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A B S T R A C T   

In this work, ephedrine was studied at the electrified liquid-liquid interface (LLI) supported with an array of 
apertures micro-punched in the self-adhesive polyimide tape. During LLI miniaturization protocol development, 
we have tested three arrays of needles (each containing 12, 24, or 36 pre-arranged units) used to puncture the 
polyimide film. Since all needles have a conical shape at the sharp site end we have created and tested the 
membranes with controlled penetration depth allowing for the adjustment of the pores dimensionality. The 
resulting membranes were characterized with ion transfer voltammetry and scanning electron microscopy. The 
best results were obtained for 12 micro-punched pores made with the highest studied penetration depth (equal to 
1450 μm), and hence, this configuration was employed for the ephedrine sensing. As the electroanalytical 
method, we have employed ion transfer voltammetry (ITV). The miniaturization allowed for the ephedrine 
detection down to 1 μM. Ephedrine was measured alone and in the presence of caffeine.   

1. Introduction 

Intriguing charge transfer processes happening at the interface be
tween two immiscible liquids, although still not fully understood, are 
used for a variety of applications. When a proper experimental config
uration is assured (including both immiscible solvents, electrolytes, and 
hardware connections) one can directly record currents originating from 
the ions or electrons crossing this soft, polarizable junction. This phe
nomenon was significantly developed by Koryta in the 70 s [1], and still, 
after more than 50 years, scientists debate about its fundamental nature 
[2,3]. The interface between two immiscible electrolyte solutions 
(ITIES) is usually formed between the aqueous electrolyte solution of 
highly hydrophilic salt (e.g. sodium chloride) and the organic solution of 
highly hydrophobic salt dissolved in an appropriate organic solvent [4]. 
Formed liquid-liquid interface (LLI) can be polarized and used to study 
interfacial charge transfer processes such as electron transfer reaction, 
ion transfer reaction, facilitated ion transfer reaction, or coupled elec
tron and ion transfer reactions [2,5]. These processes can be applied in 
many fields (still limited to fundamental studies) such as ionic extraction 

[6,7], LLI modification with smart materials [8,9], drug delivery and 
release studies [10], biological membrane mimicking platforms [10,11] 
and finally chemical detection [12–15]. 

ITIES miniaturization attracted significant attention over the last few 
decades as it brings additional benefits (especially) to electroanalytical 
studies. (i) Enhancement of a mass transfer through the ordering of the 
diffusion field(s) to the shape of a hemisphere(s) improves sensing 
sensitivity whereas, (ii) lower values of capacitive currents further 
improving the lower detection limits [16]. (iii) Additionally, miniatur
ization adds to the stability of the electrified LLI and even allows for (iv) 
the measurements in the media with uncompensated iR drop (e.g. with 
the organic phase deprived of the background electrolyte). In a view of 
electroanalytical applications, the electrified LLI miniaturization may 
also lead to undesired effects such as interface movement influencing its 
location within the support [17,18], that may appear especially when 
sufficiently low (or high) potential difference is applied to a biphasic 
system. Micro- or nano-ITIES were applied in many analytical studies 
including street drug samples [19], refined drug distribution [20,21], 
vitamins [22], insecticide agents [23], analysis of body fluids [24,25], 
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pathogenic bacteria biomarkers [26], environmental contaminants [27] 
among many other. The crucial aspect of ITIES miniaturization relies on 
the preparation of support equipped with a single/array of 
nano/micro-pores. A few miniaturization protocols burdened with 
different preparation difficulties exist to date. Taylor and Girault used a 
glass tube that upon heating and pulling formed a micro-aperture that 
was further used to support ITIES [28]. The same team also developed a 
miniaturization protocol based on a thin polymer sheet with a single 
micro-hole made using laser ablation [29]. Another method proposed in 
the literature for creating microITIES was to enclose the micro-wire in 
the glass capillary, followed by its dissolution, and finally the formation 
of a micro-cavity [30]. Single micro-pore can be also formed using 
simple processing involving heat shrinkable tubes and fused silica cap
illaries [31]. Faisal et al. developed a method where thin PVC film (12 
μm thick) was punctured with the shar needle leaving a single ellipse 
shaped micro aperture [32]. The advancement of technology in the last 
few years has allowed for further improvement and extensions of 
microITIES [31,33], as well as nanoITIES fabrication procedures 
[34–36]. However, in the majority of cases, these protocols rely on 
advanced and/or costly instrumentation which limits the accessibility, 
and hence application and development, of the LLI miniaturized sup
ports. We wish to tackle this problem, by proposing simple miniaturi
zation solutions that can be performed with the widely accessible tools 
and materials. 

The array of microITIES developed in this work is used as a platform 
for ephedrine determination alone and in the presence of caffeine. 
Ephedrine is a natural alkaloid, commercially extracted from the 
Ephedra plants. This compound is commonly used as a medication, 
stimulant, and also as a precursor for illicit drug(s) synthesis [37,38]. 
Due to its structural similarity, ephedrine is used as a precursor for the 
production of amphetamine and methamphetamine (the consumption of 
these two drugs in Europe is still increasing) [39]. Not many studies 
have assessed the toxicity of ephedrine. Nevertheless, its lethal dose for 
humans is estimated to be around 50 mg kg− 1 [40]. Among athletes, 
ephedrine is prohibited when it is present in the urine at a concentration 
of 10 mg ml− 1 or higher [38]. The supplements being a mixture of 
ephedrine and caffeine are very popular formulations used for weight 
loss [41] (e.g. it was shown that a mixture of caffeine and ephedrine (200 
mg and 20 mg, respectively) is more effective in losing weight than these 
chemical species taken alone [42,43]. Especially due to applications in 
illicit drug synthesis, ephedrine production, and handling have to be 
closely monitored. This is a difficult task because ephedrine is an 
ingredient in dozens of over-the-counter medications from which it can 
be easily extracted. Some EU countries imposed additional control over 
medicines containing ephedrine, but this has not fully resolved the 
problem due to easy access in other countries [44]. All these indicate, 
that simple sensing protocols for ephedrine detection should be in high 
demand. 

In our work, microITIES has been prepared using a very simple, do-it- 
yourself (DIY) microfabrication protocol. The entire processing requires 
readily available and very cheap materials. It has to be underlined that 
no sophisticated instrumentation is needed to achieve repeatable and 
reproducible results. Developed platforms are based on the self-adhesive 
polyimide films micro-punched with an array of needles. The resulting 
micro-pattered membranes served as the ITIES support. As for the 
practical application, we have employed our system for ephedrine 
detection. The effect of caffeine interference was also investigated. 

2. Methods and materials 

2.1. Methods 

The aqueous phase was 10 mM sodium chloride (NaCl, ChemPur, M 
=58.44 g mol− 1) dissolved in water distilled in triplicate. The organic 
phase background electrolyte was bis(triphenylphosphoranylidene) 
ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl) synthesized 

by a simple metathesis reaction. Potassium tetrakis(4-chlorophenyl) 
borate (KTPBCl, 98 %, Sigma-Aldrich, M = 496.11 g mol− 1) and bis- 
(triphenylphosphoranylidene)ammonium chloride (BTPPACl, 97 %, 
Sigma-Aldrich M =574.03 g mol− 1) were used as the reaction substrates. 
BTPPATPBCl was dissolved in 1,2-dichloroethane (1,2-DCE, POCH, M 
=98.96 g mol− 1) that was further used as the organic phase. Interfacially 
active chemical species: tetramethylammonium chloride (TMACl, >98 
%, Acros Organics, M =109.6 g mol− 1), ephedrine hydrochloride (>99 
%, Sigma, M = 201.69 g mol− 1), caffeine (98.5 %, Acros Organics, M 
=194.19 g mol− 1) were always initially dissolved in the aqueous phase. 
After micro-puncturing, the self-adhesive polyimide tape (18 mm width, 
0.05 mm thick) was attached to the glass tube (internal diameter = 6.0 
mm, outer diameter = 9.0 mm, length = 55.0 mm) and was further 
secured on the edges with the silicone sealant (Diall, UK). Needle arrays 
and the device used to control the protrusion of the needle were man
ufactured by Glomeve, China (see Fig. SI2 for photos). The needles 
within array used to perform the analytical study had following di
mensions. The thickness of the sharp end of the needle was equal to 10 
μm (+/- 2 μm, n = 3), the thickness of needles measured 50 μm from the 
sharp point was equal to 35 μm (+/- 3 μm, n = 3), the thickness of 
needles measured 100 μm from the sharp point was equal to 50 μm (+/- 
3 μm). Needle dimensions were measured using ImageJ software. 

2.2. Electrochemical cell 

All experiments described in this work were conducted in the elec
trochemical cell shown in Fig. SI1. In the presented system, three elec
trodes were used – two for the water phase and one for the organic 
phase. In the aqueous phase, the platinum wire was used as the counter 
electrode and Ag/AgCl wire was used as the reference electrode. In the 
organic phase, the silver wire served as the counter and the pseudo- 
reference electrode in one. Electrochemical measurements were per
formed using an Autolab 302 N equipped with EDC module. 

Cell I shows the composition of the electrochemical cell used to study 
microITIES (eph – ephedrine; caf – caffeine): 

Ag|AgCl| 10 mM NaCl
x mM TMA+ or eph or eph + caf

⃒
⃒
⃒
⃒
⃒
|

5 mM
BTPPATPBCl |Pt  

2.3. Optical microscopy 

Optical microscopy (MMT 800BT, mikroLAB, Lublin, Poland) was 
used to visualize punched micropores. We have prepared membranes 
containing 12, 24, and 36 micro-holes at all studied penetration depths 
(for 12 and 24 micro-needles 200, 700, 1200, and 1450 μm, for 36 
micro-needles 50, 550, 1050, and 1300 μm). Shown images were taken 
at 5x magnification unless otherwise stated. 

2.4. Scanning electron microscopy 

Scanning electron microscopy (SEM) micrographs were obtained 
using a benchtop JCM-6000 (from JEOL, Japan). An acceleration 
voltage of 5 kV was used for imaging metallised polyimide membranes 
to avoid surface charging effects. 

2.5. Miniaturization protocol 

A simple self-adhesive polyimide tape-based miniaturization proto
col (see Fig. 1) was developed to support LLI. The first fabrication step 
was to prepare a piece of the self-adhesive polyimide tape that was cut 
and then fixed to a spongy pad with the adhesive side facing upwards. 
The tape was used as received. No additional effort is needed to adjust 
tape chemical properties. We have used 18 mm wide, 50 μm thick pol
yimide tape produced by nicelux®. We assume that other similar tapes 
can be used instead. Next, an array of micro-holes was punctured in the 
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tape (see Fig. 1B) using a commercially available head (derma cartridge 
by MyM®) equipped with pre-arranged micro-needles of fixed and 
adjustable length (see photos from Fig. 1G–I for details). The perforation 
was made by firmly and perpendicularly piercing the tape until the 
cartridge equipped with needles (protrusion was preset) was in direct 
contact with the adhesive side of the tape. The pad made out of a soft 
sponge hosted the sharp end of needles and prevented the needles from 
becoming blunt after the tape was punctured. Three arrays of needles 
each containing 12, 24, or 36 units were tested. The length of the needles 
was controlled with a screw within a pen (derma pen by MyM®, see 
Fig. 1G–I) giving the ability to define the protrusion, and hence, the 
penetration depth of a needle puncturing the tape and eventually going 
into the underlying pad. The reasoning behind adjusting the needle 
protrusion is related to the conical needle geometry. By varying the 
needle penetration depth we change the dimensionality of the pore at its 
entrance and exit. For heads with 12 and 24 needles, studied protrusions 
were equal to around 200 μm, 700 μm, 1200 μm, and 1450 μm. For the 
head with 36 needles in the array, the protrusions were equal to 50 μm, 
550 μm, 1050 μm, and 1300 μm. The penetration depth equal to 50 μm 
for the array containing 36 was not enough to puncture the tape, and 
hence, this remained impenetrable. The penetration depth accuracy was 
calculated to be 50 μm. In the next step, a glass tube was attached to the 
punctured tape at the same time making sure that all pores are in the 
center of the tube opening (see Fig. 1C). The adhered membrane was cut 
along the glass tube walls (see Fig. 1D). Finally, to prevent any possible 
organic phase leakage, a small amount of silicone sealant was applied to 

a place where tape and glass tube meets. After the silicone glue solidi
fied, the glass tube finished with a membrane was filled with the organic 
phase and was further placed in the electrochemical cell filled with the 
aqueous phase. The volume of the organic phase added to the glass tube 
and the position of the membrane from the Luggin capillary were kept 
constant during all experiments. Also, the membrane was always posi
tioned only slightly below the surface of the aqueous phase. This 
arrangement prevented from an eventual leakage of the water phase to 
the glass tube filled with the organic phase. All membranes prepared in 
this way were tested in the cell I using interfacially active model ion – 
tetramethylammonium cation (TMA+). 

3. Results and discussion 

3.1. Micropunched membranes characterization 

The ITV was first used to investigate the effect of a number of micro- 
punctured pores within the created arrays and the needles penetration 
depth into the polyimide tape on the recorded ionic current intensities 
and voltammetric current-potential patterns. We have found that the 
resulting ITVs recorded in the presence of 40 μM TMA+ crossing the 
interface supported with all prepared membranes (except for 36 needles 
extended at 50 μm which did not suffice to penetrate the polyimide tape) 
provided similar current – potential characteristics (Figs. 2A and SI 3A, B 
and C). On the forward polarization (from less to more positive potential 
values) the TMA+ ions transfer from the aqueous to the organic phase 

Fig. 1. Micro-punched polyimide film preparation protocol. A – cutting the section of the self-adhesive polyimide tape. B – puncturing polyimide tape with an array 
of micro-needles with a fixed penetration depth. C – fixing the punctured area to the glass tube (all pores should be located within the center of the tube opening). D – 
cutting out the circle defined by the glass tube walls. E – securing the glass membrane with a silicone sealant. F – filling the glass tube with the organic phase (orange 
color, upper phase) and immersing it into the aqueous phase (blue color, bottom phase). Photos of the needle arrays together with the base allowing for the pro
trusion control. G - 12 needles; H - 24 needles; I- 36 needles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article). 
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giving a sigmoidal wave indicating a predominance of radial diffusion 
[31,33,45,46]. The back transfer happening within the organic phase, 
gave a negative signal having a shape of a peak with a diffusion-limited 
tail characteristic for a mass transfer limited by a linear diffusion. Fig. 3A 
shows the relationship between the recorded positive signal intensity 
([TMA+] = 40 μM) and the needles penetration depth for three inves
tigated arrays (equipped with 12; 24 and 36 needle units). For all studied 
cases, the general dependency of increasing ionic current for the deeper 
puncture was observed and can be also directly visualized in Fig. 3A. 
This is an expected observation since all needles are conical in shape, 
and hence, their deeper protrusion leaves wider openings (see Fig. 3B 
and C). This is turn, is reflected as the increasing electrochemically 
active surface area of the ITIES formed within the pore. 

The geometry of the sharp ends of the needles varies between arrays 
which have directly affected the final geometry and dimensionality of 
micro-punched openings within the membrane. Fig. 3B and C summa
rize the shorter (pore height) and longer (pore width) sections of the 
created openings. Needles from the array having 12 units gave the 
punctures with the most circular geometry whereas two other configu
rations (needles with 24 and 36 unites) gave elongated pores. Based on 
the SEM micrographics we have concluded that during the puncture the 
adhesive side (the puncture was always taking place from this side) of 
the tape is first deformed by the needles (see Fig. SI4 from electronic 
supporting information) to finally tear the non-adhesive surface of the 
tape at the needle-sharp point exit. 

The slope of the positive sigmoidal signal (for [TMA+] = 40 μM) 
dependency plotted in function of the applied scan rate (v) was always 
one order of magnitude lower (10− 8 cm2⋅s-1) as compared with the 
similar dependency plotted for negative peak current (10-7 cm2⋅s-1). This 
was observed for three independent membranes (see Figs. SI5, SI6 and 
SI7) and indicates that the TMA+ transfer from the aqueous to the 
organic phase is mainly governed by the radial diffusion [47]. The 
presence of the linear diffusion is much more pronounced for the back 
transfer, this is from the organic phase to the aqueous phase, as deduced 
from the peak shaped signal of the negative current [48]. The estimated 
thickness of the hemispherical diffusion (δ – hemisphere radius) zone on 
the aqueous phase side was calculated using Eq. (1) derived for the 
spherical microelectrode (based on our further deliberations we have 

assumed that the organic phase is located below the pore in the aqueous 
phase and takes the shape of a sphere/hemisphere) [49]: 

δ = (
1̅̅̅
̅̅̅̅̅

πDt
√ +

1
r
)
− 1 (1)  

where r is the hemispherical electrode radius taken to be 80 μm (esti
mation based on SEM micrography analysis) and t is the time calculated 
from the ITVs. Calculated δ values equal to around 72 μm for 3 mV⋅s− 1 

and around 61 μm for 30 mV⋅s− 1. In the employed configuration the 
spacing between pores (pore center-to-center distance, d) was always 
greater than the 1300 μm. As such, it is safe to assume that each ITIES 
formed below micro-punched pore behaves individually. Since d >> δ 
and >> r, the overlay between hemispherical diffusion (affected by a 
linear diffusion) zones of the neighboring pores, as indicated in the work 
by Davies and Compton [47], or Guo and Lindner [48], should not occur 
for the applied experimental conditions. 

The exact position of the ITIES in respect to the pore edges is difficult 
to be predicted. Based on our estimates, we have found that the recorded 
ionic currents are one order of magnitude higher as compared with the 
ITIES that would form exactly within the pore at its edge (inlaid ITIES). 
As reported by Strutwolf et al. recess of the aqueous phase to the mi
cropores used as the ITIES support leads to the drop in the study-state 
currents and eventual transition to the peak shaped response being a 
consequence of a pore walls shielding effect [50]. All these suggest the 
existence of (i) spherical pendant organic phase droplet leaking from the 
pore or (ii) organic phase film covering the pore and its surrounding. 
Since the dimensionality of formed pores exceeds the critical radius of 
the microelectrode (r > 25 μm), in either case, it is expected that the 
radial diffusion of the analyte to the ITIES from the aqueous phase side 
will be burden with a fraction of a linear diffusion. Due to the complexity 
of the system ITV based experiments do not allow differentiation be
tween two indicated scenarios. To give an estimate of the electro
chemical dimensionality of the ITIES formed within the single pore we 
have calculated the radius of the aperture (crude simplification 
assuming the circular shape of the pore is employed) formed in the 
membrane using Eqs. (2)–(4). 

Equation describing limiting current at the array of inlaid disc 
electrodes [51]: 

Fig. 2. A - ITVs recorded for [TMA+] = 40 μM for four different penetration depths indicated in the figure legend punctured with the array of 12 needles (see section 
3.1 for details). The scan rate was set to 25 mV⋅s− 1; B–C - scheme representing TMA+ ion transport from the aqueous to the organic phase and from the organic to the 
aqueous phase. “+” and “-“signs in the upper left corner are given to indicate the sign of the recorded current. 

P. Borgul et al.                                                                                                                                                                                                                                  



Sensors and Actuators: B. Chemical 344 (2021) 130286

5

Ilim = 4NzFDCr (2) 

Equation describing limiting current at the array of microelectrodes 
having a shape of hemisphere [52]: 

Ilim = 2πNzFDCr (3) 

or sphere [52]: 

Ilim = 4πNzFDCr (4)  

where N is the number of pores in the tape, z is the charge of the ion 
undergoing ion transfer reaction, F is the Faraday constant (96,458 C 
mol− 1), D is the diffusion coefficient (in m2⋅s− 1), C is the concentration 
(in mol m-3), and r is the pore radius. Using the slopes of the calibration 
curves recorded for TMA+ and ephedrine (Ilim/C, see Table 1 - sensitivity 
values) and the corresponding diffusion coefficients (DTMA+ = 13.8⋅10-6 

cm2s-1 [53]; Dephedrine = 11.6⋅10-6 cm2s-1 [54]) we have estimated the 
values of a single pore radius for three different scenarios (Eqs. 2–4). The 
values being in line with the SEM micrographics analysis were obtained 
for the case where ITIES takes the spherical shape and are equal to 
around 50 ± 11 μm for TMA+ and 37 ± 7 μm for ephedrine. Just for 
comparison, the radius calculated using Eq. (3) was equal to 102 ± 22 

μm and 74 ± 13 μm, and using Eq. (2) was equal to 159 ± 34 μm and 116 
± 21 μm for TMA+ and ephedrine, respectively. This rough simplifica
tions indicate that the ITIES surface holds the same order of magnitude 

Fig. 3. A - Positive signal values for four studied penetration depths (see section 3.1 for details) and three different needle arrangements (12; 24 and 36 needles in an 
array). The number in the legend indicates the number of needles available within the array. ITVs were recorded at [TMA+] = 40 μM. The scan rate was 25 mV⋅s− 1. 
The dashed horizontal line indicates the zero current case – membrane was not punctured. Inset are the data points for the membranes with 12 or 24 openings. B - 
dependence of the pore height (longer section of the pore) vs the puncture depth (dimensions are based on photos taken with an optical microscope). C - dependence 
of the pore (shorter section of the pore) width vs the puncture depth (dimensions are based on photos taken with an optical microscope). Solid lines are only the guide 
to the eye. D, E, and F – SEM micrographics recorded at lower magnification for membranes with 12; 24, and 36 micro-openings, respectively. G, H, and I are the SEM 
micrographics of a single micro-pore from an array consisting of 12; 24, and 36 micro-openings, respectively. The membranes were prepared at penetration depth 
equal to 1450 μm (D, E, G and H) and 1300 μm (F and I). 

Table 1 
The summary of the electroanalytical parameters obtained for studied analytes 
(TMA+, ephedrine alone, and ephedrine in the presence of the caffeine) at the 
ITIES supported with micro-punched membranes. Number of pores – 12. 
Penetration depth – 1450 μm. The error bars were calculated based on the values 
obtained for three independent experiments. For TMA+ see Figs. SI8, SI9 and, 
SI10. For ephedrine see Figs. 5B, SI11 and, SI12.  

Parameter TMA+ Ephedrine Ephedrine in the 
presence of caffeine 

Sensitivity (þ) / 
AMm¡1 

1.02 ⋅ 10− 3 ±

2.17 ⋅ 10 -4 
6.25 ⋅ 10− 4 ±

1.07 ⋅ 10 − 4 
4.61 ⋅ 10− 4 

Sensitivity (-) / 
AMm¡1 

2.12 ⋅ 10− 3 ±

2.57 ⋅ 10 -4 
7.28 ⋅ 10− 4 ±

1.09 ⋅ 10 − 4 
3.08 ⋅ 10− 4 

LOD (þ) / μM 1.50 ⋅ 10− 6 ±

7.82 ⋅ 10-7 
4.07 ⋅ 10 − 6 ±

5.33 ⋅ 10-7 
3.08 ⋅ 10− 6 

LOD (-) / μM 1.07 ⋅ 10− 6 ±

3.04 ⋅ 10-7 
3.82 ⋅ 10− 6 ±

1.71 ⋅ 10− 6 
3.62 ⋅ 10− 6  
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as the pore dimensions observed at SEM micrographics. 
Created platforms can be successfully applied (and due to the reasons 

described above are limited to) for electroanalytical applications. The 
preparation protocol applied for the LLI miniaturization is extremely 
fast and simple. Moreover, obtained platforms can be prepared in a 
reproducible and repeatable manner as shown in Fig. 4. In order to 
evaluate these two parameters, we have prepared a miniaturization 
protocol (also described in this work) that was given to four different 
persons. Each person was asked to micro-punched seven pieces of pol
yimide tape that were further fixed to a glass tube. Once ITIES was 
formed within the pores of the prepared membranes the ITVs in the 
presence of [TMA+] = 40 μM were recorded and the limiting currents 
were extracted. A high repeatability factor (or the success rate) was 
obtained. Two persons successfully prepared (seven out of seven) fully 
functional platforms whereas for two other five out of seven or four out 
of seven membranes gave satisfactory results, respectively. As for the 
reproducibility, we compared the average forward peak currents vales 
which were found within the experimental error bars for all four tested 
sets. From the electroanalytical applications point of view, obtained 
discrepancies of the membrane to membrane electrochemical output 
imposes the necessity to individually check and calibrate all formed 
platforms. This is something we have to comprise for the cost of the 
system’s simplicity. 

3.2. Micropunched membranes application for sensing at ITIES 

Based on the initial characterization of all micro-punctured mem
branes, we have chosen polyimide films patterned with the array of 12 
needles with the penetration depth equal to 1450 μm. Not only this 
configuration gave membranes with the most circular pores, but also the 
center to the center distance between the neighboring pores was suffi
ciently high to prevent the overlap of the individual diffusion zones 
established below each pore. Figs. SI 8A–SI 10A shows the ITVs with 
corresponding calibration curves (Figs. SI 8B–SI 10B) recorded for 
TMA+ in the range from 0.5 μM to 40 μM. During the interfacial po
larization from lower to higher (the forward scan) and then from higher 
to lower (on the reversed scan) potential differences values, we have 
observed gradually increasing positive and negative signals attributed to 

the TMA+ interfacial ion transfer, respectively. The sensitivity of the 
obtained calibration curves (1.0⋅10− 3 A⋅M-1) are two orders of magni
tude higher as the detection sensitivity obtained for the same model ion 
studied at the single pore microcapillary (1.2⋅10-5 A⋅M-1) [31,33]. 
Interestingly, the slope of the calibration curve for the reversed signal is 
twice bigger as compared with the slope of the forward signal being in 
line with our previous reports [31,33] and what was reported by others 
[55]. Presumably, this difference can be attributed to the partial 
pre-concentration of the analyte within the pore of the membrane or the 
thin film of the organic phase formed at the membrane surface. The 
lower limit of detection for the proposed configuration was calculated 
with the following equation: 

LOD =
3.3SD

S
(5)  

where SD and S are the standard deviations of intercept and the slope of 
the calibration curve, respectively (these values were taken from the 
linear fit equation parameters). Calculated lower LOD values for positive 
and negative signal currents are equal to 1.5 μM and 1.1 μM, respec
tively. These values are within the expected order of magnitude for 
miniaturized ITIES and are even slightly higher than the concentration 
(0.5 μM) for which we started observing signals originating from the 
TMA+ crossing the interface [53]. 

We have used the electrified LLI supported with the micro-punched 
membrane to electroanalytical evaluate the interfacial behavior of 
ephedrine. Fig. 5 shows the ITVs for the increasing concentration of 
ephedrine (from 1 μM to 70 μM) always initially present in the aqueous 
phase. Again, in agreement with what we have described above, the 
positive current related to the ephedrine transfer from the aqueous to 
the organic phase gives sigmodal current pattern partly overlaid with 
the limiting current (Na+ transfer from the aqueous to the organic 
phase) characteristic for the analyte which mass transfer is (in that case 
mainly) governed by hemispherical diffusion. On the back transfer 
which is happening partially inside the pore, and hence, is limited by the 
linear diffusion, a negative peak was recorded. We have found that the 
corresponding calibration curve (see Fig. 5B) is linear in the entire 
studied concentration range. The ephedrine detection sensitivity 
calculated based on three independent repetitions was equal to 6.25 ⋅ 
10− 4 ± 1.07 ⋅ 10-4 A⋅M-1 (see Figs. 5 and SI 11 and 12). The lower LODs 
calculated using Eq. (5) were equal to 4.1 μM for the positive and 3.8 μM 
for the negative signals, respectively. 

Ephedrine used as the weight loss agent is frequently formulated 
with caffeine which is increasing its pharmacological effect. Caffeine is 
also considered as the main cutting agent of methamphetamine and 
amphetamine street samples which are structural analogs of ephedrine, 
and hence, are expected to give similar electroanalytical characteristics 
at the electrified LLI. These are the main reasons why we decided to 
investigate the potential interference of caffeine on ephedrine electro
analytical detection. Fig. 6 shows two sets of experiments performed to 
assess the interfacial behavior of ephedrine in the presence of caffeine 
always initially present in the aqueous phase. At given pH (~6), both 
species will be protonated (pKa ephedrine = 9.6 [56] ; pKa caffeine = 10.4 
[57]) and may cross the electrified LLI when proper Galvani potential 
difference is applied [19,58]. The ITVs from Fig. 6A were recorded for 
the fixed concentration of ephedrine equal to 100 μM and increasing 
concentration of caffeine from 50 to 500 μM. The resulting faradaic 
currents were plotted and are shown in Fig. 6B. We found that for the 
studied caffeine concentration range, the forward peak current related 
to ephedrine transfer from the aqueous to the organic phase was prac
tically unaffected (the % change did not exceed 7 %). Also, when only 
caffeine was present in the aqueous phase no change in the recorded 
currents for the positive side of the potential window were recorded – 
see Fig. SI13. The ITVs from Fig. 6C (and corresponding calibration 
curves from Fig. 6D) shows the effect of increasing ephedrine concen
tration in the cell containing 1 mM caffeine. Again, the calibration curve 

Fig. 4. Reproducibility and repeatability test for four independent sets of 
membranes (7 membranes were prepared for each set) tested by four different 
persons. The numbers in the circles indicate the success rate (SR). ITV was used 
for each membrane characterization. Following experimental conditions were 
applied and fixed for every test: [TMA+] = 40 μM; scan rate = 25 mV⋅s− 1; 
membranes with 12 micropores made with the protrusion of the needle equal to 
1450 μm were used. The red dashed vertical line is the average current equal to 
79 nA. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article). 
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was linear in the entire studied ephedrine concentration range. The 
resulting detection sensitivity equal to 0.3 – 0.5⋅10− 3 A⋅M-1 is very 
similar to the sensitivity values recorded in the absence of caffeine. 
Based on these observations we can conclude that caffeine has no (or 
very little) effect on the detection of ephedrine at polarized LLI which 
further underlines the practical utility of the developed method. To 
further support our conclusions, in Table 1 we have summarized the 
electroanalytical parameters obtained at miniaturized ITIES for TMA+, 
ephedrine alone, and ephedrine in the presence of caffeine. As a matter 
of fact, the resultant of a few logPo/w predications for amphetamine 
(1.91) and methamphetamine (2.25) suggests that these molecules hold 
slightly lower affinity to the aqueous phase as compared with ephedrine 

(0.97), and hence, should undergo interfacial ion transfer at less positive 
potential values. This indicates that the developed platform can be 
further extended to other relevant analytes. We are currently working on 
this topic. 

4. Conclusions 

In this work, we have developed a fast and cheap protocol allowing 
for the preparation of patterned membranes that were used as a support 
of the electrified liquid-liquid interface. In this respect, we employed a 
self-adhesive polyimide tape that was punctured with three sets of 
prearranged needles. The effect of a number of pores and the puncture 

Fig. 5. A – ITVs recorded for the 
increasing concentration of ephedrine 
(red dash line is a blank) initially dis
solved in the aqueous phase. The scan 
rate was 25 mV⋅s− 1. The tested con
centration of ephedrine was in the range 
from 1 μM to 70 μM. A membrane with 
12 micropores prepared with penetra
tion depth equal to 1450 μm was used as 
the ITIES support. B – positive and 
negative current intensities plotted in 
function of the increasing ephedrine 
concentration in the aqueous phase. 
Linear fitting parameters for the posi
tive and negative currents are given in 
the upper and bottom section of the 
figure, respectively. pH of the aqueous 
phase was equal to around 6. (For 
interpretation of the references to 
colour in this figure legend, the reader is 

referred to the web version of this article).   

Fig. 6. A – ITVs recorded for the 
increasing concentration of caffeine 
(from 50 μM to 500 μM) and a fixed 
concentration of [ephedrine] = 100 μM 
(red dash line is a CV recorded in the 
absence of caffeine) initially dissolved 
in the aqueous phase. B – positive and 
negativecurrent intensities originating 
from the [ephedrine] = 100 μM inter
facial ion transfer plotted in function of 
the increasing concentration of caffeine 
(prepared based on section A); C – ITVs 
recorded for the increasing concentra
tion of ephedrine (from 5 μM to 70 μM) 
in the presence of fixed [caffeine] =1 
mM. D – positive and negative current 
intensities plotted in function of the 
increasing ephedrine concentration in 
the presence of fixed [caffeine] =1 mM 
(prepared based on section C). In each 
case, the scan rate was equal to 25 
mV⋅s− 1. Ephedrine and caffeine were 
always initially present in the aqueous 
phase. (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article).   

P. Borgul et al.                                                                                                                                                                                                                                  



Sensors and Actuators: B. Chemical 344 (2021) 130286

8

depth on the electrochemical performance was studied and described. 
Based on the voltammetric and microscopy characterization we 
concluded that liquid-liquid interface leaks from the pore forming either 
array of pendant droplets or organic film covering the pore and its 
surrounding. In any case, our protocol provided repeatable and repro
ducible devices that were employed for ephedrine sensing alone and in 
the presence of its relevant and potential chemical interference – 
caffeine. Our method allows for the ephedrine detection with a lower 
LOD equal to around 4 μM. It is important to indicate that constructed 
platform are intended for sensing. More demanding applications 
employing electrified and miniaturized LLIs require further 
improvement. 
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