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ARTICLE INFO ABSTRACT
Keywords: Novel and sensitive potentiometric sensors were described for the assay of nalbuphine HCI (NBP)
Nanocatalysts in authentic powder and injection samples. The developed sensors were modified with alumina

Metal oxides nanoparticles

nanoparticles (Al,O3NPs) and copper oxide nanoparticles (CuONPs). The nanoscale materials
Green synthesis

e - . were synthesized using the extract of Salvia officinalis leaves in an environmentally friendly
Opioid agonist/antagonists . . . . . R
Sensing materials manner. The synthesized metal oxides were fully confirmed by various analytical techniques.
Nalbuphine hydrochloride Scanning electron microscope confirmed the morphology of nanosized materials with even dis-

tribution and particle size of 55.07 + 4.15 and 59.48 + 4.50 nm for Al;O3NPs and CuONPs,
respectively. The modified sensors were prepared in three different steps. Nalbuphine hydro-
chloride was mixed with phosphomolybdic acid to prepare the sensor material nalbuphine
phosphomolybdate (NBP-PM). It was then mixed with polyvinyl chloride in the presence of o-
nitrophenyl ether and metal oxide nanoparticles to form the membrane matrix. Finally, a copper
wire was coated with the sensing material. Excellent potentials of 1.0 x 1078-1.0 x 1072 and 1.0
% 107°-1.0 x 102 mol L.~! were measured with lower assay limits of 4.8 x 10~ and 5.0 x 10710
mol L. The average detection % were 99.28 + 0.58% and 99.52 + 0.28% for NBP-PM-Al,O3NPs
and NBP-PM-CuONPs, correspondingly. The suitability of the described sensors was investigated
in terms of various validation criteria, and the modified sensors exposed excellent applicability
and insurance for the quantification of nalbuphine hydrochloride in its bulk samples and in-
jections compared with another standard sensor. It is obvious that the developed NBP-PM-
Al;03NPs and NBP-PM-CuONPs will serve as suitable sensors for the determination of NBP.

1. Introduction

In recent years, nanobiotechnology has become a fundamental branch of current science and a new era in the field of materials
science, attracting worldwide interest due to its numerous applications [1]. The conventional techniques for producing nanoparticles
include thermal decomposition [2], microwave synthesis [3], electrochemical synthesis [4], ultraviolet irradiation [5], laser ablation
[6], laser irradiation [7], and chemical reduction method [8]. The fabrication of progressive and clean nanomaterials using several
conventional probs, on the other hand, has numerous limitations, such as the use of harmful organic reagents and solvents, the need to
elevate the pressure and temperature, and the release of toxic and detrimental byproducts, all of which cause environmental issues
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[9-11].

Various nanoparticles have been produced by biosystems [12-18]. The preparation of nanoparticles using extracts of plants
considered a successful strategy to develop a fast, hygienic, non-toxic, and ecologically aware technology. The nanomaterials pro-
duction such as using plants biomass would be of greater importance if they were produced unique phase and size distribution. Due to
the wide diversity of their extracts, the usefulness activity for the production of these metal oxide NPs remains to be investigated [19].

Salvia officinalis (Sage) is a subshrub with purple-blue flowers and grayish leaves. It is native to the Mediterranean region, but has
grown in numerous areas worldwide. It is traditionally used for medical treatments [20]. Salvia officinalis contains several bioactive
constituents, including phenolic substances, flavonoids, and others. These phytoconstituents act as capping, stabilizing, and reducing
materials and provide the necessary flexibility for more control of the nanomaterials production [21]. The literature review considered
several papers describing the use of Salvia officinalis extracts in the preparation of green nanoparticles [22-24].

To produce modified polymeric sensing materials, a series of metal oxide nanoparticles were incorporated into the conductive
polymer. Modified sensor materials are used in various systems including electrochemical, batteries, and biosensors, etc. [25-31].

Alumina (Al,O3NPs) is one of the most impact metal oxides [32,33]. They can be handled and accessed in the same way as other
metal oxide nanoparticles. Moreover, these low-cost nanoparticles have a large surface area and mechanical strength [34-36]. In
addition, the outstanding optical capabilities of alumina nanoparticles are used as a model for studying the properties of nanomaterials
and structural and electrical changes. Due to their bio-inertness and easy surface functionalization, they can also be used in biological
environments [37].

Copper oxide nanoparticles (CuONPs) are p-type semiconductors. It is a monoclinic crystalline structure metal oxide with phase
and a number of impact features such as excellent thermal conductivity, high stability, and antipathogenic potential. CuO has been
investigated for various purposes due to its exceptional properties, magnetic applications, sensors, and catalysis [38-41].

Al;03 and CuO nanoform have unique advantages such as electrochemical activity, chemical stability, large and specific surface
area, and high electron communication features [42]. Owing to their extraordinary electrochemical activities and the probability of
enhanced electron transfer at low potential, Al;O3 and CuONPs are excellent candidates for sensing applications [43-48].

Generally, membranes matrix prepared from polyvinyl chloride with fluidizing substance as solvents are used. These membranes
have lipophilic ions that operate as active materials, causing particular interaction between analytes in the membrane sections,
permitting the sensor to determine them selectively [49]. The sensors with coated wire are frequently composed of high conductivity
metal wire, such as precious metals, copper, and aluminum. The active sites are distributed on a polymer matrix covering the top of a
substrate of metal wire. Although further studies are needed to achieve adequate analyte selectivity, chemical metal oxide sensors have
been shown to be reliable in the detection of reducing gasses. They provide a cost-effective sensing option for medical devices, in-
dustrial and domestic ventilation control, and other approaches [50].

The synthetic opioid agonist-antagonist nalbuphine HCI has a molecular structure with both the opioid antagonist naloxone and the
powerful opioid agonist oxymorphone. Compared to other opioid analgesics, nalbuphine is used primarily in hospitals and is rarely
recommended by physicians as an injectable formulation [51,52]. In addition, nalbuphine’s strong antagonistic effects make it less
attractive as a substitution agent for heroin addicts or opioid users with high tolerance [53]. According to some anecdotal reports,
nalbuphine is abused by health professionals and bodybuilders [54].

The basic methods for the determination of NBP are chemiluminescence [55], spectrofluorimetry [56], chromatographic sepa-
ration [57], and electrochemical methods [58]. These methods are considered very expensive because they require the use of an
extraction solvent. In addition, highly skilled personnel are required due to the complexity of these methods. Electrochemical probs are
rapid techniques, more efficient and less expensive for a diversity of analytical determinations [59]. Although several approaches have
been reported for the determination of NBP, no biogenically modified metal oxide sensors for the determination of NBP have been
reported to date. Therefore, the main objective of this study is to utilize Salvia officinalis leaf extracts to prepare two nanocatalysts,
alumina and copper oxide nanoparticles. The prepared nanomaterials were characterized. The catalytic efficacy of the biogenically
prepared metal oxides to improve the potential of sensing systems was investigated using two potential sensing systems for the
detection of NBP in bulk and commercial injections. The sensitivity and applicability of the developed sensor systems were evaluated
by method validation according to the recommendations of the International Council of Harmonization (ICH) [60].

2. Materials and methods
2.1. Reagents and solvents

Several pure-grade chemicals were supplied from Sigma-Aldrich (Hamburg, Germany). These materials such as 37% hydrochloric
acid (HCD), 97.0% tetrahydrofuran (THF), polyvinyl chloride (PVC, 99.0%), aluminum nitrate nonahydrate (Al(NO3)3. 9H20, 99.00%),
phosphomolybdic acid (PMA, 99.99%), copper nitrate trihydrate (Cu(NO3),. 3H20), and solvents including acetone, ethanol and
methanol with high purity 99.0%. Pure nalbuphine was kindly gifted by Amoun Pharmaceuticals Co. (Cairo, Egypt), and Nalufin® 20
mg/1 mL was obtained from local pharmacies (Cairo, Egypt).

2.2. Preparation of plant extract
Salvia officinalis (sage) leaves were cleaned and dried, then pulverized and extracted by boiling the dried leaf powder (10 g) in Milli-

Q water (500 mL) at 100 °C for 30 min. The extract was filtered using Fisherbrand™ grade 55 filter paper with a pore size of 3 pm once
it had cooled to room temperature. The extracted material was used to prepare metal oxide nanoparticles (Scheme 1a).
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2.3. Biogenic preparation of nanomaterials

The co-precipitation method is the simultaneous precipitation of several compounds from a solution. It is the most practical method
for the preparation of nanoparticles, in which a metal precipitates as a hydroxide from a salt precursor in the presence of a base in a
solvent [61]. The synthesis of Al;03NPs and CuONPs was conducted using Sage plant extract. The synthesis process was usually carried
out by separately mixing 50 mL of copper nitrate trihydrate (1.0 mol L™1) or aluminum nitrate nonahydrate (1.0 mol L) in Milli-Q
water and 100 mL of Salvia officinalis leaf extract which contains several bioactive components, including phenolic acids, terpenoids,
and flavonoids. These phytoconstituents reduce and stabilize the nanoparticles during the preparation process, give the necessary
flexibility for excellent control of nanomaterials size and shape. The mixture was heated at 80 °C for 30 min with constant agitation. A
few drops of sodium hydroxide (1.0 mol L) were added dropwise for 30 min. The precipitates formed were centrifuged at 2500 rpm
for 5 min and then filtered using grade 55 Fisherbrand™ filter paper with a pore size of 3 pm. The precipitates were rinsed separately
with deionized water to eliminate excess sodium hydroxide. They were then air-dried (60 °C, 12 h). The dried Al;O3NPs and CuONPs
were grinding in a mortar to prevent any agglomeration and collected and stored in tight, clean containers for further studies (Scheme
1b). The chemical equations (1)-(4) for the preparation of Al,O3NPs and CuONPs were presented as follow:

Al (NO3); +3NaOH — Al(OH), + 3NaNO3 @
2A1(OH), — ALO; + 3H,0 (2)
Cu(NO;), +2NaOH — Cu(OH), + 2NaNO3 3)
2Cu(OH), - 2CuO + 2H,0 @

2.4. Characterizations

To characterize and confirm the synthesis of Al;O3NPs and CuONPs, several analytical techniques were used, such as Fourier
transform infrared spectroscopy (FT-IR, PerkinElmer, Massachusetts, USA). X-ray diffraction (XRD, Shimadzu diffractometer, XRD-
6000, Kyoto, Japan). The surface morphology and size of the formed nanoparticles and their size distribution were investigated
using a JEOL-SEM, Tokyo, Japan) and a light scattering analyzer. The elemental confirmation was revealed using energy dispersive X-
ray (EDX).

2.5. Preparation of NBP authentic solution

Each day, 0.357 g of NBP was dissolved in 100 mL of Milli-Q water to obtain an authentic NBP solution of 1.0 x 10~2 mol L. The
Milli-Q water was used to prepare serial dilution of NBP solutions for subsequent measurements.

(2)
Salvia officinalis Extraction Filtration Salvia officinalis
Leaves extract
— 80 °C
(b)
— 30 min
+ Aluminum nitrate
AbLO3 + extract
80 °C
Salvia officinalis .
extract
- 30 min

Copper nitrate
CuO + extract

Scheme 1. Biogenic synthesis of metal oxide nanoparticles (a) extraction steps of Salvia officinalis leaves and (b) Synthesis of Al,03NPs and CuONPs
using Salvia officinalis leaves extract.
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2.6. Formation of ion-pair material

The ion-pair material of NBP-PM was obtained by interacting 50 mL of the selected drug (NBP, 1.0 x 1072 mol L) with a similar
volume of phosphomolybdic acid (PMA, 1.0 x 10 2mol L71). A greenish-yellow precipitate was formed from NBP-PM, which was
filtered using grade 55 Fisherbrand™ filter paper with a pore size of 3 pm. The precipitate was baked overnight at room temperature
[62]. Ex-situ method was used to anchor the formed electroactive NBP-PM material with metal oxide nanoparticles. This process was
conducted by dispensing (5 mg) of previously prepared Al;O3NPs or CuONPs in 190 mg of polyvinyl chloride polymer solution using
solvent mediator THF (5 mL). This method of preparation is commonly used because it has not any limitations on the nature and
physicochemical properties of nanoparticles and host polymer [63].

2.7. Membrane formation and sensor design

Three designed NBP-PM, NBP-PM-Al;O3NPs, and NBP-PM-CuONPs were prepared by mixing 190 mg (PVC), 10 mg active complex
(NBP-PM), and 0.35 mL fluidizing agent o-NPOE in 5 mL THF [64]. The wire of each sensor was then polished and cleaned with
acetone. The standard sensor NBP-PM was prepared by continuously immersing an Al wire in the membrane matrix. To obtain the
functionalized sensors, a membrane matrix possessing AloO3NPs or CuONPs (5 mg), PVC (190 mg), NBP-PM active complex (10 mg),
and o-NPOE fluidizing agent (0.35 mL) was suspended in 5 mL THF. Nalbuphine, which is derived chemically from oxymorphone, is a
powerful analgesic with narcotic antagonist effect. Due to the scarcity of methamphetamine, the misuse of nalbuphine as a substitute
for methamphetamine has increased [65]. Accordingly, analytical approaches for NBP detection may be of interest, particularly in
settings when traditional techniques are ineffective, as is the case in many on-site tests and fast screening applications. In these sectors,
potentiometric sensing devices, such as analyte selecting sensors, play an essential role.
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Fig. 1. Functional groups analysis of (a) Sage extract, (b) Al,O3NPs, and (c) CuONPs by Sage extract.
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2.8. Regression equations and calibration plots

To estimate the regression equations and to construct the calibration plots for the developed NBP sensors, approximately 50 mL of a
1.0 x 107°-1.0 x 1072 mol L™! NBP solution was individually measured. Calibration plots were created by plotting potential values
against the -logarithm of NBP concentrations.

2.9. Adjustment of the measurement conditions

Independent pH is one of the influencing factors that should be investigated and adjusted. The influence of different pH values from
1 to 9 with 1.0 x 103 mol L™! of NBP solution was used. A pH glass electrode and the indicated potentiometric device was applied. The
pH was optimized a few drops of 0.1 mol L™ hydrochloric acid or sodium hydroxide. The pH graph was then constructed [64].

As is common in such studies, the selectivity of NBP-sensors was evaluated using a separate solution approach [64]. The estimated
tolerable results for a number of interfering components, including potential cations (K*, Mg?*, AI**, Ca®", Zn?*, and Na™), sugars,
and amino acids were performed. The estimated values of K, were evaluated using separate solution method and calculated using
equation (5) used by Rana et al. [64].

Log Ky = (E2 — El) / S + log|Drug] — Log [B**]"* 5)

where these values represent selectivity coefficient (Kpot), sensor response of 1.0x1072 mol L~! NBP (E1), sensor response of
1.0x1073 mol L! of interfering species, B*" (interferingspecies), and slope of the linear plot (S), respectively.
The response time of NBP modified sensors was evaluated for NBP of 1.0 x 1072 to 1.0 x 10~2 mol L! solutions.

2.10. Assay of NBP in Nalufin®20 mg/1 mL ampoule

The contents of 20 NBP ampoules containing 0.4 g NBP were diluted to 100 mL with Milli-Q water to gain an NBP standard solution
with a concentration of 1.0 x 1072 mol L™!. Further dilutions with the same solvent were made to obtain NBP samples with a con-
centration of 1.0 x 107°-1.0 x 1072 mol L™1. The designed NBP-PM, NBP-PM-Al,03NPs and NBP-PM-CuONPs sensors were used

separately to determine the studied samples.

@

«
ALO3NPs (b) = CuONPs
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Fig. 2. XRD spectra of (a) Al;O3NPs (Reference card No. 79-1558) and (b) CuONPs (Reference No.48-1548) synthesized by Sage extract.
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3. Results and discussion
3.1. Identification of the synthesized nanoparticles

The synthesized Al;O3NPs and CuONPs using the extract of sage leaves were characterized by various analytical techniques. Fig. 1a
shows the FT-IR spectra of a Salvia officinalis (sage) leaves extract. The functional groups of polyphenols O-H (3413 cm™!), methyl
groups C-H (2927 and 2857 cm™Y), carbonyl group within aromatic ring of flavonoids and polyphenols C=0 (2092 cm™}), alkene
C=C (1735 cm’l) and strong ester C-O (1619, 1256, and 1058 cm’l), respectively. C-halo compound (818-619 cm’l) were observed.
These findings are matched those addressed in the literature [66].

For FT-IR spectrum of Al;O3NPs (Fig. 1b) shows various absorption bands at 3391, 2070, 1634, 1397, 1120, 878, 737, and 483
cm ! attributed to strong O-H stretching vibration of phenolic compounds, strong S-C=N stretching of isothiocyanate, C=C vibration
of monosubstituted alkene, medium O-H bending of carboxylic acid, strong C-O stretching of secondary alcohol, strong C-H bending
trisubstituted, strong C-H bending monosubstituted, and Al-O stretching vibration, respectively [67].

CuONPs have several remarkable absorption bands as shown in (Fig. 1c). The related bands to the functional groups can be
summarized as follows:

The functional groups of Cu-O, H-O-H, -OH, O-C=0, C-O, and C-halide are expressed by the stretching vibration bands at 484,
1634, 3391, 1397, 1120, 878 cm ™, respectively. These results are in agreement with those reported in the literature [68].

XRD technique is used to study the crystalline structure in the materials. The XRD spectrum of Al;O3NPs (Fig. 2a) shows significant
peaks at 20 = 22.9° (1 1 4),29.4° (01 2), 31.9° (22 0), 39.0° (1 1 0), 55.6° (4 2 2), 64.9° (4 4 0) crystalline planes, respectively. the
results similar to (JCPDS Card No. 79-1558) [69].

The XRD determination of synthesized CuO NPs using Salvia officinalis leaves extract was performed for confirming their crystalline
structure (Fig. 2b). Various diffraction peaks at 20 of 32.61° (1 1 0), 35.64° (0 0 2), 38.97° (11 1), 48.93° (0 2 0), 53.55° (2 0 2), 58.35°
(11 3),61.08°(0 2 2), 66.27° (3 1 1), and 79.27° (2 2 2) were matched the standard (JCPDS No. 48-1548) which showed the
monoclinical spherical crystalline nature. The following equation (6) was applied to evaluate the grain size of nanomaterials [70].

D =0.95\/p cosb 6)

where these values represent (particle size, D nm), (constant, K = 0.95), (wavelength A = 1.54 x 10719, (FWHM, B), and (Bragg angle
degree, 0), respectively. Thus, average grain size of green synthesized of Al;O3NPs and CuO NPs was found as 18.8 + 1.4 nm for both
metal oxides.

The morphological surface of the synthesized Al;O3NPs and CuONPs was investigated using SEM. The appearance and shape of the
produced metal oxides were identified at 30,000x and 50,000 x magnifications. Fig. 3a and b shows SEM images of Al;O3NPs and
CuONPs. They exhibited largely polydisperse, spherical particles, but all were interconnected or closely related. The size of the par-
ticles was 55.07 + 4.15 and 59.48 + 4.50 nm, for Al,O3NPs and CuONPs. The tiny particles were so close together that they appeared
to be embedded in the surface. The only structures or morphologies seen in the generated samples were Al;O3NPs and CuONPs.

The nanosized distribution was also measured by DLS, and the mean Al,O3NPs and CuONPs sizes were found around 40-60 nm,
respectively (Fig. 4a and b).

The elemental determination of the prepared nanostructured (Al,O3NPs and CuONPs) was investigated using an EDX spectroscopy.

CuONPs

10¢
X 30,000 15.0kV SEI

Fig. 3. Scanning electron microscope (SEM (a) Al,O3NPs & (b) CuONPs forming by Sage extract.
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Fig. 4. DLS of biogenically formed (a) Al,O3NPs & (b) CuONPs using Sage extract.

The w% of Al and O is 32.59% for Al and 67.41% for O, whereas A% of Al is 22.18% and of O is 77.72%. However, the CutONPs sample
shows 47.49% Cu and 52.51% O, with a Cu atomic percentage of 34.11% and an O atomic percentage of 65.89% (Fig. 5a and b).

The elemental mapping of the pre-synthesized Al,O3NPs and CuONPs showed the presence of pure metal oxide nanoparticles
(Fig. 6a and b)

3.2. Nalbuphine-sensors behavior

The reaction of NBP with PM produces the stable active complex NBP-PM, which is soluble in THF. The active components were
added to both standard and functionalized NBP sensors, with fluidizing agent serving as the dissolving medium in the existence of
polymeric matrix. The main properties of the proposed NBP-sensors were presented in Table 1. The recorded data indicated that the
potential responses of the three designed potentiometric systems were (53.9 + 0.6 mV, 1.0 x 107%-1.0 x 1072 mol L™1), (56.143 + 0.4
mV, 1.0 x 1078-1.0 x 102 mol L ™), and (58.476 + 0.2 mV, 1.0 x 107°-1.0 x 10 2mol L™Y), respectively. Scheme 2 shows a possible
pathway for drug sensor interaction (Fig. 7).

The clean aluminum wire was coated with an electroactive mixture, resulting in various potential spots on the exterior part of
sensor. The inclusion of nanoscale metal oxides with different physicochemical features, such as Al;OsNPs and CuONPs, in the
membrane composition elevated the conduction of active spots owing to its high dielectric permittivity, high conductivity, mechanical
and chemical stability, and large surface area, which enhance the NBP" in the sample and the potential spots distributed on the
membrane superficial.

3.3. Response and soaking time

The response time of the prepared sensors were constant after 60, 45, 40 s over the tested concentration, respectively. The
reproducibility of the proposed sensors during their lifetime was explored, and the results gave good reproducibility. The sensors have
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Fig. 5. EDX spectra of biogenically synthesized (a) Al,O3NPs and (b) CuONPs using leaves extract of Salvia officinalis (sage).
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Fig. 6. Mapping of biogenically synthesized (a) Al,O3NPs and (b) CuONPs using Sage leaves extract.
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Table 1
The potential characteristics of NBP-sensors for the assay of NBP samples.
Parameters NBP-PM sensor NBP-PM-Al,O3NPs sensor NBP-PM-CuONPs sensor
Linear range (M) 1.0 x 107°-1.0 x 1072 1.0 x 1078 -1.0 x 1072 1.0 x 107°-1.0 x 1072
Regression equation r, (correlation Emv = (563.9 £ 0.6) log (NBP) + Emv = (56.143 + 0.4) log (NBP) Emv = (58.476 + 0.2) log (NBP) +
coefficient) 421.6 +607.86 724.8
S, uncertainty of intercept 0.9996 0.9999 0.9999
Sp, uncertainty of slope 3.6249 1.14107 1.83782
Working pH range 0.8544 0.21189 0.308454
Temperature, °C 3-8 3-8 3-8
Response time/s 25 25 25
Lifetime/day 60 45 40
Accuracy (%) 30 50 60
Lower detection limit (M) 98.79 + 0.64 99.28 + 0.58 99.52 + 0.28
5.0 x 1077 4.8 x107° 5.0 x 10°1°

Metal oxide NPs

¢
Adee e @ sy

active sites

Saurface of sensor wire Saurface of sensor wire

Nalbuphine HCI NBP-interaction with sensor active sites
(NBP)

Sensor with electroactive sites

Scheme 2. Schematic representation of the interaction between NBP and active sites on the sensor surface.
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Fig. 7. Linear regression equations of (a) NBP-PM, (b) NBP-PM-CuONPs, and (c) NBP-PM-Al,O3NPs using 1.0 x 107°-1.0 x 102 mol L~! NBP
authentic samples.

lifetimes of 30, 50, and 60 days, during and their slopes remained constant with good repeatability. The impact of soaking times on the
probable activities of NBP-sensors was explored by immersing the designed sensors for 1-6 h, and overnight. It was observed that the

suitable conditioning time was 4 h for the three constructed membranes.

3.4. Effect of plasticizers

As is widely known, the final potentiometric readings of sensors in terms of stability and selectivity, etc. is determined not only by
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the electroactive materials, but also by the employment of a specific plasticizer and the amount of the various membrane constituents.
Because of the number of these parameters, multiple proportions of the membrane components (ion-pair, plasticizer, and PVC) were
evaluated in the first stage. Because of the number of these parameters, different proportions of the membrane components (ion-pair,
plasticizer, and PVC) were evaluated in the first stage. In addition, three plasticizers were used to fabricate distinct membranes: dibutyl
sebacate (DBS), dioctyl phthalate (DOP), and o-nitrophenyl octyl ether (o-NPOE). Fluidizing agents induce a remarkable effect on
membrane qualities by acting as a fluidizer and allowing the membrane’s material to disintegrate completely. Table 2 shows the
potential behavior of the developed sensors utilizing various plasticizers.

The outcomes indicated that the potential responses of NBP-PM (Sensor 1) in the presence of different plasticizers DBS, DOP, and o-
NPOE were 48, 50, and 52 mV decade ™, respectively. However, the modified NBP-PM-Al,03NPs (Sensor 2) shows potential responses
52, 53, and 55 for the same plasticizers, respectively. Whereas for sensor 3 excellent potential responses 55, 56, and 58 were observed.
These results can be ascribed to the fact that the € value of (DBS, € = 4.5), (DOP, € = 5.1), and (0-NPOE, £ = 24). Therefore, the use of o-
NPOE shows excellent potential responses for the three designed sensors.

3.5. pH investigation

To determine the suitable pH values for NBP detection, the potential of the standard and metal oxide functionalized sensors were
examined with respect to several pH values (Fig. 8). The results show that all designed NBP-PM, NBP-PM-CuONPs, and NBP-PM-
Al,O3NPs sensors are essentially ineffective in the pH range 3-8. Whereas at pH above 8, a progressive reduction in response values
was noticed, which might be due to the struggle of NBP* and the hydroxyl ions of sodium hydroxide in the testing sample [71].

3.6. Interferences

The designed sensors were evaluated for the measurement of 1.0 x 10~2 M of several foreign materials to examine the discernment
of the developed NBP sensors for the studied drugs. As a result, the functionalized sensors NBP-PM-Al,O3NPs and NBP-PM-CuONPs
showed exceptionally good selectivity. The addition of Al;O3NPs and CuONPs boosts the conduction property of the developed
sensors as well as enhancing the detectability of the testing sample due to difference in the physicochemical properties and grain size of
the synthesized nanoparticles. The developed method showed no effect of the interferent ions on the quantification of NBP (Table 3)

3.7. Assay of nalbuphine hydrochloride in authentic samples

Percent recoveries of NBP in authentic samples were determined using the three NBP-sensors. The resulting values were 98.79 +
0.64%, 99.28 + 0.58%, and 99.52 + 0.28, respectively (Table 4).

The higher efficiency of sensor was related to the chemical stability and physical features of added nanomaterials. Moreover, since
CuONPs have higher dielectric constant than AloO3NPs, the sensor functionalized with CuONPs showed good efficiency and appli-
cability for NBP measurement.

3.8. Method validation

The described method was revealed and evaluated using the criteria of ICH [60].

The outcomes indicated that the potential responses of the three designed potentiometric systems were (53.9 + 0.6 mV, 1.0 x 10~°-
1.0 x 102 mol L ™), (56.143 £ 0.4 mV, 1.0 x 1078-1.0 x 1072 mol L™ 1), and (58.476 + 0.2 mV, 1.0 x 10~°-1.0 x 10~2mol L™Y), for
NBP-PM, NBP-PM-Al,03NPs, and NBP-PM-CuONPs, respectively. The correlation coefficients of the NBP-sensors were determined
from the least squares regression equations (Fig. 7) and were found >0.999. The uncertainty of slope (Sp, 0.8544, 0.21189, and
0.308454) and intercept (S,, 3.6249, 1.14107, and 1.83782) for the proposed sensors were calculated from the calibration graphs of
the three designed sensors using Excel program, windows 10.

To evaluate the lesser detection value, the response values of NBP-sensors were measured when the slope was dropped by the value
17.9 mV [71]. The resulting values were 5.0 x 10’7, 7.8 x 10’9, and 5.0 x 107 1% mol 1.7,

The developed approach was investigated for its accuracy by measuring 9 NBP pure solutions, and the relative % recovery =+
standard deviation was calculated to be 98.79 + 0.64%, 99.28 + 0.58%, and 99.52 + 0.28%, respectively, for the sensors NBP-PM,
NBP-PM-Al;O3NPs, and NBP-PM-CuONPs (Table 4).

The precision of anticipated electrochemical systems was investigated with intra-and inter-day tests, the findings were computed
calculated the (RSD%) of varying concentrations of authentic NBP samples (Table 5). The RSD% for the working systems were (0.4%,
0.3%, and 0.7%) and (0.2%, 0.6%, and 0.7%) for intra-day and (0.4%, 0.6%, and 0.3%) and (0.5%, 0.8%, and 0.4%) inter-day
measurements, respectively revealing high precision of the designed NBP-PM-Al,O3NPs, and NBP-PM-CuONPs.

3.9. Nalbuphine hydrochloride injection assay

To evaluate the analytical application of the studied sensors, NBP was evaluated in the injection (Nalufin®20 mg/1 mL). All
resulting values were compared with various NBP samples and the main recovery percent was estimated from the calibration graph.
The related values for NBP sensors were 98.35 + 0.84, 99.28 + 0.59, and 99.59 + 0.57 (Table 6). In the assay of NBP, it was found that
the NBP-PM-CuONPs sensor exhibits high sensitivity than NBP-PM-Al,03NPs sensor. The higher conductivity of the modified CuONPs
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Table 2

Influence of fluidizing agent on the response of the constructed NBP sensors.

Heliyon 9 (2023) 20510

Fluidizing agent Dibutyl sebacate Dioctyl phthalate 0-NPOE

Sensor (1) NBP-PM

Response time 45 30 25

Slope 49 49 51

Calibration range 4.0 x 107°-1.0 x 1072 2.5 x 107°-1.0 x 1072 1.0 x 107%-1.0 x 1072
Sensor (2) NBP-PM-Al,O3NPs

Response time 30 25 20

Slope 52 53 55

Calibration range 1.0 x 107%-1.0 x 1072 9.0 x 107%-1.0 x 1072 1.0 x 1077-1.0 x 1072
Sensor (3) NBP-PM-CuONPs

Response time 25 30 20

Slope 55 56 58

Calibration range

1.0 x 1077-1.0 x 1072

1.0 x 1077-1.0 x 1072

1.0 x 107°81.0 x 1072
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Fig. 8. pH measurement ranges for the fabricated NBP-PM, NBP-PM-CuONPs, and NBP-PM-Al,03NPs using NBP authentic sample.

Table 3

The selectivity effect of the designed NBP-sensors using separate solution method.

Interferences NBP-PM (K"*' NBP) NBP-PM-Al,05NPs (K™ NBP) NBP-PM-CuONPs (K™ NBP)

K* 1.9 x 1073 2.5x 1074 43 x107*
Mgt 3.2x1072 3.7 x107* 6.2 x 1074
AP 4.8 x 1073 2.2x107* 4.7 x 1074
Ca%t 9.1 x1072 6.3 x107* 5.8 x 1074
Zn** 3.7 x 1072 5.6 x 107° 5.3 x107°
Na® 5.8 x 1072 3.8 x107* 4.0 x 1074
Sucrose 4.2x1073 1.2x107* 2.3x107*
Glucose 9.1x1072 9.8 x107* 1.0 x 10°°
Lactose 2.6 x 1072 3.6 x 1074 6.5 x 107*
r-histidine 1.1x1073 2.4 x107* 8.7 x 107
Glycine 8.7 x 1073 4.7 x 1074 6.4 x 107
L-valine 4.6 x 1072 4.6 x 1074 7.8 x 1074
Leucine 1.9 x 1072 2.7 x 1074 3.2x107*

sensor than Al,O3NPs can be due to the fact that CuONPs have a higher dielectric constant (e = 1 04) than Al,O3NPs (¢ = 8.9). Statistical
analysis was applied to assess the obtained data [72].

Table 7 compares the results acquired with the suggested NBP-sensors to those previously examined with other analytical tech-
niques [73-80] in order to assess the advanced characteristics, and applicability of the modified NBP-nano sensors for NBP quanti-
fication. Attia et al. reported a spectroscopic method for the estimation of NBP after its oxidative stress. The developed method showed
a linear concentration range of 1.0-20 pg mL ™! with a detection limit of 0.287 pg mL™*. Another spectrophotometric technique was
developed using univariate and multivariate regression methods, which successfully measured NBP at 40-80 ppm. In addition, two
spectrofluorimetric and chemiluminescence methods for estimating NBP using Ce (IV) and ruthenium in acidic medium were inves-
tigated, providing drug detection at 2.4-8.4 and 0.001-15 ppm, consistently. The chromatographic separation technique was also used
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Table 4
The assay of nine NBP concentrations utilizing three designed NBP-sensors for accuracy study.

NBP-PM sensor NBP-PM-Al,O3NPs sensor NBP-CuONPs sensor

Statistical data “Sample “Values % recovery “Sample “Values % recovery “Sample “Values % recovery
6.0 5.96 99.33 8.0 7.98 99.75 9.0 8.99 99.88
5.3 5.24 98.86 7.3 7.26 99.45 8.3 8.27 99.63
5.0 4.89 97.80 7.0 7.00 100.00 8.0 7.95 99.38
4.3 4.25 98.84 6.3 6.25 99.21 7.0 6.96 99.43
4.0 3.96 99.00 6.0 5.97 99.50 6.0 5.98 99.67
3.3 3.25 98.00 5.0 4.99 99.80 5.0 4.99 99.80
3.0 2.94 99.50 4.0 3.94 98.50 4.0 3.97 99.25
2.3 2.26 98.26 3.0 2.95 98.33 3.0 2.99 99.67
2.0 1.99 99.50 2.0 1.98 99.00 2.0 1.97 99.00
Mean £+ SD n 98.79 + 0.64 99.28 + 0.58 99.52 + 0.28
Variance 9 9 9
%SE 0.41 0.34 0.08
%RSD 0.21 0.19 0.09
0.65 0.58 0.28
@ Sample and values = -log [NBP], (M).
Table 5
Precision results of NBP-sensors using three authentic samples of NBP.
Investigated sensor Type of measurement Sample (M) % recovery” %RSD YEr**
NBP-PM-Al,O3NPs Intra-day precision 8.0 99.35 + 0.4 0.4 0.23
6.0 98.78 + 0.3 0.3 0.17
2.0 99.16 + 0.7 0.7 0.40
Inter-day precision 8.0 98.89 + 0.4 0.4 0.23
6.0 99.64 + 0.6 0.6 0.35
2.0 98.58 + 0.3 0.3 0.17
NBP-PM-CuONPs Intra-day precision 9.0 99.78 + 0.2 0.2 0.11
6.0 99.13 £ 0.6 0.6 0.35
3.0 98.87 +£ 0.7 0.7 0.40
Inter-day precision 9.0 99.63 + 0.5 0.5 0.29
6.0 99.37 £ 0.8 0.8 0.46
3.0 99.43 £ 0.4 0.4 0.23

# n = 3 measurements ** % Er= SD/ \/n.

Table 6
Assay of NBP in various analytical samples of Nalufin® 20 mg/1 mL using NBP-sensors.

NBP-PM sensor NBP-PM-Al,O3NPs sensor NBP-CuONPs sensor

Statistical data *Taken *Qutcome % recovery *Taken *Qutcome % recovery *Taken *Qutcome % recovery
6.0 5.95 99.17 8.0 7.98 99.75 9.0 8.99 99.89
5.3 5.24 98.87 6.0 5.96 99.33 8.0 7.96 99.50
5.0 4.89 97.80 5.0 4.95 99.00 7.0 7.00 100.00
4.0 3.93 98.25 4.0 3.97 99.25 6.0 5.98 99.67
3.0 2.97 99.00 3.0 2.95 98.33 5.0 5.00 100.00
2.0 1.99 99.50 2.0 2.00 100.00 2.0 1.97 98.50
Mean £+ SD n 98.77 + 0.63 99.28 + 0.59 99.59 + 0.57
%RSD 6 6 6
Y%SE** 0.64 0.58 0.57
Variance t-student test 0.26 0.24 0.23
F-test 0.39 0.34 0.32
1.705 (2.228) *** 0.459 (2.228) *** 0.337 (2.228)***
1.22 (5.05) *** 1.71(5.05) *** 1.81(5.05)***
Reference 99.46 + 0.76
Technique [73] 6
0.76
0.31
0.58

*-log [NBP], M **SE = v/SD/n

*** tabulated t and F values at p= 0.05 [72].

for the determination of NBP using the mobile phase sodium acetate and acetonitrile. The obtained results showed acceptable
quantification of NBP at 1-15 ppm. In addition, some electrochemical probs have described for the assay of NBP with rectilinear values
of 0.6-10.0 uM, 0.04-850 pM, and 2.4 x 1077-5.0 x 10 2 mol L. According to the results, the recently created nano-NBP sensors

12



S.S. Alterary Heliyon 9 (2023) 20510

Table 7
Outcomes from the assay of NBP-sensors with previously reported analytical techniques.
Method of analysis Chemicals and reagents Linear range LOD Reference
Spectrophotometry Oxidative stress assay 1.0-20 ppm 0.287 ppm [73]
Univariate and multivariate regression methods 40-80 ppm - [74]
Spectrofluorimetry Oxidation using Ce (IV) 2.4-8.4 ppm 0.0142 ppm [75]
Chemiluminescence Acidic ruthenium (II) chloride 0.001-15 ppm 0.0005 ppm [76]
Chromatographic Sodium acetate and acetonitrile 1.0-15 ppm 0.243 ppm [771]
separation
Electrochemical Nano Cobalt oxide modified sensor 0.6-10 pM 0.58n M [78]
Pt-Pb-doped NiO modified carbon nanotubes 0.04-850 pM 09nM [79]
Carboxylated multi-walled carbon nanotubes-polyaniline and 2.4 x 1077 -5.0 x 1.1x1077M  [80]
polyvinyl chloride 1072 M
Current study Sensors-based biogenically synthesized metal oxide nanoparticles 1.0 x 107-1.0 x 1072 48x10°M  NBP-PM-
M Al,0O3NPs
1.0x10°-1.0x10% 50x10'°  NBP-PM-
M M CuONPs

have better efficiency and detect minimum drug concentration than earlier approaches. These results can be attributed to the fact that
metal oxide nanomaterials exhibit exceptional and improved physicochemical and mechanical properties compared to their solid
counterparts. These properties can be attributed to their excellent specific and large surface extent. In general, the high surface extent
of nanomaterials increases as the size of nanoparticles decreases. Moreover, the reduction in size of the materials leads to quantum
confinement phenomena that change their inherent properties compared to comparable bulk materials [81]. Therefore, the use of
Al,03 and CuONPs with dielectric constant (¢ = 9.8 and & = 10%) improved the conductivity between the sensing materials of the
modified coated wire sensor and NBP ions.

4. Conclusion

The uniqueness of the work is to design functionalized nanomaterials-based chemical sensors for nalbuphine with excellent effi-
ciency for detection of NBP in injections. To increase the suitability of the developed NBP-sensor, the usage of modified metal oxide
nanosized in its design was recommended. Green synthetic nanoparticles were promoted for sensor fabrication to improve their po-
tential response. The integration of Al;O3NPs or CuONPs with the ion-pairing materials in the polymer substrate would significantly
increase the quantification of the target drug with the modified sensors. Excellent results were obtained, and the developed nalbuphine
sensors exhibited high efficiency and discrimination for the assay of the target analyte. The newly developed sensors showed excellent
responses compared to the current conventional types. Consequently, functionalized membrane sensors with nanomaterials can be
used for systematic detection of NBP.
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