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Abstract: Daclatasvir dihydrochloride (DAC) is a drug used to treat hepatitis C virus (HCV) infection.
In this study, an ionophore-based nanosphere emulsion was made of tricresyl phosphate (TCP) as the
oil phase that is dispersed in water using Pluronic F-127 as an emulsifying agent. The nanospheres,
consisting of the oil phase TCP, were doped with sodium tetraphenyl borate (Na-TPB) as a cation-
exchanger and dibenzo-18-Crown-6 (DB18C6) as an ionophore (chelating agent) for DAC. The
nanosphere emulsion was employed as a titrant in the complexometric titration of DAC (the analyte),
and the DAC-selective electrode (ISE) was used as an indicator electrode to detect the endpoint. In
the sample solution, DAC2+ ions diffused into the emulsified nanospheres, replaced Na+ from the
ion exchanger (Na-TPB), and bonded to the ionophore (DB18C6). The DAC-selective nanospheres
were successfully utilized to determine DAC in various samples, including standard solutions,
commercial tablets (Daclavirocyrl®), serum, and urine. The method exhibited a linear dynamic range
of 81.18 µg/mL to 81.18 pg/mL (10−4 to 10−10 M), achieved high recovery values ranging from
99.4% to 106.5%, and displayed excellent selectivity over similar interfering species (sofosbuvir and
ledipasvir). The proposed method offers a new approach to determine the drug species (neutral,
anionic, and cationic) without the requirement of water-soluble ligands or pH control.

Keywords: complexometric titration; potentiometric titration; cation-exchanger; core–shell nanosphere;
emulsion polymerization; reverse titration

1. Introduction

Complexometric potentiometric titration is a type of titration in which the analyte
(anion or cation) is titrated with water-soluble ionophores (chelating agents) in the pres-
ence of working and reference electrodes to measure the potential difference during the
titration process [1]. These ionophores form stable complexes with the analytes and the
endpoint can be detected easily using a potentiometer [2]. The advantage of complexo-
metric potentiometric titration over other types of titrations is the possibility of the precise
determination of analytes (ions), with high selectivity over other interfering species [3]. To
date, many researchers have aimed to develop new ionophores (chelating agents) to be
used as modifiers for ion-selective electrodes (ISEs). The main drawback of applying these
ligands as selective potentiometric titrants is that most of them are water-insoluble. The
advantages of potentiometric titration include higher accuracy and precision compared to
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direct potentiometry [4]. During the titration, the potential break needs to be well defined,
but the potential value itself is of a secondary importance and the response of the ISE
need not be Nernstian or reproducible [5]. Furthermore, the titration system can be easily
automated using modern technology; therefore, the analysis time can be reduced and better
accuracy can be achieved [6]. However, the absence of a selective water-soluble chelating
agent that can form stable complexes with the targeted analyte limits the widespread
application of this valuable method.

The advantages of complexometric potentiometric titration and ISEs can be combined
by a newly developed chelating system called “ionophore-based ion exchange nanosphere
emulsion”, first introduced by Bakker et al. [2,7], for the determination of calcium and
lead. In this system, ionophores are used for the selective binding of the analyte (ions),
allowing their separation from other interfering species in the sample solution; this facili-
tates shifting the complexometric titration from the homogeneous aqueous phase to the
heterogeneous (water/oil) phase, which extends the application of the technique to include
water-insoluble/lipophilic species and allows the complexation of different analytes (ions)
with different ionophores. The cleating agent (ionophore) in the nanospheres selectively
binds the analyte ions, leading to changes in the optical, electrical, or mechanical properties
of the nanospheres that can be detected and quantified. Recently, nanosphere emulsions
containing a complexing agent and ion exchanger have been used in the extraction of target
analytes (ions) in complex samples [2,7–10]. The incorporation of the ion exchanger in the
nanosphere emulsion can increase the sensitivity of the emulsion as it allows its separation
from other interfering species in the sample solution and facilitates the binding of the target
analyte. Bakker’s titration reagent is a suspension of nanospheres consisting of a lipophilic
core (plasticizer) stabilized by an amphiphilic polymer material such as Pluronic F-127
(F-127) [2,7]. However, the literature cites the limited application of this ionophore-based
emulsion in potentiometric titration, which has been confined to the determination of metal
ions (Pb2+ and Ca2+ [2]) and inorganic anions (ClO4

−, NO3
− [7], and SCN− [11]). To our

knowledge, no reports in the literature quantify bulky organic analytes using nanosphere-
based potentiometric titration. Thus, we were prompted by the need to apply nanosphere
emulsions for quantitative potentiometric titration of a lipophilic organic analyte to better
understand the underlying mechanism, advantages, limitations, and applicability of this
new generation of titration reagents.

Daclatasvir (C40H50N8O6, Figure 1) is not an antivirus but rather an antiviral med-
ication used in the treatment of the chronic hepatitis C virus (HCV) and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [12]. It belongs to a class
of drugs known as direct-acting antivirals (DAAs), which work by blocking the replica-
tion of the hepatitis C virus in the body [12]. The recommended dose of daclatasvir for
HCV infection is usually one tablet (60 mg) taken once daily with or without food. The
duration of treatment may vary depending on the patient’s virus genotype and medical
history. Symptoms of overdose may include nausea, vomiting, abdominal pain, headache,
dizziness, and fatigue [13]. Therefore, there is a strong need for the development of a
simple, sensitive, selective, and cost-effective method for the determination of DAC in
serum and urine for pharmacokinetics studies and in pharmaceutical formulations for
active pharmaceutical ingredients (API) routine testing. Previously reported methods
for the determination of DAC include spectroscopy [14], chromatography [15,16], and
voltammetry [17–19]; these methods are expensive, need sample preparation, and exhibit a
narrow linear concentration range.



Chemosensors 2023, 11, 385 3 of 17Chemosensors 2023, 10, x FOR PEER REVIEW 3 of 17 
 

 

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 1. Chemical Structure of (A) Daclatasvir. (B) Ionophore (dibenzo-18-Crown-6). (C) Cation-

exchanger (sodium tetraphenylborate, Na-TPB). (D) Structure of the emulsifier (triblock copolymer 

Pluronic F-127). 

This study aimed to develop nanospheres based on ionophores for the accurate de-

termination of DAC in pharmaceutical formulations and biofluids using complexometric 

potentiometric titration. To achieve this, an emulsion of ionophore-based nanospheres 

was prepared by combining tricresyl phosphate (TCP) as the oil phase with an emulsifier 

(Pluronic F-127 surfactant) and dispersed it in water. Within the oil phase, sodium 

Figure 1. Chemical Structure of (A) Daclatasvir. (B) Ionophore (dibenzo-18-Crown-6). (C) Cation-
exchanger (sodium tetraphenylborate, Na-TPB). (D) Structure of the emulsifier (triblock copolymer
Pluronic F-127).

This study aimed to develop nanospheres based on ionophores for the accurate de-
termination of DAC in pharmaceutical formulations and biofluids using complexometric
potentiometric titration. To achieve this, an emulsion of ionophore-based nanospheres
was prepared by combining tricresyl phosphate (TCP) as the oil phase with an emulsi-
fier (Pluronic F-127 surfactant) and dispersed it in water. Within the oil phase, sodium
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tetraphenyl borate was incorporated as a cation exchanger, and dibenzo-18-crown-6 served
as a chelating agent. These nanospheres were then utilized as titrants in the complexomet-
ric titration process for DAC, with the DAC-selective electrode employed as an indicator
electrode to determine the endpoint. During the titration, DAC2+ ions diffused into the
nanospheres, displaced the Na+ ions of the ion exchanger (Na-TPB) and complexed with
the ionophore (complexing agent, DB18C6). Overall, the emulsified nanospheres offered
a large surface area for extracting DAC from the sample solution, thereby enhancing the
sensitivity of the complexometric potentiometric titration. The presence of the cation
exchanger (Na-TPB) facilitated the formation of a stable complex between DAC2+ and
the ionophore (DB18C6) within the core of the emulsified nanospheres. The emulsified
nanospheres were evaluated for the picogram determination of DAC in standard solutions,
tablets (Daclavirocyrl®), serum, and urine, with high sensitivity and selectivity.

2. Experimental
2.1. Materials

Pure analytical grades of daclatasvir dihydrochloride (DAC.2HCl), sofosbuvir (SOF),
and ledipasvir (LED) were provided by European Egyptian Pharmaceutical Industries
(Alexandria, Egypt). The pharmaceutical formulation Daclavirocyrl® was purchased from
a local pharmacy. Pluronic F-127 (F-127, 99%, Sigma-Aldrich, Munich, Germany), graphite
powder (ACROS organics, Morris Plains, NJ, USA), dioctyl phthalate (DOP, 97.0% Sigma-
Aldrich), tricresyl phosphate (TCP, 98.0% Sigma-Aldrich), dibenzo-18-crown-6 (DB18C6,
98.0% Sigma-Aldrich), sodium tetrakis (1-imidazolyl)borate (Na-TImB, 97%, Sigma-Aldrich,
Munich, Germany), sodium tetraphenyl borate (Na-TPB, 99%, Alfa Aesar, Haverhill, MA,
USA), tetrahydrofuran (THF, 95%, Carlo Erba Reagents, France), Orthophosphoric acid
(H3PO4, 85%, Sigma-Aldrich), glacial acetic acid (CH3CO2H, Sigma-Aldrich, St. Louis,
MI, USA), boric acid (H3BO3, ACS grade, MISR-Scientific Company), hydrochloric acid
(HCl, 30%, El-Nasr Pharma. Chem. Co., Cairo, Egypt), and acetonitrile (CH3CN, 99.9%
Fisher Chemical, Hampton, NH, USA) were used in this study without further purifica-
tion. Figure 1 shows the chemical structure of Daclatasvir, dibenzo-18-Crown-6, sodium
tetraphenylborate, and Pluronic F-127.

2.2. Method

Emulsified nanospheres contained 8.0 mg TCP (oil phase), 5.0 mg F-127 (surfactant),
and 1.25 mg DB18C6 (ionophore). These components were dissolved in 2.0 mL THF
(organic solvent). A 1.8 mL aliquot of this solution was spiked with a calculated volume
of 10−2, 10−4, 10−6, or 10−8 M Na-TPB solution (cation-exchanger) prepared in THF to
prepare the desired concentration of Na-TPB in the emulsified nanospheres (see Table 1).
This cocktail was then injected into 6.0 mL distilled water (aqueous phase) and dispersed
via vortexing at 1000 rpm speed for 10 min. The THF was removed through the blowing of
compressed air for 30 min [20].

Table 1. Composition of the DAC-selective nanospheres emulsion and the corresponding recovery.

F-127 (mg) TCP (mg) DB18C6 (mg) THF (mL) Na-TPB Aliquot *
(mg) H2O (mL) Recovery %

± SE Ref.

Em 1 3.00 8.00 2.24 2.00 1.00 6.00 No response [2]
Em 2 5.00 8.00 1.25 2.00 1.80 6.00 102.15 ± 4.17 [20]

* Each THF aliquot was spiked with a suitable volume of 10−4 M Na-TPB solution, prepared in THF, to yield a
final ion-exchanger concentration of 10−6 M.

Potentiometric and pH measurements were performed with the Jenway pH-mV Model
3510 (UK), using a Metrohm Ag-AgCl as a reference electrode. A DAC-selective car-
bon paste electrode served as a working electrode, and it was prepared as described
elsewhere [21] with a (w/w)% composition of 69.38%:29.38%:1%:0.25% of graphite:DOP:
DB18C6:Na-TimB. High-resolution transmission electron microscopy was performed at
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HR-TEM (JEOL, JEM -2100, Tokyo, Japan). A few drops of the nanosphere emulsion were
placed on a copper grid coated with carbon and left to dry at room temperature. The sample
was stained with 1% phosphotungstic acid. Camera images were taken using a Samsung
cell phone. A stock solution of DAC.2HCl (10−3 M) was prepared in Britton–Robinson
buffer (BR) of pH 2.47. Lower concentrations down to 10−12 M were prepared via a simple
dilution series. A total of 10−3 M stock solution of SOF and LED was prepared in the BR
buffer for the selectivity studies. The concentration of DAC in the test solution was 10−6 M,
and the concentration of the interfering substance was 2 × 10−6 M.

For detecting DAC in body fluids [22], serum and urine samples were taken from a
healthy volunteer (corresponding author) on the same day of analysis and spiked with
DAC.2HCl (pure drug) to prepare 0.01 mM DAC.2HCl. Next, 3 mL of DAC-serum or
DAC-urine was mixed with 3 mL of acetonitrile for protein precipitation and centrifuged at
3000 rpm for 20 min [22]. The supernatant was carefully separated, and the acetonitrile was
removed with compressed air. Each aliquot of these solutions (0.01 mM DAC) was diluted
10-fold with BR buffer before performing the nanosphere titration. For the application of the
emulsion titration to 100-fold diluted biological fluids, no protein precipitation was carried
out. For detecting DAC in its pharmaceutical formulation, ten tablets (Daclavirocyrl®)
were weighed and ground, then a weight equivalent to one tablet was dissolved in an
appropriate volume of BR buffer to produce the desired concentration (~ 0.81 µg/mL). The
titration of the nanosphere emulsion was performed and the result obtained was compared
with that of a previous HPLC method [23].

3. Results and Discussion
3.1. Formation of the Emulsified Nanospheres

Two emulsified nanosphere solutions with different compositions were prepared (see
Table 1) and used in the titration of 10−6 M DAC (corresponding to 0.81 µg/mL), and
the recovery values obtained are listed in Table 1. The two emulsified nanospheres were
prepared using the precipitation method in which a THF cocktail containing TCP (oil phase),
F-127 (surfactant), DB18C6 (cleating agent), and Na-TPB (cation exchanger) was injected
into vortexing water. When the THF evaporates, the cocktail components self-assemble
into nanospheres through van der Waals forces [24].

Pluronic F-127, a nonionic surfactant, has a molecular weight of approximately
12,500 Da. Its composition consists of poly(ethylene oxide)98–poly(propylene oxide)67–
poly(ethylene oxide)98 (PEO98-PPO67-PEO98). Figure 1D illustrates that the hydrophilic
segment of the surfactant, which is water-soluble, is composed of the PEO blocks, while
the hydrophobic portion, which is insoluble in water, corresponds to the PPO block. In
the study context, Pluronic F-127 was utilized to stabilize the oil phase (TCP) droplets and
prevent their coalescence or separation from the aqueous phase [25]. In the nanosphere
emulsion, the hydrophobic PPO block of Pluronic F-127 comes into contact with the oil
phase (TCP), whereas the hydrophilic PEO blocks of the outer shell interact with the
aqueous environment. This core–shell structure is responsible for the stabilization of the
nanospheres and other encapsulated molecules (e.g., ionophore and cation exchanger). By
adjusting the concentration of the oil phase (TCP), emulsifier (Pluronic F-127), and the
solution’s temperature, it is possible to control the size of the nanospheres [26].

The TEM image (Figure 2A) depicts the nanospheres in the emulsion, displaying
their spherical shape and a particle size distribution of 90 ± 25 nm. The narrow size
distribution signifies the uniformity and homogeneity of the nanospheres. Moreover, the
camera image captured after one week (Figure 2B) provides evidence of the suspension’s
remarkable stability, which serves as a testament to the nanosphere emulsion’s high quality
and reproducibility. This stability is essential for ensuring the accurate determination of
DAC within the storage period of 7 to 9 days. Figure 2C–E shows the camera images of the
nanosphere emulsion at different time intervals during storage. These images reveal that,
after two weeks, the emulsion starts to show signs of agglomeration, which progressively
intensifies over the course of one month. Consequently, the solution takes on a yellowish
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appearance, possibly due to the presence of TCP. This color change suggests that the
nanospheres may be rupturing or bursting.
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3.2. Complexometric Potentiometric Titration and Response Mechanism

A reverse titration system was employed in this work, wherein the titration cell ini-
tially contained a precise volume of the emulsion (titrant) with a known concentration
of Na-TPB. Subsequently, increasing volumes of DAC (analyte) were added to the cell,
and the cell potential was continuously monitored (Figure 3A). To detect the endpoint,
a DAC-selective ISE was utilized as a working (indicator) electrode [21]. Before the end-
point, the nanospheres imposed a very low concentration of DAC2+ ions in the aqueous
solution because it was exchanged with Na+ and entered the nanosphere’s core. Once the
nanospheres were saturated with DAC2+ (i.e., 2 × number of moles of DAC2+

ns = number
of moles of TPB−ns, due to charge balance requirement), its concentration in the aqueous
phase increased dramatically, causing the EMF response of the DAC-ISE to show a sudden
increase (potential break), see Figure 3A. The relationship between the electromotive force
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(EMF) response of the ISE and the concentration of DAC in the aqueous solution can be
described as EMF = E′ + s log [DAC2+]aq, where E′ is a constant, s is the electrode slope at
29.5 mV/decade, and [DAC2+]aq is the concentration of DAC in the aqueous solution.
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As per Bakker et al. [2], in contrast to homogeneous titration, the stoichiometry of the
ionophore–analyte complex holds little significance in terms of the amount of extractable
analyte ions. Instead, the quantity of ion-exchanger present determines the amount of
extractable analyte ions, as long as the ionophore is in excess molar concentration compared
to the ion-exchanger. In our study, the emulsified nanosphere was doped with Na-TPB,
where the counter-ions (Na+) of Na-TPB are easily displaced by DAC2+ ions in the sample
solution. While the cation-exchanger (Na-TPB) governs the quantitative extraction of
DAC2+ ions, the ionophore (DB18C6) forms a stable and selective complex with DAC2+

ions in a 1:1 stoichiometry, thereby controlling the selectivity of the nanospheres (refer
to Figure 3). Equations (1) and (2) represent the DAC2+/Na+-exchange reaction and the
expression for the exchange coefficient, respectively. These equations are analogous to the
well-known extraction equilibria and extraction constants utilized in conventional titrations
based on ion pair formation [27,28].

DAC2+
(aq) + 2Na+

(ns) ↔ DAC2+
(ns) + 2Na+

(aq) (1)

Kex = KDAC2+

Na+ =

[
DAC2+

]
ns[

DAC2+
]

aq

(
[Na+]aq

[Na+]ns

)2

(2)

where Kex or KDAC2+

Na+ is the exchange coefficient expressing the nanospheres’ preference for
DAC2+ over Na+ (the higher the value of Kex, the more the nanospheres prefer daclatasvir
ions); [DAC2+]ns and [DAC2+]aq are the concentrations of DAC2+ in the nanosphere and
the aqueous phase, respectively; and [Na+]ns and [Na+]aq are the concentrations of Na+ in
the nanosphere and the aqueous phase, respectively.

The determination of the endpoint was based on the first derivative curve of the plot
between the potential of the solution and the mole ratio nDAC2+/nTPB− (Figure 4A).
Examining the figure, it is evident that the titration curves exhibited an indiscernible
endpoint when utilizing Em 1. Conversely, when Em 2 was employed, a classical titration
curve shape was observed. Em 2 displayed a distinct potential change near the equivalence
point, making it the preferred emulsion for subsequent experiments. Em 2 with and without
DB18C6 was examined in Figure 4B where the emulsion containing the ionophore exhibited
a more distinct endpoint with a significantly larger potential break value, and the emulsion
without the ionophore displayed a smaller potential breakage. This observation confirms
the critical role of the ionophore and indicates that the mechanism is not solely reliant on ion
exchange but also involves DAC–ionophore complexation. In the absence of an ionophore,
the reduced response can be attributed to a lack of selectivity and, more importantly, a
decrease in the driving force for the uptake of DAC2+ into the nanospheres, leading to a
decrease in the KDAC2+

Na+ value. In simpler terms, DAC2+ remains in the aqueous phase for
a longer duration using the ionophore-free emulsion compared to the ionophore-based
emulsion. Consequently, the changes in analyte concentration at the equivalence point are
not significant enough to generate a substantial EMF signal change.

In conventional titrations based on ion pair formation, the magnitude of the potential
shift is determined by the solubility of the precipitated ion pair. A lower solubility product
(Ksp) for the ion pair corresponds to a greater change in electromotive force at the endpoint.
This occurs because the limited solubility of the ion pair enhances its lipophilicity, causing
the ISE membrane solvent to exhibit higher selectivity and extractability for the ion pair.
As a result, the overall potential of the sensor increases [27]. In contrast to titrations
based on ion pair formation, DAC-selective titrations using nanospheres operate on the
principle of exhaustive ion exchange, where, theoretically, all the analyte is consumed
by the emulsion at the endpoint [29]. The concept of an exhaustive ion exchange was
introduced by Bakker et al. for nano-optodes [29–31], and the same principle applies to
the nanosphere titration employed in this study. However, the ion exchange process is
reversible to some extent, and the effectiveness of the nanospheres relies on the exchange
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coefficient value. Specifically, a higher exchange coefficient (KDAC2+

Na+ ) value results in the
more exhaustive behavior of the nanosphere emulsion. Xie et al. indicated that a valid
exhaustive mode is characterized by a negligible analyte concentration in the aqueous
phase compared to the initial concentration [31]. This effect, combined with rapid exchange
equilibria, leads to a significant change in the analyte’s concentration in the aqueous phase,
resulting in a substantial response in the potential of the indicator electrode. Consequently,
the titration reagent becomes more sensitive.
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Figure 4. Complexometric potentiometric titration using the DAC-selective emulsion: (A) Titration
curves of 10−6 M (0.81 µg/mL) DAC titrated against different compositions of emulsions. The dashed
vertical line represents the expected theoretical endpoint. The start potential of all plots in this and all
subsequent figures was set to start from zero for the sake of clarity. Inset represents the potentiometric
titration and first derivative curves for Emulsion 2. (B) The titration curve of 10−6 M (0.81 µg/mL)
DAC.2HCl titrated with nanosphere Em 2 containing the ionophore and nanosphere Em 2 free of the
ionophore. The dashed vertical line represents the theoretical endpoint.

Mechanisms driving the uptake of DAC2+ by the nanospheres can be attributed to
the assumption that DAC2+ attains greater stability within the core of the nanospheres.
The matrix of the nanospheres primarily consists of the lipophilic phase (TCP), and due
to the higher lipophilicity of DAC2+ compared to Na+, the nanospheres exhibit a relative
preference for DAC2+ ions, according to the Hofmeister lipophilicity pattern. Additionally,
the presence of the DAC–ionophore (DB18C6) enhances the stabilization of DAC2+ ions by
forming a complex, thereby shifting the equilibrium in Equation 1 towards the right. Taking
into account the formation of the DAC–ionophore complex, the overall equilibrium with
the corresponding exchange coefficient is illustrated in Equations (3) and (4). To validate
this assumption, a comparison was made between an ionophore-free nanosphere emulsion
and nanospheres containing the ionophore, as shown in Figure 4B.

DAC2+
(aq) + zL(ns) + 2Na+(ns) ↔

[
DAC.Lz]

2+
(ns) + 2Na+(aq) (3)

Kex = KDAC2+

Na+ =
[DAC.L2+

z ]ns[
DAC2+

]
aq

[L]zns

(
[Na+]aq

[Na+]ns

)2

(4)
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where L stands for DB18C6, forming a complex with DAC2+ with z stoichiometry. [DAC.L2+
z ]ns

and [L]ns are the concentrations of the DAC-DB18C6 complex and DB18C6 in the nanosphere
phase, respectively.

Sensitivity of the Emulsion-Based Titration

To evaluate the method’s sensitivity, various concentrations of DAC2+ ranging from
10−2 to 10−12 M were prepared and titrated against nanosphere emulsions containing an
equimolar concentration of Na-TPB to the analyte solution. The nanosphere emulsions
demonstrated the accurate determination of DAC2+ within a concentration range of 10−4 to
10−10 M (equivalent to 81.18 µg/mL to 81.18 pg/mL), as shown in Table 2. The recoveries
obtained ranged from 99.4% to 106.5%. It is worth noting that the recovery increased as
the DAC concentration decreased. This phenomenon can be attributed to the fact that the
titration takes place in a strongly acidic environment where the high concentration of H+

ions appear to compete with DAC for exchange with Na+
ns. This interference becomes

more noticeable at lower concentrations of DAC2+ compared to higher concentrations. The
observed range of response, particularly at very low concentrations, serves as evidence of
the strong binding between the ionophore and DAC2+ (analyte).

Table 2. Potentiometric reverse titration of DAC in pure solutions.

Amount of DAC Recovery % RSD * %

mol/L µg/mL

1.00 × 10−4 81.18 99.37 2.32
1.00 × 10−5 8.12 100.71 2.29
1.00 × 10−6 0.81 102.15 4.09

ng/mL

1.00 × 10−7 81.18 103.49 2.42
1.00 × 10−8 8.12 103.60 4.65
1.00 × 10−9 0.81 106.51 4.26
5.00 × 10−10 0.41 104.41 4.73

pg/mL

1.00 × 10−10 81.18 104.94 2.39
* Average of three determinations.

Reverse titration curves of DAC2+ in the concentration range of 10−4 M to 10−8 M
are represented by solid lines shown in Figure 5A. It can be observed that the potential
break of the titration curve increases as the DAC concentration decreases. Conversely, the
dashed lines depict the titration curves for concentrations ranging from 10−9 M to 10−10 M,
where an opposite trend is observed for the potential break values. To provide clearer
representation, Figure 5B illustrates the relationship between the potential break and DAC2+

concentration. The influence of the nanospheres on cell potential is considered indirect as
they operate by manipulating the aqueous concentration of DAC, which is proportional to
the EMF response. The decrease in the potential break of the titration curve at high DAC2+

concentrations is likely a result of the nanosphere Donnan exclusion failure. This occurs
due to the co-extraction of counter ions from the aqueous phase along with the primary ion
into the nanospheres’ core, leading to a decrease in the nanospheres’ KDAC2+

Na+ value. A lower
concentration of anions is expected to cause less interference, thereby causing the potential
break to increase from 10−4 M to 10−8 M DAC.2HCl concentration. At concentrations
below 10−8 M, the magnitude of the titration potential break is determined by the detection
limit of the indicator electrode. As previously reported [21], the DAC-ISE used in this study
has a detection limit of 3.2× 10−9 M. Consequently, the potential break gradually decreases
as the concentration of the analyte falls below this value.
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Figure 5. Complexometric potentiometric titration using the DAC-selective emulsion. (A) Titration
curves for different concentrations of DAC2+ versus the nanosphere emulsion. The vertical line
represents the theoretical endpoint. (B) Relationship between the analyte concentration (pDAC) and
the potential break of the titration curve.

3.3. Influence of Background Solution

Ion-selective nanospheres reported in previous studies were found to be pH-
independent as long as the sensing components did not contain protonatable groups.
This characteristic allowed these titration reagents to be successfully used in acidic, basic,
or neutral media. However, in this particular study, the solubility of the analyte is pH-
dependent—DAC has a pKa1 value of 3.82, and thus titrations were conducted in a BR
buffer with a pH of 2.47. In this pH range, the main species of the analyte is di-cationic
and highly soluble, as depicted in Scheme 1A. A 10−6 M DAC2+ solution was prepared in
HCl solution with the same pH with BR buffer, and a nanosphere titration was performed.
Figure 6A demonstrates the similarity between the endpoints of the two titration curves
despite the different solvent backgrounds in which the analyte is dissolved. However, the
potential break of the titration performed in the BR buffer appears to be smaller compared
to the one obtained in HCl. This observation could be attributed to the lipophilic nature of
the anions present in the BR buffer (such as borate, phosphate, and acetate) when compared
to the Cl- ions in the HCl solution, causing some interference. Nevertheless, the interference
caused by the anions in the BR buffer is minimal, measuring only a few millivolts (less than
7 mV) when compared to the potential break in HCl, and it should not significantly impact
the progression of the titration.
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Figure 6. Influence of the interfering species. (A) Comparison between nanosphere emulsion titration
of 10−6 M (0.81) µg/mL DAC2+ in BR buffer and HCl. Potentiometric titration curves for 10−6 M
(0.81 µg/mL) DAC in presence of a two-fold interferent concentration of SOF (B) and LED (C). The
dashed vertical line represents the expected theoretical endpoint. (D) Comparison between the
selectivity of ionophore-based and ionophore-free emulsions for the determination of DAC in absence
and presence of interfering species (error bars represent an average of three titrations).

3.4. Selectivity

The impact of interference was assessed by conducting DAC-selective titrations in
the presence of potentially concomitantly administered drugs namely sofosbuvir, and
ledipasvir. J. Zhai et al. [2] reported that Ca2+ and Pb2+ selective emulsions displayed poor
performance in the absence of ionophore due to reduced selectivity. Thus, the ionophore
plays a crucial role in determining the species extracted from the sample solution, thereby
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influencing the selectivity of the emulsified nanospheres. This assumption is further
validated by the data presented in Table 3 and illustrated in Figure 6B–D. Figure 6B,C
demonstrates that the endpoint of the reverse titrations was reached earlier than the theo-
retical vertical line in case of ionophore-free emulsions. This indicates that the nanospheres
become saturated with a smaller volume of the sample, resulting in positive errors in all
the obtained recoveries, as indicated in Table 3 and Figure 6D. However, the magnitude
of the error was significantly reduced in the presence of the ionophore. Specifically, the
error decreased from 42.9% and 242.0% (when ionophore-free nanospheres were used) to
6.5% and 7.2% (when nanospheres containing ionophores were used) in presence of sofos-
buvir and ledipasvir, respectively. This confirms that the emulsion without the ionophore
exhibited a non-discriminatory response to DAC or the interfering species (sofosbuvir and
ledipasvir) and that the nanospheres became selective for DAC only when the ionophore
was incorporated. We propose that the observed trend in the results can be attributed to
the selectivity of the nanosphere-free emulsions, which is governed by the lipophilicity of
the analytes. Since DAC, SOF, and LED have higher lipophilicities compared to Na+ (the
counter ion of TPB−), they tend to be extracted into the nanospheres. This extraction pro-
cess leads to a deviation in the DAC recovery values from 100%, as depicted in Figure 6D.
This assumption is supported by J. Zhai and colleagues [7], who noted that nanospheres
without ionophores exhibit selectivity according to the Hofmeister lipophilicity sequence.
Furthermore, Y. M. Ahmed et al. [21] reported that carbon paste electrodes modified with
DB18C6 showed a superior response and higher selectivity towards DAC compared to
SOF and LED. Therefore, in the case of using ionophore-based emulsions, the reason why
only DAC is extracted into the nanospheres (as evident in the recovery values) could be
attributed to the stronger binding affinity of the ionophore to DAC compared to sofosbuvir
and ledipasvir. It should be noted that sofosbuvir demonstrated much lower interference
compared to ledipasvir. This distinction arises from the fact that ledipasvir possesses higher
lipophilicity and a larger positive charge when compared to sofosbuvir.

Table 3. Recovery values for determination of DAC in presence of two-fold interfering levels of
sofosbuvir and ledipasvir.

Sample
Em with Ionophore Ionophore-Free Em

Recovery % RSD * % Recovery % RSD * %

10−6 M DAC 102.15 4.09 107.28 4.70
10−6 M DAC + two-fold SOF 106.51 4.26 142.86 0
10−6 M DAC + two-fold LED 107.15 1.25 341.96 6.66

* Average of three determinations.

3.5. Response Time

A 5 mL portion of the DAC-selective emulsion, containing Na-TPB at a concentration
of 10−6 M, was introduced into the titration cell. The titration was carried out by adding
volumes of the 10−6 M DAC2+ solution, specifically 2 × 1 mL and 5 × 200 µL, while
monitoring the potential response over time. The endpoint of the titration was observed
between 2.4 and 2.6 mL, as shown in Figure 7. The response time prior to reaching the
endpoint exceeded 90 s, whereas after the endpoint, it was reduced to less than 20 s. This can
be attributed to the fact that, theoretically, the aqueous solution before the endpoint does not
contain DAC ions since they are readily extracted into the core of the nanospheres; however,
after reaching the endpoint, the nanospheres become saturated with DAC, resulting in an
increase in the DAC concentration in the aqueous solution. Consequently, the response
time during the titration is primarily influenced by the response of the ISE.



Chemosensors 2023, 11, 385 14 of 17
Chemosensors 2023, 10, x FOR PEER REVIEW 14 of 17 
 

 

 

Figure 7. Time trace during the potentiometric titration of 10−6 M (0.81 µg/mL) DAC.2HCl. In the 

titration cell, a 5 mL aliquot of DAC-selective emulsion contains 10−6 M ion-exchanger (Na-TPB). 

The volumes of the added DAC solution were 2 × 1 mL and 5 × 200 µL, respectively. 

3.6. Analysis of Biological and Pharmaceutical Samples 

The developed DAC-selective emulsion was utilized to quantify DAC in various bi-

ological samples, including spiked serum and urine, as well as in a pharmaceutical dosage 

form (DAC content: 65.92 mg per tablet), as shown in Table 4. To analyze the spiked serum 

and urine samples, the same concentration was tested at two matrix dilutions, namely 10-

fold and 100-fold with BR buffer. Subsequently, emulsion titration was performed, and 

the recoveries obtained were found to be 102.15% and 101.39% in serum and 102.81% and 

102.07% in urine, for 10- and 100-fold matrix dilutions, respectively. These results high-

light the successful application of the method for determining DAC in the complex matrix 

of biological fluids, especially at the low dilution of biological matrix. Furthermore, the 

DAC content in the commercial tablets was compared statistically with a reference 

method (HPLC [23]). The obtained t and F values were found to be below the critical val-

ues, indicating that the two methods exhibit comparable accuracy and precision. 

Table 4. Analytical application to biological samples (spiked serum and urine) and statistical com-

parison between the determination of DAC in pharmaceutical dosage form (Daclavirocyrl-65.92 

mg/tab) using HPLC and potentiometric reverse titration. 

Method Sample Taken Found ± SE F-Value  t-Value 

HPLC [23] Daclavirocyrl a µg/mL 4.06 4.07 ± 0.01  16.04 c 2.57 c  

Potentiometric reverse titration 

Daclavirocyrl b µg/mL 4.06 4.11 ± 0.03  4.944 1.744 

mg/mL 0.66 0.66 ± 0.006  - - 

Spiked serum b, µg/mL 
0.81 d 0.82 ± 0.01  - - 

0.81 e 0.83 ± 0.02  - - 

Spiked urine b, µg/mL 
0.81 d 0.83 ± 0.01  - - 

0.81 e 0.84 ± 0.02  - - 

0 400 800 1200

E
 (

m
V

)

Time (s)

20 mV

Figure 7. Time trace during the potentiometric titration of 10−6 M (0.81 µg/mL) DAC.2HCl. In the
titration cell, a 5 mL aliquot of DAC-selective emulsion contains 10−6 M ion-exchanger (Na-TPB).
The volumes of the added DAC solution were 2 × 1 mL and 5 × 200 µL, respectively.

3.6. Analysis of Biological and Pharmaceutical Samples

The developed DAC-selective emulsion was utilized to quantify DAC in various
biological samples, including spiked serum and urine, as well as in a pharmaceutical dosage
form (DAC content: 65.92 mg per tablet), as shown in Table 4. To analyze the spiked serum
and urine samples, the same concentration was tested at two matrix dilutions, namely
10-fold and 100-fold with BR buffer. Subsequently, emulsion titration was performed, and
the recoveries obtained were found to be 102.15% and 101.39% in serum and 102.81%
and 102.07% in urine, for 10- and 100-fold matrix dilutions, respectively. These results
highlight the successful application of the method for determining DAC in the complex
matrix of biological fluids, especially at the low dilution of biological matrix. Furthermore,
the DAC content in the commercial tablets was compared statistically with a reference
method (HPLC [23]). The obtained t and F values were found to be below the critical values,
indicating that the two methods exhibit comparable accuracy and precision.

Table 4. Analytical application to biological samples (spiked serum and urine) and statistical compar-
ison between the determination of DAC in pharmaceutical dosage form (Daclavirocyrl-65.92 mg/tab)
using HPLC and potentiometric reverse titration.

Method Sample Taken Found ± SE F-Value t-Value

HPLC [23] Daclavirocyrl a µg/mL 4.06 4.07 ± 0.01 16.04 c 2.57 c

Potentiometric
reverse titration

Daclavirocyrl b µg/mL 4.06 4.11 ± 0.03 4.944 1.744
mg/mL 0.66 0.66 ± 0.006 - -

Spiked serum b, µg/mL
0.81 d 0.82 ± 0.01 - -
0.81 e 0.83 ± 0.02 - -

Spiked urine b, µg/mL
0.81 d 0.83 ± 0.01 - -
0.81 e 0.84 ± 0.02 - -

a,b Average of three and four determinations, respectively. c The tabulated t value and F value at p = 0.05. Dilution
of biological matrix: 100-fold d and 10-fold e.
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The ionophore-based nanosphere emulsion incorporating an ion-exchanger for the
potentiometric determination of drugs showed promising results. To further develop and
apply this technique, several recommendations are suggested: (1) Investigating different
combinations of ionophores and ion-exchangers to enhance selectivity and sensitivity for
specific drug molecules. (2) The optimization of ionophores and ion-exchangers and bind-
ing capacity by exploring various ratios. (3) Testing the emulsion with a diverse range of
drug molecules to assess its accuracy and applicability in determining drug concentrations
in different pharmaceutical formulations. (4) Conducting long-term stability studies to
determine the shelf life of the emulsion and evaluate the effects of storage conditions on
its performance and integrity. (5) Performing comprehensive validation studies, including
precision, accuracy, linearity, and limits of detection and quantification. (6) Comparing the
results with established reference methods like HPLC to assess reliability and consistency.
(7) Assessing the compatibility and effectiveness of the emulsion in complex biological
matrices. (9) Developing appropriate sample preparation protocols and evaluating any
potential matrix effects. (10) Exploring the application of the method in clinical settings
for therapeutic drug monitoring and pharmacokinetic studies. (11) Measuring drug con-
centrations in patient samples to optimize dosing regimens and improve outcomes. (12)
Investigate automation and miniaturization possibilities by integrating the emulsion with
automated systems or microfluidic devices. (13) Exploring the development of portable
and point-of-care devices for on-site drug determination.

4. Conclusions

In this study, DAC-selective ionophore-based emulsified cation exchange nanospheres
were developed. These nanospheres were operated through heterogeneous ion exchange
equilibria, facilitating the quantitative extraction of DAC ions. The nanosphere emulsion
was employed as a titrant in the complexometric titration of DAC. For endpoint detec-
tion, the method relies on potentiometric determination, which measures the potential
difference generated between an ISE and a reference electrode. The ion-selective electrode
used in this case would be designed to selectively respond to DAC2+ ions. Within the
concentration range of 81.18 µg/mL to 81.18 pg/mL (corresponding to 10−4 to 10−10 M),
the nanospheres exhibited high selectivity for DAC-ionophore complexation, effectively
discriminating against interfering species, such as sofosbuvir and ledipasvir, commonly
found in pharmaceutical formulations. The integration of DB18C6 into the nanospheres
contributed to this remarkable selectivity. Consequently, the accurate determination of
DAC in commercial tablets, serum, and urine samples was achieved, yielding high recovery
values, ranging from 99.4% to 106.5%, while minimizing interference from other species.
The measurements were conducted in Britton–Robinson buffer at a pH of 2.47, and the
response time ranged from approximately 90 to 20 s, depending on the stage of the titration
process. The described method is a conceptual outline, and the actual implementation
would require optimization, validation, and further research to ensure its applicability to
different sample matrices. Additionally, regulatory guidelines and considerations should
be followed for the analysis of pharmaceutical formulations.
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