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ABSTRACT
Transferrin, a central player in iron transport, has been recognized not only for its role in binding iron but also for its interaction
with other metals, including titanium. This study employs solid-state nanopores to investigate the binding of titanium ions [Ti(IV)]
to transferrin in a single-molecule and label-free manner. We demonstrate the novel application of solid-state nanopores for single-
molecule discrimination between apo-transferrin (metal-free) and Ti(IV)-transferrin. Despite their similar sizes, Ti(IV)-transferrin exhibits
a reduced current drop, attributed to differences in translocation times and filter characteristics. Single-molecule analysis reveals Ti(IV)-
transferrin’s enhanced stability and faster translocations due to its distinct conformational flexibility compared to apo-transferrin. Fur-
thermore, our study showcases solid-state nanopores as real-time monitors of biochemical reactions, tracking the gradual conversion of
apo-transferrin to Ti(IV)-transferrin upon the addition of titanium citrate. This work offers insights into Ti(IV) binding to transferrin,
promising applications for single-molecule analysis and expanding our comprehension of metal–protein interactions at the molecular
level.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185590

I. INTRODUCTION

Iron holds a central role in health and disease in the human
body,1–3 with its presence enabling hemoglobin synthesis4 and its
absence causing diseases such as anemia. As such, elaborate sys-
tems have been developed in mammals for the procurement and
distribution of iron.5 Toward this end, vertebrates developed an
∼80 kDa glycoprotein called transferrin.6–8 Transferrin is the major
iron transporter in the blood and has two binding domains that
reversibly bind iron ions with high affinity (log K = 22.5 and 21.4).9,10
However, transferrin in the blood is only 30% saturated with iron on
average,11 causing researchers to question whether transferrin also
binds other metal ions. Indeed, transferrin has been shown to bind
titanium,12 vanadium,13 and chromium,14 among other metals.15
Of particular importance is transferrin’s ability to bind to titanium
ions, as it is involved in the bioactivity of Ti-containing anticancer
drugs12,16 and in binding titanium ions released from implants.

The titanium ion [Ti(IV)] is similar in size to the iron ion
[Fe(III)], but it is a stronger Lewis acid.17,18 Indeed, transferrin was

shown to bind Ti(IV) more tightly than Fe(III). Tinoco and Valen-
tine were the first to demonstrate that Ti(IV) binds more tightly
to transferrin by using UV/vis kinetics and isothermal titration
calorimetry.9 Tinoco and Valentine showed that Ti(IV) binds to one
of transferrin’s binding sites more tightly than the other. Here, we
use a solid-state nanopore (SSN) to probe transferrin’s affinity for
Ti(IV) and classify Ti(IV)-bound transferrin in a single-molecule
and label-free manner.

SSNs are an attractive tool for single-molecule studies of
biomolecules.19 Nanopores have extensively been used to probe
proteins20–22 and have been shown to be sensitive enough to dif-
ferentiate proteins that differ in a single amino acid23 or in their
post-translational modifications.24 An SSN measures the modula-
tion of ionic current through a nanoscopic opening that separates
two chambers [Fig. 1(c)]. Both cis and trans chambers are filled with
an electrolytic solution, and an electrode is placed into each cham-
ber. A voltage bias is applied at the electrodes, and themajority of the
electric potential drop occurs across the nanopore that separates the
two chambers. When a molecule traverses the nanopore, it causes a
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FIG. 1. (a) 3D structure of titanium-bound human serum transferrin protein. Transferrin is an ∼80 kDa protein that consists of 679 amino acids. The red globules represent the
locations where titanium ions bind to transferrin. (b) In nanopore experiments, proteins are driven across a nanometer-sized pore through electrophoresis or electro-osmosis.
(c) Basic nanopore setup: Both the cis and trans reservoirs are filled with an electrolyte solution. Protein is added to the cis chamber, and an external voltage is applied to
drive the proteins through the nanopore. The signal is then amplified, digitized, and processed on a computer.

distinctive resistive pulse in the measured electronic current, defined
by its translocation time (Δt) and current drop (ΔI). Nanopores
made with solid-state materials have extensively been developed and
used to characterize proteins.19,21,25–31

Here, we show that an SSN can be used to distinguish between
Ti(IV)-bound transferrin and transferrin without any metal ions
bound (called apo-transferrin) on a single molecule basis. Fur-
thermore, we find that the binding of Ti(IV) to transferrin causes
transferrin to adopt a more compact and stable conformation that
causes transferrin to transit the nanopore more quickly than when
it is not bound to any metal ions. Finally, we show that an SSN can
be used as a real-time monitor of the reaction progress as transferrin
binds to Ti(IV) ions.

II. MATERIALS AND METHODS
A. Nanopore fabrication

All nanopores were fabricated using a 12 ± 2 nm thick sili-
con nitridemembrane (Norcada Inc., NXDB-50H105V122) through
the well-established chemically tuned dielectric breakdown method
(CT-CDB).32,33 The diameter of all nanopores used in experiments
was 19 ± 1 nm. This diameter was chosen because it maintained a
sufficiently high signal-to-noise ratio (SNR), while minimizing pro-
tein clogging in the nanopore. To fabricate the nanopore, we placed
two polydimethylsiloxane (PDMS) gaskets on each side of the silicon
nitride membrane, which was then sandwiched between two Teflon
flow cells [see Fig. 1(c)]. During fabrication, the reservoirs of the
flow cells were filled with 1M KCl at pH 8, and sodium hypochlorite
was added to each reservoir at a volumetric ratio of 2:9.34 Ag/AgCl

electrodes were placed in each reservoir, and a custom-built circuit
was used to apply a voltage sufficient to cause pore formation in the
membrane.21 Pore formation is indicated by a sudden spike in ionic
current, representing the increased ionic flow across the membrane
due to the nanopore being formed. The conductance across the
nanopore was measured and related to the diameter of the nanopore
using the following equation:

G = σ[ 4L
πD2 +

1
D
]
−1
, (1)

where σ, L, and D are the conductivity of the electrolyte solution,
nominal thickness of the nanopore, and nanopore diameter, respec-
tively.35 After the initial pore was formed, we applied short voltage
pulses to increase its diameter to the desired size. An IV plot was
measured for all pores and confirmed to be ohmic before conduct-
ing experiments (refer to Figs. S1–S4 of the supplementarymaterial).
The 1M KCl solution used during the CT-CDB process was then
removed, and the reservoirs were thoroughly washed with copious
amounts of water, followed by ethanol. Once cleaned, the reservoirs
were filled with the electrolyte solution used during experiments.
Baseline measurements were performed to ensure the absence of
events and to verify the pore size remained stable.

B. Protein preparation and addition
for nanopore experiments

Apo-transferrin (transferrin with no metal ions bound to it)
was purchased from Sigma-Aldrich (product number T1147) and
reconstituted in 1X Phosphate Buffered Saline (PBS). Titanium-
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bound transferrin was obtained as described in Sec. II C. All proteins
used were dialyzed extensively against the solution used during the
nanopore experiments before conducting the experiments. In the
nanopore experiments, protein was added to the cis-side reservoir
of the flow cell at a concentration of 100 nM.

C. Binding of Ti(IV) to transferrin
Transferrin was bound to Ti(IV) following the procedure

described by Tinoco and Valentine.9 Titanium must be bound to
an anionic ligand—in this case, citrate—for transferrin binding
to occur. To briefly summarize, Na8[Ti(C6H4O7)3] ⋅ 17H2O was
prepared by adding sodium citrate to TiCl3. The solution was air-
oxidized until it became clear, indicating that titanium had oxidized
to Ti(IV). At this point, the Ti(IV) citrate species was ready for
binding by transferrin.36,37 The Ti(IV) citrate species was added
in excess (>800 μM, as discussed in Sec. III) and allowed to react
with 25 μM of transferrin in a solution containing 10 mM sodium
citrate, 20 mM NaHCO3, and 200 mM KCl at pH 7.4. The bind-
ing of Ti(IV) to transferrin was confirmed by monitoring UV/vis
at 321 nm. The resulting solution was then extensively dialyzed
(20 kDa Slide-A-Lyzer, Thermo Fisher) to remove the excess Ti(IV)
citrate species.

D. UV/vis spectroscopy of Ti(IV)-free transferrin
and Ti(IV)-bound transferrin

The reaction of apo-transferrin with Ti(IV) was monitored
using a UV/vis spectrometer (BioTek Epoch 2). The absorbance of
the charge transfer band (300–500 nm) was monitored at regular
time intervals. In particular, a shoulder was noticed around 321 nm,
indicative of transferrin binding to Ti(IV).9

E. Electrical sensing for nanopore experimentation
and analysis

An Axopatch 200B amplifier was used for signal acquisition
in all nanopore experiments, and the signals were subsequently
digitized using a Digidata 1550B device (Molecular Devices). Dur-
ing experiments, the raw signal was filtered using either a 10 kHz
or a 100 kHz low-pass Bessel filter. Data were digitized using a
sample rate of 250 kHz. The resistive pulses from protein translo-
cations were analyzed using EventPro 3.0.38 A custom MATLAB
script was then employed to further analyze the data extracted from
EventPro 3.0.

III. RESULTS AND DISCUSSION
A. Using a nanopore to discriminate between
titanium-bound and titanium-free transferrin

When transferrin is not bound to any metal ions, it is referred
to as apo-transferrin, with a molecular weight of ∼80 kDa. When
transferrin is bound to two titanium ions, it is known as Ti(IV)-
transferrin. The weight of Ti(IV)-transferrin is roughly the same
as apo-transferrin since the two titanium ions have a negligible
impact on the protein’s weight. However, Ti(IV)-transferrin adopts
a more stable conformation than apo-transferrin.9 This difference
in conformation can be exploited by a nanopore to distinguish
between the two. In Fig. 2(a), we compare the relative current
drop (ΔI/I) histograms of apo-transferrin and Ti(IV)-transferrin
at 2M KCl. As observed, apo-transferrin consistently exhibits a
greater current drop than Ti(IV)-transferrin, similar to what was
observed in Saharia et al., where iron-bound transferrin had a lower
peak current drop than apo-transferrin.25 Iron-bound transferrin is

FIG. 2. Difference in the peak values of the relative current drop for apo-transferrin (apo-Tf) and Ti(IV)-bound transferrin (Ti-Tf) at (a) 2M KCl and (b) 500 mM KCl. (c)
Histograms of the relative current drop (ΔI/I) of apo-transferrin and Ti(IV)-bound transferrin at 2M KCl for varying voltages. All error bars represent the bootstrapped
confidence interval estimations of the medians.
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similar to titanium-bound transferrin, with the difference being that
transferrin binds titanium more tightly than it binds iron.9 In addi-
tion, transferrin adopts a more negative charge when bound to
titanium ions (Secs. S1–S7 of the supplementary material). In con-
ventional nanopore experiments, the larger size of a protein leads
to a more significant exclusion of the electrolyte solution from the
nanopore, resulting in a more pronounced decrease in current. This
phenomenon is typically attributed to the excluded volume of the
electrolyte.39 However, as shown in Fig. 2(a), the opposite occurs: the
marginally larger protein [Ti(IV)-transferrin)] has a lower current
drop than the smaller protein (apo-transferrin). Apo-transferrin is
partially unfolded, while Ti(IV)-transferrin adopts a more folded
conformation. In their folded state, globular proteins typically have
buried waters and internal cavities, which give them a larger molec-
ular volume than when unfolded.40 Thus, the difference in the
current drop between apo-transferrin and Ti(IV)-transferrin can-
not be explained by their differingmolecular volumes.While current
drop generally scales with molecular volume (ΔII ∝ volume), it has
also been reported that the amplitude of the current drop depends
on other factors, such as the shape of the analyte.46–49 As discussed
in Sec. III B, the difference in the relative current drop between
apo-transferrin and Ti(IV)-transferrin can be explained by their dif-
fering translocation times and the rise time of the Bessel filter used
during experiments. The differing translocation times arise from
conformational differences and differences in charge between apo-
transferrin and Ti(IV)-transferrin. Regardless of the origin of their
differing resistive pulses, such experiments demonstrate that a solid-
state nanopore can be used to discriminate between apo-transferrin
and Ti(IV)-transferrin on a single-molecule basis.

The velocity of a particle under an applied voltage can be
approximated as

υ = μ∗ E, (2)

where E is the electric field strength and μ is the electrophoretic
mobility. The electrophoretic mobility is given by the following
equation:

μ = ε∗ ζ ∗ η
ε0

, (3)

where μ is the electrophoretic mobility, ζ is the zeta potential, η is the
viscosity, ε is the dielectric constant of the medium, and ε0 is the per-
mittivity of free space. Thus, a relative increase in the zeta potential
(charge) of the protein is expected to result in a faster translo-
cation time. We measured the zeta potential of apo-transferrin
and Ti(IV)-transferrin (Table S1 of the supplementary material).
As expected, the Ti(IV)-transferrin (metal-bound) assumed a more
negative charge than the apo-transferrin. Since the titanium-bound
transferrin has a more negative charge than the apo-transferrin at
pH 7.4 (the pH used during experiments), it is expected that the
titanium-bound transferrin will travel faster when subjected to an
electrophoretic force than metal-free transferrin.

B. Single-molecule evidence that titanium-bound
transferrin is more stable than apo-transferrin

The translocation times of apo-transferrin and Ti(IV)-
transferrin through a nanopore were compared. As shown in
Fig. 3(a), apo-transferrin consistently exhibited a greater median
translocation time than Ti(IV)-transferrin. The median was chosen
as the metric for comparing translocation times because it is less
affected by outliers compared to the mean. The mean translocation
times can be found in Secs. S1–S8 of the supplementary material
and exhibited the same trend as the median translocation times.
Figure 3(c) clearly demonstrates that the apo-transferrin exhibits a
much wider range of translocation times than the Ti(IV)-transferrin.
When transferrin binds a metal ion, it adopts a fully folded confor-
mation. In the absence of a metal ion (apo-transferrin), transferrin
remains partially unfolded. This unfolded state increases entropy
by providing more conformational degrees of freedom for the pro-
tein.41 In other words, apo-transferrin can assume a broader range
of intermediate conformations. Consequently, it is more likely that
apo-transferrin will temporarily interact with the silicon nitride sur-
face of the nanopore due to these transient conformations. These
evanescent interactions result in an extended translocation time for
apo-transferrin.

The experiments shown in Fig. 3(a) were conducted in 2MKCl.
Using a high salt concentration enhances the nanopore’s capability
to differentiate between similar proteins, but it comes at the cost
of rapid protein translocation times.42 The filter employed in our
nanopore experiments was a 10 kHz Bessel filter. For Bessel filters,
it is widely known that resistive pulses with durations faster than

FIG. 3. Comparison of the median translocation times of apo-transferrin (apo-Tf) and Ti(IV)-bound transferrin (Ti-Tf) at (a) 2M KCl and (b) 500 mM KCl. (c) Exemplary
translocation time histogram comparison of apo-transferrin and Ti(IV)-transferrin at 100 mV. The error bars represent the bootstrapped confidence intervals on the medians.
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2 ∗ tr will not reach their full amplitude, where tr represents the rise
time of the filter.43,44 In the case of 10 kHz filters, 2 ∗ tr equals 70 μs.
Therefore, any event faster than 70 μs will be attenuated, resulting
in a smaller ∆I. As observed in Fig. 3(a), apo-transferrin exhibits
a translocation time greater than 70 μs, whereas Ti(IV)-transferrin
demonstrates translocation times that are significantly lower than
70 μs at all applied voltages. Consequently, the reduced current
drop values (∆I) for Ti(IV)-transferrin [see Fig. 2(c)] are likely arti-
facts caused by the severe attenuation of its signal due to its swift
translocation. To verify this and further compare apo- and Ti(IV)-
transferrin, we conducted two additional sets of experiments. First,
we compared the two proteins in a salt concentration of 500mMKCl
[Fig. 2(b)]. At this salt concentration, translocations were notably
slower [see Fig. 3(b)] and well above the rise time attenuation thresh-
old. Such a phenomenon has previously been observed in nanopores,
where dendrimers traveled ∼2× slower in 500 mM KCl than they
did at 1M KCl.47 When apo-transferrin and Ti(IV)-transferrin are
compared in 500 mMKCl, their associated relative current drop his-
tograms are much more similar to each other [see Fig. 2(b)] than
when 2M KCl is used. There are two possible explanations for the
observed similarities between apo-transferrin and Ti(IV)-transferrin
at 500 mM KCl: (1) Apo-transferrin and Ti(IV)-transferrin have
similar excluded volumes, and the differences shown in Fig. 2(a)
are due to the attenuation of Ti(IV)-transferrin’s signal caused by its
rapid translocation time. (2) Apo-transferrin and Ti(IV)-transferrin
have different excluded volumes, but the nanopore’s sensitivity at
500 mM KCl is insufficient to differentiate between them. To deter-
mine which explanation is correct, we conducted the experiments
again in 2M KCl, this time using a 100 kHz low-pass Bessel filter.
The 100 kHz filter ensures that none of the rapid translocations are
attenuated, and the signal-to-noise ratio (SNR) in 2M KCl was suffi-
ciently high, eliminating concerns about noise at 100 kHz, masking
any translocations (see S16 of the supplementary material). With
the 100 kHz filter, apo-transferrin and Ti(IV)-transferrin exhibited

nearly identical peak current drop values from 50 to 100 mV (see
Secs. S1 and S2 of the supplementary material). These experiments
confirmed that the differences in resistive pulse values between
apo- and Ti(IV)-transferrin at 2M KCl [Fig. 2(a)] were, indeed, a
result of the attenuation of Ti(IV)-transferrin’s resistive pulse sig-
nal due to its rapid translocation time. It is only when the voltage
is increased beyond 150 mV that the two proteins become signif-
icantly distinguishable from each other. This is likely due to the
voltage-induced unfolding of the proteins;45 as the voltage increases,
apo-transferrin becomes increasingly more unfolded, and thus, the
likelihood of transient interactions with the pore wall also increases.
As a control, we also analyzed the iron-bound transferrin, known as
holo-transferrin. Holo-transferrin had nearly identical translocation
times and current drop values as Ti(IV)-transferrin (see Fig. S7 of
the supplementary material). This was expected, as both forms are
stable, unlike apo-transferrin. In addition, both iron and titanium
ions bind to the same site in transferrin.

C. Real-time monitoring of titanium ion binding
to transferrin

We explored the possibility of leveraging differences in translo-
cation times between apo-transferrin and Ti(IV)-transferrin to use a
nanopore as a real-timemonitor of the conversion of apo-transferrin
to Ti(IV)-transferrin. Initially, we introduced apo-transferrin into
the cis chamber of the flow cell and allowed for over 1000 transloca-
tions to occur. Subsequently, we added an excess of titanium citrate
to the cis side containing the apo-transferrin. The citrate functions
as the anionic ligand in the coordination bond between transfer-
rin and titanium. Figures 4(a) and 4(b) depict the change in the
median translocation time following the addition of an excess of tita-
nium citrate in 1X PBS and 2M KCl, respectively. As observed, the
median translocation time decreases with increasing time, indicat-
ing the gradual conversion of apo-transferrin to Ti(IV)-transferrin.

FIG. 4. Real-time monitoring of the binding between Ti(IV) and apo-transferrin using a nanopore. The median translocation times decrease upon the addition of the
Ti(IV)-citrate species, which binds to apo-transferrin. The median translocation times were measured at regular time intervals in (a) 1X PBS and (b) 2M KCl. The error
bars represent the bootstrapped confidence intervals on the medians. The red dotted line in (a) represents the median translocation time of Ti(IV)-transferrin.
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After a certain time duration, the reaction reaches a steady state,
where the median translocation time no longer changes with time.
This transition suggests that the reaction has completed (reached
equilibrium), with the majority of the apo-transferrin molecules
transformed into Ti(IV)-transferrin. This demonstration highlights
the potential of a nanopore as an affordable, single-molecule, and
label-free method for real-time monitoring of the progression of
a biochemical reaction. The purpose of this experiment was to
establish the feasibility of using a nanopore as a real-time moni-
tor of a biochemical reaction. Consequently, we added an excess
of the reacting ligand [titanium(IV) citrate]. For precise reaction
curves, the exact concentration of the reacting ligand would need
to be determined. In future experiments, we can ascertain the pre-
cise concentration of titanium(IV) citrate to obtain more accurate
reaction data.

IV. CONCLUSION
We employed a solid-state nanopore to monitor the bind-

ing of Ti(IV) to transferrin in a single-molecule, real-time fashion.
Our observations revealed that Ti(IV)-bound transferrin translo-
cated across the nanopore more rapidly than Ti(IV)-free transferrin,
enabling their differentiation from one another. We attribute this
difference in translocation time to the more compact and stable
conformation adopted by Ti(IV)-transferrin compared to the more
unfolded conformation of apo-transferrin. It is well documented
that apo-transferrin is less stable than metal-ion-bound transferrin
and tends to adopt a more unfolded state. In future experiments,
we aim to determine the exact quantity of reacting ligands to obtain
precise reaction curves.

SUPPLEMENTARY MATERIAL

The supplementary material contains IV plots of all the
nanopores used during experiments. It also contains the results
of nanopore experiments carried out with a 100 kHZ low-pass
Bessel filter and a control experiment where holo-transferrin
(iron-containing) is also analyzed.
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