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pH-Temperature Cooperative Dual-Responsive Nanogating Device

Zhou, Di Meng, Zheyi Zhang, Minghui Zhai, Jin*
(School of Chemistry and Environment, Beihang University, Xueyuan Road, Haidian District, Beijing 100191)

Abstract Inspired by natural biological ion channels, artificial nanochannels that can respond to external stimuli have been
attracting much interests in recent years. However, design of the artificial nanochannel mimicking the organism functions and
sensitive to complex signals remains one large challenge for current technique. In this work, we experimentally demonstrate a
novel biomimetic nanogating device which displays advanced features of dual-stimuli cooperative respond. This feature
originates from the combination of fixed charge and the cooperative configuration change of the immobilized functionaliza-
tion molecule. The mentioned nanogating device is designed based on artificial polyethylene terephthalate (PET) membrane.
We utilize the well-developed ion track-etching technique to produce conical nanochannel, which is an important component
of the gating device. After soaking in water overnight, the asymmetrical nanochannel distributed between membrane surfaces
is modified with poly-L-lysine through two-steps chemical modification method. The immobilized amphoteric chains can
exert influence on the inner surface charges due to the pH-sensitive moieties. At low pH values, the amino groups are posi-
tively charged as a result of protonation. Changing the experimental pH from acidic to alkaline values, a significant decrease
in positive charges and the deprotonated carboxyl group with negative charges can be observed. The ion transportation prop-
erties of the nanochannels can be investigated by measuring the current-voltage (I-V) characteristics. This phenomenon al-
lows for switching the polarity of ion transport from anion-selective to cation-selective by controlling solution pH. The di-
ode-like behavior is quantified by measuring the current rectification ratios. A definite plus is the existence of different con-
figurations of the polymer chains. Poly-L-lysine adopts different conformation when the external pH and temperature change.
At pH lower than pKa of poly-L-lysine, the polymer chain mainly adopt random coil structure which is insensitive to the ex-
perimental temperature. Higher pH than pKa induces a-helix structure, which is subject to the temperature. When raising the
temperature, a-helix structure is observed to transform to f-sheet structure. Circular dichroism (CD) spectra and con-
tact-angle measurements are taken to support the conformational change of PLL chains. This configuration change exerts
influence on the effective nanochannel diameter, which leads to significant increase in the gating ratio. Thus, we have con-
structed the nanogating which is pH-temperature cooperative responsive. This system could potentially promote further re-
search on advanced complicated functionalization smart nanochannel systems.

Keywords nanogating; nanochannel; ion channel; current rectification; nanofluidic diode
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Figure 1 SEM image of conical nanochannel base in PET membrane.
The diameter of the channel base is ca. 500 nm

T A 22 AR 8 20 v A 30 1 X AR R T 48 K L TE
BT AL ZEZ0 VR, FLTE P BE 1) i 40 1 R T SR T iy A
BRI (-COOH), X NYPIKFLIE K DIRE 7> B AL 1 2
RO FLIE P EE RS S 13- E R 3E)-3-
BT W i 2R 12 £5.(1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide hydrochloride, EDC)1 N-#2 538 FARE W %
fif #? %4 & (V-Hydroxysulfosuccinimide sodium salt,
NHSS)#& M J&, 7T LAMEA PLL 4§ 1EfLIE N A E
MR A5 PLL 2 FbAT NPT, FLIE RSt
O EDC FINHSS HI7K IR A N, 32 B2 A8 s AL,
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Figure 2 I-V properties of the nanochannel in 0.1 mol/L KCl before and
after modification of PLL onto the inner wall of the nanochannel. The
chemical modification changes the channel surface, which leads to
change in the transmembrane ionic current
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Figure 3 X-ray photoelectron spectra of the PET membrane surface
before (a) and after (b) modification by PLL. The nitrogen element cor-
responds to the PLL residues. The absence of N(1s) peak in Figure 2(a)
and existence of N(1s) peak in Figure 2(b) demonstrate the successful
modification of PLL onto the PET nanochannel. Inset are contact angle
images for unmodified and PLL-modified PET membranes
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Figure 4 (a) Scheme of the nanochannel carboxyl groups coupled with
poly-L-lysine molecules. (b) The pH dissociation equilibrium leading to
the inner surface charge. (c) /-V properties of the modified nanochannel at
pH=3.5 (m),pH=6.5 (), and pH=11.5 (A)
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Figure 5 (a) lonic current gating ratio of the nanochannel at different
pH status. pH 11.5 (blue), 6.5 (green) and 3.5 (red). Three configurations
of poly-L-lysine: (b) random coil, (¢) a-helix and (d) S-sheet structure.

R THEIRE, BREEIEE
Table 1 Growth of rectification ratio when raising the temperature to 45
and 65 C respectively at pH of 11.5, 6.5 and 3.5

25 C 45 °C 65 C
pH=11.5 — +65.08% +75.96%
pH=6.5 — +8.39% +2.81%
pH=3.5 — +8.96% +6.58%

YK IETE [ 138 X R AR B 2 1 PLL 7EAN )
pH-MRJE AT T o TR RSG5 2. PLL 4> TR 852
pH R FE I SL RS2, 76 [H 1) pH AR 45 1F F PLL
T WAFEA BN BB SR . a- iR REE AN - B 4
P =R 5P, FER 8 pH /N T2 pK(~11)Pi,
PLL 43 3= %2 DU B AL 48 2% 1) 8 BUAEAE T 9K FLIE .
PLL P i B0 il B A RUR, R /RS pH 2%
fFF, PLL Mkt fase, ARk REERN TR
AR, GROK TR IR S 1 s PR R WA SZ I BE TR s e
M4 pH KT PLL 1 pK, i}, PLL FIBE IR i BUZ &
E—NEF, fF PLL #R a-2JEf 8. PLL 4T 1iX
ol 2R ot 3l FEE UK, T R B T DA o BB A R L AR
BT BITY, ST B AR A SO T K E A AL
2, MATT S 30 38 1) 25 - ia T e

PLL 4 PR A8 A0 mT DL i 5] — 5335 (CD) Wil
SKAUESE. B 6 /2 [F] pH 2644 T, PLL 444 BL Bt 45 U A
AR{LI CD itk K 6(a) H, pH o4 11.5 B, PLL HI15 —
t(CD)EE. EH T LA H, 25 CHE, 191 nm A7 7E—
NI B IR, TAE 207 A11220 nm &b, TECEP SR
FUG, X =ANESE - TER R oy TR R R T
FIZ 65 CI, CD Y6l &4 T BB M. 78 195 nm &b
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Figure 6 CD spectra of PLL at different pH: 11.5 (blue), 6.5 (green)
and 3.5 (red).
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Figure 7 Contact-angle images for PLL-modified PET membranes at
different pH (11.5, 6.5 and 3.5, respectively) when raising temperature
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Q leem L RFLEKE, LA PET MBS, 23
pm. U AT 5 FLIE S0 3 B R S A 45 L AL
4.2 BIEER (poly-L-lysine)#i& i

PLL(poly-L-lysine) ()& 4 A FH W3 25 44 22 A& 40 7 V.
PET # Jlii /£ N-Hydroxysulfosuccinimide sodium salt
(NHSS, 60 mgemL ')Al 1-ethyl-3-(3-dimethyl aminopro-
pyl) carbodiimide hydrochloride (EDC, 15 mgemL ™~ ")¥
I3 h, RBERE N 25 C. HBAKIEYL PET #5)S,
W I B VAR FE 4 mgemL ™' PLL [¥] PBS 2% 14 (pH
=8)F % 24 h. BHfiNE, K PET #EE T pH A
12.2 ¥ NaOH ¥ 26 15 min. BEATIRAHT, 16
PLL ) PET RS AR 2 KA, JF48 Ny T
43 ®ER-BEMNR

N B 3 ok K T RS T R RN AT PR oK
IE P T HE . ARSEEGH A Keithley 6487 B %
1T (Keithley Instrument, Cleveland, OH). % fL PET {# /i
I € 7E AN B AR R v E]. s2I6 bR AT P HLAR, R
0.1 mol/L KCI AR, i Ik A3 77 v, M
—2 32V, FHI40 s. HRIMEIHESR 5K, SREGA
[ F I T R~ SAME.
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4.4 REZ@EIECD)M

7 — fi(CD)Y# A JASCO J-190 [ —taif{ ik
AR, IR YRR 1 mm B4 JE. PLL IKEEN 6
umol/L, ¥¥N Milli Q EEA/K. HHiFKIEE N 190~
240 nm.

4.5 $EffA(Contact-angle)ilix

Befoh MR OCA20 (DataPhysics, 12 [E))% 2
PR A A . BRI 7E PET B B3 5 pL
AW . BRIECHT, PLLAE MR PET AL — € pH {H 2%
MR, HEORFF— A, 30 min J5 S BEEAT I
. PR A A i A R — b AR AS R A 28
VLIRS OLIEN
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