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from organic chemistry to physical 
methods such as atomic layer deposition 
or metallic sputtering, is needed.[6–8] The 
implementation of the various surface 
modification techniques allows including 
different functional groups within nano-
fluidic structures that confer them the 
aimed responsive behavior. Among the 
large variety of nanochannel-fabrication 
techniques available in literature, ion-
track etching technology is the most 
largely used for a number of reasons. The 
main reason is that the combination of 
ion irradiation and chemical etching ena-
bles the fabrication of nanochannels with 
controlled geometry (e.g., cylindrical, 
conical, and biconical) and size. This, 
in turn, confers the channels unique 
iontronic functions, such as rectifiers, 
diodes, and field-effect transistors.[9–12] 
Ionic diodes, for example, are obtained 
by using conical geometries. Due to the 
asymmetry in the charge distribution of 
these nanochannels, a voltage-dependent 
electrostatic repulsion for ions with the 

same charge of the pores is generated and a concurrent recti-
fication in the transmembrane ionic current across the pores 
arises.

Furthermore, using conical channels, the diode-like 
behavior has been used to translate specific stimuli in solu-
tion into transmembrane current signals under the principle 
of changing the magnitude and sign of charges on the surface 
of the channels. A change in the sign of the surface charge 
generates a concomitant change in the type of ion excluded 
from the pores, therefore controlling the transport of cations 
and anions selectively.[13,14] Therefore, most of the work per-
formed in the field of nanofluidics to modify nanochannels 
consists of incorporating molecules that change the magni-
tude and sing of the surface charge under specific stimuli. 
Moreover, there is further interest in developing multiple 
responsive systems that allow performing complex nanoflu-
idic operations with the application of two or more stimulus 
independently or in a coordinated manner. There are exam-
ples of such systems that responds to pH and light or pH and 
temperature.[15–17]

In this regard, we have shown in a recent report a 
voltage- and pH-controlled nanofluidic diode by asymmetric 
electrosynthesis of the conducting polymer polyaniline (PANI) 

During the last decade, nanofluidic devices based on solid-state nanopores 
and nanochannels have come into scene in materials science and will not 
leave anytime soon. One of the main reasons for this is the excellent control 
over ionic transport exerted by such devices that promises further impor-
tant advances when integrated into more complex molecular devices. As a 
result, pH, temperature, and voltage-regulated devices have been obtained. 
However, nowadays, there is still a necessity for molecule-driven nanofluidic 
devices. Here, a sugar-regulated pH-responsive nanofluidic diode is pre-
sented obtained by surface modification of conical polycarbonate nanochan-
nels with electropolymerized 3-aminophenylboronic acid. Control over the 
ionic transport has been achieved by a successful decoration of asymmetric 
nanochannels with integrated molecular systems. The as-synthesized boro-
nate-appended zwitterionic polymer exhibits an acid-base equilibrium that 
depends on the concentration of sugar, which ultimately acts as a chemical 
effector setting different pH-dependent rectification regimes. As a result, the 
same nanodevice can perform completely different proton-regulated nano-
fluidic operations, i.e., anion-driven rectification, cation-driven rectification, 
and no rectification, by simply varying the concentration of fructose in the 
electrolyte solution.

Nanofluidic Devices

1. Introduction

Currently, there is a high interest in developing nanofluidic 
devices that allow regulating the transport of ionic species 
with experimentally controllable stimuli, such as pH, tempera-
ture, light, or the presence of certain molecules in solution.[1–5] 
In order to achieve this goal, combining nanofluidic fabrica-
tion techniques with different surface modifications, ranging 
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on a conical track-etched nanochannel previously modified by 
Au sputtering.[18] The presence of PANI allowed us to selec-
tively control the transport of ions by applying different electro-
chemical potentials to the modified membrane or by changing 
the pH of the solution.

The next step toward the incorporation of nanofluidic devices 
in integrated molecular circuits with application in biological 
sciences demands developing systems that can be controlled by 
the presence of certain molecules of interest in solution. This 
is an emerging concept stemming from the biomimesis of 
cells that regulates their functions by the selective passage of 
ions and molecules across the cellular membrane.

Herein, we developed a pH-responsive nanochannel 
whose acidic equilibrium can be modulated by the presence 
of sugars in solution. The fabrication procedure included the 
electrochemical synthesis of the polyaniline derivative poly(3-
aminephenylboronic acid) (PAPBA) on asymmetrically metal-
ized conical track-etched polycarbonate nanochannels. PAPBA 
bears a boronate group in each monomer that confers a nega-
tive charge that competes with the positive charges from the 
nitrogen-containing functional groups in the backbone, thus 
enabling the occurrence of charge inversion around the isoelec-
tric point (IP) of the PAPBA. Furthermore, due to the tendency 
of the boronates to form complexes with diols modifying the 
acidic constants of the native form, it is possible to modulate 
the pH responsiveness with the concentration of sugar in solu-
tion, e.g., fructose. We should note that sugar sensing in nano-
fluidic devices has been investigated in the past;[19–22] however, 

rather than focusing on the sensing capabilities of PAPBA-
modified nanopores, the purpose of this work is to explore 
new avenues to gain “chemical” control over the ionic transport 
properties of nanofluidic elements by using chemical effectors 
to set different pH-controlled transport regimes.

2. Results and Discussion

To characterize the geometry of the nanochannels, two different 
approaches were used. Both direct cross-section SEM imaging 
and nanochannels-templated Au nanoneedles fabrication were 
employed (Figure 1) and second, a template method was used. 
For the latter case, gold was electrodeposited potentiostatically 
in multichannel track-etched membranes synthesized under the 
same conditions as the single-channel membranes. After the sub-
sequent dissolution of the polycarbonate foil, the resulting cones 
were imaged by SEM (Figure 1a,b). The resulting images showed 
conical geometries with a tip diameter of ≈60 nm and a base of 
≈4000 nm.[23] As expected for nanochannels with such large tips, 
they exhibited symmetric (ohmic) ion transport, without any rec-
tification. It was shown previously that for conical geometries, tip 
diameters of below 20–30 nm are required for ionic current recti-
fication. Only for geometries of enhanced asymmetry toward the 
tip (e.g., bullet-like or parabolic geometry), the minimum diam-
eter to observe rectification can be greater that these values.[24–27]

Once current–voltage (I–V) characteristics of the gold-sputtered-
nanochannels were measured, PAPBA was electrosynthesized 
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Figure 1. SEM images taken at a) 90° and b) 30° of gold nanocones fabricated by the track-etched template method. Figure (a) shows tip diameters 
of ≈60 nm. c) SEM image of the side of a track-etched polycarbonate displaying the large opening of conical nanochannels in a multitrack foil  
(109 tracks cm−2). d) Cross-section SEM image of a multitrack PC foil containing conically etched nanochannels.
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potentiodynamically on the Au-metallized surface of the nano-
channels as explained in the Experimental Section (Figure 2a).[28]

In order to approximate the thickness of the PAPBA layer 
electrosynthesized on top of the nanochannel-containing foils, 
surface plasmon resonance (SPR) measurements were per-
formed during the electrochemical synthesis of PAPBA on 
a planar gold electrode under identical conditions than for 
the electrochemical growth on the metallized membranes. 
(Figure 2b). The results revealed a deposition rate of 1.5 nm 
per cycle. Thus, we estimate that a 45 nm-thick PAPBA layer 
was deposited on the gold-sputtered nanochannels. SEM 
imaging of the closing of the nanochannels was performed 
showing a reduction of ≈60 nm of the initial diameter which 
correlates with a thickness of PAPBA of 30 nm (Figure S1, 
Supporting Information). Even though there is a difference of 
a 50 % between the SEM images and SPR determination, it 
has to be taken into account that the SEM pictures are taken in 
high vacuum and dry conditions, and therefore the polymer is 
expected to be collapsed. Furthermore, taking into account that 
the sputtering process generates a reduction of 10 nm of the tip 
diameter–leading to a size of 50 nm after the metallization–the 
expected diameter of the nanochannel after the polymerization 
is ≈5 nm.

The chemical nature of the electrosynthesized polymer 
was confirmed by Raman spectroscopy (Figure 2c). The more 

intense Raman bands appear in the range 1000–1700 cm−1 
and the spectrum is dominated by the well-established bands 
of the PANI-based polymers.[29,30] The C-H in-plane bending 
modes appear at about 1160,[31] whereas the bands assigned 
to the CN stretching appear at about 1310–1400 cm−1 (radical 
cation) and 1470–1490 cm−1 (quinone diimine).[32] The C=C 
stretching of the quinoid units is at about 1570–1595 cm−1  
and its presence is related to the conducting form of the 
poly mer.[33,34] The features due to the presence of the boronic 
moiety are expected to be at about 900 and 1100 cm−1 for the 
stretching of the B-F bond[35–37] and the bending modes of 
the B-OH moiety respectively and at about 1330 cm−1 for the 
stretching mode of the B-O bond.[37–41] The position of these 
peaks is within the region of intense peaks of the PANI-like 
structure, so their presence was confirmed by comparison of 
the Raman spectrum of PAPBA with that of PABA (poly(3-
aminobenzylamine)), which is a similar PANI-like polymer 
without boronic moieties.[42] Arrows in this figure indicate 
the position of these bands characteristic of the boronic 
group. The bands at 900 and 1100 cm−1 are clearly noticeable, 
whereas the band predicted at about 1330 cm−1 appears as a 
shoulder of the intense PANI-like band in this region. After 
incubation in 100 × 10−3 m fructose solution for 1 h, this 
shoulder assigned to the asymmetric stretching of the B–O 
increases as a consequence of the formation of the cyclic ester 
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Figure 2. a) Cyclic voltammetry of the electropolymerization of PAPBA over a metallized single nanochannel-containing polycarbonate membrane. 
Arrows indicate increasing cycles b) SPR angular scan curves for different number of voltammetric cycles during the electrosynthesis of a PAPBA film 
on Au. Values of the thickness determined by the fitting of the curves are presented in the inset. A deposition rate of 1.5 nm per cycle was obtained 
by linear fitting. c) Background-corrected Raman spectra of PAPBA films electrosynthesized on Au. The spectrum of a PABA film was added for com-
parison. d) I–V curves for a PC nanochannel before and after the polymerization of PAPBA. Inset: Values of ionic conductance and rectification ratios 
for the nanochannel before and after the modification.
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with the sugar.[37,40,43] Also, the increase of the signal at about 
1200 cm−1 could be due to the stretching of C-O modes of the 
sugar, which has been reported at 1225 cm−1.[37]

I–V using a 0.1 m KCl solution, before and after the polym-
erization of PAPBA showed that there was a reduction of a 
50% of the ionic conductance of the nanochannel, from ≈44 to 
22 nS. Also, a large increment in the rectification efficiency was 
observed (Figure 2d). The rectification efficiency is character-
ized by the rectification factor frec defined in this case as the 
ratio between the currents at 1 V and the current at −1 V.[44] 
After the electropolymerization, a change in the frec from 1.4 
(no rectification) to 9 (high rectification) was observed. Due 
to the fact that the PAPBA was grown only on one side of the 
membrane, a strong asymmetry on the longitudinal charge dis-
tribution of the nanochannel is expected and therefore an incre-
ment of the current rectification in the I–V characteristics.

PAPBA is a zwitterionic polymer that becomes either positively 
or negatively charged at pHs lower or higher than its IP, respec-
tively (scheme in Figure 3).[45] Positive charges stem from the 
secondary amines present in the backbone of the polymer, while 
negative charges arise from the boronate pendant groups. The 
presence of these acid-base groups results in a pH dependence 
of the surface charge of PAPBA-modified nanochannels.[46] As the 
limitation in the accuracy of the regulation of the ionic current 
rectification is related to the capacity of modulating the surface 
charge, protonable macromolecules such as PAPBA, which pre-
sents a continuous acid-base equilibrium, allow obtaining a fine 
tuning of the rectification features by changing the pH.

Figure 3 shows current–voltage curves obtained for a PAPBA-
modified single nanochannel at three different pH values. 
Positive (anion-driven), neutral (nonselective), and negative  

(cation-driven) rectification can be observed for pH 1, 5, and 11, 
respectively. Positive rectification stems from the presence of 
positive charges in the nitrogen groups (secondary amines or 
imine) of the PAPBA polymer. Increasing the pH starts depro-
tonating PAPBA amines and allows the formation of complex 
of boronate groups with hydroxyl ions. The first effect is the 
neutralization of amines positive charges leaving to a nonrecti-
fying state. Further increments of the pH produce a reversion 
of the charge to negative values with a consequent reappearance 
of the rectification, but in the opposite direction. The fact that 
we could observe a reversion of rectification poses an advantage 
with respect of our previous work using PANI as functional 
molecule. In that case, it was not possible to achieve a reversion 
of the surface charge due to the fact that polyaniline does not 
have negative functional groups.[18]

Current–voltage curves were measured in 0.1 m KCl with 
dropwise additions of HCl and NaOH to adjust the pH at dif-
ferent values. In order to study the pH-related changes in the 
rectification, frec were calculated as a ratio between the currents 
at 1 and −1 V where the current placed in the numerator was 
the higher one, e.g., the current at −1 V for the curve at pH 
11, but the current at 1 V for pH 1. Furthermore, in order to 
correspond a particular rectification factor to a certain state of 
charge of the PAPBA film, the frec values when the higher cur-
rent was at transmembrane voltages >0 V were multiplied by −1.  
This ultimately allows correlating positive frec with proto-
nated PAPBA and negative frec with OH- coordinated PAPBA 
(Figure 4). By measuring I–V curves at different pH, apparent 
titration curves for a PAPBA-modified nanochannel could be 
obtained. We named these experiments “nanofluidic titration” 
due to its fundamental resemblance with Zeta-potential titration, 
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Figure 3. Scheme depicting the functionalization of a metallized polycarbonate nanochannel and the charge state of the channel related to current–
voltage measurements for pH 1 (red), 5 (orange), and 11 (green) in 0.1 m KCl solution.
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i.e., frec evolves in a similar fashion to the change of the surface 
charge of the nanochannel.[47,48] This nanofluidic method could 
be generalized and used for a large number of molecules, such 
as proteins, polyelectrolytes, or surfactants, among others.[49,50]

The ability of boronic acids to bind 1,2 or 1,3 diols to form 
five- or six-membered cyclic esters is well documented.[51] 
Binding of boronates with cis-diols like the ones present in 
monosaccharides is known to be stronger than for acyclic diols 
or trans-diols. The complex between boronates and sugars has 
a different pKa than the boronate itself; therefore the binding 
of monosaccharides can be sensed as a change in the protona-
tion degree caused by a pKa shift. In this regard, there are many 
examples of potentiometric sensors of sugars that make use of 
this property of boronates present in PAPBA.[52,53] However, 
even though this change of the acid-base behavior of PAPBA 
upon binding of sugars is generally acknowledged, to our 
knowledge, the modification of the charge state of the polymer 
has not been experimentally determined in previous studies.

To address this issue, nanofluidic titration curves using dif-
ferent concentrations of a sugar for a pH range from 1 to 
11 were obtained. Up to our knowledge, this is the first time that 
the changes of the charge state of PAPBA, always assumed to 
occur as a consequence of a putative pKa shift, are directly moni-
tored. Fructose was used as case of study because it has been 
proved to have a stronger binding to boronate than other sac-
charides.[52] Titration curves were made by measuring current–
voltage characteristics in absence of fructose as well as with two 
different concentrations: 10 and 100 × 10−3 m (Figure 4).

Titration curves show the potentiality of using sugars as 
chemical effectors to perform complex nanofluidic operations 
like cation–anion selectivity switching and ion gating. By using 
fructose as a representative saccharide, shifts in the local acid-
base equilibrium within the nanochannel can be produced trig-
gering different nanofluidic regimes, as we explain below.

As it can be observed in Figure 4, fructose acts as an effector 
for almost the complete range of pH. However, the most inter-
esting control exerted by fructose over nanofluidic operations 
laid within the range between pH 1 and 8. Four different regions 
of the effect that sugars produces at different pH were observed.

The effect of sugar concentration on the rectification behavior 
is presented in the Supporting Information for the case of pH 7.  
The value of the rectification factor increases as a function of 
the sugar concentration finally reaching an asymptotic pla-
teau which reflects a simple binding response.[20,21] Values of 
frec practically do not change from 60 to 100 × 10−3 m of fruc-
tose, which indicates that the binding sites are nearly saturated. 
Therefore, current–voltage curves at 0 and 100 × 10−3 m fructose 
were measured within the different pH ranges to inspect the 
effect of the sugar-free and sugar-bound states respectively on 
the nanofluidic behavior of the nanochannel.

The first region, which will be referred as acid region for 
being located at pH ≈1–2, is characterized by a transition 
between a positively charged state (anion-selective) to a non-
charged state (nonselective) of the nanochannel surface as 
shown in Figure 5a. In this region, the effect of adding sugar 
to the solution is a shutting of the current at positive voltages 
that corresponds to anions flowing from the tip to the base and 
cations from the base to the tip. This produces a decrease in the 
rectification efficiency (loss of selectivity) from a diode-like into 
an ohmic behavior (Figure 5e).

The second region, also located in a narrow window of pH, 
is between ≈3 and ≈4.5. Using a more functional criterion, this 
region will be referred as inversion region and it was marked as 
a shadow in Figure 4. It is called like this because, within this 
range of pH, the presence of sugar in solution produces an inver-
sion of the surface charge of the nanochannel, thus changing the 
system from anion-selective to cation-selective. The nanofluidic 
output of this effect is a change in the direction of the current 
rectification of the nanochannel as seen in Figure 5b,e.

The third region, named neutral region, located at pH 6–7, 
presents the opposite operation of the acid region. In this case, 
the presence of sugars in solution triggers the appearance of 
negative surface charges, thus enhancing the ionic current 
rectification by selectively decreasing the ionic current at posi-
tive potentials (Figure 5c,e). Then, the nanochannel becomes 
cation-selective.

The last region for sugar-effected operations, named 
alkaline region, is located at pH between 7 and 11. Within 
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Figure 4. a) Rectification factor versus pH for different concentrations of fructose, namely, 0 × 10−3 m (red), 10 × 10−3 m (green), and 100 × 10−3 m 
(blue). The blue shadow lies at the inversion region, the region where the fructose produces a reversion of the rectification at a fixed pH. b) Scheme 
depicting both the chemical change and the surface charge change for different concentrations of fructose.
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this region, the presence of sugar shifts the equilibrium 
toward the formation of boronate-sugar complex making the  
negatively charged channel surface even more negative. 
The nanofluidic output of this effect is the increase in both 
ionic currents at negative potentials and rectification factors 
(Figure 5d,e).

The effect of sugars in the alkaline region decreases for 
higher pH, becoming negligible at pH higher than 9. This fea-
ture was expected, since high values of pH are far above the 
pKa of the boronate of the polymer, both in the sugar-free and 
sugar-bound states. Therefore, the degree of negative charge 

(and rectification) is at its maximum value irrespectively of the 
sugar concentration.

The aforementioned results show that there is a wide range 
of nanofluidic operations that can be performed by using com-
binations of pH and sugar concentrations in solution within a 
pH range of 1–8. The switching of the acid-base equilibrium 
by formation of boronate-sugar complexes allows performing 
on–off gating of rectification in the acid and neutral regions, 
while it allows reversing the direction of the current rectifica-
tion in the inversion region or increasing the cation-driven 
current in the alkaline region (Figure 5e).

Small 2018, 14, 1703144

Figure 5. Current–voltage curves for a PAPBA modified nanochannel measured for each of the four regions within the pH-effector range (1–8) in 
absence and presence of fructose: a) acid, b) inversion, c) neutral, and d) alkaline regions. e) Rectification factors (frec) calculated for each region 
in absence and presence of fructose.
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Due to the fact that PAPBA-modified nanochannels are 
ultimately responsive to fructose, it becomes natural to think 
in this system as a potential sugar sensor. However, for devel-
oping a biosensor based on these procedures, higher efforts 
need to be done in order to improve the sensitivity of the device 
and enhance the detection limits.

3. Conclusions

Herein, we have presented the construction of a sugar-regulated 
pH-responsive nanofluidic diode by integrating an electropoly-
merized responsive layer of PAPBA to a previously metallized 
track-etched polycarbonate single nanochannel. The change 
in the pH-dependent diode-like behavior (rectification factors) 
with the concentration of fructose reveals the alteration of the 
net surface charge caused by the shift of the pKa of the boronic 
moieties induced by the sugar binding. It was shown that the 
presence of sugar produces a strong effect in the nanofluidic 
output of the device by triggering different responses within 
a wide pH range from 1 to 8. Four regions of actuation were 
found: acid (gating of anion-driven current), inversion (selec-
tivity reversion), neutral (gating of cation-driven current), and 
alkaline (enhancement of cation-driven current).

4. Experimental Section
Materials: Synthetic nanopores were fabricated in polycarbonate 

foils (PC) (Makrofol N, Bayer Leverkusen) of thickness 30 µm. 
3-aminophenylboronic acid and KF were purchased from Sigma-Aldrich 
and used as received.

Etching Procedure: PC foils were irradiated with Au ions (25+) at the 
UNILAC (Universal Linear Accelerator) of GSI, Darmstadt at an energy of 
11.2 MeV per nucleon. Both single- and multiple-ion irradiated PC foils 
were etched conically using a mixture of methanol:6 m NaOH as etchant 
(60:40) while applying an electrostopping potential of −1 V throughout 
the process. The etching was held for 30 min after the breakthrough. The 
resulting nanochannels had a base diameter (D) ≈4000 nm and a tip 
diameter of (d) ≈60 nm as it was reported by the analysis of scanning 
electron microscopy images (Figure 1).

Electrochemical Synthesis of Poly3-Aminophenylboronic Acid: First, a 
layer of 80 nm of gold was sputtered over the tip side of the foils (in the 
direction normal to the surface). Typically, the nanochannels still did not 
present rectification or it was very low (frec < 2) after the metallization. 
Previous results have shown that the nanochannels report a reduction of 
the diameter of ≈10 nm due to the sputtering. Once the metallized foils 
were characterized by I–V measurements, they were placed in a two-
compartment electrochemical cell (Figure S4, Supporting Information). 
An external copper ring was used as electric contact between the 
metallized foil and the potentiostat (Gamry Reference 600). The 
reference electrode was Ag/AgCl/3 m NaCl. All potentials informed in 
this work are relative to this electrode. The electrosynthesis solution was 
0.05 m 3-amino-phenylboronic acid solution in 0.2 m KF and 0.5 m HCl. 
The PAPBA was deposited potentiodynamically performing a total of  
30 cycles between −0.1 and 0.9 V at 0.1 V s−1 (Figure 2a).

Conductivity Measurements: Current–voltage characteristics were 
obtained using a potentiostat (Gamry Reference 600) with a four-electrode 
setup (working, working sense, reference-, and counterelectrode) in order 
to measure single-pore nanochannel conductance variations arising 
from changes in the nanochannel and not from processes at the surface 
of the electrodes. Both the working- and counterelectrode were made 
of platinum, while the reference and working-sense were commercial 
Ag/AgCl/3 m NaCl electrodes. Measurements were performed in a 

homemade conductivity cell fabricated to avoid current leakage. For all 
the experiments, the working electrode was placed at the base side of the 
nanochannel, while the counterelectrode was placed at the tip side. The 
voltage was swept between −1 and 1 V at a speed of 1 V.s−1. 0.1 m KCl 
solution was used as electrolyte. The same experimental setup has been 
used for all the experiments to unambiguously correlate I–V curves with 
nanopore surface charges. For such correlation, a rectification factor (frec) 
was defined to quantify the rectification efficiency as

( ) ( )( ) ( )= ± − −1V or 1V / 1V or 1Vrecf I I
 

(1)

Here, the current in the numerator is the largest current value 
corresponding to the higher conductance state, while the one in the 
denominator is the lowest current value corresponding to the lower 
conductance state. Additionally, if the higher current corresponds to a 
negative voltage, then the rectification factor is multiplied with −1. This 
definition allows assigning a negative frec to negative surface charges 
and positive frec to positive surface charges. This definition simplifies the 
interpretation of the experimental results in terms of surface charge.

Information about the SPR and Raman measurements as well as the 
fabrication of metal nanocones and cross-section imaging can be found 
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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