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Biosensors Hot Paper

Automated Electrical Quantification of Vitamin B1 in a Bodily Fluid
using an Engineered Nanopore Sensor
Florian Leonardus Rudolfus Lucas+, Tjemme Rinze Cornelis Piso+, Nieck Jordy van der Heide,
Nicole St8phanie Galenkamp, Jos Hermans, Carsten Wloka,* and Giovanni Maglia*

Dedicated to Emma, Thomas, and Lena Wloka

Abstract: The ability to measure the concentration of metab-
olites in biological samples is important, both in the clinic and
for home diagnostics. Here we present a nanopore-based
biosensor and automated data analysis for quantification of
thiamine in urine in less than a minute, without the need for
recalibration. For this we use the Cytolysin A nanopore and
equip it with an engineered periplasmic thiamine binding
protein (TbpA). To allow fast measurements we tuned the
affinity of TbpA for thiamine by redesigning the p-p stacking
interactions between the thiazole group of thiamine and TbpA.
This substitution resulted furthermore in a marked difference
between unbound and bound state, allowing the reliable
discrimination of thiamine from its two phosphorylated forms
by residual current only. Using an array of nanopores, this will
allow the quantification within seconds, paving the way for
next-generation single-molecule metabolite detection systems.

Introduction

Thiamine (ThOH) is an essential vitamin (vitamin B1),
which is important for human metabolism and cognitive
functions.[1, 2] Deficiency of thiamine can lead to a range of
non-specific symptoms, delaying diagnosis of its underlying
cause and thereby potentially leading to permanent neural
degeneration. The clinical relevance is not only limited to
beriberi-related diseases (e.g. Wernicke encephalopathy and

Korsakoff syndrome),[3–6] but research has also highlighted
thiamine as a potential biomarker for certain neurodegener-
ative diseases.[7–9] The detection of thiamine is commonly
performed using liquid chromatography, which requires
a relatively high level of expertise and is time-consuming.
Therefore, a cheap, fast, and specific detection system,
enabling the quantification of thiamine in easily accessible
bodily fluids, such as urine, may satisfy an unmet medical
need.

Nanopores offer new ways to quantify biomolecules while
being readily interfaceable with electronic devices, as elec-
trical signals are read out directly. Small nanopores have been
successfully used for DNA-sequencing[10–16] as well as detect-
ing amino acids,[17–35] and, once equipped with organic
adapters, to detect small-molecule analytes.[36–42] Larger nano-
pores, such as a Cytolysin A (ClyA-AS,[43] Figure 1A) permit
using protein adapters for the detection of a variety of
ligands.[44–48] Interestingly, the environment of these large
nanopores is not dissimilar from bulk,[49] and allows to
perform single-molecule enzymological studies.[50–52] Nano-
pores can measure small molecules directly with high
sensitivity. However, even though rich electrical signals can
be obtained through nanopore measurements,[53, 54] the lack of
selectivity complicates the identification of small molecules in
biological samples. Substrate binding proteins can be highly
selective. Thus, the combination of sensitivity of a nanopore
with the selectivity of a substrate binding protein allows the
detection and quantification of metabolites in complex
samples.[44]

Here we use the periplasmic thiamine binding protein
(TbpA, Figure 1B), which has a specific binding affinity to
thiamine (Figure 1C).[45] We developed a mutant of TbpA
that displays fast transitions between its apo and bound states
and allows distinguishing thiamine from its phosphorylated
derivatives. Finally, we develop an algorithm to automatically
quantify the concentration of thiamine in human urine in less
than a minute using only a single nanopore.

Results and Discussion

The entry of WT-TbpA (15 nM, added to the cis compart-
ment) to ClyA-AS nanopores (@45 mV, 150 mM NaCl,
15 mM Tris.HCl, pH 7.5) was observed as a decrease in the
ionic current (IB) in respect to the open pore current (Io) with
a dwell time (t) of 3: 1 s (N = 10, n = 573, where N is the
number of nanopores used and n the number of individual
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protein blockades analyzed). The resulting residual current
percentage (Ires% = IB/ Io x 100, where IB is the current during
an event, for example, a protein blockade) of the unbound
apo-protein [Ires%(apo)] was 49.0: 0.6% (N = 3, n = 398).
Furthermore, we observed non-active blockades (i.e. block-
ades that did not respond to the addition of thiamine, see
later) with a residual current of 59.1: 0.7% (N = 4, n = 160)
and more rarely other levels, which we attribute mainly to
misfolded proteins and impurities (Supporting Information,
Figure 1). The addition of 4 mM thiamine to the cis compart-
ment reduced the residual current of the protein blockades
[DIres%(thiamine) = 3.1: 0.6%, N = 4, n = 114)]. Transitions
were observed only rarely between the apo and thiamine-
bound form of WT-TbpA, suggesting a tight binding of the
ligands to the protein (Supporting Information, Figure 2). The
number of events with residual currents corresponding to
thiamine-bound levels relative to the number of events
corresponding to apo-levels was directly proportional to the
concentration of thiamine added to the cis compartment
(Figure 2A). The apparent dissociation constant (Kd

app) for
thiamine binding to WT-TbpA could then be calculated by
fitting a Hill-Langmuir equation [Eq. (1)] to the concentra-

qð½LAÞ ¼ aþ b
L½ An

Kd
app þ L½ An ð1Þ

tion dependency of the fraction of Ires%(apo) blockades.

Where q is the bound fraction observed given the ligand
concentration [L], a is the bound fraction in absence of
substrate and represents intrinsic closing, b the normalization
factor,[55] Kd

app the apparent dissociation constant and n rep-
resents the Hill coefficient.

Interestingly, in the absence of thiamine 16: 3% of WT-
TbpA blockades showed a residual current corresponding to
the bound configuration, indicating that, as observed for other
substrate binding proteins,[45] TbpA intrinsically closes with-
out the substrate. We calculated an apparent dissociation
constant (Kd

app) for thiamine binding to WT-TbpA of 67:
5 nM, and found the Hill coefficient to be one, indicating that,

as expected, there is no cooperative binding. The Kd
app was

roughly ten times higher than previously reported in ensem-
ble studies (Kd of 3.8: 0.3 nM).[56] Since the concentration of
the protein adaptor (15 nM) is similar to the amount of
thiamine added to the cis solution (2 nM–4 mM), most likely,
the discrepancy between the two Kd values reflects the
uncertainty on the concentration of the free ligand in the cis
solution. Surprisingly, the addition of thiamine to the trans
solution did not elicit additional current blockades, suggesting
that the diffusion of thiamine from trans to cis might be
impaired by the position of the wild-type protein adaptor
inside the nanopore.

To determine thiamine concentration quickly and reliably,
hundreds of events in a short period of time need to be
gathered. Hence, we sought to redesign the WT-TbpA
adaptor to obtain a sensor that is capable of rapid switching
between its unbound and bound state. The thiazole ring of
thiamine monophosphate is sandwiched between residues
Tyr27 and Trp197 of TbpA (Figure 2B).[56] Thus, we reasoned
that substitution of the tyrosine at position 27 with an alanine
(Y27A-TbpA) would reduce p–p stacking interactions be-
tween TbpA and thiamine, therefore increasing the koff.

Y27A-TbpA (15 nM, cis, @45 mV, 150 mM NaCl, 15 mM
Tris·HCl at pH 7.5) active blockades were markedly shallower
than WT-TbpA active blockades, (Y27A-TbpA@Ires%-
(apo) = 55.3: 0.7%, t = 3: 1 s, N = 3, n = 236, Figure 2 C,
Supporting Information, Figures 3 and 4), possibly reflecting
the binding of the protein to a higher residence site inside the
nanopore. Two residence sites were observed previously also
for thrombin.[43] Y27A-TbpA was intrinsically closed 8: 3%
of the time providing a limit of detection at 3s of 4.62:
0.02 nM, calculated from the intrinsic closing at 3s (17%
closed). Upon addition of 4 mM thiamine to the cis side, we
observed further rapid current blockades raising from the
Ires%(apo) level, showing a DIres%(thiamine) of 6.9: 0.6%
(N = 12, n = 363, Supporting Information, Figure 5). The
latter is more than twice the value measured for WT-TbpA.
The closed state of Y27A-TbpA [Ires%(thiamine) = 48.4:
0.9%] is similar to the closed state of WT-TbpA [Ires%-

Figure 1. Nanopore-based thiamine sensor. A) Representation of the experimental setup with the Cytolysin A (ClyA-AS, blue) nanopore hosting
the thiamine-binding protein (TbpA, green, PDB: 2QRY) and free thiamine monophosphate. The ClyA-TbpA sensor pair is embedded within a lipid
bilayer (orange) B) Enlarged TbpA with bound thiamine monophosphate (PDB: 2QRY). C) Chemical structure of thiamine and its phosphorylated
derivates.
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(thiamine) = 45.9: 0.8 %], suggesting that, upon binding of
thiamine, Y27A-TbpA might assume a lower position inside
the ClyA-AS pore. Conveniently, also the addition of thi-
amine to the trans chamber induced thiamine events (Sup-
porting Information, Figure 6), further indicating that apo-
Y27A-TbpA is likely positioned at a higher binding site than
WT-TbpA, that allows the diffusion of the thiamine through
the nanopore. Hence, Y27A-TbpA allows measuring concen-
tration dependency from either side of the nanopore. We used

an ad hoc algorithm to detect all events. We report the Kd
app

value as estimated from the Hill curve fitted to the bound
fraction [Eq. (1), Supporting Information] and calculated the
on-rate and off-rate from the linear correlation between
thiamine concentration and event rate (Supporting Informa-
tion, Figure 7), resulting in the binding constants: Kd

app(cis) =

23.1: 0.1 nM, kon(cis) = 69: 9 mM@1 s@1, koff(cis) = 1.8:
0.3 s@1 and Kd

app(trans) = 91.1: 0.4 nM, kon(trans) = 14:
3 mM@1 s@1, koff(trans) = 1.7: 0.1 s@1 and a Hill coefficient of 1.

The 4-fold difference in the apparent Kd and kon rates
between cis and trans can be explained partially by the
different concentration of free thiamine in solution (vide
supra) and by the positive charge of thiamine. Under an
applied potential of @45 mV, the electrophoretic force
created by the negative trans electrode promotes the entry
of the positively charged thiamine from cis to trans while
reducing translocation from trans to cis. In addition, the trans
entry of the pore is smaller than the cis entry, reducing
accessibility of the analyte towards the protein, in turn
decreasing the apparent Kd. Furthermore, the orientation of
the protein within the nanopore might also play a role.
Overall, Y27A-TbpA is more suitable as a sensor than WT-
TbpA because it allows faster measurement of thiamine,
a larger dynamic range, and allows thiamine capture from
trans.

Phosphorylation of the hydroxy group of thiamine
(ThOH) can form thiamine mono-and diphosphate deriva-
tives.[57] The diphosphorylated form (ThDP), is an essential
co-factor in many organisms.[58] In contrast, thiamine mono-
phosphate (ThMP) is not active as a co-factor. However, it has
been suggested that ThMP may facilitate transfer across
cellular membranes.[59] Both ThMP and ThDP are synthesized
from ThOH. It was previously reported that WT-TbpA can
bind ThOH and its phosphorylated derivates at near-equi-
molar Kd.

[56] As both ThDP and ThMP are present in some
biological fluids, we sought to detect these derivates with the
Y27A-TbpA. The binding of ThMP and ThDP induced
specific current events to Y27A-TbpA blockades (Figure 3).
Upon the addition of 0.1 mM ThMP to the cis side, we
observed two kinds of bound events with a DIres%(ThMP1) of
4.8: 0.2% (N = 3, n = 236) and with a koff(ThMP1) of 2.3:
0.4 s@1 as well as DIres%(ThMP2) of 7.3: 0.3% (N = 3, n =

395) with a koff(ThMP2) of 2.0: 0.2 s@1. The capture frequency
(an approximate kon) for both events was 16: 4 mM@1 s@1

(0.1 mM ThMP). Similarly, at an approximated Kd
app(cis) of

2 mM ThDP, we observed one type of event with an DIres%-
(ThDP1) of 4.0: 0.1% (N = 3, n = 720) with a koff(ThDP1) of
2.9: 0.4 s@1, and a second type of event with an DIres%-
(ThDP2) of 7.2: 0.1% (N = 3 and n = 853) with a koff(ThDP2)
of 1.7: 0.3 s@1. The capture frequency for both events was
6.5: 3 mM@1 s@1 (2 mM ThDP). The off-rates of both ThMP1-2

and ThDP1-2 were similar to the off-rate of thiamine. (Fig-
ure 3). Thus, we hypothesized that the additional events may
correspond to thiamine rather than ThMP or ThDP. To
exclude this possibility, we performed anion-exchange chro-
matography, directly prior to nanopore experiments as well as
again after nanopore experiments, to make sure no hydrolysis
had occurred. We found no evidence of thiamine in the
samples. In addition, we performed the same experiments

Figure 2. Electrical detection of thiamine. A) Representative traces (left
and middle) for wild-type thiamine binding protein (WT-TbpA, 15 nM),
in the presence of thiamine, where thiamine and protein were added
to the cis compartment. The red dotted line represents the apo current
and the blue dotted line represents the ligand-bound current. The right
panel indicates the observed bound fraction set against the thiamine
concentration. The solid black line represents a fit of the corrected Hill
equation. The black dashed and red dashed line indicate the apparent
dissociation constant (Kd

app) in bound fraction and thiamine concen-
tration, respectively. B) Binding site of WT-TbpA with thiamine mono-
phosphate adapted from Soriano et al.[56] C) Representative traces for
an expansion of a Y27A thiamine binding protein (Y27A-TbpA, 15 nM)
blockade in absence and presence of 16 nM thiamine added to cis. The
red dotted line represents the apo current and the blue dotted line
represents the ligand bound current. The observed bound fraction set
against the thiamine concentration is shown on the right. The solid
black line represents a fit of the corrected Hill equation. The black
dashed and red dashed line indicate the apparent dissociation
constant (Kd

app) in bound fraction and thiamine concentration, respec-
tively. All measurements were performed on an Axon 200B amplifier
with a 1550B digitizer in 150 mM NaCl supplemented with 15 mM
Tris.HCl buffer (pH 7.5), at @45 mV at a sampling frequency of 10 kHz
filtered to 2 kHz using a Bessel filter, all traces were digitally filtered to
100 Hz using a Gaussian filter.
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after letting the samples incubate overnight at 37 88C and
observed no significant hydrolysis (Supporting Information,
Figure 8). Moreover, we subjected each sample to mass
spectrometry, and we did not observe thiamine in the
phosphorylated samples (Supporting Information, Figure 9).
The most likely explanation, therefore, is that while thiamine
binds to a singular Y27A-TbpA conformation, ThMP and
ThDP may bind to two conformations. It was also previously
reported that the thiazole ring of ThOH has to turn in order to
form p-p stacking interaction with Tyr27 and Trp197, while
the phosphate groups on ThMP and ThDP disallow such
a rearrangement.[56] The difference between the off-rates of
ThMP1 and ThDP1 bound states is possibly due to hydrogen
bonds formed between the ThDP b-phosphate group with the
side chains of Asp28 and Ser29.[56] It might also be possible
that the differences between the thiamine derivatives is
caused by a different position Y27A-TbpA assumes in the
nanopore as a consequence of the additional charges in the
phosphorylated substrates. We previously observed that
manipulation of the dipole of a confined binding protein in
ClyA-AS, by means of an addition of a negatively charged
point mutation, may cause a similar effect.[48] Hence, despite
the analysis of the thiamine phosphate derivatives is chal-
lenging, our data shows that ThOH, ThMP and ThDP can be
distinguished by nanopore currents.

Next, we sought to develop an automated nanopore
sensor that, upon addition of the sample, can determine the
concentration of thiamine without further human interven-
tion. We selected human urine, because it does not require

invasive sampling and has a very low protein background. The
primary form of thiamine found in urine is ThOH.[4] For
automated data analyses we utilized a recursive event
detection algorithm, which recognizes the protein blockades
and ligand-induced events in the data using a threshold
search. The algorithm analyzes snippets of 10 seconds in real-
time. From each snippet a full-point histogram is taken, and
the open pore current identified by fitting a normal distribu-
tion around the expected value. Then, for events longer than
25 ms, a threshold search (3s upper boundary of the Io,
Figure 4A) is performed in order to identify protein block-
ades (Figure 4A). Each protein blockade is compared to
expected value of the apo level and used for subsequent
threshold analysis if this is not significantly different. From
the latter, the start and end times are tabulated and the ligand
events within each of these blockades are detected using
a second threshold analysis. Start and end times of each ligand
event are then tabulated (Figure 4A).

From each tabulated snippet, protein blockades are
extracted and combined. The resulting combined trace, which
only contains the signal from protein blockades, is further
divided into snippets of one second and a normalized full-
point histogram of each snippet is created. Each bin of the
normalized histograms is then multiplied with the prior
probability of the ligand state and the prior probability of the
apo state to create two histograms: one for the marginal
likelihood of the apo state and one for the liganded state
(Figure 4B). The fraction of the likelihood is then used as the
bound fraction in each 1-second snippet. The estimated bound
fractions for each 1-second snippet are weighted by the
determinate error of the Hill equation and averaged to obtain
the bound fraction. Using the Hill equation, the bound
fraction is used to calculate the concentration of thiamine. We
show that this workflow will converge into the true bound
fraction (Supporting Information).

In healthy human adults, ThOH is generally found in tens
to hundreds of ngmL@1 (nanomolar range),[60] which is near
the Kd

app(cis) we measured for the Y27A-TbpA mutant.
Hence, we used the automated real-time data analysis to
measure the thiamine concentration in urine from a young
adult male, using a palm-sized eOne HS amplifier. We added
a final concentration of 3% (v/v) human urine samples to the
cis solution containing Y27A-TbpA (15 nM), 150 mM NaCl,
15 mM Tris·HCl at pH 7.5 using a single dodecameric ClyA-
AS nanopore. By using the same calibration curve described
in Figure 2C, the automatic analysis established a thiamine
concentration in the urine sample of 68: 4 ng mL@1 (N = 3),
which is not significantly different from the HPLC-MS result
at 3s (57: 1 ng mL@1). To test the limits of our system, we
performed automatic (real-time) analysis by resampling
obtained traces (Figure 4C/D). We show that the error
converges after approximately 20 seconds of a concatenated
protein blockade time, indicating that using a single nanopore
an accurate measurement takes at least 20 seconds. Taken
together, we demonstrate a nanopore-sensor for the rapid,
automated, and direct analysis of thiamine in samples of
urine, without the need of sample preparation.

Figure 3. Detection of thiamine (ThOH), thiamine monophosphate
(ThMP) and thiamine diphosphate (ThDP) using Y27A-Thiamine bind-
ing protein (Y27A-TbpA). Representative blockades induced by (A)
16 nM ThOH added to cis (B) 0.1 mM ThMP added to cis (C) 2 mM
ThDP added to cis. All data was recorded in 150 mM NaCl, 15 mM
Tris.HCl, pH 7.5 using a sampling frequency of 10 kHz and an
analogue Bessel-filter of 2 kHz and an applied bias @45 mV. Traces
were filtered using a 100 Hz digital Gaussian filter.
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Conclusion

Nanopore biosensors have emerged as potential low-cost
candidates to rapidly detect biologically relevant molecules in
biological samples. Recent contributions have shown the
capabilities of nanopore-coupled binding proteins as a way to
specifically detect small molecules in biological fluids.[44, 45,47]

In this work, we have shown that the affinity of Escherichia
coli TbpA toward thiamine can be tuned by reducing p-p
stacking interactions between the thiazole group of thiamine
and TbpA, by substitution of a single residue, Y27A. This
modification enhanced the nanopore signal, which allowed
the quantification and detection of thiamine and its phos-
phorylated derivates. We have also developed an algorithm

that allowed to determine the concentration of thiamine in
human urine without requiring an operator in a matter of tens
of seconds. It also demonstrates that the sensor is not
impaired by the thousands of different molecules present in
urine.[61] Because the protein sensor element (Y27A-TbpA, in
cis) can be separated from the sample (trans), this technology
may also be applicable to samples containing significant
quantities of protein, such as blood. This is because large
molecules cannot pass the narrow trans constriction and must
overcome a comparable strong electroosmotic flow under
negative applied potential. Compared to other amperometric
sensors, this approach does not require calibration, because
the signal from inactive proteins is ignored. Since hundreds of
proteins exist that can detect molecules with high selectivity,

Figure 4. Real-time detection of the thiamine (ThOH) concentration in a urine sample using Y27A-Thiamine binding protein-equipped ClyA-AS
nanopore. A) Current trace showing the capture of Y27A-TbpA (blockades) by the ClyA-AS nanopore. The trace is divided into snippets of
10 seconds and analysed for blockades. The blockades are further analysed and divided into snippets of 1 second. For each blockade snippet
a histogram is created and used for subsequent analysis. The dotted black line represents the baseline current, and the red dashed lines represent
the 3 s thresholds. The vertical (grey) lines represent the snippets for blockade and bound fraction determination. B) Workflow for real-time
detection. A normalized histogram is created from 1 second (blockade) snippets and the bound fraction for each snippet is calculated. The ligand
bound state is indicated in blue and the apo state is represented in red. The weighted mean of the bound fractions is calculated using the inverse
slope in ligand concentration as weights. The thiamine concentration is determined from the Hill equation. C) Estimated bound fraction of three
independent measurements where 3% (cyan) or 5% (magenta/green) of urine were added to the cis compartment. The analysis time is the
number of snippets used In (B) (1 s =1 snippet). D) The weighted mean thiamine concentration in nanomolar and ng mL@1 estimated from three
independent measurements, see (C).
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nanopores fitted with internal protein sensors provide a start-
ing point for new home diagnostic metabolite sensors.
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