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ABSTRACT: Gas messenger molecule (NO) plays important roles in K* o9 o%e
nanochannels of guard cells by binding directly to the heme-containing enzymes. - 2 3
Inspired by this natural phenomenon, we developed artificial K* nanochannels & 2dny : LB 4o I
modified with ferroporphyrin, where NO triggered the nanochannels to turn “ON” IRt % %e% %S
states from the ferroporphyrin blocked “OFF” states. The mechanism relies on the o N “‘:“

fact that NO has higher affinity with ferroporphyrin compared to carboxyl groups on .:JJH,(:)i:: NO :‘:

the nanochannel surface. The synergistic effect of the released carboxyl groups and the \ e T W
conically asymmetric shape leads the ion transportation to be diode-like. However, the ey =0 §°0
nanofluidic diode properties vanished after illumination with light to remove NO from I I

the ferroporphyrin—NO complex. This NO and light cooperative nanofluidic diode S R— R
possesses excellent stability and reversibility, which shows great promise for use in gas ‘—rrf' ~ ﬁ’,.:: ﬁ’ t:

detection and remote control of mass delivery.
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1. INTRODUCTION

Nitric oxide (NO), a highly reactive free radical, exists in all
living cells.'™ In plants, NO can be produced from nitrate
reductase reduction of nitrite.* NO functions as a versatile
signal molecule in the physiology of plants, such as plant
development, programmed cell death, and so forth.”® It can
interfere with signal cascade and regulate diverse ion flux in
channels”™"" through the coordination to heme-containing
enzymes. For example, NO triggers stomatal closure of guard
cells to reduce transpiration of plants."'~"> Heme binds to
guanylate cyclase, inhibiting its catalytic activity (Figure 1a). As
NO is endogenously generated, NO coordinates to the heme
center, releasing the guanylate cyclase, another signal molecule
cyclic guanosine monophosphate (cGMP) was subsequently
generated. These signals regulate Ca**-sensitive K channels at
the plasma membrane to facilitate solute efflux, resulting in the
stomatal closure and inhibiting the transpiration of plants.'* In
this way, plants can enhance tolerance to drought, avoiding
droop in drought.

Inspired by the NO-regulated ion channels in nature,
building robust artificial ion channels activated by NO in
vitro is significantly important, avoiding the instability and
fragility of biological ion channels in an external environ-
ment.””~"” NO-regulated ion channels have great potential
applications, such as actuators and nanofluidic diodes. To date,
artificial ion channels that can respond to external stimuli, such
as pH,lg_21 light,n_25 tempe1‘ature,26_28 biomolecules,***°
specific ions,>"”* electric field,*>** and mechanical stress>
have been extensively reported. However, the artificial nano-
channels that respond to signal gases, especially NO, have been
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seldom reported, because the NO triggered systems are always
composed of multistep and synergistic procedures.”® However,
the complicated and delicate physiological processes in which
NO is involved play significant roles in the activities of life.
Therefore, the design and construction of biomimetic NO-
regulated nanochannels with applications in nonliving systems
is in high demand.

Ferroporphyrin is an essential moiety of many enzymes and
proteins.”” The highly reactive NO molecule attacks the ferrous
center of ferroporphyrin forming the nitrosyl adducts, and the
nitrosyl adducts can lose NO after exposure to visible light.”®
Herein, we designed an NO and light cooperative nanofluidic
diode by modifying ferroporphyrin onto conical nanochannels
in porous polyethylene terephthalate (PET) membrane. Like
the ion channels in nature, the key factor lies in establishing a
dynamic coordination system.'' As NO is highly reactive, it
preferentially coordinates to ferroporphyrin, altering the
interaction between ferroporphyrin and the carboxyl groups
attached on nanochannels (Figure 1b). In particular,
ferroporphyrin was modified onto the nanochannels. The
ferroporphyrin coordinated to the residual carboxyl groups,
making the nanochannels more hydrophobic (Figure S1 of the
Supporting Information, SI). The surface of nanochannels
become close-to-neutral state, and the ion transport was
inhibited. NO was used as a trigger to release the carboxyl
groups, due to its higher affinity with ferroporphyrin. The
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Figure 1. (a) NO-activated ion channels in guard cells. NO generated
in guard cells can promptly coordinate to heme of the guanylate
cyclase, releasing the inhibitory effect of the heme. Thus, the guanylate
cyclase can be activated, and hence regulate the Ca®'-sensitive K*
channels. (b) Artificial NO-activated ion channel. Ferroporphyrin
molecules were grafted onto the inner surface of the conical-shaped
nanochannels, leading to an OFF-state. NO binds to ferroporphyrin,
releasing the carboxyl acid on the nanochannel surface. The channel
surface becomes negatively charged, resulting in the ON-state. After
illumination with light, the carboxyl acid coordinated to ferroporphyrin
and the surface became neutral, and the gate turned to the OFF-state.

cooperation between the released carboxyl groups and
asymmetric shape enabled the nanochannels to rectify the ion
current. Interestingly, the nanofluidic sensing system is
reversible. The coordination reaction (Figure S2) we
introduced in this system can be regulated by light. After
light exposure, NO dissociated from the ferroporphyrin—NO
complex. Thus, ferroporphyrin coordinated to the carboxyl
groups again. The nanochannels recovered OFF-states. The
switching between ON- and OFF-states of the nanochannels
can repeat several cycles. Therefore, an NO and light
cooperative nanofluidic diode was realized with excellent
reversibility and stability, which shows great potential
applications in the fields of actuators and remote control of
mass delivery.

2. EXPERIMENTAL SECTION

2.1. Nanochannels Fabrication. The nanochannels were
prepared based on our previous work.>> In a typical experiment,
PET films (23 um thick) were irradiated with an Au-ion beam to form
multiple cylindrical pores (5 X 10° cm™ track density). Conical
nanochannels were obtained through ion-track etching technique.
Before etching, the membranes were irradiated under UV light (365
nm) for 2 h from both sides. Then, the ion track polymer membrane
was chemically etched at a stationary temperature (about S0 °C) with
etching solution (9 M NaOH) on one side, and stopping solution (1
mol L™! KCl and 1 mol L™ HCOOH) on the other side of membrane
to neutralize the etchant as soon as the pore opened (Figure S3). After
the etching process, the residual salts were removed by washing with
Milli-Q water (18.2 MQ) several times. The size of the large opening
was about 450 nm detected by scanning electron microscopy (Figure
S4).

2.2. Chemical Modification. The carboxyl (—COOH) groups
were generated on the channel surface during the ion track-etching
process. Amino ferroporphyrin was modified onto the inner surface of
the nanochannels through coupled reaction. First, the carboxyl groups
were activated into amine-reactive esters by means of carbodiimide
coupling chemistry. Then, these reactive esters were further combined
with amino groups of ferroporphyrin through the formation of
covalent bonds. For the activation of carboxyl groups, the PET film
was exposed to 1-ethyl-3-(3-dimethyla minopropyl) carbodiimide
hydrochloride (100 mmol L™!) in ethanol solution for 1 h. After
washing with deoxygenated water several times, the PET films were
transferred into a culture dish containing amino ferroporphyrin (10
mmol L™") for 4 h at room temperature. Since NO is highly reactive,
all the reaction equipment and solutions involved should be purged
with N, for 30 min before bubbling NO.

2.3. Preparation of Amino Ferroporphyrin. The amino
ferroporphyrin was obtained from precursor amino porphyrin, which
was synthesized by sequential nitration and reduction of tetraphe-
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Figure 2. XPS spectrum of PET films before (a) and after (b) ferroporphyrin modification.

DOI: 10.1021/acsami.7b14505
ACS Appl. Mater. Interfaces 2018, 10, 3241-3247


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14505/suppl_file/am7b14505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14505/suppl_file/am7b14505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14505/suppl_file/am7b14505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14505/suppl_file/am7b14505_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b14505

ACS Applied Materials & Interfaces

80 1 ?
(@) (b);4] (©
40- ]
12+ 74
0 2
- £104 g 61
< -40] & E
£ = 84 é 5
= S 4
5 -804 53 2
B = g 34
5-120- ——Unmodified g 44 8
160 ——Modified & 2]
-0 ——Bubbling NO 24 I 14
2004+ ' ' . , 0l | 0 -
2 1y, lto W 2 Unmodified Modified Bubbling NO Unmodified Modified
oltage

Figure 3. (a) Current—voltage (I-V) curves of the porous nanochannels in 0.1 M KCI electrolyte solution: before ferroporphyrin modification
(black line), after ferroporphyrin modification (wine line), and the modified nanochannels after bubbling NO (violet line). (b) The corresponding
rectification ratios of the unmodified (black column), modified (wine column) nanochannels and the modified nanochannels after bubbling NO
(violet column). (c) Gating ratios of the modified and unmodified nanochennals which were calculated by the ion current measured in the presence
and absence of NO at —2 V.
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Figure 4. (a) The transmembrane I—V curves with different NO ventilation time. (b) The rectification ratio variation under different NO ventilation
time.

nylporphyrin. The aminoporphyrin and FeCl, were refluxed in N,N- current at a given voltage —2 V versus 2 V. After modification
dimethylformamide (DMF) for 2 d under nitrogen atmosphere. with ferroporphyrin, the ion current declined dramatically to
Finally, amino ferroporphyrin was attained from column separation. —15.8 nA at —2 V and 232 nA at +2 V. The ion current

2.4. Current—Voltage Measurement. The ionic current through
unmodified and modified channels was measured by a Keithley 6487
picoammeter (Keithley Instruments, Cleveland, OH). A porous
conical PET nanochannel membrane was mounted between two

rectification vanished (Figure 3b, wine column). Significant
variation is attributed to the surface charge disappearance.
During the modification process, the steric hindrance between

chambers of the etching cell (Figure S5). Potassium chloride (Beijing ferroporphyrin molecules makes the coupled reaction incom-
Chemical Factory) aqueous solutions with different concentrations at plete, and excess carboxyl acid groups remain. The residual
pH 7 were chosen as electrolyte. The membrane was bubbled with carboxyl acid groups can coordinate to ferroporphyrin, which
NO in ethanol before current measurement. NO flow rate is 8 mL s™". transforms the negative surface to the close-to-neutral state,

The scanning voltage varied from —2 to +2 V; Ag/AgCl electrodes

preventing the ions transport. Interestingly, NO can be used to
were used to measure the resulting ion current.

open the nanochannels. After bubbling NO to the ferropor-
phyrin blocked nanochannels, the ion current increases sharply

3. RESULTS AND DISCUSSION to —126.9 nA at —2.0 V (Figure 3a, violet line), and the diode-
Ferroporphyrin was immobilized onto the inner surface of the like behavior appears again. However, the I-V curve of the
nanochannels by one step coupling reaction between amino unmodified nanochannels appears to experience no change in
ferroporphyrin and carboxyl acid. The modification was the presence of NO (Figure S6), which indicates that NO
certified by X-ray photoelectron spectroscopy (Figure 2). cannot change the surface charges of the unmodified ones.
Before modification, only C 1s and O 1s signals can be Besides, the rectification ratio reaches 14.52 after bubbling NO
detected. After modification, obvious peaks assigned to N 1s (Figure 3b, violet column). This is because NO can coordinate
and Fe 2p appeared, demonstrating the successful modification. to ferroporphyrin preferentially and release the carboxyl acid
The transmembrane ion current through nanochannels was groups. The surfaces of the nanochannels became negatively
mearured in 0.1 M KClI solution under a scanning electrical charged, and cations pass preferentially from the tip to the base
potential from —2 to +2 V. The I-V curves were recorded of the nanochannels due to the asymmetric conical shape
before and after modification with ferroporphyrin in the (Figure S7), while anions are rejected, which show their ionic
absence and presence of NO, respectively. As illustrated in transport preference in one direction. Thereby, the ion current
Figure 3a, the unmodified PET film shows a nonlinear curve: rectification recovered. Just like the ion channels in nature,
the ion current is ca. —188.0 nA at —2 V, ca. 62.5 nA at +2 V, these artificial ion nanochannels are activated though the
giving a rectification ratio of 3.0 (Figure 3b, black column). The coordination of NO and ferroporphyrin. The surface changes of
rectification ratio was calculated by the absolute values of ion the nanochannels can also be reflected by gating ratio, which
3243 DOI: 10.1021/acsami.7b 14505
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Figure 6. (a) Ion current transition of ion nanochannels at +2 and —2 V with NO bubbling and pulse laser illumination, showing excellent
reproducibility and stability. (b) Changes between the two states of rectification ratios.

was defined as Ioy/Iopr, (Where Iy and Iy are the currents
measured at —2 V after and before NO ventilation,
respectively). As shown in Figure 3c, the ion gating ratio of
the nanofluidic sensing system reaches up to 8, higher than that
of the unmodified nanochannels.

To investigate the response rate of this NO-sensing system,
we recorded the ion currents with different NO ventilation
time. As shown in Figure 4a, after bubbling NO into the
ferroporphyrin-blocked nanochannels for only 4s, obvious
nonlinear I-V curve can be observed. As NO was continuously
ventilated, the ion current (Figure 4a) and rectification ratio
(Figure 4b) increased correspondingly, which indicated that the
nanochannels turned on gradually. In the initial stage, only
parts of carboxyl acid groups were released by NO. The longer
NO ventilation time results in more released carboxyl acid
groups, which contributes to a dramatic current increase. The
nanochannels can be opened within 10 s. The current value and
rectification ratios are comparable to those of 60 s. The fast
responsive rate is necessary in living creatures so that they can
quickly respond to external stimuli.

Because NO exhibits a higher binding affinity to
ferroporphyrin, we examined the selectivity of this ferropor-
phyrin-modified nanochannels for NO in comparison with
other gases. As shown in Figure Sa, the system exhibits
excellent selectivity for NO. When the nanofluidic sensing
system was treated with CO,, O,, and N,, no obvious diode-like
behavior can be observed, and the corresponding gating ratios
were all approximately 1 (Figure Sb). However, the nanogating
turns on with the rectification of the I-V curve after treatment
with NO. The reason is that only the highly reactive NO can
coordinate to the ferroporphyrin effectively, releasing the
carboxyl acid groups. In our previous study, we found that
CO could also bind to ferroporphyrin. CO recovered the

3244

ferroporphyrin-blocked nanochannels.”” However, the bonding
strength between NO and ferroporphyrin is much bigger. The
equilibrium constant of NO binding to ferroporphyrin is 1500-
fold larger than that of CO.*™ Thus, NO can release far more
carboxyl acid groups than CO. Compared with our previous
work related to CO,* this NO-sensing system gives a higher
rectification ratio and gating ratio. This result is consistent with
many biologically important processes in creatures in which
NO operates, rather than CO. It is the high reactivity that
makes NO special. Therefore, this NO-activated nanofluidic
diode can be applied in the fields of NO detection.

Furthermore, this NO-sensing system can be regulated by
light. Nitrosyl adducts of metalloporphyrins are known to be
light sensitive, losing NO after exposure to visible light.”®
Before bubbling NO, the ferroporphyrin blocked nanochannels
were in an OFF-state with low current. After activation with
NO, the carboxyl acid groups were released. The nanochannels
turned to the ON-state. Followed with exposure the
ferroporphyrin-modified nanochannel to 532 nm pulse laser
in ferroporphyrin solution for 30 min, most of the NO was
released. Meanwhile, ferroporphyrin coordinate to carboxyl
acid groups, making the surface of the channel close-to-neutral.
Consequently, the channels returned to the OFF-state. Figure
6a shows the ON/OFF switch upon alternating addition and
removal of NO. After several cycles, no obvious ion current
damping was observed. Similar results for the rectification
switching are presented in Figure 6b. Both results show
excellent reversibility and stability of this system. This light
regulated NO-sensing system provides a new way for the
delivery of NO.

Ionic transport properties of the nanofluidic sensing system
have also been investigated by different concentrations of KCl
solution (Figure 7a and Table S1). As the concentration of KCI
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Figure 8. (a) Simulated I—V curves of the nanochannels before and after NO ventilation. (Before ventilation, the surface charge is considered to be
zero; after ventilation, the surface charge is defined as —1 X 107 C m™.) The simulated results are consistent with the experimental results based on
the Poisson and Nernst—Planck equations. (b) Potential distributions in the nanochannels when the applied external voltage is —2 and +2 V in the
presence and absence of NO. (c) Cation concentration distribution along the nanochannel at —2 V after NO ventilation. (d) Cation concentration

distribution along the nanochannel at +2 V after NO ventilation.

increases, the ion current increases dramatically. It should be
noted that the ion current rectification behavior is significantly
sensitive to the concentrations of electrolyte. As displayed in
Figure 7b, higher rectification ratios were achieved in lower
concentrations of electrolyte solution. For 0.05 M of KCl
solution, the ion rectification ratio is 15.3. However, the ion
current rectification behavior of the nanofluidic sensing system
dies down as the electrolyte concentration increase. When the
concentration of KCl electrolyte is 2M, the rectification ratio is
only 1.5. Extensive research has confirmed that the ion
rectification phenomenon relies on the electric double layer
and surface charge density of nanopores or nanochannels.*"**
Normally, the electric double layer can overlap the nano-
channels well in lower concentrations of electrolyte and the ion
transport across the nanochannels is controlled by the surface
charge, which contributes to evident ion rectification behavior.
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Nevertheless, the electric double layer is attenuated with the
increase of electrolyte concentration. Therefore, no obvious ion
rectification behavior could be observed in high concentration
KCl solutions.***

In order to quantitatively investigate the ion rectification
properties of this nanochannel system, a theoretical simulation
based on Poisson and Nernst—Plank (PNP) model was
established. The Nernst—Planck equation which describes the
transport behavior of charged nanochannels is as follows:

J,=-D(VCi+ ZC V@) + CV,;, i=+,~—

(i = + stands for cations, and i = — stands for anions) together
with the steady-state continuity equation and the Poisson
equation,

Vi=0, i=+ -~

DOI: 10.1021/acsami.7b14505
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Vo=t (c.-q)
eRT  ~

where J, D, Z, and C, is the flux of ions, diffusion coeflicient,
charge number, and ion concentration for each ionic species i.
@ denotes the local dimensionless electric potential, and V. is
electroosmotic velocity. The software COMSOL Multiphysics
was used to simulate the ion rectification process of the conical
nanochannel. The boundary conditions in this model are
shown below: the electrolyte solution concentration is ¢; = ¢y =
0.1 mol L™" in this work; the model is along the center axis of
nanochannel; the thickness of membrane in the simulated
models is set as 12 ym; and the diffusion coefficients of anion
and cation are set as 1.93 X 107 and 2.03 X 107> cm® s™".

Figure 8a displays the simulated I-V curves. Clearly, the
nanochannels rectify the ion current after the ventilation of
NO. The rectification ratio reaches 14.46, which is comparable
to the 14.52 achieved in our experiment. After light exposure,
the ion rectification disappeared. Figure 8b presents the electric
potential distribution inside the nanochannel before and after
bubbling NO at +2 and —2 V, respectively. Before bubbling
NO, the electric potential distribution is symmetrical at +2 V
and —2 V. After bubbling NO, the symmetrical electric
potential distribution was broken, due to the asymmetry charge
distribution, which contributes to a higher rectification ratio. At
—2 'V, cations are driven to the base side, and anions are driven
to the tip side. With the negative surface charge, cations were
attracted while anions were rejected at the tip region. The ion
current and ion conductance increase. At + 2 V, the situation is
quite opposite. Cations were driven to the tip region, and the
ion current and ion conductance decrease. Consequently, the
ion current is asymmetric, and this system rectifies the ion
current, which is consistent with our experimental result.

Figure 8c,d presents the theoretical ion concentration
distribution profiles along the central axis inside the nano-
channels at positive (+2 V) and negative (—2 V) bias. They
indicate that the concentration of cations is much higher than
that of anions at the tip side under both bias. After bubbling
with NO, the nanochannel surface became negatively charged.
According to the parameters and assumption of boundary
conditions set, the surface charge density is defined as —1.0 X
10™* C/m?”. As the tip zone has a radius comparable to the
electric double layer, it contributes to the higher conductance
and accumulation of opposite charged ions. Therefore, the
cations are much more abundant than anions at the tip side.
Besides, the applied voltage can also control the movement of
ions. Apparently, the cations assemble to a higher degree at —2
V than at +2 V. Therefore, the conical nanochannel and the
negatively charged nanochannel wall contribute to the
asymmetric distribution of ions near the surface. This
simulation well supported the NO induced ion current
rectification behavior in the nanochannels.

4. CONCLUSIONS

We have successfully designed an NO and light cooperative
nanofluidic diode inspired by the NO-activated ion channels in
guard cells. The nanofluidic devices were constructed by
functionalizing with ferroporphyrin via coupled reaction in
porous PET membrane. The nanochannels turn on when the
highly reactive NO binds to ferroporphyrin. After visible light
exposure, NO dissociates from the nitrosyl ferroporphyrin,
resulting in the OFF-state. Furthermore, the nanofluidic
sensing system exhibits characteristics of excellent reversibility
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and stability. The conclusive simulation results, which employ
the PNP model, are highly consistent with the experimental
results. These results help us better understand biological
responsive behaviors in nature. Furthermore, potential
application may be in gas detection and remote control of
mass delivery.
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