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Section 1: Experimental Part 

 

Chemicals 

 

KCl, NaOH, HCl and glucose were purchased from Anedra. Acetylcholine chloride (≥99%), 4-

(2-hydroxyethyl)-1piperazineethanesulfonic acid (≥99.5%) (HEPES), Acetylcholinesterase from 

Electrophorus electricus (electric eel) (Type V-S, lyophilized powder, ≥1,000 units/mg protein) 

(AchE), dopamine hydrochloride (DA), serotonin hydrochloride (SA), l-cysteine (≥97%) (L-

Cys), glucose (≥99.5%), l-ascorbic acid (≥99%) (AA) and branched polyethyleneimine (Mn= 

10,000) (PEI) were purchased from Sigma Aldrich. All aqueous solutions were prepared in Mlli-

Q ® water (18.2 MΩ.cm). 

 

PET solid-state nanochannel fabrication (PET SSN) 

 

Bullet-shaped nanochannels were prepared by the ion track-etching method.1 The process 

involves a first step where the PET foils (12 μm, Hostaphan RN 12 Hoechst) are irradiated with 

a single swift heavy ion (∼2.2 GeV Au) at the linear accelerator UNILAC placed at GSI 

Helmholtzzentrum für Schwerionenforschung (Darmstadt, Germany). Then, in the second step, 

the irradiated foils are exposed to an asymmetric surfactant-assisted etching, which comprises the 

exposition of the membranes to concentrated solutions of NaOH for 6 minutes at 60 °C.2 The 

asymmetry in the nanochannel shape is given by the different treatment at both openings of the 

channel: a solution 6 M NaOH was used to generate the larger opening (base side) whereas a 

small opening (tip side) was achieved by exposing the other side of the membrane to 6 M NaOH 

with the addition of 0.05% (w/w) Dowfax 2a1. After the etching procedure, the membranes were 

kept in Mlli-Q ® water overnight. 

 

Nanochannels characterization by Scanning Electron Microscopy (SEM) 

 

For the SEM characterization of the PET SSN, an irradiated PET foil (fluence of 108 ions/cm2) 

that had been subjected to an asymmetrical surfactant-assisted etching was positioned at 90º.2 For 

the cross-section images, a special freeze-fracture technique was used to render the polymer 

brittle; in a first step, the membrane is exposed to UV light (λmax~315 nm) for 48 hours to degrade 

the polymer and make the sample as brittle as glass. Then the sample is broken in liquid N2 which 

allows maintaining the original pore structure.3,4 By treating SEM images with the software Image 

J®,5 the base and tip diameters of PET nanochannels were estimated to be ~600 ± 28 nm and ~85 

± 7, respectively. Also, as shown in Figure S1, the channels exhibited a typical bullet profile in 

the tip region. 
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Figure S1. SEM micrographs of PET SSN: (a) Base side (D~600 ± 28 nm), (b) Cross-section where the 

bullet shape can be noted and (c) Tip side (d~85 ± 7 nm). 

 

Channel modification 

 

1) PEI immobilization (PET/PEI SSN) 

In order to confer positive charge to the nanochannel, the surface was modified with a layer of 

PEI by electrostatic self-assembly. To this end, the PET membrane containing a nanochannel 

whose surface bears negatively charged carboxylate groups at pH > 3.5, was incubated with a PEI 

aqueous solution (1 mg/ml) for 2 hours. Then, the modified membrane was rinsed several times 

with mQ® water. 

2) AChE immobilization 

An AchE stock solution (1 mg/ ml) was prepared by dissolving 2 mg of enzyme in 2 ml of KCl 

10 mM/ HEPES 0.1 mM and adjusting the pH of the solution to 7.4. Then, taking into account 

that the isoelectric point of the enzyme is 5.3,6 using a pH > pI = 5.3 ensures a majority of negative 

charges for the AchE. In order to induce the electrostatic anchoring of the enzyme, 100 µL of the 

enzyme solution was dropped onto the centre of the PET/PEI membrane (base side, 30 minutes). 

Next, the same volume was re-used to treat the other side of the membrane (tip side, 30 minutes). 

Finally, the membrane was rinsed with KCl 10 mM and immediately used for the subsequent 

experiments. 

 

Surface Plasmon Resonance (SPR) 

 

Surface Plasmon Resonance (SPR) experiments were carried out by using a SPR Navi 210A 

instrument (BioNavis Ltd, Tampere, Finland) with a 785 nm laser. Gold sensors (BioNavis Ltd) 

were employed for SPR were previously cleaned with basic piranha solution. The PEI/AchE 

assembly was studied by performing two different construction strategies. 
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In Construction #1, a carboxylate-terminated self-assembled monolayer (SAM) was generated 

by the incubation of the Au substrate in a 5 mM 6-Mercaptohexanoic acid (MHA) solution for 12 

h. This self-assembled carboxylic acid layer was employed to emulate the surface of the PET SSN 

on the Au substrate. Then, the same protocol used for the biosensor construction in the SSNs was 

followed in real time in SPR. Concretely, a flow-cell was used to inject the polyelectrolyte and 

enzyme solutions while monitoring the SPR response in real time. Thus, injections of  PEI 

(1mg/ml) and AChE (1mg/ml in 10 mM KCl 0.1 mM HEPES, pH 7.4) were performed separated 

by buffer injections (10 mM KCl 0.1 mM HEPES, pH 7.4) to in situ generate the 

Au/MHA/PEI/AchE construction. The reflectivity curves were recorded before and after AchE 

electrostatic anchoring and rinsing with buffer solution (KCl 10 mM, pH 7). The flow rate was 

20 µL/min for all the experiments, except for the treatment with AchE, when the flow rate was 

diminished to 1 µL/min in order to emulate the conditions used for the immobilization of AchE 

in the SSN surface. In our configuration, we used a laser source of 785 nm. 

In parallel, we performed second strategy (Construction #2) in which we anchored PEI (1 mg/ml 

aqueous solution) directly onto the Au substrate. After AchE (1mg/ml in 10 mM KCl 0.1 mM 

HEPES, pH 7.4) immobilization, we had the Au/PEI/AchE construction. 

From the SPR measurements (sensorgrams and reflectivity curves), we could determine the shift 

in the angle of minimum reflectivity (Δθ) in the SPR response and convert it into mass surface 

coverage via a calibration constant for this setup as follows 

 

������� 
���
�� �����
�� = Г ���
���� � =  ∆���������� ∙ 1050  (eq. S1) 

 

Instrumentation for conductimetric measurements 

 

Conductimetric measurements (I-V curves) were carried out in an electrochemical cell using a 

potentiostat (Gamry Reference 600) with a four-electrode arrangement (Figure S2). A working 

electrode W (Pt wire), two reference electrodes WS and R (Ag/AgCl/3 M KCl) and a counter 

electrode CE (Pt wire) were employed. W and WS electrodes were placed in the chamber facing 

the tip side of the foil. In a typical experiment, the transmembrane voltage was swept between 1 

V and -1 V with a step of 10 mV and a scan rate of 10 mV/s. In all cases, 10 mM KCl was used 

as supporting electrolyte and, if necessary, the pH value was adjusted by adding HCl and NaOH 

diluted solutions. 
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Figure S2. Scheme of experimental set-up used for the iontronic (not to scale) measurements consisting 

of two chambers separated by a PET membrane containing one single bullet-shaped nanochannel. The 

ionic flow of the KCl electrolyte through the nanochannel is monitored by a potentiostat with four-

electrodes (working electrode W, working sense WS, reference R, counter-electrode CE). 

 

Rectification factor (frec) 

 

In order to quantify the rectification efficiency, we calculated frec as follows: 

 

�#$% = ± '�()* +# )*� 
'�)* +#()*�   (eq. S2) 

 

This parameter correlates the response exhibited in the I-V curves with changes in the surface 

charge density.7 This definition implies that the sign of frec is determined by the sign of the 

nanochannel surface charge in the measurement conditions. 
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Section 2 

 

Estimation of the AChE surface coverage by SPR 

 

Using the SPR results (Figure S3) and Equation 1 we could calculate the mean protein surface 

coverage for each construction strategy (Fig. S3C). Coverages from both supramolecular 

constructions are similar, yielding a mean AchE coverage of 570±90 ng/cm2. That mean value 

was calculated by the average of the surface coverage determined by two independent 

experiments (Construction #1 and Construction #2) reported in Fig. S3C. 

 

 

Figure S3. (a) Sensogram corresponding to the assembly of the Au/MHA/PEI/AchE construction 

(Construction #1). (b) SPR curves of the Au/MHA/PEI substrate before and after the enzyme 

immobilization. (c) Comparison between the surface coverage of AchE obtained by Construction #1 

(Au/MHA/PEI/AchE) and Construction #2 (Au//PEI/AchE). 

 

Reversibility of the PET/PEI nanofluidic response to pH changes 

 

 

Figure S4. Reversibility of the pH response for the PET/PEI SSN. The device was exposed alternatively 

to solutions containing 10 mM KCl at pH 4 or 10 mM KCl at pH 7. Error bars correspond to three 

successive measurements in the same conditions. 
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pH sensitivity of the nanofluidic response of PET/PEI/AchE nanochannels 

 

 

Figure S5. Rectification efficiency (frec) versus pH after the modification of the PEI-coated nanochannel 

with AchE (PET/PEI/AchE SSN). Curves were measured in 10 mM KCl with dropwise addition of 

NaOH or HCl to reach each pH value. A non-linear regression (Henderson-Hasselbach function) was 

fitted (green curve) yielding an effective pKa = 6.9±0.1. Error bars correspond to three independent 

measurements in the same conditions. 

 

I-V responses of PET/PEI SSN versus PET/PEI/AchE SSN 

 

 

Figure S6. (a) Percentage changes in frec (% Δfrec = [100 x (│frec0│– │frec│)/│frec0│]) when exposing 

PET/PEI and PET/PEI/AchE SSNs to different Ach concentrations. Every measurement was carried out 

in 10 mM KCl and the initial pH was adjusted to 7. frec0 is the initial frec before the exposition to Ach 

solutions. (b) Scheme depicting the change of the surface charge when the SSNs are exposed to Ach. The 

enzymatic reaction produces acetic acid (AA), which decreases the local pH causing the protonation of 

the superficial –COO- groups of PET and makes the surface charge polarity more positive. 

 

  



S-8 

 

AchE response to acetylcholine in solution 

 

The activity of the enzyme AchE in solution towards Ach was tested by means of measuring the 

pH change after the addition of Ach. As shown in Figure S7, pH decreases from 7 to 4 in the 

experimental conditions, meaning that the enzyme is active and generates acetic acid that 

hydrolyses water to form H+, decreasing the pH. 

 

 

Figure S7. Monitoring of the pH decrease upon the addition of 1 mM acetylcholine to a solution of 0.1 

mg/ml AchE in 10 mM KCl and 0.1 mM HEPES pH0 = 7.02. 
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PET/PEI/AchE SSN time response to acetylcholine 

 

An exploration of the ionic transport time-response of the PET/PEI/AchE SSN towards Ach was 

made to establish an adequate exposition time for all the experiments. As expected, I-V curves in 

Figure S8(a) show that, in presence of 100 µM Ach, the ionic transport changes from a cation-

selective regime to an anion-driven ionic transport. This means that after 30 minutes of exposure 

time to 100 µM Ach, frec stabilizes (Figure S8(b)). 

 

 

Figure S8. (a) PET/PEI/AchE SSN in situ I-V curves after the nanochannel exposition to a solution 100 

µM of acetylcholine in KCl 50 mM (initial pH 7.5) as a function of time (0 to 60 min). (b) Rectification 

factors calculated from the I-V curves for each exposition time (0 to 60 min). 

 

Comparison between PET/PEI/AchE SSNs and other recently reported enzymatic sensors 

of Ach 

 

Table S1. 

Sensor type Detection range / µM LoD / nM Recognition element Ref. 

rGo-FET 1-10000 1000 Enzyme AchE [8] 

rGo-FET 5-1000 2300 Enzyme AchE [9] 

PET SSN 0.001-25* 16* Enzyme AchE Present work 

*Two dynamic ranges were found (linear dependence between frec and log([Ach])). LoD was 

calculated from the linear regression for the range 0.001-25 µM. The second dynamic ranged was 

found between 25 and 100 µM. 
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Reversibility test 

 

 

Figure S9. Reversibility test for the PET/PEI/AchE SSN. The device was exposed alternatively to 

solutions containing 10 mM KCl at pH 7 (0 µM Ach) or 100 µM Ach in 10 mM KCl at pH 7. Error bars 

correspond to three successive measurements in the same conditions. 

 

Selectivity test 

 

  

Figure S10. Selectivity test in terms of frec. Percentage changes in frec were calculated as % Δfrec = [100 x 

(│frec0│ – │frec│)/│frec0│], where frec0 means the rectification efficiency of a solution 10 mM KCl pH 7. 

I–V curves were recorded in situ (10 mM KCl, pH 7) after the sequential exposure of the channel to: (a) 

10 µM serotonin, 1 mM glucose and 50 µM Ach and, (b) 200 µM ascorbic acid, 10 µM L-cysteine, 50 

µM dopamine and 50 µM Ach. 
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