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Abstract— Thermo-responsive ion channel modified by polydiacetylene (PDA)-zinc oxide(ZnO) has been demonstrated. 
Commercial polycarbonate track etched (PCTE) membrane (diameter: 50 nm) was used for control membrane and zinc 
oxide was deposited on the membrane surface by using atomic layer deposition method to assemble the PDA vesicles. The 
temperature responsive behavior of fabricated ion channel was observed by ionic current change in electrochemical method. 
Bothe pristine PCTE and ZnO-coated PCTE ion channel showed linear current increase according to the rising temperature, 
while PCTE modified with ZnO-PD A presented certain break point which indicates the interfacial interaction within the 
PDA assemblies at appropriate temperature. Specially, reversible ion channel gating was found between 30 and70 °C. 
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I. INTRODUCTION 
 
Ion channel, which is responsive by broad external 
stimuli such as temperature, pressure, light, and pH 
has been widely investigated [1-9]. Such kind of 
artificial ion channel is currently adjusted for many 
applications including DNA sequencing, sensors, 
drug delivery, and microfluidic system [10-14]. In 
order to complete the function of ion channel, it is 
essential to construct the nanopores modified with 
receptor or reactive smart materials. Particularly, 
thermo-responsive ion channel has been generally 
focused on the self-assembled monolayers and 
polymer brushes on the template-nanopore channels 
to operate ion transport.  
The most common materials reported is poly(N-
isopropylacrlyamide)(PNIPAM), which brings 
molecular conformation according to the temperature 
variation. Many research group have been 
demonstrated the ionic gating behavior of PNIPAM 
nanopores. Azzaroni and coworkers reported 
modified PNIPAM nanopores exhibiting thermally 
driven molecular gates inthe range of 23–40 °C 
[3].Jiang’s group demonstrated that a thermo-
responsive nanopore ionic rectifier, which is 
actuatedby the conformational transition of the 
PNIPAM brushes, can beswitched between the 
rectifying state below 34 °C and nonrectifying state 
above 38 °C[15]. Recently, Nasir et al. presented 
temperature-dependent ion transport across an arrayof 
amine-terminated PNIPAMbrushes [16]. 
Conventionally, PNIPAM ion channel shows 
ionicgating behavior, which is triggered by the phase 
transition with molecular conformation consisting of 
a closed state (swollen hydrophilic state) andan open 
state (collapsed hydrophobic state).  
Another successful research has been very recently 
reportedthata patchable and flexible heat-
sensingartificial ionic gate nanochannel, which can 

operate in the range of the human body temperature 
[17].Such ion channel was fabricated by using wax-
elastic copolymer, coated onto a commercial 
nanopore membrane by a controlled-vacuum 
filtrationmethod.It was demonstrated that the robust 
and flexiblenanochannel heat sensor, which is 
combined with an agarose gel electrolyte, sustained 
reversiblethermo-responsive ionic gating based on the 
volumetric work of the wax-composite layers in a 
selectivetemperature range. The mechanism of this 
ionic gating is the expansion and contraction 
properties of wax, which is melted near at its melting 
temperature. 
Here, we used polydiacetylene (PDA) for the critical 
element of modified thermo-responsive ion channel. 
It is well known that PDA has alternating double- and 
triple-bond groups in the main polymer chain. It 
canbe prepared from self-assembled crystalline or 
semi-crystallinestates of diacetylene monomers and 
produced by UV orirradiation of self-assembled 
diacetylenes [18]. After the formation of 
nanostructures of PDA, the molecular conformation 
is generated by heat about ~ 70 °Ccausing the 
brilliant blue-to-red color-transitionbehavior. 
However, this molecular transition process is 
irreversible. 
Here, we demonstrate a reversible thermally-gated 
ion channel using PDA layers attached on the ZnO 
surface. Using the molecular conformation of PDA 
by heat and molecular interaction on the ZnO surface, 
it presents a new reversible thermo-responsive ion 
channel that operated between 30 and 70 °C. 

 
II. EXPERIMENTAL  
 
2.1. Materials  
PCTE membranes were purchased from SPI-Pore™. 
The PCTEmembranes have an average diameter of 50 
nm and a thickness of 6 µm with a highly 
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monodisperse distribution of 6 ×108 pores per 
cm2.10,12-pentacosadiynoic acid (PCDA) 
waspurchased from Sigma-Aldrich (USA), and 
further purified by dissolving in chloroform and then 
filtered to remove polymerizedmonomers.ZnO was 
deposited on the PCTE surface by atomic layer 
deposition(ALD)(Ultratech, CambridgeNanoTech, 
Savannah S300) method. 
 
2.2. Characterization  
The pore surface of ion channels wasobserved using 
field emission scanning electron microscopy(Quanta 
250 FEG) and atomic force 
microscopy (AFM, Park Systems XE-100).Ion 
channel membranes were positioned between two 
glassreservoirs of 2 mL attached with rubber on both 
sidesand finally fixed with a steel holder. The initial 
concentration of the two reservoirs was set at 0.1 M 
KCl. Ag/AgClelectrodes were settled in each half-
reservoir to apply potentialand measured current. 
This ion transport cell was put in abeaker filled with 
water and positioned on the top of a thermosstirrer. 
The temperature of water was monitored by adigital 
thermometer. Ion currentwas measured using a 
potentiometer (Princeton AppliedResearch, 
VersaSTAT 3) during potentialdriven simultaneously. 
The applied potential to the membrane was varied 
from −0.7to +0.7 V and the temperature was 
measured with a commercial thermo-detector very 
close to the reservoir.  

 
III. RESULTS AND DISCUSSION 
 
3.1. PCTE-ZnO-PDA ion channel 
 

 
Fig.1.Schematic of the ZnO-PDA attached on PCTE ion 

channel membrane 
 

A schematic of the ZnO-PDAion channel is shownin 
Fig. 1. Briefly, a commercial 50 nm cylindrical PCTE 
nanoporemembrane is used for template and ZnO is 
deposited by ALD with 20 nm thickness. PDA/ZnO 
nanocomposites were prepared as followed.The 
diacetylene (DA) monomers (PCDA) were dissolved 
in chloroform and then filteredusing 0.45 lm pore size 
nylon membrane to remove polymerizedmaterials. 
Then, the ZnO-coated PCTE membrane was put into 
the purified DA monomers.The self-assemblingof DA 
monomers on ZnO surface was allowed to take place 

at 4 °Cfor 24 h.The concentration of DA monomers 
was 0.5 mM, while the ratio of ZnO/DAwas kept at 5 
wt.%.Topolymerize the assembled DAmonomers, it 
was initiated by irradiating with UV light(~254 nm, 
20 W). The polymerization time was 30s, indicating 
the membrane with blue color.  
 
3.2. Morphology of ion channel surface 

 

 
(a)                           (b)                                 (c) 

Fig.2.FESEM micrographs.(a) PCTE membrane, (b) PCTE 
coated with ZnO. (c) AFM image of PCTE-ZnO modified with 

PDA layers. 
 

A scanning electron microscope (SEM) image of 
pristinePCTE membrane is shown in Fig. 2(a), which 
clearly indicates apore size diameter of 50 nm. After 
deposition of ZnO on the PCTE surface, it was 
observed that the pore size was decreased to∼10 nm 
as shown in Fig. 2(b). The morphology of ZnO 
surface presents uniform coverage and some cracks at 
the near edge of pores. By atomic force measurement 
(AFM), in Fig. 2(c), the adsorption of PDA was 
confirmed, which is widely well spread out on the 
ZnO surface. Ionic interaction between –COO group 
of PDAs and Zn-OH2

+ groups is existed at the ZnO 
surface [19]. The cross section of final ion channel 
was hardly discriminated by SEM because self-
assembled layers are nanometer scale and some 
corruption. 
The current–voltage (I–V) curves of PCTE membrane 
is shown in Fig. 3(a). An aqueous 0.1 M KCl solution 
wasused for the electrolyte. The PCTE membranes 
presentsa linear I–V behaviorin the potentialrange 
from −0.7 to +0.7 V, indicating no electrochemical 
reaction on the surface of the pores.Also, the swelling 
effect is trivial during ion transport [17]. For the 
PCTE coated ZnO, it shows similar results as PCTE 
membrane. The current flow is decreased as factor of 
~4 because of smaller pore size, however, the linearly 
increment of current change is observed. Compared 
to these both samples, PCTE-ZnO-PDA ion channel 
shows interesting results. Above 60 °C, the current 
flow starts critically to rise and the difference of 
current flow is clearly found at 70 °C. Usually, the 
PDA-deposited ZnO surface is gradually transition of 
colors from blue to red around 70 °Cin aqueous 
environment [19]. In this study, from 60 °C, the 
current change is significantly increased, assuming 
that the molecular conformation of PDA at the certain 
temperature break point could be actively promoted. 
This effective temperaturerange inducing PDA 
molecular movement should be further investigated. 
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Fig.3.Temperature dependence of the ionic current vs. 

potential through ion channels.(a) Pristine PCTE membrane, 
(b) PCTE-ZnO, (c) PCTE-ZnO-PDA. 

 
In Fig. 4(a), the repeatable ion current change through 
PCTE-ZnO-PDA ion channel is shown at three 
different temperature, which is observedthe reliable 
temperature sensing capacity. In particular, as 
mentioned before in Fig. 3, large increment of current 
flow is shown at above 60 °C due to active molecular 
conformation of PDA. The reversible current change 
across the PCTE-ZnO-PDA ion channel is presented 
in Fig. 4(b). Input voltage behavior (±500 mV) is 
shown in bottom graph in Fig. 4(b). Between 35 and 
70 °C, the reversible current change is repeatedly 
revealed according to the input voltage. 
It has been well know that PDA with carboxylic head 
group generally exhibits an irreversible molecular 
conformation in the study of thermochromisn [19]. 

For utilizing PDA in various applications, however, a 
Traiphol’s group demonstrated PDA/ZnO 
nanocomposites provides the reversible 
thermochromismwith DA monomers modified 
systematicallywith alkyl chain lengthand/or head 
group [19]. They proved that the pure 
PDAassemblyshows an irreversiblethermochromism, 
whilethe thermochromic transition of ZnO-PDA 
nanocomposites is completely reversible. In this 
result, we expected the reversible molecular transition 
inducing the determination of closed/open pore in our 
ion channel. Consequently, the reversible and stable 
pore gating by temperature was achieved as shown in 
Fig. 4(b). 
 

 
(a) (b) 

Fig.4.The ion current measurement of PCTE-ZnO-PDA ion 
channel.(a) Repeatable current measurement at different 

temperature (35, 60, and 70 °C) with ±500 mV, (b) reversible 
ion current change between 35 and 70 °Cin the same time 

period of 500 sat ±500 mV. 
 

The PCTE-ZnO-PDA ion channel system 
exhibitsgating behavior, which is triggered by 
temperature. The illustration of the experimental cell 
is shown inFig. 5(a).Ion transport through channels 
can be studied bymeasuring ionic current. With this 
system, the mechanism of thermo-gated PCTE-ZnO-
PDA ion channel is presented in Fig. 5(b). By 
temperature variation, the PDA assembly on ZnO is 
reversibly actuated.  
Several groups have tried to enhancethe properties of 
PDAbased materials by complexing with metal oxide 
or metal nanoparticles. Specially, it was reported that 
the PDA-based material exhibited color transition at 
higher temperature compared to that of the pure PDA 
[19].Also, it was showedreversible thermochromism. 
Patlollaet al. also presented similar reversible-
thermochromic property of ZnO-PDA 
nanocomposites, while the nanocomposites withTiO2 
and ZrO2 nanoparticles indicated irreversible 
thermochromism [20]. This kind of reversible 
thermochromism phenomena is much related to the 
promoting back bone rigidity, which affects 
interfacialinteractions within the PDA assemblies, 
leading to the change in molecular-transition 
temperature [19]. 

 
(a) 
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(b) 

Fig.5.Schematics of PCTE-ZnO-PDA ion channel. (a) 
Schematic of experimental ion transport and measurement of 

ion current across the ion channel, (b) The mechanism of 
PCTE-ZnO-PDA thermo-responsive gating ion channel. 

 
More precise research about morphology and 
behavior of ion channel inside will be necessary, 
however, it is still hard to figure out by using 
microscope. Nonetheless, macroscopically, it can be 
observed the ion transport through the ion channel by 
using electrochemical method.  
 
CONCLUSIONS 
 
In conclusion, we have described PCTE-
ZnOdeposited with PDA assembly in order to gate 
ion channel by temperature. PCTE nanopores 
modified by ZnO-PDA by controlling thetemperature 
range of 35–70 °C. The PCTE-ZnO-PDAion channel 
operated with the mechanism of molecular transition 
of the PDA assembly. In addition, reversible 
closed/open nanopore exhibited because of the ionic 
interaction between PDA and ZnO. Such a thermos-
responsive ion channel can be applied as a heat-
sensor. This ion channel system will be also 
promising for drug delivery systemsand ion 
separation where a feasible circumstance is required. 
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