) were spiked with concentrations of hemolysate (5 mg/mL), triglycerides (4.5 mg/
mL), bilirubin (80 pg/mL), and human albumin (5mg/mL), individually and simultaneously.
These samples were tested by the nanopore assay and compared to a non-interferents sample
to estimate their effects on the assay quantification performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic illustration of the nanopore assay for ESAT-6/CFP-10 antigen complex

quantification. a: Capture antibody-modified dynabeads immunoprecipitate ESAT-6/CFP-10
antigen complex from serum samples, followed by specific binding of detection antibody-
modified CuO nanoparticles to form a sandwich structure. Sandwich structures were then
magnetically separated and Cu™ was released by hydrochloric acid to catalyze the click
reaction between DNA-alkyne (DNA-A) and azido adamantane (AA) to form DNA-AA
with amplification. Finally, DNA-AA@CB[6] probes were formed via host-guest interaction
with CB[6]. b: Translocation recordings of DNA-A through a single a-HL nanopore and
the corresponding nanopore steric hindrance status. c: Translocation recordings of DNA-
AA through a single a-HL nanopore and the corresponding nanopore steric hindrance
status. d: Translocation recordings of DNA-AA@CB[6] through a single a-HL nanopore.
Three blockade levels of the characteristic signal indicate the molecular status inside the
nanopore: DNA translocation, CB[6] dissociation, and CB[6] oscillation, respectively. Data
was acquired using 3 M KCI, 10 mM Tris buffer at pH 8.0 and under a 160 mV trans
potential unless otherwise stated.

ACS Nano. Author manuscript; available in PMC 2023 November 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

DNA-A

o]
Ccccececececce-T-ceccececcecece

DNA-AA

Y \
CCCCCCCOCC-T-CCCCCCCCCE A

H N
DNA-AA@CB[E]  — W NANANALS N
@ceiel Mﬂ A/

o

JNWHWO//

N,
9 H [N
A dn by

Intensity (x10%)

o N

o
CCccccececececce-T-cecececececcce @

Page 19

)
=3

®
=}

DNA-A

02'0629

o

b
S

04
6100 6200 6300 6400 6500 6600

S
YLV

Intensity (a.u.)

DNA-AA@CBI6] 5.46

5.65\ 5.44

58 57 56 55 54 53

Mass (Da) 8 (ppm)
d € f 9
08 . o 304 0¥ 5 “ = —
531 | =] 28 | B s 5lls
831 ose001 | B3 | 083:002 S 4 oes001 | o 222
< 2 o] 4 d_‘-’ © & ol E = ;J ©
N I z DNA-AA@CB[6] » o 200"
2 2 E = 2 @ 4[] : 2 R
= S = . ° e
o I 2 =} [} c —~ o
£100 It} £ 100 B £1 4 < s
£ 8 E 2 E 100 H 2100{  yuwe
3 A9, 3 < 3 % - —
g 2 2 §
S 2 o0 oo Q0 c Lot rﬁj
0.4 08 0.0 04 04 08 0.0 04 0.6 0.9 0.00 0.08 N A o
Wy Relative "y Relative m Relative 04@ 6@ 0@
Frequency Mt X

Frequency Frequency

Figure2.
Characterization of DNA complexes and their translocation signals. a: Chemical structure

of DNA-A, DNA-AA, and DNA-AA@CBJ6]. DNA (5'-CCCCCCCCCCTCCCCCCCCCC)
modified with an alkyne moiety on the T base formed DNA-A,; a click reaction between the
alkyne moiety and azide adamantane formed DNA-AA; non-covalent host-guest interaction
between DNA-AA and CB[6] formed a DNA-AA@CBI6] probe. b: Electrospray ionization
mass spectrograms of reactant DNA-A and product DNA-AA of the click reaction. c: 1H
NMR (300 MHz) spectra of reactant CB[6] and achieved DNA-AA@CB[6] probes. The
host-guest interaction can be confirmed by the chemical shift of protons of the CB[6]
molecule from methylene (CH,) groups (5.66 ppm and 5.44 ppm) and tertiary C-H groups
(5.61 ppm). d-f: Blockade vs. dwell time translocation profiles of (d) DNA-A, () DNA-AA,
and (f) DNA-AA@CBJ6]. Top: histograms of relative frequency of I/l with Gaussian
fitting. Right: histograms of relative frequency of dwell time with exponential fitting.

0: A typical characteristic oscillation signal generated by the DNA-AA@CBJ6] probe
translocating an a-HL nanopore. The signal is characterized by a pattern with 3 levels.
Average currents of Level 1, 2, and 3 in oscillation signals were analyzed by one-way
ANOVA. **** indicates £<0.001 Level 1 vs. Level 2, Level 2 vs. Level 3 by multiple
comparisons, A=30). Data was acquired using 3 M KCI, 10 mM Tris buffer at pH 8.0 and
under a 160 mV trans potential unless otherwise stated.
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Figure 3.
Quantification of ESAT-6/CFP-10 in human serum. a: Raw translocation recordings of

serially diluted ESAT-6/CFP-10 antigens (0 aM, 10 aM, 10 fM, and 10 pM) through single
a-HL nanopores; triangles, squares, and circles indicate oscillation signals in different

data sets. b: Capture rate of oscillation signals in different ESAT-6/CFP-10 antigen
concentrations. The cumulative numbers of signals were counted every 20s. Solid lines
indicate linear regression. c: Correlations between oscillation signal frequency and ESAT-6/
CFP-10 antigen concentration in human serum within the range of 0.1-108 fM. Inset shows
the correlations within attomolar range (0, 10 and 100 aM). Data represents mean + SD

of three replicates. Solid line indicates linear regression. Shadow indicates limits of 95%
confidence interval. Data was acquired using 3 M KCI, 10 mM Tris buffer at pH 8.0 and
under a 160 mV trans potential unless otherwise specified.
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Figure 4.

Clinical validation in a pilot pediatric cohort. Study participants numbered P1 to P75

were classified into three groups according to NIH definitions: confirmed TB (N=18),
unconfirmed TB (N=36), and unlikely TB (N=21). a: Quantification of ESAT-6/CFP-10
antigen complex in different groups by the nanopore assay. Insets show cases with low
concentration ESAT-6/CFP-10. The green line indicates LOD (0.01 fM); the yellow line
indicates LOQ (0.10 fM); the red line indicates the optimal threshold (1.15 fM) from

the receiver operating characteristic (ROC) curve. Data represents mean + SD of three
replicates. Data was acquired using 3 M KCI, 10 mM Tris buffer at pH 8.0 and under a
160 mV trans potential unless otherwise stated. b: ROC curve of the 75 clinical samples.
Area under the ROC curve is 0.8757, P<0.0001, threshold is 1.15 fM, sensitivity is 94.44%,
specificity is 80.95%. c: Cluster map of clinical test results and nanopore test results for
all participants. Clinical tests include TST, smear, Xpert, Mtb culture. Nanopore results are
called based on the threshold. Blue stars indicate cases confirmed at follow up; green stars
indicate cases redesignated to unlikely TB; and black stars indicate cases redesignated to
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unconfirmed TB upon further review of treatment and follow up information. d: Sensitivity
and specificity comparison among nanopore, Xpert, and Mtb culture tests, including updated
sensitivities and specificities after reclassification (refer to Discussion).
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Table 1.

Demographics and clinical characteristics of the pilot cohort.

Characteristic Confirmed TBY  Unconfirmed TB  Unlikely TBT  All Participants
Demogr aphics
Male sex no./total no. (%) 8/18 (44.44) 21/36 (58.33) 15/21 (71.43)  44/75 (58.67)
Median Age (range) yr 2(0.58-8) 2(0.83-12) 3(0.25-10) 2(0.25-12)
Clinical Characteristics (%)
Positive Xpert 8/18 (44.44) 0/36 (0) 0/21 (0) 8/75 (10.67)
Negative Xpert 10/18 (55.56) 36/36 (100) 21/21 (100) 67/75 (89.33)
Positive Mtb Culture 13/18 (72.22) 0/36(0) 0/21 (0) 13/75 (17.33}
Negative Mtb Culture 5/18 (27.78) 36/36 (100) 21/21 (100) 62/75 (82.67)
Positive Tuberculin Skin Test™ 11/18 (61.11) 9/36 (25.00) 121 (476)  21/75 (28.00)
Negative Tuberculin Skin Test 3/18 (16.67) 24/36 (66.67) 17/21 (80.95) 44/75 (58.67)
Significant TB Exposure? 8/18 (44.44) 14/36 (38.89) 3/21 (14.29) 25/75 (33.33)
Well Defined Symptoms* 15/18 (83.33) 33/36 (91.67) 17/21(80.95)  65/75 (86.67)
TB Consistent Chest Radiograph 12/18 (66.67) 12/36 (33.33) 2/21 (9.52) 26/75 (34.67)
Positive Response to TB Treatment 15/18 (83.33) 22/36 (61.11) 0/21 (0) 37/75 (49.33)
Nanopore Result (%)
Above LOQ 18/18 (100) 27/36 (75.00) 11/21 (52.38)  56/75 (74.67)
Above Threshold 17/18 (94.44) 26/36 (72.22) 4/21 (19.05) 47175 (62.67)

?Confirmed TB cases (positive Mtb culture or positive Xpert results for respiratory or stool samples).

¢Unconfirmed TB cases (if positive for =2 of the following criteria: significant TB exposure, positive tuberculin skin test, TB-associated symptoms,
and abnormal TB-consistent chest radiograph.

fUnIiker TB (if lacked two criteria for unconfirmed TB).

*

Positive tuberculin skin test (the person's body was infected with TB bacteria).

Significant TB exposure (index case=mother or household member, or someone spending >= 4 hours a day with child).

+
Well defined symptoms of pediatric TB disease (2005).
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Discrepancy between nanopore results and clinical classification.

Page 24

Patient E?:APT]_%/ Well Defined TST Chest Treatment Treatment Previous
No. X-ray Status” Response B
(fM)
Symptomatic Followed up
P3 0.00 Neg. B control Not and did n;t Y
Unconfirmed treated Improve
Symptomatic Followed up
P4 0.00 Neg. B control Not and did not N
treated improve#
Not Controltocase T Not followed
P21 50.59 done NotTB reated up N
. Symptomatic
Unlikely TB cyonfrol Not Followed
P35 49.60 Pos. NotTB treated (Isoniazid an% i?xver oyé)d N
preventive P
therapy)

+We|| defined symptoms of pediatric TB disease (2005).

*
Treatment status (symptomatic control: children were never treated for active TB: control to case: children started TB treatment later > 2 months

after baseline).

# . . .
Refer to the discussion for more details.
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