
Amine-Phosphate Specific Interactions within Nanochannels:
Binding Behavior and Nanoconfinement Effects
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ABSTRACT: In the last years, the ionic conductance behavior
of solid-state nanochannels (SSN) has been extensively studied
with both basic and applied purposes. In particular, the
interactions between confined groups and dissolved species
have been widely used for the design of biosensors and smart
devices. Being the species confined to the small volume of the
SSN, the ionic equilibrium usually differs from that in the
solution bulk and nanoconfinement effects appear. In this work,
we study the binding equilibrium between surface-confined
amine groups and phosphate anions taking place within SSN by
measuring the changes in the iontronic transmembrane current
response of single nanochannels at different phosphate concentrations. Phosphate binding is higher compared with other
divalent anions and takes place even in electrostatically hindered conditions, which reinforces the idea of chemical specificity of
the amine-phosphate interaction. The sensitivity of the iontronic response of asymmetric SSN to changes in the surface charge
allowed the interpretation of the experimental results in terms of a simple binding model, which reveals that the
nanoconfinement effects are responsible for a one order of magnitude increase in the effective constants for the anion binding to
the surface amine groups in the nanochannel walls. Furthermore, polyphosphates show a more pronounced binding tendency
toward amine moieties, which allows the detection and quantification of ATP in the micromolar range from the analysis of the
iontronic response.

1. INTRODUCTION

Nature has been always used as a source of inspiration for the
development of devices for diverse applications.1−4 An
example is the design of fully abiotic nanochannels commonly
called solid-state nanochannels (SSN),5−7 inspired by the ion
channels present in cells.8 Ion channels are proteins embedded
in the plasma membrane that allow the flux of ions from
external medium to internal medium and vice versa, playing a
fundamental role in several processes such as the excitation−
contraction coupling in muscles and nerve impulse trans-
mission.8 Biological ion channels also present several
interesting properties facing the development of abiotic
smart platforms, such as rectification of ionic current and
responsiveness to physical and chemical stimuli. In this sense,
the activity of several ion channels is regulated by environ-
mental conditions. In some channels, the presence of specific
moieties can trigger its opening or closing (gating). For
example, the ATP sensitive potassium ion channel (KATP) is
gated shut when the cytoplasmic ATP exceeds the concen-
tration of ∼100 μM.9−11 The gating dynamics of KATP by

cytoplasmic ATP plays a predominant role in the secretion of
insulin from pancreatic β-cells.12

Regarding SSN, previous works have reported the develop-
ment of devices that rectify the ionic current through the
design of charged channels with asymmetric geometries.13−16

Rectification implies that the ion flux is favored at one polarity
of voltage. This phenomenon is produced by the rupture in the
symmetry of the channel’s inner surface axial electric potential
distribution and the interactions between the ions and the
charged surface.17,18 In addition, it has been found that the
degree (efficiency) of rectification is related to the magnitude
of surface charge.5,15,19,20 As a consequence, using different
modification strategies to control the surface charge of SSN, it
is possible to obtain iontronic devices for a variety of
application such as biosensing, energy conversion, and
filtration.21−29
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One of the great aims of SSN research is the development of
devices with precise control of ionic transport by different
stimuli.6,30−41 In this regard, interactions between confined
groups and dissolved ions have been extensively used for the
design of biosensors and smart devices.24,42−48 On the other
hand, the sensitivity of these systems to changes in the surface
charge makes these devices good candidates as platforms for
physicochemical studies too.29 In this sense, an important issue
connected to SSN is that the presence of a high net surface
charge added to a high surface-to-volume relation and surface
curvature generated complex phenomena. As an example,
several authors have reported a shift in the acid−base
equilibrium constants of polyelectrolytes confined within
nanochannels.49,50

In this regard, polyamine−phosphate interactions have been
also employed for the construction of different abiotic
nanoarchitectures based on supramolecular assemblies.51−57

The importance of this interaction resides in that both groups
are present in multiple chemical and biological systems. In
particular, the binding of amines and phosphate anions plays a
key role in the self-assembly of multiple biological supra-
molecular structures, such as the nuclear aggregates of
polyamines, which are present in many replicating cells.58,59

A crucial aspect of the interaction of phosphate anions with
polyamine-modified surfaces is the charge reversion phenom-
enon: as a consequence of the anion binding, positively
charged amino-functionalized surfaces acquire a negative net
surface charge.60−62 This charge reversion yields even
functional consequences with in vivo implications.63,64 In this
sense, we have recently studied the binding of phosphate
anions to amine groups employing silica microparticles capped
with poly(allylamine hydrochloride) (PAH).63,65,66 There, we
developed a binding model to quantitatively interpret the
charge reversion and the dependence of the zeta potential on
the phosphate concentration at several pH values. We showed
that phosphate anions promote the protonation of amino
groups and, conversely, charged amines induce further proton
dissociation of phosphates, yielding a complex dependence of
the surface effective charge on pH. Even more, those results
indicated that phosphate−amine interaction is specific and the
modulation of surface charge of the amino-functionalized
surface by simple phosphate anions occurs in the physiological
phosphate concentration range, emphasizing its biochemical
relevance.63 We have also proved that the same kind of binding
takes place when amino-functionalized nanochannels are
exposed to phosphates, producing changes in the iontronic
response.67

In the present work, we extended the study of the
phosphate−polyamine interactions within nanochannels, fo-
cusing on the nanoconfinement effects by comparison with
results on microparticles at various pH values. For this
purpose, we carried out an extensive study on the polyamine−
phosphate interactions by functionalization of single nano-
channels with PAH and by studying the transmembrane
current behavior as a function of the bulk concentration of
phosphates. The sensitivity of the iontronic response of
asymmetric SSN to changes in the surface charge allowed
the interpretation of the experimental results in terms of a
binding model. Particularly, the rectification factor of the
asymmetric iontronic response correlates with the surface
charge density,67 which allows one to obtain physicochemical
information on the surface binding phenomena. Our results
give arguments in favor of the hypothesis of a specific

interaction between amine groups and phosphates beyond a
simple electrostatic interaction, as binding takes place even in
electrostatically hindered conditions, i.e., when the net surface
charge is the same of that of the binding species. Additionally,
control experiments employing other divalent anions allowed
us to verify the specificity of the phosphate binding within
nanochannels. The nanoconfinement effects are responsible for
a one order of magnitude increase in the effective binding
constant of divalent anions to the surface amine groups in the
nanopore walls. Finally, based on the high affinity of phosphate
species toward amine-functionalized surfaces, we studied the
binding behavior of polyphosphate species. In this sense, the
iontronic response of PAH-functionalized single nanochannels
is also shown to be sensitive toward ATP in the micromolar
concentration range.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Poly(allylamine) hydrochloride (PAH,MW
∼ 17 kDa), KCl, and HEPES were purchased from Sigma-
Aldrich; NaOH and HCl were from Anedra; oxalic acid and
KH2PO4 were from Carlo Erba; and K2SO4 was from Merck.
ATP was purchased from Calzyme, and the surfactant Dowfax
2A1 was from Dow Chemical. All chemicals were used as
received without further purification. Milli-Q water (18.2 mΩ
cm, Millipore) was employed.

2.2. Chemical Etching. Bullet-like nanochannels were
formed by ion-track-etching26 of 12 μm thick polyethylene
terephthalate (PET) membranes (Hostaphan RN 12,
Hoechst). The ion tracks were produced by irradiating PET
membranes with single ions at the linear accelerator UNILAC
(GSI, Helmholtz Centre for Heavy Ion Research, Darmstadt,
Germany) using Au ions of 2 GeV kinetic energy. The
irradiated membranes were asymmetrically etched with a
surfactant-assisted chemical procedure for 6 min at 60 °C.27

One membrane face (base side) was exposed to 6 M NaOH,
whereas the other side (tip side) was exposed to 6 M NaOH
with 0.05% v/v Dowfax 2A1 added as surfactant. After etching,
the membranes were thoroughly rinsed and kept in Milli-Q
water overnight. Under this etching condition, channels with a
base diameter of 500 nm and a tip diameter around ∼30 nm
are formed (Figure S1).22,43,44

2.3. Polyamine Functionalization. Etched membranes
were soaked in 1 mg mL−1 PAH, 50 mM KCl, pH 7 solution
for 4 h to ensure the complete electrostatically driven
adsorption. Then, membranes were washed with Milli-Q water.

2.4. I−V Measurements. Conductimetric measurements
were carried out with a potentiostat (Gamry Reference 600)
using a four-electrode setup: working electrode (Pt), reference
1 (Ag/AgCl), reference 2 (Ag/AgCl), and counter electrode
(Pt). The working electrode was placed facing the tip side. To
obtain the conductometric I−V curves, cyclic voltammetry was
performed between −1 and +1 V at a rate of 100 mV s−1. All
solutions were prepared in 1 mM HEPES 0.1 M KCl as
supporting electrolyte.

2.5. Rectification Factors. The degree of asymmetry of
the I−V curves (diodelike behavior) was accounted by the
rectification factor ( f rec), defined as follows43

f
I
I

I I

f

( 1 V)
( 1 V)

if ( 1 V) ( 1 V)

(negative values)

rec

rec

= − | + |
| − |

| + | > | − |

(1)

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b07977
J. Phys. Chem. C 2019, 123, 28997−29007

28998

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07977/suppl_file/jp9b07977_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b07977


f
I
I

I I

f

( 1 V)
( 1 V)

if ( 1 V) ( 1 V)

(positive values)

rec

rec

= | − |
| + |

| + | ≤ | − |

(2)

where currents correspond to the extreme potential values and
the current in the numerator is chosen as that of the high
conductance branch, so that |f rec| ≥ 1. Furthermore, using this
definition, positive values are obtained when the current
branch for negative potentials is higher than that for positive
potentials; which means positive surface charge density in the
nanochannel walls. Inversely, negative f rec values would
indicate negative surface charges.68

3. RESULTS AND DISCUSSION
3.1. Effect of Phosphate Anions. The effect of phosphate

anions (Pi) on the transport characteristics of the PAH-
modified nanochannels was studied by recording current−
voltage characteristics (I−V curves) for increasing Pi
concentrations (Figure 1).
Figure 1 shows the I−V curves for a characteristic diode-like

nanochannel before and after the functionalization by PAH
adsorption. After etching, the nanochannel shows a cation-
driven rectification due to the negative surface charge caused
by deprotonation of the −COOH residues on the surface of
the etched PET and the disruption of symmetry of the electric
potential generated due to the bullet-shaped geometry of the
pore mouth.13,69,70 After PAH adsorption, the iontronic

response gets inverted: the diode-like behavior now is ascribed
to the positive surface charge, causing the anion-driven
rectified transmembrane current.68 Control experiments on
nonfunctionalized track-etched nanochannels indicate that this
effect is because of the presence of PAH on the nanochannels
wall (Figure S2).68

In the presence of phosphate anions, this iontronic response
changes again, even when recorded at the same pH. Figure 2A
shows the I−V curves in the presence of different phosphate
concentrations in 0.1 M KCl at pH = 7. The corresponding I−
V curves at pH = 5 and pH = 9 are presented in the Supporting
Information (Figure S3).
Changes in the ionic current when adding 5 mM phosphate

to the electrolyte solution can be assigned to a lowering of the
nanochannel positive surface charge by anion binding.43,63 By
adding more phosphate to the solution, the current keeps
decreasing; and at about 20 mM Pi, a symmetric nearly linear
I−V curve is obtained. This ohmic behavior indicates that the
surface charge density is practically null. Upon adding more
phosphate to the electrolyte solution, a new asymmetric
response is obtained, indicating now the preponderance of
negative charges on the nanochannel walls. Thus, the ionic
transport turns into cation-selective. In this new iontronic
regime, the asymmetry becomes slightly more pronounced as
the phosphate concentration increases.
The phosphate-induced changes in the iontronic behavior

can be better analyzed in terms of the rectification factor ( f rec)
as a function of the phosphate concentration (Figures 2B and

Figure 1. Scheme of the functionalization steps for a bullet-like single nanochannel and the binding and acid−base equilibriums considered in the
model (right). Typical I−V curves before (blue) and after (green) the functionalization with PAH (left).

Figure 2. (A) I−V curves of the modified single nanochannel for different concentrations of phosphate. All measurements were carried out in 0.1 M
KCl at pH 7. (B) Experimental dependence of the relative rectification factor on the concentrations of phosphate at different pH values: 5, 7, and 9.
(C) Semilog plot showing the experimental relative rectification factors (circles) and the fittings (dashed lines) to the binding model.
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S3C). Initially, f rec is positive due to the positive surface charge,
then it decreases owing to the decrease in the positive surface
charge by phosphate adsorption, and finally it becomes
negative due to the surface charge reversion, reaching an
asymptotic value for high phosphate concentrations. In Figure
2B, these results are presented as relative values f rec/f rec

0 (where
f rec
0 corresponds to the solution without phosphate added in
each case), to eliminate differences coming from small
diameter changes when comparing different nanochannels, as
previously reported for PAH-functionalized single nano-
channels.44Absolute values recorded at different pH values
are presented in Figure S3.
The results obtained when measuring the phosphate

influence at other pH values are similar (Figure 2B). In the
case of pH 5, however, the asymptotic limit for high phosphate
concentrations lays in the isoelectric region (near null surface
charge), indicating that no charge reversion is achieved in this
more acidic pH condition.
On the other hand, at pH 9 the rectification factors for high

phosphate concentrations are even more negative than those
obtained at pH 7, which clearly indicates that more negative
surface charge values are attained (Figure S3). It is important
to note that the surface charge density slightly decreases even
in the negative regime, indicating that the association of
phosphate anions takes place even when it is electrostatically
hindered.
Thus, surface charge neutralization seems not to be the only

driving force for phosphate binding. On the other hand, the
limit obtained for high phosphate concentrations depends on
the solution pH, which indicates that the acid−base
dissociation equilibrium of surface groups, both amino and
bound phosphate anions, should be considered.
Considering the binding of anionic species to charged amine

surface groups and the acid−base dissociation equilibriums, we
developed a binding model to account for the dependence of
the rectification factor on the concentration of binding species.
According to this model, the rectification factors present the
following general dependence on the anion bulk concentration
[An] as

f f
C
B

1 An
1 Anrec rec

0= − [ ]
+ [ ]

i
k
jjjj

y
{
zzzz (3)

where B and C are constants related to the binding and acid−
base equilibrium constants as explained in the Appendix and
f rec
0 is the rectification factor in the absence of binding anions.
In the case of phosphate anions, in the pH range from 4 to 9,
the relevant species are the monovalent and divalent ones. In
this case, [An] corresponds to the total phosphate concen-
tration, [Pi]. From eq 3, it is possible to define the anion
concentration for inducing zero net surface charge as [An]0 =

C−1 (eq A.17) and the charge reversion degree, R(%), as R(%)
= 100(C/B) (see eq A.18).
Figure 2C also presents the predicted values (dashed lines)

from the fitting of the experimental points to the model
equation in the case of the phosphate binding at several pH
values. The good agreement of the fittings with the
experimental data suggests that the binding model is adequate
for the quantitative description of the rectification behavior.
The binding model parameters determined by nonlinear fitting
for the simple phosphate anions are presented in Table 1.
A similar analysis has been previously performed for the

binding of phosphate species to PAH-functionalized silica
microparticles by means of zeta potential determination. In
that case, differences in the pH dependence of the effective
binding constants were interpreted in terms of the binding of
monovalent and divalent phosphate anions. The divalent anion
was shown to bind with a constant 5 times higher than that for
the monovalent anion. This differential binding leads to a shift
in the monovalent-divalent equilibrium of surface-bound
phosphates to the formation of divalent species.
In the present case, however, the comparison between the

binding equilibrium in nanochannels and in microparticles
reveals the effect of nanoconfinement on the interplay between
phosphate binding and acid−base equilibriums. First, the
effective phosphate binding constants are higher in the case of
the nanochannels (Figure 3). Nanoconfinement essentially
leads to the depletion of co-ions and the enrichment of
counterions inside the nanochannels as compared with bulk
concentrations.20

Although the binding affinity in nanochannels is higher in
the whole pH range, the increment of the binding constant is
markedly higher at pH 5 (Figure 3). At this pH, the surface
charge density of the nanochannel wall remains positive even
for high phosphate concentrations. This fact triggers the
accumulation of anions in the nanoconfined environment due
to the attractive electrostatic interactions between anions and
positively charged surface. Thus, the effective concentration of
phosphate anions inside the nanochannels is expected to be
higher than the bulk concentration due to preconcentration
effects. As the surface charge remains positive, this situation
holds for the whole phosphate concentration range at pH 5,
yielding a great increment of the apparent binding constant (in
terms of the bulk concentrations).
In the case of pH 7 and 9, the contribution of the

nanoconfinement effect is less straightforward. Although the
previously described effects appear at low Pi concentrations
(positive surface charge of the nanochannel), the opposite
effect is expected for high Pi concentrations, as the negative
surface charge of the nanopore tends to reduce the phosphate
concentration within the nanochannel. Thus, the effective
binding constants would reflect the compromise between these

Table 1. Results of the Fitting of the Anion Concentration Dependence of the Rectification Factor to the Binding Model
Equation at Different pH Valuesa

pH anion C/mM−1 KB/mM−1 [An]0 /mM R (%) KB,MP/mM−1b

5 phosphate 0.006 ± 0.001 0.21 ± 0.01 167 4% 0.025
7 phosphate 0.058 ± 0.003 0.105 ± 0.009 17 57% 0.082
9 phosphate 0.111 ± 0.003 0.11 ± 0.02 9 77% 0.050
7 sulfate −0.011 ± 0.001 0.11 ± 0.01 0.013
7 oxalate −0.002 ± 0.002 0.12 ± 0.01 0.015
7 ATP 10 ± 1 4.8 ± 0.8 0.1 209%

aStandard errors of the fittings are also included. bThese values correspond to the fitting of data from PAH-functionalized silica microparticles.63
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opposite tendencies. Results in Figure 3A show that the higher
nanoconfinement effect in the positive surface charge regime

seems to dominate the binding behavior, yielding higher
apparent binding constants in the case of nanochannels.
Confinement effects have been already shown to favor the

uncharged states at the surface of nanochannels.49 As an
example, in the case of acid−base equilibrium, a shift in the
chemical potential compared to the bulk value is observed,
which reduces the proportion of charged species to minimize
the electrostatic repulsion. Thus, reducing the nanochannel
diameter leads to an increase in the acid dissociation pKa

49

(charged species as a product of the chemical equilibrium),
whereas it decreases the pKa of base protonation (charged
species as reagent of the chemical equilibrium).50 We
hypothesize that a similar effect is also occurring for the
phosphate binding equilibrium within the nanochannels.
Compared to the case of microparticles, phosphate bulk
concentrations required to null the nanochannels surface
charge is lower, independently of the pH of the solution
(Figure 3B), meaning that the uncharged species are stabilized
within the nanochannels compared to the surface of the
microparticles.
It is interesting to note that our comparison of the binding

equilibrium to study confinement effects does not take into
account the effects stemming from the surface-confinement as
both systems (microparticles and nanochannels) present the
binding equilibrium to surface-confined amino groups. There-
fore, differences observed in Figure 3 can be interpreted as
coming from the confinement of the chemical equilibrium to
the reduced environment of the nanochannels volume and the
curvature of the surface (particularly, in the tip re-
gion).49,50,71,72

Direct comparison with bulk binding parameters is not
straightforward in the present case, as the bulk behavior of the
PAH-phosphate binding equilibrium presents additional

Figure 3. (A) Phosphate binding constant and (B) Pi concentration
of zero net surface charge obtained from the study of modified
nanochannels at different pH. Previously reported results for the
binding to PAH-functionalized SiO2 microparticles are added for
comparison.63

Figure 4. I−V curves in the absence (red) and presence of high concentration of divalent anions (blue): (A) sulfate and (B) oxalate. Relative
rectification factor for increasing sulfate (C) and oxalate (D) concentrations in log scale. Dashed lines correspond to the fittings to experimental
data with the binding model. (E) Relative rectification factor for increasing divalent anion concentrations. (F) Comparison between binding
constant obtained in PAH-functionalized track-etched nanochannels (blue) and PAH-functionalized microparticles (black) for the different anions.
All measurements were carried out in 0.1 M KCl pH 7.
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complexities coming from the formation of aggregates.51,52,54,73

However, a relatively simple binding model has been recently
developed to account for the phosphate concentration and pH
effects in bulk.51

3.2. Specificity of Phosphate Binding. The selectivity of
phosphate binding to amines was investigated by analyzing the
dependence of the rectification factors on the concentration of
other divalent anions at a constant pH value of 7. Sulfate and
oxalate were employed for these assays as they are completely
ionized (net charge: −2) in the pH range from 5 to 9. The
experimental I−V curves and the behavior of the relative
rectification factors on the anion concentrations are shown in
Figure 4. In Figure 4E, the values for phosphate were also
added for comparison. Results in Figure 4A−D indicate that, as
in the case of phosphate, certain binding of the divalent anions
exists, leading to a decrease in the surface charge of the
nanochannels that appears as changes in the I−V curves and as
a continuous diminution of the rectification factor. However,
the limit behavior is quite different as there is no reversion of
the surface charge in the case of sulfate and oxalate. However,
they both present the same behavior. Thus, the results for
sulfate and oxalate anions can be ascribed to their divalent
valence, revealing that some specific effects are present in the
case of phosphate, which can be ascribed as chemical effects as
they depend on the chemical nature of the anion. The
quantitative analysis of data for sulfate and oxalate in terms of
the binding model yielded the parameters reported in Table 1.
The good agreement of the fittings with the experimental
results (dashed line in Figure 4B and D) reinforces the
suitability of the binding model for describing the anion
influence on the iontronic response of the amine-function-
alized nanochannels.
Comparison with results on microparticles63 again shows the

confinement effects. The apparent binding constants for sulfate
and oxalate are 1 order of magnitude higher in the case of
nanochannels (Figure 4F). Having practically the same
quantitative binding behavior, the results for sulfate and
oxalate can be ascribed to the electrostatic interactions of
divalent anions with the protonated surface amine groups. As
no charge reversion is attained with sulfate and oxalate, the
increment in the apparent binding constant can be rationalized
in terms of the enhancement of the anion concentration within
the positively charged nanochannels as explained above. In the
case of phosphate, the charge reversion makes the analysis of
the confinement effect on the binding constant more complex.
Furthermore, the appearance of charge reversion only for the
phosphate anion supports the idea that the chemical identity of

binding anions becomes important when studying amine-
functionalized surfaces compared to purely electrostatic
phenomena.
As explained above, the confinement effects hinder the

appearance of net charge on the nanochannel walls. The
binding of phosphates continues even after the surface charge
is neutralized. This fact reinforces the idea of specific
interactions between this anion and the amino-functionalized
surface. Even more, the binding takes place against the
electrostatic interactions, evidencing the strength of these
specific interactions. Charge reversion phenomena are usual
when studying the adsorption of polyelectrolytes, proteins or
other multiply charged species, where entropic effects are
ascribed to be responsible for this apparently electrostatically
forbidden situation. However, in the case of simple phosphate
anions, this kind of entropic effect does not hold.
On the contrary, the specific interactions between phosphate

and amine moieties have been ascribed to the possibility of
hydrogen bonding.74 The relevance of hydrogen-bond
interactions has been recognized in the formation of
supramolecular assemblies between polyamines and phos-
phates,55 as a requisite for the stabilization of three-
dimensional aggregates.51,75

Previous results suggest the idea that the interaction
between amines and phosphates promotes both a higher
protonation degree of the amines and a higher dissociation
degree of the anions.63 Kooijman and co-workers have also
postulated the electrostatic/hydrogen bond switch model for the
interaction of specific amine-rich protein domains and
phosphate derivatives in biological membranes.74,76 The
present results indicate that a similar mechanism could operate
in the interaction between amine surface groups and phosphate
anions within the nanochannels, yielding high charge reversion
values.
.
3.3. ATP Binding. Being a biorelevant phosphate species,

the influence of the presence of adenosine triphosphate (ATP)
on the iontronic output of PAH-modified nanochannels was
also studied. Figure 5A shows the I−V iontronic response of a
PAH-modified single nanochannel after adding increasing
concentrations of ATP in 0.1 M KCl at pH 7. At neutral pH,
ATP is mainly in the tri- and tetravalent anion state. Again, the
nanochannel initially presents a cation-driven diode-like
behavior owing to the presence of positive surface charges.
The ionic current then decreases when adding ATP to the
electrolyte solution. This change is caused by the association of
the multivalent anion to the amine surface groups as in the case

Figure 5. (A) I−V curves of a PAH-modified single nanochannel at different concentrations of ATP. (B) Variation of relative rectification factor in
the presence of simple phosphate (blue), ATP (red), and TPP (green). (C) Relative rectification factor for increasing ATP concentration. The x-
log scale allows visualizing the good agreement between the experimental results and the binding model (dashed line). All measurements were
carried out in 0.1 M KCl pH 7.
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of phosphate. However, the changes appear in the
submicromolar range for ATP. Thus, as it happens in the
ATP-regulated K+ channels (KATP),

8 the ionic flux through the
nanochannel is highly sensitive to the presence of ATP,
producing a diminution in the ionic flux that yields an OFF
state for ATP concentrations of about 80 μM.10,11 In the case
of PAH-modified nanochannels, subsequent addition of higher
concentrations of ATP ([ATP] > 80 μM) led to the
appearance of a new non-Ohmic response, with a cation-
driven diode-like behavior, revealing surface charge reversion.
Thus, remarkably, the system can vary from anion selectivity to
nonselectivity or cation selectivity with an ATP concentration
of ∼0.08−0.1 mM.
Figure 5B and C shows the relative rectification factor for

various ATP concentrations. The dashed line corresponds to
the values predicted by the model evidencing again a good
correlation between experimental results and the binding
model. By analyzing the iontronic response as a function of the
ATP concentration in terms of the binding model, both the
binding constant and the concentration for null surface charge,
[ATP]0, were determined (Table 1).
The binding model is based on the assumption that the

change in the iontronic behavior is mainly determined by the
surface charge density (see the Appendix). However, in the
case of ATP, other effects such as hydrophobicity changes or
reduction of the effective nanopore diameter45 could operate.
In order to explore the relative importance of the

electrostatic effects, the iontronic behavior in the presence of
tripolyphosphate anion (TPP) was also studied. This anion
constitutes the inorganic part of ATP, so that effects induced
by the presence of the organic moiety (adenosine) could be
discarded. Results included in Figure 5B indicate the same
quantitative behavior for ATP and TPP, enhancing the
importance of the electrostatic effects and supporting the
application of the binding model also in the case of ATP.
As shown in Table 1, the iontronic response is much more

sensitive to ATP compared to simple phosphate anions, as it
could be expected from the higher negative charge. This idea
was tested by studying the effect of ATP concentration on the
zeta potential of PAH-modified silica microparticles (Support-
ing Information). As shown in Figure S4, the addition of ATP
leads to a decrease of the zeta potential and subsequent
reversion of the surface charge of the microparticles as in the
case of Pi. However, in the case of ATP, changes in the
rectification factor take place in a lower concentration range
and a higher reversion percentage is attained for high
concentrations.
In the case of the nanochannels, for ATP concentrations

around 80 μM, the ionic binding produces neutralization of
positive charges. When the ATP concentration exceeds 80 μM,
the charge reversion produced by ionic binding leads to a
prevalence of negative charges in the channel with the
concomitant effect on the I−V curve.
In a previous work with smaller nanochannels (tip diameter

≈ 6 nm) modified with polyethyleneimine (PEI), the presence
of ATP was reported to produce a decrease in the ionic
transmembrane current without evidence of surface charge
reversion even at 1 mM concentration.45 This apparent
contradiction with our results comes from some important
differences between both nanofluidic systems. First, PEI
contains amino groups of different nature that can modify
both the protonation behavior and the interaction with
phosphates. Moreover, in the present work, the tip diameter

is around ∼40 nm,22,44,77 and the steric hindrance by the ATP
molecules in the nanochannel tip could be negligible.
Figure 5B shows the changes in the relative rectification

factor with increasing ATP and Pi concentration. As described
above, the increment of both ATP and Pi produced a
diminution in the relative rectification factor owing to the
phosphate binding to the amine group. However, the iontronic
response is much more sensitive to ATP.
Taking into account the higher sensibility of this system

toward ATP, the sensing behavior at low ATP concentrations
was explored (Figure 6). The system exhibited not only a great

sensibility but also a good linear relation for low concen-
trations of ATP. These results are promising facing the design
of simple and very sensitive nanopore detection platforms
exploiting biomimetic interactions.

4. CONCLUSIONS
In summary, we have carried out an extensive study of the
amine-phosphate interactions within solid-state nanochannels
by measuring the changes in the iontronic transmembrane
current response on PAH-functionalized single pore channels
in the presence of different anions at different pH values. By a
simple ion binding scheme, it is possible to model the binding
of charged amines and phosphate anions to account for the
differences in the charge state of surface groups, detectable as
changes in the asymmetry of the diode-like iontronic
transmembrane response. The binding model is shown to
satisfactorily describe the iontronic response in terms of the
rectification factors for the studied systems.
Particularly in the case of phosphate, the binding takes place

even in electrostatically hindered conditions as revealed by the
iontronic results, which reinforces the idea of chemical
specificity of the amine−phosphate interaction. The origin of
this specificity is probably caused by the possibility of
hydrogen bonding formation.
Furthermore, the effects of nanoconfinement on this

equilibrium were analyzed by comparison with previous results
on the phosphate−amine binding equilibrium on PAH-
modified SiO2 microparticles. Owing to the confinement to
the small environment of the nanochannel interior, the binding
constants are 1 order of magnitude higher for the binding of
divalent anions to the positively charged nanochannels. Charge

Figure 6. Change of the relative rectification factor at low ATP
concentrations and scheme of the sensing mechanism. The system
shows excellent linearity for biorelevant concentrations of ATP.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b07977
J. Phys. Chem. C 2019, 123, 28997−29007

29003

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07977/suppl_file/jp9b07977_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07977/suppl_file/jp9b07977_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07977/suppl_file/jp9b07977_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b07977


reversion takes place even at lower phosphate concentrations.
In contrast, polyphosphates showed a more pronounced
binding behavior toward amine moieties, which allowed the
detection and quantification of ATP in the micromolar range.
The present results and analysis open the door to study

other relevant chemical equilibrium situations within nano-
channels. We expect that they will stimulate the use of
nanofluidic devices as source of physicochemical answers to
questions arising from nanoconfinement phenomena.

■ APPENDIX

Binding Model for the Iontronic Response
For a quantitative analysis of the iontronic responses as a
function of the anion concentration, we developed a simple
binding model as follows.63

As the pH range considered is 5−9, the only relevant
phosphate species will be the mono and divalent anions,
according to this equilibrium

KH PO HPO H p 7.22 4 4
2

a2↔ + =− − +

In the case of sulfate and oxalate, the measurements were
performed at pH 7, so just the divalent forms of these anions
were considered. Moreover, the interaction between chloride
and amine groups was neglected as it is well-known to be
weak.43,78

Additionally, we also take into account the presence of
negative surface charges in the unmodified PET track-etched
nanochannels.68

Thus, the following equilibriums are considered,

K

K

K

(R NH ) H PO (R NH PO )

(R NH ) HPO (R NH PO )

(R NH ) (R NH ) H

3 2 4 5 4 11

3 4
2

4 4 12

3 2 a

− + ↔ −

− + ↔ −

− ↔ − +

+ −

+ − −

+ +

where brackets are employed for surface-confined species.
The binding of charged species to the nanochannel wall

induces changes in the surface charge density (σ). This charge
density is proportional to the surface concentration of the
different charged groups:

(R NH ) (R NH PO ) ( COO )3 4 4σ ∝ [ − ] − [ − ] − [ − ]+ − −

(A.1)

where −COO− means the carboxylate groups from the etched
PET. By defining the dissociation degree of the bound
phosphate species as

(R NH PO )
(R NH PO ) (R NH PO )

4 4

4 4 5 4
α =

[ − ]
[ − ] + [ − ]−

−

−
(A.2)

Related to the dissociation equilibrium of surface confided
phosphate species

K K
K
K

(R NH PO ) (R NH PO ) H5 4 4 4 a2,app a2
12

11
− ↔ − + =− +

Using this expression, eq A.1 can be rewritten as

K(R NH ) 1 Pi ( COO )3 Bσ α∝ [ − ]{ − [ ]} − [ − ]+
−

−
(A.3)

where [Pi] means the total phosphate bulk concentration (or
analytical concentration), which in this pH range can be
written as Pi H PO HPO2 4 4

2[ ] = [ ] + [ ]− − , and KB means the
global phosphate binding constant,

K K KB 1 11 2 12α α= + (A.4)

where α1 and α2 mean the distribution functions for the
monovalent and divalent phosphate species in solution,
respectively.
On the other hand, by considering the total concentration of

amine surface groups,

(R NH ) (R NH ) (R NH PO )

(R NH PO )

NH 2 3 4 4

5 4

2
Γ = [ − ] + [ − ] + [ − ]

+ [ − ]

+ −

(A.5)

which can be rewritten as

K(R NH ) 1
(R NH )
(R NH )

PiNH 3
2

3
B2

Γ = [ − ] +
[ − ]
[ − ]

+ [ ]+
+

l
moo
noo

|
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(A.6)

Using this last expression, eq A.3 becomes

K

K

1 Pi

1 Pi
(R COO )NH B

(R NH )
(R NH ) B

2

2

3{ }σ
α

∝
Γ { − [ ]}

+ + [ ]
− [ − ]−

[ − ]
[ − ]

−
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In the absence of anion binding,

1
(R COO )0

NH

(R NH )
(R NH )

2

2

3{ }σ ∝
Γ

+
− [ − ]

[ − ]
[ − ]

−

+ (A.8)

whereas for phosphate binding saturation,

(R COO )NH2
σ α∝ −Γ − [ − ]∞ −

−
(A.9)

Using these last expressions, it is possible to find the following
relation between the surface charge density and the anion
concentration

K
K

Pi
1 Pi

0

0

B

B

σ σ
σ σ

θ
θ

−
−

=
[ ]

+ [ ]∞

+

+ (A.10)

where

(R NH )
(R NH ) (R NH )

3

3 2
θ =

[ − ]
[ − ] + [ − ]+

+

+
(A.11)

Rearranging eq. A.10, it results into

C
B

1 Pi
1 Pi0

σ
σ

= − [ ]
+ [ ] (A.12)

where B and C are constants for a given pH value.
Changes in the surface charge density can be correlated to

changes in the rectification factors. Particularly, it has been
proved that, for low surface charge, there is a linear relationship
between σ and f rec,

68 which allows writing

f

f
C
B

1 Pi
1 Pi

rec

rec
0 = − [ ]

+ [ ] (A.13)

with f rec
0 being the value in the absence of binding anions and

C
f

f
Krec

rec
0 Bθ= −
∞

+

i

k
jjjjjj

y

{
zzzzzz

(A.14)

B KBθ= + (A.15)
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where f rec
∞ is the rectification factor for high binding anion

concentrations. From constant B and the reported values for
θ+,

68 the binding constants were obtained by nonlinear fitting.
In the case of divalent anions, such as sulfate and oxalate,

whose pKa2 values are low enough to neglect the contribution
of monovalent species, eq A.13 is also valid. Then, the general
expression can be written as

f

f
C
B

1 An
1 An

rec

rec
0 = − [ ]

+ [ ] (A.16)

where [An] corresponds to the analytical concentration of the
anion. From eq A.16, it is possible to define the anion
concentration for inducing zero net surface charge,

C
An

1
0[ ] =

(A.17)

and the charge reversion degree, R(%), as

R
f

f
C
B

(%) 100 100rec

rec
0= − =
∞

(A.18)

It is important to clarify that, within the model, changes in the
rectification factor owing to variations in the ionic strength or
diminution of the effective diameter were not taken into
account. However, as demonstrated by experimental results in
Figures 5 and S1, these effects are negligible compared to the
changes triggered for the ionic pair formation.
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(78) Casasuś, R.; Climent, E.; Marcos, M. D.; Martínez-Mañ́ez, R.;
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