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Potentiometric detection of apomorphine in human plasma using a 3D 
printed sensor 
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A R T I C L E  I N F O   
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A B S T R A C T   

Apomorphine is a dopamine agonist that is used for the management of Parkinson’s disease and has been proven 
to effectively decrease the off-time duration, where the symptoms recur, in Parkinson’s disease patients. This 
paper describes the design and fabrication of the first potentiometric sensor for the determination of apomor
phine in bulk and human plasma samples. The fabrication protocol involves stereolithographic 3D printing, 
which is a unique tool for the rapid fabrication of low-cost sensors. The solid-contact apomorphine ion-selective 
electrode combines a carbon-mesh/thermoplastic composite as the ion-to-electron transducer and a 3D printed 
ion-selective membrane, doped with the ionophore calix[6]arene. The sensor selectively measures apomorphine 
in the presence of other biologically present cations – sodium, potassium, magnesium, and calcium – as well as 
the commonly prescribed Parkinson’s pharmaceutical, levodopa (L-Dopa). The sensor demonstrated a linear, 
Nernstian response, with a slope of 58.8 mV/decade over the range of 5.0 mM–9.8 μM, which covers the bio
logically (and pharmaceutically) relevant ranges, with a limit of detection of 2.51 μM. Moreover, the apomor
phine sensor exhibited good stability (minimal drift of just 188 μV/hour over 10 h) and a shelf-life of almost 4 
weeks. Experiments performed in the presence of albumin, the main plasma protein to which apomorphine binds, 
demonstrate that the sensor responds selectively to free-apomorphine (i.e., not bound or complexed forms). The 
utility of the sensor was confirmed through the successful determination of apomorphine in spiked human 
plasma samples.   

1. Introduction 

Parkinson’s disease is an intricate, progressive neurodegenerative 
condition that is believed to have multiple etiology due to the interac
tion of hereditary and environmental variables (Simon et al., 2020). The 
three motor symptoms that have historically been associated with Par
kinson’s disease are tremor, stiffness, and bradykinesia, with postural 
instability frequently developing as the condition worsens. However, 
there are several non-motor symptoms (e.g., rapid eye movement sleep 
disorders, constipation, and hyposmia) linked to Parkinson’s disease as 
well, which may appear years or even decades before the motor symp
toms do (Kouli et al., 2018). More than 10 million people globally suffer 
from Parkinson’s disease which makes it the second most common 

neurodegenerative condition behind Alzheimer’s Disease (Mhyre et al., 
2012). Regarding healthcare costs, Parkinson’s disease is predicted to 
cost the United States alone over $52 billion annually in direct and in
direct expenses, including medical care, social security payments and 
lost income (Yang et al., 2020). 

Apomorphine (APO), (9R)-10-methyl-10-azatetracyclo[7.7.1.0^ 
{2,7}.0^{13,17}]heptadeca-1(16),2(7),3,5,13(17),14-hexaene-3,4-diol, 
is a dopamine agonist that is used for the management of Parkinson’s 
disease. Its structure, which consists of a tetracycline aporphine ring as 
shown in Fig. 1, is what gives it the lipophilicity and its affinity for 
dopaminergic receptors. APO functions as a strong dopamine receptor 
agonist with a broad spectrum on all D1-and D2-like receptors because 
of its catechol moiety. Therefore, comparatively to other oral dopamine 
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agonists, APO’s method of action is more similar to that of dopamine or 
its precursor levodopa (Carbone et al., 2019). Studies proved the effi
cacy of APO in decreasing the off-time duration, where the motor 
symptoms recur, in Parkinson’s disease patients. Additionally, it has 
been demonstrated that APO helps these individuals’ neuropsychiatric 
issues and other non-motor functions (Carbone et al., 2019; Gaire et al., 
2021; Isaacson et al., 2017; Katzenschlager et al., 2018). Unfortunately, 
APO has many side effects such as nausea, vomiting and hypotension. 
Additionally, hematologic side effects such as autoimmune hemolytic 
anemia is another complication of APO therapy making reliable moni
toring extremely important during long-term treatment with APO 
(Carbone et al., 2019). 

APO could be delivered by two common ways of administration: 
intermittent subcutaneous injection or intravenous infusion. Several 
factors should be considered to determine which way is suitable for the 
patient. APO injections are usually initiated in a regulated setting in a 
specialized clinic where the patient can be observed. After the first dose, 
there are two options to titrate the dose: i) waiting for another off 
episode to occur and then increase the dose of APO or ii) administering a 
second dose of APO after 1 h and then every hour after that, increasing 
the dose by 1 mg each time while recording the motor response. The first 
option is time consuming and may not allow determination of the 
effective dose in the same day, but it identifies an accurate dose. While 
for the second option, which is more practical, this frequency of 
administration will allow the accumulation of APO in the blood such 
that the dose will not be identified as precisely as the first option (Bhi
dayasiri et al., 2015). Therefore, if the blood level could be correlated to 
the efficacy of APO in controlling the off episodes, this would save time 
and would help patients to have more controlled off episodes. Many 
studies were carried out to assess the efficacy of APO for Parkinsonism 
and correlate the dose with the duration of off periods or the improve
ment in the motor scores (Esteban Muñoz et al., 1997; Hattori et al., 
2014; Ostergaard et al., 1995; Pahwa et al., 2007) but, to the best of our 

knowledge, no studies were performed to correlate the blood levels with 
efficacy. 

APO has previously been detected using different analytical methods 
like high-performance liquid chromatography (HPLC) (Bolner et al., 
1997; Dong and Zhang, 2005; Sam et al., 1994; Smith and Humphrey, 
1981), surface enhanced Raman spectroscopy (Lucotti et al., 2012; 
Zanchi et al., 2015) and electrochemical methods (Cheng and Sun, 2001; 
Cheng et al., 1979; Garrido et al., 2002; Goud et al., 2022). Although 
HPLC and Raman spectroscopy are automated and precise methods for 
the determination of APO, these techniques are benchtop, known to be 
of high cost, and require well trained personnel and lengthy times to 
operate and evaluate. Whereas electrochemical methods are known for 
their advantages because of their simplicity, cost effectiveness, and 
speed. Electrochemical sensors are powerful tools that are frequently 
employed in pharmaceutical, environmental, medical, and industrial 
applications. In pharmaceutical and medical fields, electrochemical 
sensors were recently employed for the detection of many biologically 
significant analytes as the biomarkers associated with severe acute 
respiratory syndrome coronavirus (Karuppaiah et al., 2023) and cholera 
toxins (Kim et al., 2023). 

Although voltammetric or amperometric biosensors make up the 
great majority of electrochemical biosensors, potentiometric sensors are 
becoming more and more popular because of their benefits (Walker 
et al., 2021). Owing to its high selectivity, low detection limits, ease of 
use, portability and ability to be performed using portable potentiostats, 
potentiometry or the use of ion-selective electrodes (ISEs) has emerged 
as an appealing alternative to other analytical techniques. ISEs were 
successfully used for the detection of many analytes (e.g., fluoride, 
creatinine and Phenytoin) (Guinovart et al., 2017; Huang et al., 2019; 
Jansod et al., 2016). An additional advantage of potentiometry is its 
power efficiency, since during electrochemical process, the potential 
across an interface between a working electrode and a reference elec
trode is measured while a very small bias current flows (Ding and Qin, 

Fig. 1. Schematic representation for 3D printing of APO + ISM and their translation into solid-contact ISE. *Created with Biorender.com*.  
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2020; Walker et al., 2021). Furthermore, this negligible current in
dicates that the technique should be less susceptible to ohmic drop 
concerns and interferent effects, when compared to voltametric and 
amperometric sensors (Smith et al., 2020). Lastly, it has been demon
strated that potentiometry is relatively insensitive to electrode size, 
indicating that miniaturization could be achieved without sacrificing 
sensitivity (Park et al., 2013). 3D printing is proving to be an incredibly 
helpful tool in a range of analytical chemistry applications by combining 
the adaptability of chemistry with recent developments in materials 
production (Glasco et al., 2022). 3D printing is anticipated to play a 
pivotal role in revolutionizing healthcare and clinical practice, because 
it offers the ability to construct personalized devices designed for the 
individual variations of patient populations (Diment et al., 2017). The 
development of 3D printable materials with built-in functionality opens 
up new possibilities for the creation of stimulus-responsive devices 
(Palmara et al., 2021). The advantages of fabricating ion-selective 
membranes (ISM) via 3D printing include i) ISMs can be mass pro
duced, ii) have exact control over their shape and size and iii) require 
less time to fabricate (Glasco et al., 2021). 3D printed ISMs have suc
cessfully been applied to the development of ISEs for the selective 
determination of K+, Ca2+ (Mamaril et al., 2022), bilirubin (an impor
tant ionic biomarker of liver health), and benzalkonium (a common 
preservative in eye drops) (Ho et al., 2022). The strategy used for 3D 
printing the ISM in this work is stereolithography (SLA). This method 
uses a photopolymer, which undergoes a chemical reaction when 
exposed to UV/IR light, changing its physicochemical properties. Due to 
its excellent surface texture and fastest and highest resolution 3D 
printers, it carries considerable potential supremacy (Pavan Kalyan and 
Kumar, 2022). 

Due to the increasing need to improve the sensors’ sensitivity and 
selectivity, ionophores, such as macrocyclic chemicals, are added to 
ISM’s composition, as they have exceptional supramolecular recognition 
capabilities. The structure of the macrocyclic compound and the size of 
the cavity it forms are crucial considerations when choosing which one 
to include in the design of the electrochemical sensor (Luo et al., 2019). 
When compared to other macrocycles, calixarenes have many advan
tages when used as hosts for the binding of ammonium moieties, as APO, 
due to excellent accessibility, the ability to modify the inner cavity’s size 
and shape, and the addition of different functional groups to handle 
almost any ammonium moiety guest selectivity (Späth and Knig, 2010). 

This work represents the first potentiometric sensor for the deter
mination of the cationic form (APO+). For this, 3D printing technology 
was used to print the functional component of the ISE; the ion-selective 
membrane (ISM). These 3D printed ISMs were integrated into 3D prin
ted housings containing a carbon mesh/thermoplastic composite serving 
as the solid-contact ion-to-electron transducer. The fabricated 3D prin
ted APO+-ISE (3Dp-APO+-ISE) displayed selective detection of APO+ in 
bulk and human plasma. This sensor will allow the measurement of 
APO+ levels in blood thereby facilitating reliable pharmaceutical dosing 
of APO for more controllable off episodes and better quality of life for 
Parkinson’s disease patients. 

2. Experimental 

2.1. Chemicals and reagents 

Apomorphine (C17H17NO2, ≥98.5%), bis-2-ethylhexyl sebacate 
(DOS, C26H50O4, >97.0%), nitrophenyl octyl ether (NPOE, C14H21NO3, 
>99.0%), potassium tetrakis(4-chlorophenyl)borate (KTClPB, 
C24H16BCl4K, >98.0%), Calix[6]arene (CX-6, C42H36O6, 97%), phos
phate buffer (1M), potassium chloride (KCl), Hydrochloric acid (HCl, 
6.0M), levodopa (L-Dopa, C9H11NO4) and Bovine Serum Albumin were 
all purchased from Sigma. Carbon fiber rods were purchased from 
Aopin. All solutions were prepared using DI water. Photocurable resin 
base of an acrylate monomer, urethane dimethacrylate, and photo
initiator (Flexible 80A) was purchased from Formlabs. Magnesium 

chloride (MgCl2) was purchased from VWR international, USA. Sodium 
chloride (NaCl) and calcium chloride (CaCl2) were purchased from EMD 
Millipore, Germany. Carbon mesh (PAN Graphite Felt - 3.1 mm thick) 
was purchased from Fuel Cell, United States. Human plasma was pur
chased from Innovative Research Inc. (Michigan, USA). 

2.2. Instruments 

A 16-channel potentiometer was purchased from Lawson Labs and 
was utilized for obtaining the electromotive force (emf) vs time data for 
all the fabricated electrodes. For curing the membranes, a 365 nm UV 
oven was employed and was purchased from Melody Susie. Apera pH 
meter (PH700) was used to adjust the pH of APO solutions. 

2.3. Procedures 

2.3.1. Fabrication of the ISM 
The ISM was prepared by mixing 94.14% photocurable resin, 3.9% 

DOS, 1.33% KTClPB and 2:1 mol ratio of KTClPB to CX-6. These com
ponents were mixed and stirred then allowed to dissolve overnight to 
have a final homogenous solution. 

2.3.2. CAD and 3D printing 
Computer aided design (CAD) files were generated using the soft

ware Fusion 360. A CAD file for the ISE housing was designed with a 
length of 50 mm and an outer diameter of 8 mm (Figure SI1). The 
sensing end of the housing included a 5 mm diameter channel with a 
depth of 4 mm. A 1.2 mm diameter channel was embedded through the 
entire housing. A CAD file for 3D printing APO+-ISMs was created with a 
25 mm by 25 mm square with a thickness of 0.4 mm. Once the CAD files 
were generated an open-source slicing software was used to prepare 3D 
print files for each 3D printer. For ISE housings a Form 3 SLA 3D printer 
(FormLabs Inc.) was used to fabricate the housings. For the ISM a Mars 2 
SLA 3D printer (Elegoo Inc.) was used to fabricate each membrane. 

2.3.3. Preparation of the solid contact ISE and APO + calibration 
After generating a CAD file for the ISE housing, the file was uploaded 

to the slicing software and transferred to the Form 3 3D printer. The file 
was then printed using Clear V4 (FormLabs Inc.) resin. After printing the 
housings were rinsed in isopropyl alcohol (IPA) for 15 min and then each 
channel was cleared thoroughly with compressed air and IPA. After 
removing excess resin, the housings were placed in a UV oven for 30 min 
to finish the crosslinking process. A 3D printed APO+-ISM was also 
printed and rinsed in IPA for 2 min to remove excess resin. 

While the housings were in the UV oven, a carbon mesh paste was 
created using fibrous carbon mesh mixed with an epoxy (Eclectic 
Products) at a ratio of 1:2 wt %. After the housings are removed from the 
UV oven, a 1.2 mm dia copper wire is placed in the ISE housing and then 
covered with the carbon mesh paste and left for 12 h to dry. After the 
paste has dried an 8 mm diameter disk of the 3D printed APO+-ISM is 
affixed to the ISE housing (containing the carbon mesh paste) and cured 
for 15 min. The previous steps are captured and shown in Figure SI2. 
Once cured, the 3Dp-APO+-ISE is placed in a conditioning solution (10 
μM APO+ in phosphate buffer, pH 4.5) until further use. 

For the calibration of APO+, Ag/AgCl was used as reference elec
trode, and we started with 10 mLs of a 5.0 mM solution of APO+ in 0.01 
M phosphate buffer of pH 4.5 (made acidic through dropwise addition of 
0.1 M HCl). The calibration was then performed using 1:1 dilutions by 
withdrawing 5 mL of the existing solution and adding 5 mL of the 
diluting solution (0.01 M phosphate buffer of pH 4.5). The emf was 
recorded during the whole process until there are no more Nernstian 
response to the change of the concentration. 

2.3.4. Water layer test analysis 
The emf response was recorded for a conditioned 3Dp-APO+-ISE that 

was immersed in 1 mM APO+ at pH 4.5 for 4 h. Next, the electrode was 
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placed in 1 mM KCl (pH 4.5) for 3 h then in 1 mM APO + at pH 4.5 for 4 
h. The emf was recorded continuously and the presence of drift in the emf 
of the ISE while being in 1 mM APO + for the last 4 h indicates the 
presence of the water layer (Hambly et al., 2020). 

2.3.5. Effect of pH 
The effect of pH on the 3Dp-APO+-ISE response was investigated in 

the pH range (2–10). By adding aliquots of 0.1 M HCl and 0.1 M NaOH 
solutions to a 0.01 M phosphate buffer, the specific pH was produced. At 
every pH level, the emf signals of two different APO + concentrations 
(1.0 mM and 100.0 μM) were measured. 

2.3.6. Selectivity studies 
The selectivity of the produced electrodes was tested by conditioning 

them in 10.0 μM APO + overnight and then the emf values were recorded 
for 1 mM of calcium, magnesium, sodium, potassium, and levodopa. All 
solutions for selectivity studies were prepared by dissolving the required 
amount of chemical to make 20 mL of a 1 mM solution of the potentially 
interfering species in 0.01 M phosphate buffer (pH 4.5). The log selec
tivity coefficients were calculated for each potential interferent using 
the following equation: 

log Kpot
a,x =

Za (Ex − Ea)

59.2
+ log

⎛

⎜
⎜
⎜
⎜
⎝

Ca

C

(
Za
Zx

)

x

⎞

⎟
⎟
⎟
⎟
⎠

(1)  

Where, Kpot is the selectivity coefficient, Ex is the emf response to the 
analyte, Ea is the emf response to the interfering ion, Za is the charge of 
the analyte, Zx is the charge of the interfering ion, Ca is the concentration 
of the analyte and Cx is the concentration of the interfering ion. 

2.3.7. Application in plasma 
The fabricated APO+-ISE was applied toward the determination of 

APO+ in plasma. 3Dp-APO+-ISE were placed in a beaker with a Ag/AgCl 
reference electrode and stir bar. The beaker was placed on a stir plate 
where 5 mL of human plasma was then added to the beaker and stirred. 
APO+ was then additively spiked in plasma where a 5-point calibration 
was collected from 35 to 700 μM APO+. After the calibration each 3Dp- 
APO+-ISE was rinsed and placed in a new beaker with fresh human 
plasma. Then, three unknown concentrations (50, 169 and 600 μM) 
representing low, middle and high levels, were spiked by adding 100, 
250, and 1000 μL of a 5 mM stock APO solution, and the concentrations 
were determined using the regression equation. 

2.3.8. Stability and Shelf-life 
To determine the stability of the 3Dp-APO+-ISE, the emf response 

was recorded for a conditioned electrode that was placed in 100 μM 
APO+ in phosphate buffer of pH 4.5 and in plasma for 10 h. 

A shelf-life analysis was completed for 3Dp-APO+-ISE, where 
conditioned ISEs were monitored over the course of 32 days. An emf 
response was recorded for each 3Dp-APO+-ISE in a 1 mM APO+ solution 
at pH 4.5 every 2 days until day 27 where each ISE was then monitored 
daily until day 32. Between measurements the 3Dp-APO+-ISE were 
stored at room temperature in a closed cabinet. 

2.3.9. Method validation 
To ensure that the method is suitable for its intended purpose which 

is the determination of APO+ in bulk, we validated our method ac
cording to the International Council for Harmonization’s guidelines 
(ICH Harmonized Tripartite Guideline, Validation of Analytical Procedures: 
Text and Methodology, Q2 (R1), Current step 4 version, Parent guidelines on 
Methodology, 1996). Linearity was evaluated by determining ten 
different concentrations of APO+ in triplicate. A calibration curve was 
obtained by plotting the emf response recorded versus the respective 

concentration. Accuracy was assessed by calculating the percentage 
recovery of three different concentrations of APO+. Precision was tested 
by determining three different concentrations of APO+ three times on 
the same day for the intraday precision and on three different days for 
the interday precision, then calculating the percentage relative standard 
deviation (%RSD). According to the IUPAC regulations, limit of detec
tion (LOD) was calculated by extrapolating the lines of the Nernstian and 
non-Nernstian response whereas, limit of quantification (LOQ) is the 
lowest concentration in the calibration curve which can be determined 
accurately and precisely (Buck and Lindner, 1994). 

3. Results and discussion 

3.1. Fabrication and sensing mechanism of the 3Dp-APO+-ISE 

The component of the 3Dp-APO+-ISE that is responsible for the 
sensing of APO+ in solution is the ISM. The membrane consists of a 
photocurable resin, a plasticizer, an ion exchanger, and an ionophore, 
which make up the 3D printable Apomorphine ISM cocktail (Fig. 1). The 
resin is responsible for providing the structural support for the ISM, 
analogously to polyvinyl chloride (PVC) in PVC-based ISMs. The role of 
the plasticizer is to improve the solubility of the membrane components 
and enhance the analyte’s mobility within the membrane. By 
exchanging its potassium ions with the positively charged APO+ ions, 
the ion exchanger’s function is to render the ISM sensitive to positively 
charged molecules (i.e., permselective). The ionophore, a neutral 
molecule, endows the ISM with enhanced selectively towards the target 
analyte, here APO+. 

In order to achieve an optimum response towards APO+, we opti
mized different parameters and compared the electrodes’ performance 
regarding the linear range, limit of detection (LOD), and the slope of the 
calibration curve which should, under standard conditions, be equal to 
59.2 mV, according to Nernst equation (Equation (2)), 

emf =E0 +
RT
zF

ln a = E0 +
59.2 mV

z
log c (2)  

where E0 is the standard potential, R is the gas constant, T is the tem
perature, F is Faraday’s constant, z is the ion’s charge and c is the ion’s 
concentration. Since the phosphate buffer maintains a constant ionic 
strength in the measuring solutions, we assume a constant activity co
efficient for the APO+, and report emf vs. concentration. 

First, we investigated two different plasticizers (differing in their 
polarities), DOS and NPOE. Membranes containing DOS produced better 
Nernstian responses and lower LOD. By varying the amount of DOS in 
the ISM, it was found that membranes containing 3.9% DOS were 
optimal with respect to Nernstian response, linear range and the LOD. 
We then investigated the role of the ionophore by incorporating the 
calixarenes, as CX-6, Calix[4]arene and Calix[8]arene because they have 
good accessibility when they act as a host for ammonium moiety and 
β-cyclodextrin. It was found that CX-6 produced the best results in terms 
of linear range, LOD and Nernstian response (as CX-6 possesses the most 
suitable cavity size for APO+ molecule, capable of interacting with the 
ammonium moiety via electrostatic attraction between the electron rich 
faces of the aromatic rings of CX-6 and the positive charge of APO+

(Späth and Knig, 2010)). Previous research has shown that the ratio of 
ion exchanger to ionophore is an important consideration in the fabri
cation of ISEs, and the ratio of KTClPB: CX-6 (2:1) resulted in better 
Nernstian responses. Lastly, the concentration (10 μM and 100 μM) and 
the pH (4, 4.5, 5 and 5.5) of the conditioning solution was optimized. 
Those pH values were chosen according to the stability and the pKa of 
APO+, which is equal to 8.92 (“National Center for Biotechnology In
formation (2023). PubChem Compound Summary for CID 6005, 
Apomorphine.,” n.d.). 10.0 μM APO+ in 0.01 M phosphate buffer of pH 
4.5 was the most effective solution due to the relative instability of APO 
in other pH values (Sam et al., 1994). The results of all membrane 
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optimizations are summarized in Table SI1. Table SI2 represents a 
comparison of the analytical performance of the optimized APO + -ISE to 
other reported methods for apomorphine quantification in terms of 
linear range and LOD. As previously mentioned, APO has been deter
mined using two different electrochemical approaches. The first one is 
based on the detection of APO on a Nafion film modified glassy carbon 
electrode using square-wave voltammetry. Although the LOD (3 × 10− 9 

M) using this method was lower than the 3Dp-APO+-ISE (2.51 × 10− 6 

M), the Nafion modified electrode requires expensive reagents and 
materials, and an accumulation process prior to analysis, making the 
approach more costly and time-intensive (Cheng and Sun, 2001). In 
2022, Gould et al., reported a wearable APO sensor based off voltam
metry and amperometry, that relied on a carbon paste and Nafion 
modified microneedle. This sensor exhibited a sufficient LOD (0.6 ×
10− 6 M) for quantification of APO in interstitial fluid, although such 
results need to be correlated to blood levels (Goud et al., 2022). 

The optimized ISM composition was found to be 94.14% photoc
urable resin, 3.9% DOS, 1.33% KTClPB and 2:1 mol ratio of KTClPB to 
CX-6. Fig. 2A shows a representative emf vs. time trace obtained for 
successive 1:1 dilutions, and as can be seen, upon dilution the resulting 
emf decreases and rapidly becomes stable. Fig. 2B represents the cali
bration curve of APO + using the 3Dp-APO+-ISE with a slope of 58.8 
mV/Decade. The triangle inset shows the theoretically expected slope 
(59.2 mV decrease in emf upon an order of magnitude change in con
centration of APO+). 

3.2. Evaluation of solid-contact carbon mesh/thermoplastic 

An ideal solid contact ion-to-electron transducer should have the 
following characteristics in order to produce a stable and reproducible 
solid contact ISE: i) inherent hydrophobicity, ii) high capacitance to 
prevent polarization under high exchange current density, iii) reversible 

ion-electron transduction and iv) the absence of undesirable side re
actions (Monia Fibbioli et al., 2000; Liu et al., 2021; Nikolskii and 
Materova, 1985). Therefore, the properties of the solid-contact ion-
to-electron transducer, the carbon mesh/thermoplastic composite, 
which is presented here for the first time in the fabrication of an ISE, was 
evaluated using surface characterization and electrochemical tech
niques. Fig. 3A shows an SEM image of the carbon mesh/thermoplastic 
composite, where the dark features are indicative of the carbon material 
and the light features are the epoxy. The hydrophobicity of the com
posite was tested by introducing a drop of water on the surface of a dried 
and flattened composite, as shown in Fig. 3B. The contact angle was 
found to be 135⁰ indicating a high hydrophobicity of the mixture (Kumar 
and Prabhu, 2007). Reported work has demonstrated that enhancing the 
hydrophobicity of the solid contact ion-to-electron transducer is an 
efficient means of preventing the formation of an undesirable water 
layer that can be formed at the interface between the ion-to-electron 
transducer and the ISM. Even minute transmembrane fluxes of the an
alyte of interest and interfering ions can change the ionic composition in 
this water layer, which has a negative impact on the potential stability 
and reproducibility of ISEs (M. Fibbioli et al., 2000; Liu et al., 2021). To 
evaluate the presence of a water-layer between the APO+-ISM and car
bon mesh/thermoplastic solid-contact composite, we performed the 
well-known “water layer test”. As represented in Fig. 3C, after placing 
the 3Dp-APO+-ISE first in a solution of 1 mM APO+ (for 4 h), then in a 
solution of 1 mM KCl (for 3 h) and then back into the 1 mM APO+ so
lution (for 4 h), negligible drift in the emf was observed in the final 
solution of APO+, therefore, there is no water layer between the carbon 
mesh/thermoplastic composite layer and the 3D printed ISM. Regarding 
the second requirement of stable solid-contact ion-to-electron trans
ducers, which is high capacitance, its magnitude is highly dependent on 
the component used as solid contact in the ISE. Given that the 
ion-to-electron transduction process creates an asymmetric condition, a 
high capacitance is necessary to produce a high exchange current and, 
consequently, a solid contact that is nonpolarizable (Bobacka, 1999). To 
evaluate the polarization of the fabricated 3Dp-APO+-ISE, we compared 
it to a glassy carbon electrode. Muti-step chronopotentiometric tech
nique was used for a single cycle at two levels (1.0 and − 1.0 nA) for 60 s 
each. As represented in Fig. 3D, a smaller potential jump is observed for 
the ISE composed of the carbon mesh/thermoplastic composite when 
compared to the glassy carbon electrode. These results confirm that the 
carbon mesh/thermoplastic composite is a viable option in the con
struction of reliable solid-contact ion-to-electron transducers for 
potentiometric applications. 

3.3. Effect of pH 

Since pH not only affects the ionization of APO (and in turn its ability 
to be sensed potentiometrically) but also its stability, it was a crucial 
factor to evaluate. At pH higher than 6, the stability of APO is decreased, 
and a blue solution is produced instead of a clear solution. While at pH 
higher than 9, a black solution is observed. The instability of APO in 
alkaline environments has been reported. Photographs of as-prepared 
APO + solutions at different pH values are shown in Figure SI3. 
Fig. 4A shows the influence of pH on the resulting slope obtained for the 
3Dp-APO+-ISE at different pHs. Here we see a significantly sub- 
Nernstian response at pH 2, which increases to approximately 50 mV/ 
decade at a pH of 3. At the operational pH of 4.5, the 3Dp-APO+-ISE 
responds in a Nernstian fashion before again decreasing as the pH is 
increased to 6 and 7. The large error bars observed at pH 7 is likely due 
to the instability of APO+ at that pH as well as incomplete ionization. 

3.4. Selectivity and application in plasma 

The ISE needs to have adequate selectivity for the target analyte in 
order to function as a sensor, particularly when the target analyte is 
frequently found in complex media like plasma. The selection of the 

Fig. 2. A. Time series representing the emf response to 1:1 dilutions of 5.0 mM 
APO+ solution. B. Linear response of APO+ in the range of 5.0 mM–9.8 μM with 
a slope 58.8 mV/Decade. 
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ionophore to be incorporated in the membrane depends on the expected 
selectivity to the analyte of interest. Herein, we investigated macrocyclic 
calixarenes due to their reported selectivity towards quaternary 
ammonium compounds such as APO (Bell et al., 2018; Michael et al., 
2023; Mousavi et al., 2018). Fig. 4B represents the observed emf 
response of the 3Dp-APO+-ISE in 1 mM solutions of Mg2+, Ca2+, Na+, K+

and levodopa (L-Dopa) versus the response for the same concentration of 
APO+. Although L-Dopa does not display full cationic character at this 
pH (predominately zwitterionic), L-Dopa is the primary pharmaceutical 
intervention for patient’s with Parkinson’s disease, and would be pre
sent in their biological fluids. The experimental determined selectivity 
coefficients were computed using Equation (1) and are shown in Table 1. 
These results show that the 3Dp-APO+-ISE, incorporating CX-6 as the 
ionophore, displays great selectivity towards APO+ over other potential 
cationic interfering species. 

As the 3Dp-APO+-ISE is intended to determine APO+ in plasma, an 
experiment was performed to ensure the ability of the 3Dp-APO+-ISE to 
detect APO+ in the presence of albumin. As shown in Fig. 4C, first, the 
3Dp-APO+-ISE was immersed in a background solution consisting of all 
the studied interferents at their maximum physiological concentrations. 
Then, the electrode was placed in 20.0 μM APO+ followed by 200.0 μM 
APO+. Finally, 200.0 μM APO+ in the presence of 100.0 μM albumin was 
added. The presence of albumin decreased the emf response of APO + by 
5 mV, but it is still detectable indicating that the 3Dp-APO+-ISE can be 
used for the determination of APO+ in plasma. 

After we confirmed the ability of the 3Dp-APO+-ISE to detect free 
APO+ in the presence of albumin, we applied the method for the 
determination of APO+ in plasma (Table 2). Fig. 5A represents the emf 
response to five different concentrations of APO + spiked in plasma in 
the range of 35.0–700.0 μM with a near Nernstian slope of 52 mV/ 

decade. This range was chosen as it represents the relevant range in 
plasma as previously reported (Manson et al., 2001). Three unknown 
concentrations (50, 169 and 600 μM) representing low, medium and 
high levels, were spiked, and the concentrations were estimated using 
the regression equation. The percentage recovery are represented in 
Table 2. 

3.5. Stability, shelf life and validation 

One of the characteristics of any good sensor is its stability over time. 
To evaluate the stability of the 3Dp-APO+-ISE, we measured the evo
lution of the emf over a period of 10 h in 100 μM APO+. The 3Dp-APO+- 
ISE showed good stability, as represented in Fig. 5B, with a change of 
188 μV/hr when in phosphate buffer of pH 4.5 and a change of 688 μV/ 
hr in plasma. The larger deviation in the plasma solution is likely due to 
biofouling processes such as protein adsorption to the ISM. To determine 
the lifetime of the 3Dp-APO+-ISE, the emf response was recorded for 
three 3Dp-APO+-ISEs in a 1 mM APO+ solution at pH 4.5 over the course 
of 32 days. Interestingly, the sensors maintained their effectiveness for 
27 days before the observed emf response started to decrease. Regarding 
the validation, Table 3 shows the results of all validation parameters 
calculated as outlined in the experimental section. The 3Dp-APO+-ISE 
responded linearly in the range of 9.77 μM to 5.0 mM, with an LOD of 
2.51 μM and an LOQ of 9.77 μM. The method was proven to be accurate 
as the percentage recoveries for the spiked samples were in the accepted 
range (100 ± 2). Moreover, the precision was also determined to be in 
the accepted range (%RSD <2). Owing to the rise in the recognition of 
the importance of sustainability and green chemistry and that most of 
efforts to make greener analytical methodologies focus on minimizing 
energy consumption and employing safer or less hazardous solvents 

Fig. 3. A. SEM image of Carbon mesh/thermoplastic composite B. Hydrophobicity test for the Carbon mesh/thermoplastic composite. C. Multi-step potentiometry at 
two levels (1.0 and − 1.0 nA) for Carbon mesh/thermoplastic composite and glassy carbon electrodes. D. Water layer test for 3Dp-APO+-ISE immersed in 1 mM APO+

at pH 4.5 for 4 h, then in 1mM KCl for 3 h then back in 1 mM APO+ at pH 4.5 for 4 h. 
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(Sajid and Płotka-Wasylka, 2022), we calculated the greenness of this 
analytical method (i.e., the use of the 3Dp-APO+-ISE), Table SI3. Here 
we see that based on the components of the 3Dp-APO+-ISE, its use as an 

analytical tool receives an “Analytical eco-scale” total score of 92, which 
puts it in the category of an excellent green analytical tool (Gałuszka 
et al., 2012). 

Fig. 4. A. Effect of pH on the emf responses of the 3Dp-APO+-ISE immersed in 
1.0 mM and 100.0 μM APO+. B. Selectivity study showing the emf readings 
obtained for 1.0 mM Mg2+, Ca2+, Na+, K+, L-dopa and APO + versus time. C. 
emf responses of the 3Dp-APO+-ISE to 20 μM APO+, 200 μM APO+ and 200 μM 
APO+ in the presence of 100 μM Albumin (all solutions are prepared in a 
background solution consisting of 145.0 mM Na+, 5.50 mM K+, 2.70 mM Ca2+, 
1.10 mM Mg2+ and 0.014 mM L-dopa in buffer of pH 4.5). 

Table 1 
Selectivity coefficients for biologically relevant interfering cations versus APO +

for CX-6 doped ISE.  

Interferent Concentration 
(M) 

Physiological ranges (mM) ( 
Shrimanker and Bhattarai, 2023) 

Log k 

Magnesium 0.001 0.60 to 1.10 − 3.08 ±
0.13 

Calcium 0.001 2.20 to 2.70 − 3.23 ±
0.16 

Sodium 0.001 135.0 to 145.0 − 3.64 ±
0.08 

Potassium 0.001 3.60 to 5.50 − 3.61 ±
0.08 

L-Dopa 0.001 0.008 to 0.014 (Kuoppamäki et al., 
2009) 

− 2.66 ±
0.10  

Table 2 
Results of spike recovery analysis in plasma.  

Linear Range/μM 35–700 

Low unknown [APO+]/μM 50 
Recovery [APO+]/μM 48 ± 9 
% Recovery 96 ± 19 
Medium unknown [APO+]/μM 169 
Recovery [APO+]/μM 159 ± 7 
% Recovery 94 ± 5 
High unknown [APO+]/μM 600 
Recovery [APO+]/μM 610 ± 96 
% Recovery 102 ± 16  

Fig. 5. A. Calibration curve of APO+ in plasma in the concentration range 
(35.0.0–700.0 μM). Green data points represent unknown APO+ samples. B. 
Stability for 3Dp-APO+-ISE immersed 100.0 μM APO+ at pH 4.5 for 10 h and 
100.0 μM APO+ in plasma. C. emf responses in 1.0 mM APO + over a period of 
32 days. 
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4. Conclusion 

In this work, we developed the first potentiometric sensor for the 
determination of APO+ and confirmed its utility in bulk and in human 
plasma. The 3Dp-APO+-ISE consists of a 3D printed ISM doped with the 
ionophore calix[6]arene which is affixed to a 3D printed housing con
taining a carbon mesh/thermoplastic composite as the solid contact 
material. The 3Dp-APO+-ISE was found to be selective and able to detect 
APO+ over the biologically and pharmaceutically relevant ranges in 
human plasma. The sensor was stable for approximately 10 h with a 
minimal drift of just 188 μV/hr without the formation of a water layer. 
Using 3D printed potentiometric sensors for the determination of APO+

has several advantages: i) it requires simple equipment for readout, ii) 
the method is cost effective and rapid, iii) 3D printed ISMs can be easily 
translated into point-of-care devices owing to the control afforded by 3D 
printing. Furthermore, 3D printing permits a rapid print/test/iterate/ 
optimize approach which has the ability to drastically reduce the time 
required to fabricate reliable sensors. The inherent reproducibility 
afforded by 3D printing also translates to sensor reproductivity, where 
device-to-device deviations can be significantly decreased. While 3D 
printing in the field of potentiometry is still in its infancy, the perfor
mance of the 3Dp-APO+-ISE provides evidence justifying continued 
research in this area. Miniaturization and implementation into hand- 
held devices that can be controlled with low-cost and portable electro
chemical readers, which would facilitate a patient’s use in the comfort of 
their own residence, are aspects of future research. 
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