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ABSTRACT: Zinc oxide nanowires (ZnO nanowire, ZnO NWs) are nanostructures that have drawn attention as separation media
for efficient biomolecules because of high biological compatibility and low cost. Development of the capillary column (ZnO column)
using a ZnO NW to an inner wall has been reported, although there are only a few studies about molecular recognition of a ZnO
NW regardless of numerous studies reporting ZnO NWs. In our previous studies, we conducted fundamental research to elucidate
molecular recognition of ZnO NW and develop a novel liquid phase separation field. Consequently, we achieved baseline separation
of mixed adenosine phosphate analytes using a phosphate buffer in the mobile phase. In this study, to improve the low resistance of
ZnO NW toward a solvent, we covered a surface of ZnO NW with titanium oxide (TiO2) thin layers using atomic layer deposition.
As a result, the column (TiO2 NW column) showed high affinity toward acidic compounds like the ZnO column, strongly
interacting with especially phosphate groups. Resistance of ZnO NW to a weak acidic buffer solution was then dramatically
improved. This is because multipoint electrostatic interaction between the phosphate groups and the NW surface occurred. Next, we
conducted capillary electrochromatography to examine the possibility for application of separation analysis. The elution order of the
phosphorylated compound was successfully controlled by the migration solution containing aqueous acetonitrile with weak acids.
KEYWORDS: ZnO nanowire, TiO2, atomic layer deposition, acidic resistance, capillary electrochromatography

1. INTRODUCTION
Metal oxides are known for thermally and chemically stable even
under harsh conditions, and a number of application studies
have been implemented because of various features of the metal
oxides, such as ferroelectricity, ferromagnetism, metal−insulator
transition, and memristors.1−7 Notably, regarding metal oxide
nanostructures, synthesis of different sorts of structures, such as
nanosheets,8 nanorods,9 and nanoparticles,10 has been reported
since self-assembly was developed in the late 20th century.
Nanostructures involve a large superficial area, high homoge-
neity, and crystalline nature, and anisotropy so that they can be
the best candidates for new technological innovation in the fields
of molecular recognition and detection.11−13

Among these metal oxide nanostructures, nanowires (NWs),
a stick of nanostructures with a high aspect ratio, involve unique
properties such as large specific surface area and high stability to

high temperature. More studies about NW have been thus
conducted lately, as bulk materials do not have these features.
NWs consisting of ZnO, especially, have drawn much attention
from an industrial point of view due to a simple synthesis process
and efficient biological compatibility and biodegradability.14

Development of a biorelated analysis based on unique
interaction between ZnO NWs and biomolecules is one of the
examples, and ZnONWs are utilized in various devices, such as a
sensor that detects immune globulin with high sensitivity and
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selectivity15 and microfluidic devices that detect extracellular
vesicle in urine.16 While a number of application examples have
been reported, there are few specific studies of ZnO NW
molecular recognition. Examining ZnO NW molecular recog-
nitionmay greatly contribute to developing a new perception for
designing an efficient biomolecule detecting device.
In our previous studies, we have achieved the homogeneous

growth of ZnO NWs with an aspect ratio of over 10,000 in a
microtube, a length of 1 m, (ZnO column) by “flow assisted
method” that is a synthesis technique using self-assembly.17

When the micro tube was applied as a liquid chromatography
(LC) column, Zn2+ atomwith a Lewis acid group interacted, and
specific retention of some analytes was observed. ZnO NW
molecular recognition may thus be found by evaluating the
retention characteristics of the ZnO column. Additionally, we
elucidated ZnO NW molecular recognition in aqueous solvents
with LC using different analytes, confirming high affinity to an
acidity function and especially to a phosphate group. Also, we
observed selective molecular recognition to the number of
phosphate groups in nucleotides using the (100) face on the
ZnO NW surface. Consequently, complete separation of
adenosine oxidant (AMP, ADP, ATP) was achieved by
optimizing the aqueous mobile phase and length of a column.18

However, phosphate included in a migration buffer peeled off
NWs from the inner walls of the column, which diminished
retention capacity. To apply the ZnO column for separation
analysis, resistance toward a NW solvent thus needs to be
increased. To improve resistance, we prepared a NW column
with various metal oxides, fabricating a novel ZnO column with
titanic oxide (TiO2). TiO2 involves stronger resistance toward
high salty and acidity compared to ZnO. TiO2 has been
frequently applied to the concentration technique for bio-
logically relevant substances such as phosphorylated peptides
and exosomes as Lewis acids on a Ti atom surface are high.19−21

Therefore, the use of TiO2 to ZnO NWs may be optimal for the
application of a biomolecule analysis. Given this, we covered the
ZnO NW surface with TiO2 thin layers by using atomic layer
deposition (ALD). The previous study reported that a limited
surface area was covered with various metal oxide thin layers
using ALD. This technique enables us to cover nanostructure
surfaces inside of a capillary with metal oxide thin layers, and
accordingly, a novel analytical column can be developed.22

In this study, we evaluated resistance toward solvents and
retention characteristics for a novel ZnO column (TiO2 NW
column) and a ZnO seed layer column, both of them were
covered with TiO2 thin layers using ALD, then evaluating
properties and utilities of the columns as an analytical column.

Next, according to properties of resistance toward solvents of the
ZnO column with TiO2 and high affinity to the phosphate
group, capillary electrochromatography (CEC) using adenosine
phosphate was conducted to seek the possibility for applications
of biomolecule analyses. A flow rate and direction of electro-
osmotic flow (EOF) are opted depending on zeta potential and
salt concentration, which are largely affected by pH and ionic
strength of migration solution. Since the isoelectric point of
TiO2 is 6−7,23 we expected that a flow rate of EOF can be
controlled by changing a solvent to weak acidity, neutrality, and
basicity. Conditions for separation of adenosine phosphates
were considered by altering pH buffer solutions using the TiO2
column having a strong acidic resistance. We also observed how
migration behavior changed after adding acetonitrile to lower
polarity of migration solutions.

2. EXPERIMENTAL SECTION

2.1. Preparation and Evaluation of a TiO2-Modified
Capillary Column

The ZnO NW column and the TiO2-deposited NW column
(TiO2 NW column) were prepared by a similar method to our
previous study.22 The schematic procedure is shown in Figure 1.
To evaluate resistance toward solvents, LC measurements and
SEM observations were conducted using the NW column before
and after solvents were flowed.
LC was implemented under the conditions below, and the

surface of the column was observed with SEM. Solvents were
flowed to the ZnO column and the TiO2 column by using the
syringe pump (1 μL/min). Column internal was washed by
flowing water using the syringe pump (3 μL/min, 20 min). LC
and SEM observations were implemented under the same
conditions as above, and the results before and after solvents
were flowed were compared.
2.2. Nano LC Evaluations

The instruments for the nano LC evaluations are summarized in
the Supporting Information. The detailed LC conditions for the
evaluation of resistance toward solvents and retention selectivity
are also indicated in the Supporting Information.
2.3. CEC and capillary zone electrophoresis (CZE)
Measurements

To consider separation conditions of adenosine phosphate using
CEC, CZE was implemented under the condition that weak
acidic buffers inhibiting EOF were applied as migration
solutions. The measurement to accelerate interaction with a
stationary phase was implemented by adding acetonitrile to the

Figure 1. Use of TiO2 for the ZnO column using ALD.
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migration solution, where adenosine phosphate is completely
separated. The detailed conditions are summarized in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Evaluation of Resistance of TiO2 NW Solvents

Figure 2 shows evaluation of resistance using 1 mM acetate
buffer as a solvent. Before the buffer was flowed, AMP was
adsorbed to each column. According to the result of LC
measurements after the buffer was flowed, while recovery
amounts of AMP decreased with the ZnO NW column, AMP
was completely recovered with the TiO2 NW column as the
retention capacity was maintained. The figure also shows a cross
section of the column before and after the buffer was flowed.
NW structures were partly collapsed, and deposition occurred
when the buffer was flowed to the ZnO NW column. However,
NW was not collapsed, and its structures were maintained with
the TiO2 NW column. These results confirmed that the column
resistance was improved using TiO2.
According to the evaluation of resistance under the condition

with lowered buffer pH, NW structures and retention capacity
were maintained the same as Figure S1. It revealed strong
resistance toward weak acetate salt and formate buffers.
3.2. Evaluation of Retention Characteristics of the TiO2 NW
Column

Figure S2 shows the results of LC for monosubstituted benzenes
using water as a mobile phase and their peak area ratio toward
the open tubular column. For comparison, the TiO2-modified
capillary (the TiO2 column), which was prepared with a simple
TiO2 layer, was also evaluated. With the TiO2 NW column,

analytes were not retained and were not adsorbed, resulting in
complete elution. On the contrary, with the TiO2 column, the
peak area ratio of benzyl amine involving an amino group slightly
decreased. It might suggest high affinity toward the basic
function of the TiO2 column.
Additionally, we conducted another LC using acetonitrile as

the mobile phase. The results shown in Figure 3 confirmed that
benzyl amine was adsorbed with the TiO2 NW column as well.
Moreover, the peak area ratio with analytes involving the acidity
function, such as benzenesulfonic acid, phenyl phosphate, and
benzoic acid, dramatically decreased. It revealed high affinity
toward the basicity and acidity function due to modification of
TiO2. The decrease in the peak area ratio demonstrated high
affinity, especially toward the acidity function.
Similarly, Figure S3 shows the peak area ratio obtained from

the measurement using a basic analyte. As a result of the
measurement using the basic analyte with various acid
dissociation constants, piperidine involving high basicity mostly
adsorbed and did not elute. As basicity increased, the peak area
ratio decreased, confirming strong interactions with analytes
having high basicity. The significant increase in Lewis acidity on
theNW surface treated with TiO2modificationmay have caused
the outcome that noncovalent electron pairs of the nitrogen
atom in the analyte having high basicity may be strongly
attracted by the Ti4+ atom.
Figure 4 shows the result of LC using water/acetonitrile

mixed solvents. A few analytes were retained more by adding
20% water in acetonitrile. In particular, phenyl phosphate
involving a phosphate group was strongly retained. Then, the
retention time of each composition, water/acetonitrile mixed
solvents, was measured (Figure 4b). Accordingly, all analytes

Figure 2. Result of evaluation of resistance toward solutions for the (a) ZnONW column and (b) TiO2 NW column. Chromatograms of AMP before
and after flowing 1 mM acetate buffer as a solvent, and SEM images.
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were not retained in the case of adding 50% water although the
retention time of phenyl phosphate dramatically increased by
reducing the rate of water to 20%. This result revealed that the
TiO2 NW column strongly interacted with phosphate groups,
the same as the ZnO NW column.
To evaluate molecular recognition to the acidic analytes, the

LC of organic acids having similar structures was implemented.
When acetonitrile was applied as a mobile phase, trifluoroacetic
acid with a low acid dissociation constant (pKa −037) adsorbed
and did not elute. In contrast, acetic acid with a high acid
dissociation constant (pKa = 4.837) was slightly retained, and
complete elution was observed. According to these results, the
range of acidity level of the analytes, that is, the magnitude of the
acid dissociation constant, may affect the retention behavior of
the TiO2 NW column. Also, electrostatic interaction with the Ti
atom on the surface may cause retention adsorption of the
analyte.
The measurement results of the acidic analytes show that

phenyl phosphate interacted most (Figure 4). However,
considering the acid dissociation constant, this is not consistent
with pKa value becoming larger in order from benzenesulfonic
acid (pKa = −2.738), phenyl phosphate (pKa = 1.7949) to
benzoic acid (pKa = 4.1440). This is because multipoint
interaction between only the phosphate group and Ti atom on
the NW surface occurred as the phosphate group involves a
double negative charge and other phosphate groups involve a
single negative charge. Thus, phosphate groups more strongly
interacted than other functional groups, showing a high affinity.

3.3. LC Measurement Using Adenosine Phosphate

Figure 5a shows the result of the LCmeasurement with the TiO2
NW column using adenosine phosphates. According to the
measurement using water as a mobile phase, adenosine
monophosphate (AMP) was eluted, and in contrast, adenosine
diphosphate (ADP) and adenosine triphosphate (ATP) were
adsorbed. The peak area ratios of each analyte with the TiO2-
coated column (the TiO2 column) and the ZnO NW column to
an open tubular column were then calculated (Figure 5b). The
result showed that the recovery rate of the analytes was higher
with AMP compared to ADP and ATP. Adenosine phosphates
showed the same retention behavior compared to the result with
the ZnO NW column.
3.4. CZE Measurement Using Adenosine Phosphates

Figure 6 shows the result of CZE for ATP using a TiO2 NW
column. ATP eluted by pressuring toward the detector under the
condition applying voltage at −20 kV. Then, the measurement
applied at 0.2 psi was implemented. Adenosine phosphates
eluted in ascending order of the phosphate groups, and baseline
separation using a TiO2 NW column was achieved.
Next, to observe the migration behavior of adenosine

phosphates, the effects of migration solution, applied voltage,
and salt concentration were evaluated. Figure S4 shows the
measurement result when the applied voltage was gradually
changed. The migration time of only AMP increased along with
the decrease in applied voltage. It is because EOF velocity
increased along with the increase in applied voltage. EOF

Figure 3.Chromatograms for (a) acetophenone, (b) benzylamine, (c) benzoic acid, and (d) the peak area ratio from themeasurement of the ZnONW
column and the TiO2 NW column. Column: the ZnO NW (27.0 cm × 100 μm I.D.), the TiO2 NW (27.0 cm × 100 μm I.D.), open tubular column
(27.0 cm × 100 μm I.D.); temperature, 25 °C; detection, UV (254, 260, 270 nm); mobile phase, acetonitrile; flow rate, 5000 nL/min; analytes: 100
ppm, 50 nL.

ACS Measurement Science Au pubs.acs.org/measureau Article

https://doi.org/10.1021/acsmeasuresciau.4c00089
ACS Meas. Sci. Au 2025, 5, 199−207

202

https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.4c00089/suppl_file/tg4c00089_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00089?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00089?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00089?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00089?fig=fig3&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.4c00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oppositely flows toward the detector, and the velocity increased
as voltage increased. Consequently, the migration time of AMP
involving fewer phosphate groups, that is, involving larger
electrophoretic mobility, increased.
Furthermore, we conducted measurements with various pH

values in migration solution. Figure 7 shows the CZE results.
The measurement with pH 4.5, 5.5 acetate buffer showed the
shorter migration time of nucleotides and the improved peak
shapes in the case of pH 5.5. It may be caused by the increase in
the ratio of nucleotides negatively charging in the migration
solution. Figure 7b shows the result of various electrolyte
concentrations with added NaCl. The peak width and the
migration time were changed by adding NaCl, and then the
efficient peak separations due to a higher plate number were
observed. Based on these results, the separation conditions of
nucleotides can be further optimized by altering electrolyte
concentration and pH in migration solution.
3.5. CEC Measurement Using Adenosine Phosphate

Figure 8 shows the measurement result of each nucleotide when
acetonitrile was added. After acetonitrile was increased to 80%
and electrolyte concentration was altered with NaCl, nucleo-
tides eluted in ascending order of phosphate groups, which was
the contrary result from CZE. To observe the difference of
mobility with each migration solution, electrophoretic mobility
of each analyte was then calculated using the migration time
obtained from this result and the migration time of a neutral
molecule (thiourea) (Figure 8b). Accordingly, electrophoretic

mobility increased by adding acetonitrile. It is explained that
acetonitrile suppressed electroosmotic flowmore than the buffer
alone. Electrophoretic mobility of nucleotide increased as well,
and a magnitude relation of mobility changed as AMP > ADP >
ATP to ATP > ADP > AMP. Electrostatic interaction between
the analyte and titanium occurred by adding acetonitrile. The
migration rate decreased because the analytes involving more
phosphate groups led to a stronger interaction.
To improve peak shapes and achieve complete separation of

the analytes, we optimized the measurement conditions.
Electrolyte concentration was increased by adding NaCl in the
migration solution to completely separate each peak of the
analytes, and electroosmotic flow that oppositely flows toward
the detector was increased. Figure 8c shows the measurement
result with 30 mM NaCl. The increase in the migration time of
each analyte was observed by adding NaCl. However, due to
poor peak shapes, better conditions for separation analysis of the
plate height should be considered.

4. CONCLUSIONS
We utilized TiO2 for the ZnO NW column using ALD to
improve its utility as a biomolecule analysis column. According
to various evaluations of resistance to different solvents,
retention capacity and the NW structures did not change with
weak acetate salt and formate buffers even after flowing the
buffers, and resistance was certainly improved. Furthermore, we
evaluated retention characteristics using a TiO2 NW column.

Figure 4. (a) Result of LC of acidic analytes with water/acetonitrile = 2/8 as a mobile phase. (b) Retention time of the analytes by each mobile phase
composition. Column: the TiO2 NW (27.0 cm × 100 μm I.D.), open tubular column (27.0 cm × 100 μm I.D.); temperature, 25 °C; detection, UV
(254, 260, 270 nm); mobile phase, acetonitrile; flow rate, 5000 nL/min; analytes: 100 ppm, 50 nL.
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High affinity toward basicity and the phosphate group was then
observed as benzyl amine involving a basic function and the
analyte involving the acidity function was mostly adsorbed in the
NW column. LC using various basic analytes showed that high
basic analytes were adsorbed in the column. This is because

TiO2 modification increased Lewis acid on the NW surface, and
the Ti4+ atom attracted noncovalent electron pairs in the basic
analytes. As the result of the measurement using the organic
acids, the magnitude of acid dissociation constant affected
retention adsorption of analytes as the analytes with lower acid

Figure 5. (a) Result of LC using adenosine phosphates. (b) Peak area ratio calculated from the measurement with the ZnO column and the TiO2 NW
column: the TiO2 nanowire column (27.0 cm× 100 μm I.D.), open tubular column (27.0 cm× 100 μm I.D.); temperature, 25 °C; detection, UV (260
nm); mobile phase, water; flow rate, 5000 nL/min; analytes, AMP, ADP, ATP (100 ppm, 50 nL).

Figure 6. (a) CZE result of ATP at various pressures. (b) CZE result of adenosine phosphates at 0.2 psi Conditions: column: TiO2 NW column (an
effective length 20 cm, a length 30 cm); injection, 0.5 psi, 5s; detection, UV (254 nm); applied voltage,−20 kV; pressure, 0, 0.2, 0.3, 0.5 psi; migration
solution, 1 mM acetate buffer (pH 4.5); analyte, ATP (100 ppm, 50 nL).
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dissociation constant were adsorbed more. Multipoint inter-
action may cause affinity to the phosphate group due to a double
negative charge.
Additionally, LC for the TiO2 NW column showed that the

recovery rate was higher with AMP compared with ADP and
ATP using water as amobile phase, and selectivity to the number
of phosphate groups was confirmed the same as the ZnO NW
column. This suggested that application for separation analysis
of adenosine phosphate may be available. To implement an
analysis of adenosine phosphate with a higher separation
efficiency, we applied CE. Consequently, CZE using the TiO2

NW column enabled complete separation of the adenosine
phosphate mixture. As the separation improved by altering
electrolyte concentration and pH in migration solution,
separation conditions of nucleotides can be further optimized.
Moreover, the analytes eluted in ascending order of the
phosphate groups by adding acetonitrile in migration solution,
showing the different result; the analytes eluted in descending
order of the phosphate groups, fromCZEmeasurement. Change
of electrophoretic mobility magnitude of adenosine phosphate
led to interaction between TiO2 in the inner wall of the TiO2
NW column and adenosine phosphates, resulting in late elution

Figure 7. (a) pH in migration solution. (b) Measurement result with various salt concentrations in migration solution.

Figure 8. (a) CEC result with 10 mMNaCl. (b) Mobility of analytes under each measurement condition on (a). (c) Measurement result with 30 mN
NaCl. Column: TiO2 NW column (an effective length 20 cm, a length 30 cm), injection: 0.5 psi, 5 s; detection, UV (254 nm); migration solution, 10
mMNaCl + 1mMacetate buffer (pH 5.5)/acetonitrile = 20/80, 30mMNaCl + 1mMacetate buffer (pH 5.5)/acetonitrile = 20/80; analytes, thiourea,
AMP, ADP, ATP (100 ppm, 50 nL).
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of the analytes involving more phosphate groups. Therefore,
these results suggested that the TiO2 NW column can be
effectively applied to CEC. In the future, applications of an NW
column for biomolecule analyses by CEC and LC can be
expanded.
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