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chromogenic and fluorogenic
benzofurazan probe for plazomicin and its
innovative utility for development of two microwell
assays with high throughput for analysis of drug
substance and pharmaceutical formulations†

Fai A. Alkathiri, *a Majed Al-Outaibib and Ibrahim A. Darwish b

Plazomicin (PLZ) is a novel aminoglycoside which has been recently approved by The US Food and Drug

Administration for the treatment of complicated urinary tract infections including acute pyelonephritis,

caused by certain Enterobacteriaceae, in adult patients with limited or no options for alternative

treatment. This study focuses on the development of microwell-based photometric and fluorometric

assays for the quantitative determination of PLZ in its bulk drug substance and commercial

pharmaceutical formulations (Zemedri® injections). Both assays utilize the dual-function chromogenic

and fluorogenic properties of the 4-fluoro-7-nitrobenzofurazan (NBD-F) probe. The reaction between

PLZ and NBD-F, conducted in a borate buffer at pH 8, resulted in the formation of a colored and

fluorescent reaction product. The product exhibited maximum light absorption at 473 nm and emitted

fluorescence at 541 nm when excited at 473 nm. Factors influencing the reaction between PLZ and

NBD-F were thoroughly investigated, and optimal conditions were determined. Under the optimized

reaction conditions, calibration curves were generated to establish the relationship between absorbance

and fluorescence intensities of the reaction product with the corresponding PLZ concentrations. The

absorbance–concentration relation was linear in a PLZ concentration range of 20–800 mg mL−1 with

a limit of quantitation of 25 mg mL−1, while the fluorescence–concentration relation was linear in the

concentration range of 0.05–1.5 mg mL−1 with a limit of quantitation of 0.08 mg mL−1. Both assays

underwent validation and were successfully applied to the quantitation of PLZ in its bulk drug substance

and pharmaceutical formulations (injections) with satisfactory accuracy and precision. The eco-

friendliness/greenness assessment of the assays demonstrated that both assays comply with the

requirements of green analytical chemistry approaches. Furthermore, the proposed microwell assay

plates allowed for the simultaneous handling of numerous samples with micro-volumes, enabling high-

throughput analysis. In conclusion, this study represents the first evaluation of NBD-F as a dual-function

probe for the microwell-based photometric and fluorometric determination of PLZ. The developed

assays serve as valuable analytical tools for the quality control of PLZ's bulk drug substance and

pharmaceutical formulations.
1. Introduction

Plzomicin (PLZ, formerly designated as ACHN-490) is a novel
semi-synthetic aminoglycoside derivative of the naturally
occurring aminoglycoside sisomicin. PLZ has enhanced broad
armacy, King Saud University, P. O. Box
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ollege of Pharmacy, King Saud University,

a

tion (ESI) available. See DOI:

the Royal Society of Chemistry
spectrum antibacterial activity against multi-drug resistant
Gram-negative and Gram-positive pathogens, including those
producing extended spectrum b-lactamase and carbapenemase
enzymes.1 The chemical structure of PLZ is given in Fig. 1, and
its molecular formula is C25H48N6O10. PLZ was developed by
Achaogen Biopharmaceuticals (San Francisco, CA, USA) via
appending hydroxylaminobutyric acid and 2-hydroxyethyl
function groups to sisomicin at position 1 and 60, respectively.
This structure alteration was designed to retain activity against
all relevant aminoglycoside-modifying enzymes, which
contribute to the main resistance mechanism for the other
available aminoglycoside therapy.2 PLZ has been recently
approved by The US Food and Drug Administration (FDA) for
RSC Adv., 2024, 14, 27215–27226 | 27215
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Fig. 1 The chemical structures of sisomicin and plazomicin (PLZ).
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the treatment of complicated urinary tract infections including
acute pyelonephritis, caused by certain Enterobacteriaceae, in
adult patients with limited or no options for alternative treat-
ment.3 It is marketed under the trade name of Zemdri® injec-
tion and is administered via once-daily intravenous infusion.4

PLZ exerts its bactericidal action by binding to bacterial 30S
ribosomal subunits. It demonstrated a favorable minimum
inhibitory concentration value compared to other aminoglyco-
sides such as gentamicin, amikacin, and tobramycin. PLZ has
a better safety prole than other aminoglycosides as it has
demonstrated a lower level of nephrotoxicity and rarely
ototoxicity, the main serious side effects of aminoglycosides.1,5

To ensure effective and safe therapy using PLZ, its pharma-
ceutical formulation (Zemdri® injection) must possess high-
quality in terms of an exact content of the active drug
substance. Currently, there is only one available assay in the
literature for analyzing PLZ and its impurities in bulk drug
substances, which involves liquid chromatography coupled
with an on-line mass spectrometry detector. However, there is
currently no assay available for analyzing the exact drug content
of Zemdri® injection. This study aims to address this gap by
developing validated assays for determining the amount of PLZ
in Zemdri® injection. It is well established that liquid chro-
matographic assays (HPLC) offer excellent accuracy and selec-
tivity in diverse elds of analysis, it has the capability to
separate complex samples which simple photometric and
uorometric methods lack, and that this added capability
comes with the environmental cost of using greater amounts of
solvents. Thus, there exists a class of samples (simple solutions
27216 | RSC Adv., 2024, 14, 27215–27226
with a limited number of solutes) for which the separation
capabilities of HPLC are not needed, and for these it is envi-
ronmentally advantageous, and advantageous in terms of
throughput to use simpler direct photo- and uorometric
methods.6,7 Furthermore, the development of either HPLC or
spectrometric (photo- and uorometric) assays for PLZ is chal-
lenging due to the absence of chromophore and uorophore.
Therefore, derivatization procedures are required for develop-
ment of either of the techniques.8,9 Based on the simplicity of
sample matrices (bulk drug form and pharmaceutical formu-
lation) targeted in this study for PLZ, it is crucial to develop
photo- and uorometric assays for determining the amount of
PLZ in both its bulk form and formulation. These assays are
particularly valuable because they can be easily automated with
analyzers, allowing for the sequential analysis of numerous
samples. They are especially useful in evaluating pharmaceu-
tical formulations, especially for assessing the contents of drug
substances formulations.10,11

The conventional spectrometric assays relying on a manual
approach using volumetric asks or cuvettes, result in the
consumption of signicant amounts of samples and solvents
and imposed limitations on analytical throughput.10 Hence, it
was essential to develop an alternative innovative assay that is
environmentally friendly and offers enhanced capabilities for
high throughput analysis. Microwell spectrometric assays have
emerged as a notable environmentally friendly approach in
pharmaceutical analysis.12,13 One of the key advantages of this
methodology is its ability to utilize smaller volumes of samples
and reagents compared to traditional spectrometric practices.
This not only reduces waste generation but also lowers the costs
associated with solvents and reagents. Moreover, the adoption
of microscale techniques in the laboratory setting allows for
a reduction in the use of hazardous chemicals and solvents,
promoting sustainability. The versatility of microwell spectro-
metric assays enables their application across various areas of
the pharmaceutical industry. Furthermore, this technique is
well-suited for automation, leading to improved efficiency,
reduced errors, and savings in time and labor. These advantages
have signicantly contributed to the growing popularity of
microwell spectrometry within the pharmaceutical industry.14–16

This study describes, for the rst time, the development of
two microwell spectrometric (photometric and uorometric)
assays for the determination of PLZ in bulk form and Zemdri®
injection. These assays were designated as MW-PM and MW-FL
assays, respectively. Both assays involved the microscale
formation of a dual function chromogenic and uorogenic
derivative upon reaction of PLZ with 4-uoro-7-
nitrobenzofurazan (NBD-F) probe. The analysis procedures
were conducted in 96-well plates and the absorbances (in MW-
PM) or uorescence (in MW-FL) of the reaction's solutions were
measured by a multifunction microplate reader. The absor-
bances were measured at 473 nm, and the emitted uorescence
signals were measured at 541 nm aer excitation at 473 nm.
Both MW-PM and MW-FL assays meet the requirements of
green and high-throughput analytical approaches used for the
quality control of PLZ in pharmaceutical industry.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1. Apparatus

A double-beam, ultraviolet-visible spectrophotometer (model
UV-1800: Shimadzu Corporation, Kyoto, Japan) with 1 cm
quartz cells was used for recording the absorption spectra. A
uorescence spectrometer (model FP-8200: Jasco Corporation,
Tokyo, Japan) was used for recording the uorescence spectra. A
slit width of 5.0 nm was employed for both the excitation and
emission monochromators. Both instruments underwent
regular calibration to ensure their signal linearity and wave-
length accuracy, following the instructions provided by the
instruments' manufacturers. A multi-mode microplate (absor-
bance, uorescence and chemiluminescence) reader (BioTek
Synergy HTX, Agilent, Santa Clara, CA, USA) was used for
absorbance and uorescence measurements in both MW-PM
and MW-FL assays. The reader has a broad light reading
range spanning from 200 to 999 nm and 1 nm increments,
offering versatility in measuring at various wavelengths. It is
compatible with different microplate formats, ranging from
standard 6-well to 384-well, accommodating diverse experi-
mental setups. The instrument's 4-zone system enables precise
temperature control, maintaining stability for temperature-
sensitive assays at levels up to 50 °C. In addition, it is equip-
ped with an internal shaker that offers three speed settings (low,
medium, and high), facilitating efficient mixing of solutions.
The data acquisition was achieved utilizing Gen5® soware
provided with the instrument. A pH microprocessor laboratory
pH meter from Mettler-Toledo International Inc. (Zürich, Swit-
zerland) was utilized to adjust pH of buffer solution. Milli-Q
water purication system from Labo, Millipore Ltd (Bedford,
USA) was used to generate water used throughout the study.
2.2. Chemicals and materials

PLZ was purchased from MedChemExpress (Monmouth Junc-
tion, NJ, USA). The purity of PLZ was $99%. NBD-F was
purchased from Sigma-Aldrich Chemicals Co. (St. Louis, MO,
USA). A freshly prepared solution of NBD-F was prepared by
dissolving 10 mg of NBD-F in 5 mL of methanol to achieve
a concentration of 0.2% (w/v). The borate buffer solution (0.1 M)
with a pH of 8 was prepared following a previously described
procedure,17 and the pH was adjusted using a pH meter. The
ingredients of borate buffer solution were obtained from Fisher
Scientic (California, USA). The buffer was prepared by
complete dissolving 0.8 g of sodium hydroxide pellets and about
48 g of boric acid in 90 mL of deionised water. The pH of the
resulting solution was adjusted to 8 by adding boric acid or
sodium hydroxide. Aer adjusting the pH, the solution was
completed to 100 mL with deionised water. From this buffer
solution, 50 mL was added to the sample solution in the analysis
procedures. The nal concentration of buffer in sample solu-
tion were 0.025 M. HCl (36%) was purchased from Fisher
Scientic (California, USA). The 0.1 M HCl solution was
prepared by slowly adding 9.44 mL of concentrated HCl to
90 mL of water in a beaker with stirring during adding the HCl.
Then, the volume of solution was completed to 100 mL with
© 2024 The Author(s). Published by the Royal Society of Chemistry
water. From this solution, 50 mL was added to the sample
solution in the analysis procedures. Zemdri® (Plazomicin)
injection, a trademark of Cipla Therapeutics, a division of Cipla
USA, Inc. (Warren, NJ, USA), manufactured for Achaogen, Inc.
(South San Francisco, CA, USA). The injection was a single-dose
vial (10 mL) labelled 500 mg of PLZ per vial (50 mgmL−1), and it
was kept refrigerated at 2 °C to 8 °C. Corning® 96-well trans-
parent and white opaque assay plates were acquired fromMerck
& Co. (Rahway, New Jersey, NJ, USA). The transparent plates
were used for MW-PM assay, and the white opaque plates were
used for MW-FL assay. Solvents and other materials were ob-
tained from Fisher Scientic (California, USA).

2.3. Preparation of standard and sample solutions

2.3.1. PLZ standard solution. An accurate amount of PLZ
weighing 20 mg was transferred quantitatively into a 10 mL
calibrated ask. It was then dissolved in 10 mL of water,
resulting in a stock solution with a concentration of 2 mgmL−1.
This stock solution was subsequently diluted with water to
obtain working solutions within the ranges of 20–800 and 0.05–
1.5 mg mL−1 for analysis by MW-PM and MW-FL assays,
respectively.

2.3.2. Zemedri® injection sample solution. An accurate
aliquot (0.5 mL) of Zemedri® injection was transferred into
a 10 mL calibrated ask. The volume was then completed to
10 mL with water, resulting in a stock solution with a concen-
tration of 2.5 mg mL−1. This stock solution was subsequently
diluted with water to obtain sample solutions within the ranges
of 20–800 and 0.05–1.5 mg mL−1 for analysis by MW-PM and
MW-FL assays, respectively.

2.4. General procedures of MW-PM and MW-FL assays

Accurate volumes of PLZ solution (50 mL) were transferred into
individual wells of a 96-well plate. Following this, 50 mL of
borate buffer solution (pH 8 ± 0.5) and 50 mL of NBD-F solution
(0.2%, w/v) were added. The reaction mixture was allowed to
proceed at room temperature (25 ± 2 °C) for 30 min. Subse-
quently, 50 mL of 0.1 M HCl was added. For the MW-PM assay,
the absorbances of the resulting solutions weremeasured by the
plate reader in absorbance mode at 473 nm. On the other hand,
for the MW-FL assay, the uorescence intensities of the solu-
tions were measured in the reader's uorescence mode at
541 nm aer excitation at 473 nm. Blank wells were treated in
the same manner, except that 50 mL of water was added instead
of the PLZ sample solution.

2.5. Determination of reaction stoichiometry

The logarithmic limiting method was implemented for the
determination of reaction stoichiometry by following the
procedures outlined in a previous report.18 Two sets of experi-
ments were conducted using the recommended general proce-
dures mentioned above. In the rst set of experiments,
increasing concentrations of NBD-F (ranging from 2.37 × 10−1

to 8.19 × 10−1 M) were used while maintaining a xed PLZ
concentration of 6.75 × 10−4 M. On the other hand, the second
set of experiments involved increasing concentrations of PLZ
RSC Adv., 2024, 14, 27215–27226 | 27217
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(ranging from 3.37 × 10−5 to 1.69 × 10−4M) while keeping the
NBD-F concentration at a xed value of 1.09 × 10−2 M. For the
rst set of experiments, the obtained absorbance and uores-
cence intensities were plotted as functions of the logarithms of
NBD-F concentration. Similarly, for the second set of experi-
ments, the absorbance and uorescence intensities were
plotted against the logarithms of PLZ concentration. The slopes
of the tting lines were then calculated for both sets of experi-
ments, from which the reaction molar ratio was determined.
3. Results and discussion
3.1. Strategy for assays development

PLZ, as an organic compound, has a very weak UV-absorption at
short wavelengths before the practical region of spectrophoto-
metric analysis without interferences from other species in the
solution (e.g., buffer ingredients, etc.). Additionally, it has no
uorescence emission capabilities due to the absence of uoro-
phoric moieties in its chemical structure (Fig. 2). As a result,
direct photometric or uorometric determination of PLZ is not
possible. In order to enable the development of photometric and
uorometric assays for PLZ, its derivatizationwith a chromogenic
or uorogenic probe is necessary. However, employing a dual-
function probe, capable of both chromogenic and uorogenic
reactions, would bemore advantageous. This approach allows for
the development of both photometric and uorometric assays
using just one probe, offering convenience and efficiency. Ben-
zofurazan derivatives, are a class of compounds with unique
photophysical properties that make them highly valuable in
photometric and uorometric analysis, particularly for amine-
containing analytes like PLZ. These compounds feature a benzo-
furan core with a nitro group and either uorine or chlorine
atoms. With their strong absorption and uorescence charac-
teristics, benzofurazan molecules serve as versatile chromogenic
and uorogenic probes in various analytical applications. They
Fig. 2 Absorption and fluorescence (excitation and emission) spectra of
the emission spectrumwas 473, and emission wavelength for the excitati
mg mL−1 for scanning the absorption and fluorescence spectra, respecti

27218 | RSC Adv., 2024, 14, 27215–27226
enable the development of sensitive and selective detection
assays for a wide range of analytes, thanks to their distinct
spectral properties and tunability. As a result, benzofurazan
probes have become invaluable tools in the eld of analytical
chemistry.19–21 In this study, the unique dual-function spectral
properties of benzofurazan-based probes were taken into
consideration. Both 4-uoro-7-nitrobenzofurazan (NBD-F) and 7-
chloro-4-nitrobenzofurazan (NBD-Cl) are derivatives of benzo-
furazans that are utilized in a range of applications within
photometric and uorometric analysis. However, NBD-F exhibits
distinct advantages over NBD-Cl in terms of stability, sensitivity,
selectivity, and compatibility.19,22

The reaction between NBD-F and PLZ, which contains amino
groups, has not been previously reported. Hence, this study
focuses on investigating this reaction and utilizing it to develop
sensitive and straightforward photometric and uorimetric
assays for the determination of PLZ in bulk drug substance and
pharmaceutical formulations, particularly injections. Consid-
ering the advantages of microwell-based analysis, as demon-
strated in previous studies,14–16 this research aims to explore the
utility of NBD-F as a dual-function probe in developing this
methodology for PLZ. The aim is to form a colored and uo-
rescent PLZ-NBD derivative upon their reaction.

3.2. Spectral characteristics

In NBD-F, the uorine atom is activated by the 7-nitro group,
thus it can be easily substituted by nucleophilic groups such as
amino groups to form the corresponding amino products.
Accordingly, the reaction between NBD-F and PLZ was antici-
pated to proceed smoothly due to the presence of a labile
uorine atom in the chemical structure of NBD-F and the
presence of amino groups in the chemical structure of PLZ. The
spectra presented in Fig. 2 conrmed this reaction, as evi-
denced by the emergence of an orange-colored and yellow-
uorescent reaction product. Notably, distinct absorption and
the reaction product of PLZ with NBD-F. The excitation wavelength for
on spectrum was 541 nm. The concentrations of PLZ were 100 and 0.5
vely.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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uorescence emission peaks were observed in the absorption
and uorescence spectra of the reaction solution, further con-
rming the occurrence of the reaction. The absorption spec-
trum revealed a maximum absorption peak at 473 nm, while the
uorescence emission spectrum exhibited a peak at 541 nm
when excited at 473 nm (Fig. 2). It is wise to mention that in
most cases, it is indeed the emission wavelengths to be at longer
wavelengths (lower energy) than the excitation wavelengths.
This phenomenon, known as Stokes shi, occurs due to loss of
some energy of the exciting light by various factors such as
solvent effects, molecular environment, and energy transfer
mechanisms.11 The stock shi (difference between emission
and excitation wavelengths) in the uorescence spectra of PLZ
was 68 nm (541–473).
3.3. Optimization of reaction conditions

In the current study, NBD-F was specically designed to serve as
a dual-function chromogenic and uorogenic probe. Therefore,
the optimization of conditions was carried out, and both
absorbances and uorescence intensities were measured. In the
subsequent sections, the results of absorbance measurements
will be presented. Additionally, similar results were obtained
when measuring the uorescence intensities.

3.3.1. NBD-F concentration. The investigation into the
effect of NBD-F concentration on its reaction with PLZ
demonstrated a clear dependence of the reaction on the
concentration of NBD-F. As depicted in Fig. 3A, the absorbance
of the reaction solution increased with higher concentrations of
NBD-F. The highest absorbance readings were obtained at an
Fig. 3 Effect of NBD-F concentration (A), pH of buffer solution (B), tem
intensity of the PLZ-NBD reaction product. The concentration of PLZ in

© 2024 The Author(s). Published by the Royal Society of Chemistry
NBD-F concentration of 0.2% (w/v), beyond which no further
increase in the signals was observed. Consequently, for subse-
quent experiments, a concentration of 0.2% (w/v) of NBD-F was
selected as the optimal concentration.

3.3.2. Buffer solution and pH. To generate the necessary
nucleophile from PLZ, the reaction must be conducted in an
alkaline environment. Various alkaline buffer systems,
including borate, phosphate, and carbonate buffers with a pH
value of 8, were tested. Among these, the highest signal was
achieved when the reaction was carried out in borate. However,
when other buffers were utilized, issues such as the precipita-
tion of a white colloid upon the addition of NBD-F reagent
solution, non-reproducible results, or weak sensitivities were
observed. Therefore, borate buffer solution was selected for the
subsequent investigations. It is important to mention that the
borate buffer solution is active near pH 9, and it buffering
capacity decreases at lower and higher pH value. However, in
the present study, the assay was performed very close to the
optimum buffering action of borate buffer. Additionally, the
volumes of buffer and sample solutions were similar (50 mL),
avoiding the loss of buffer capacity that happens when the
buffer solution is added to large volumes of samples.

The effect of pH of borate buffer solution on the reactions was
investigated using pH values ranging from 3 to 12. The results
indicated that the signals increased as the pH increased, reach-
ing maximum readings at pH range of 8–10 (Fig. 3B). This
increase in signals with alkaline pH values can be attributed to
the conversion of the amino group of PLZ from the acid salt form
(at acidic pH values) to the free amino group as the pH becomes
perature and time (C), and HCl concentration (D) on the absorption
all reactions was 100 mg mL−1.

RSC Adv., 2024, 14, 27215–27226 | 27219
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Table 1 A summary of optimization of conditions affecting the
reaction of PLZ with NBD-F

Condition Studied range Optimum value

NBD-F concentration (%, w/v) 0.05–1 0.2
Buffer type Differenta Borate
Buffer pH 3–12 8 � 0.5
Temperature (°C) 25–50 25 � 2
Reaction time (min) 5–60 30
HCl concentration (M) 0.02–0.4 0.1
Stability of reaction product 5–60 $60
Absorbance wavelength (nm) 400–750 473
Excitation wavelength (nm) 400–750 473
Emission wavelength (nm) 400–750 541

a Buffer solutions were: borate, phosphate, and carbonate.
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alkaline. This conversion facilitates the nucleophilic substitution
reaction. However, readings sharply decreased at pH values
above 10. This decline may be attributed to an increase in the
concentration of hydroxide ions, which hinders the condensation
reaction between PLZ and NBD-F. Accordingly, the subsequent
experiments were carried out at pH 8 ± 0.5.

3.3.3. Temperature and time. To determine the optimal
temperature and reaction time for the completion of the
derivatization reaction, the reaction was initially conducted at
room temperature (25 ± 2 °C), and the resulting signals were
measured at different time intervals. However, it was observed
that the reaction proceeded relatively slowly as it reached
completion aer 30 min (Fig. 3C). Consequently, further
investigations were conducted at elevated temperatures (40 and
50 °C), with monitoring the induced signals for a duration of
60 min. Higher temperatures were not tested due to the limi-
tations of the built-in temperature control in the reader, which
could not provide temperatures exceeding 50 °C. Moreover, in
order to streamline the assay procedures, we opted against
using a separate thermostatically controlled water bath as an
additional instrument to conduct the experiment.

The results indicated that higher temperatures accelerated
the reaction; however, they did not improve the signal values
(Fig. 3C). The maximum signals were obtained when the reac-
tion was carried out for 20 min at 40 °C and 10 min at 50 °C,
respectively. It was observed that the signals remained stable for
approximately 40 min at 40 °C, but they decreased signicantly
at 50 °C, and the values were not reproducible. This decline in
the signals was likely due to the degradation of the reagent at
high temperatures. Notably, these observations align with the
ndings previously reported by Aktas et al.23 Additionally, the
imprecise readings might be attributed to inconsistent partial
evaporation of methanol (used for NBD-F solution) from the
wells during incubation at 50 °C. In order to develop assays with
compromised features in terms of time, throughput, precision,
and convenience, subsequent experiments were conducted at
room temperature (25 ± 2 °C) for 30 min.

3.3.4. HCl concentration. In the aforementioned condi-
tions, it was observed that there were signicantly high levels of
signal backgrounds. This occurrence was attributed to the
hydrolysis process of NBD-F, which resulted in the formation of
its hydroxy derivative called 4-hydroxy-7-nitrobenzo-2-oxa-1,3-
diazole (NBD-OH).24 The signal background of NBD-OH was
found to be reduced when the pH of the reaction medium was
lowered to below one.22 Hence, prior to measuring the absor-
bance or uorescence, it was necessary to acidify the reaction
mixture in order to greatly decrease the background signals.25

Importantly, this acidication process did not affect the reac-
tion product, thereby leading to an ultimate increase in sensi-
tivity. The concentration of HCl needed for acidication was
determined to be 0.1 M (Fig. 3D).

3.3.5. Stability of PLZ-NBD. The impact of time on the
stability of the colored and uorescent PLZ-NBD derivative was
investigated by monitoring the absorbance and uorescence
signals of the reaction solution at various time intervals. It was
observed that both the absorbance and uorescence values
remained unchanged for a minimum of 1 hour. This extended
27220 | RSC Adv., 2024, 14, 27215–27226
stability enabled the processing of substantial sample batches
and facilitated convenient measurements. Consequently, this
enhanced the convenience of the assay and made it suitable for
analyzing a large number of samples.

A concise overview of the variables affecting the reaction of
PLZ with NBD-F is given in Table 1.
3.4. Reaction stoichiometry and pathway

The stoichiometry of the PLZ/NBD-F reaction was investigated
using the limiting logarithmic method.18 The results are pre-
sented and discussed for absorbance measurements, while
similar results were obtained for uorescence measurements. A
plot of log absorbance as a function of log[PLZ] at a constant
concentration of NBD-F gave a straight line with a slope of
0.7633 (Fig. 4A). A plot of log absorbance as a function of log
[NBD-F] at a constant concentration of PLZ gave a straight
line with a slope of 0.7631 (Fig. 4B). Thus, the molar ratio of the
reaction is 0.7633 : 0.7631 (i.e. molar ratio is 1.0003; 0.7633/
0.7631). Based on this ratio, the proposed reaction pathway
between PLZ and NBD-F is depicted in Fig. 5. It is wise noting
that the PLZ molecule contains multiple potentially reactive
amino groups; however, it was postulated that only one primary
amino group of all groups contributed to the reaction with NBD-
F, as illustrated in Fig. 5. It was also postulated that the other
remaining primary or secondary amino groups did not react
due to their unfavorable steric hindered positions in the PLZ's
structure, or the mild reaction conditions (room temperature)
employed in the study were not energetically adequate for their
contribution in the reaction. The postulated reaction pathway
(Fig. 5) was established based on key facts. It is important to
note that to validate and support the hypothesis, further future
experimental characterization of the reaction product would be
required. In general, primary amines demonstrate higher
reactivity compared to secondary amines in nucleophilic
substitution reactions with NBD-F. This enhanced reactivity can
be attributed to the fact that primary amines having only one
alkyl group attached to the nitrogen atom, which facilitates
a greater degree of nucleophilicity. Consequently, the lone pair
of electrons on the nitrogen atom is more easily accessible for
attacking the electrophilic carbon of the NBD-F molecule. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Limiting logarithmic plot for molar reactivity of PLZ with NBD-F. The first line (A) was generated using varying PLZ concentrations (3.37 ×
10−5 to 1.69× 10−4 M) and a fixed NBD-F concentration (1.09× 10−2 M). The second line (B) was generated using varying NBD-F concentrations
(2.37 × 10−1 to 8.19 × 10−1 M) and a fixed PLZ concentration (6.75 × 10−4 M). Log A, log[PLZ], and log[NBD-F] are the logarithm of absorbance,
molar concentration of PLZ, and molar concentration of NBD-F, respectively. Linear fitting equations and their determination coefficients are
given on the corresponding lines.
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reactivity of different amino groups in the PLZ molecule during
nucleophilic substitution reactions with NBD-F can also be
inuenced by various factors. These factors include steric
hindrance, the presence of electron-donating or electron-
withdrawing groups, and basicity. In contrast, secondary
amino groups have nitrogen atoms attached to two alkyl groups,
which impedes nucleophilic attack and diminishes reactivity.
The steric hindrance imposed by the alkyl groups makes it more
challenging for the nitrogen lone pair to effectively approach
the electrophilic carbon of NBD-F.26
3.5. Validation of MW-PM and MW-FL assays

3.5.1. Calibration and sensitivity. The calibration curves
for the determination of PLZ through its reaction with NBD-F
Fig. 5 Scheme for the reaction pathway of PLZ with NBD-F.

© 2024 The Author(s). Published by the Royal Society of Chemistry
were constructed under the optimal conditions outlined in
Table 1. The signals, namely absorbance for the MW-PM assay
and relative uorescence intensity (RFI) for the MW-FL assay,
were plotted against the corresponding PLZ concentrations
(Fig. 6). Regression analysis was performed on the dataset,
resulting in the derivation of the following regression
equations:

For MW-PM assay: Y = 0.0048 + 0.0031X (R2 = 0.9994)

For MW-FL assay: Y = 0.0468 × 103 + 6121.7X (R2 = 0.9993)

where Y is the absorbance or RFI (for MW-PM or MW-FL assay,
respectively), X is the PLZ concentration in mg mL−1, and R2 is
the determination coefficient.
RSC Adv., 2024, 14, 27215–27226 | 27221
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Fig. 6 Calibration curves for the determination of PLZ by MW-PM (A) and MW-FL (B) assays via its reaction with NBD-F probe. RFI is the relative
fluorescence intensity. Each point is the average of 5 replicate measurements, and the presented error bars are the standard deviations of the
reading at 95% confidence. Linear fitting equations with their corresponding determination coefficients (R2) are given on the lines.
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Linear relationships with small intercepts and determina-
tion coefficients (0.9994 and 0.0993 for MW-PM and MW-FL
assays, respectively) were established within the concentra-
tions ranges of 20 to 800 for MW-PM assay and 0.05 to 1.5 mg
mL−1 for MW-FL assay (Table 2). The determination of the limit
of detection (LOD) and limit of quantitation (LOQ) followed the
guidelines of The International Council of Harmonization (ICH)
for validating analytical procedures.27 For MW-PM, the LOD and
LOQ values were determined to be 8.3 and 25 mg mL−1,
respectively. For MW-FL, the LOD and LOQ values were 0.03 and
0.08 mg mL−1 (Table 2). The regression and performance
parameters of the proposed MW-SP and MW-FL assays are
summarized in Table 2.

3.5.2. Precision and accuracy. To assess the precision of the
proposed MW-PM and MW-FL assays, replicate samples of PLZ
solutions with low, medium, and high concentration levels
(Table 3) were analyzed by the proposed assays. The relative
standard deviations (RSD) of the obtained results were calcu-
lated and used as measures for precision. Both intra-day and
inter-day precision showed RSD values ranging from 1.2% to
1.8% for the MW-PM assay and from 0.9% to 1.6% for the MW-
FL assay, indicating the high precision of both assays.

To assess the accuracy of the MW-PM and MW-FL assays,
recovery studies were conducted using the same PLZ samples.
As shown in Table 3, the recovery values ranged from 98.9% to
101.4% and 99.1% to 101.6% for MW-PM and MW-FL assays,
Table 2 The regression and performance parameters for the deter-
mination of PLZ by the proposed MW-PM and MW-FL assays via
reaction with NBD-F probe

Parameter

Value

MW-PM MW-FL

Linear range (mg mL−1) 20–800 0.05–1.5
Intercept 0.0048 46.8
Standard deviation of intercept 0.0078 49
Slope 0.0013 6121.7
Standard deviation of slope 0.0005 50.1
Determination coefficient (R2) 0.9994 0.9993
Limit of detection, LOD (mg mL−1) 8.3 0.03
Limit of quantitation, LOQ (mg mL−1) 25 0.08

27222 | RSC Adv., 2024, 14, 27215–27226
respectively. Also, the errors ranged from −0.4% to 1.2% and
−1.1 to 1.6% for MW-PM and MW-FL, respectively. These
results demonstrate the high accuracy of both assays.

The high precision and accuracy achieved by the proposed
MW-PM and MW-FL assays can be attributed to several key
factors:

(1) Consistent sample handling: the use of microwell plates
ensures reproducible samples and reagents (NBD-F, buffer, and
HCl) handling. Each well is designed with uniform volume,
shape, and dimensions, promoting standardized sample prep-
aration. This consistency reduces variability in sample/reagents
dispensing, leading to improved measurement precision.

(2) Parallel processing: the 96-well assay plates enable
simultaneous dispensing of multiple samples and conducting
reactions. This parallel processing capability minimizes the
impact of random errors and enhances the statistical signi-
cance of the results. It also mitigates variations caused by
sequential sample handling, which can introduce errors and
affect precision.

(3) Small sample volumes: the MW-PM and MW-FL assays
utilize small sample and reagent volumes (50 mL each). This
approach reduces the inuence of pipetting errors and
enhances both precision and accuracy in measurements.

(4) Controlled environmental conditions: the procedures of
both assays are performed under controlled room temperature
Table 3 The precision and accuracy of MW-PM and MW-FL assays for
the determination of PLZ via its reaction with NBD-F probe

PLZ concentration
(mg mL−1)

Intra-day (n = 3) Inter-day (n = 6)

Recovery
(% � RSD)

Error
(%)

Recovery
(% � RSD)

Error
(%)

MW-PM
50 100.5 � 1.8 0.5 101.4 � 1.2 1.4
400 99.5 � 1.2 −0.5 98.9 � 1.6 −1.1
750 101.2 � 1.4 1.2 100.8 � 1.5 0.8

MW-FL
0.2 100.4 � 1.2 0.4 101.6 � 1.4 1.6
0.8 99.8 � 1.5 −0.2 99.1 � 1.6 −0.9
1.2 101.2 � 0.9 1.2 100.5 � 1.2 0.5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions (25 ± 2 °C), effectively minimizing the effects of
temperature uctuations on samples and reactions. Tempera-
ture stability helps prevent errors andmaintains the accuracy of
measurements. By ensuring controlled conditions, the repro-
ducibility and reliability of the results are enhanced.

(5) Optical pathlength: the optical pathlength is an important
parameter in spectroscopic measurements of solutions in
microwell assay plates by multi-mode reader as it affects the
sensitivity and accuracy of both absorbance and uorescence
measurements. In multi-mode microwell plates, the optical
pathlength can vary based on the design of the plate and the
volume of the sample. In the present assays involving 200 mL as
a total volume of sample solution, the optical pathlength is 2 mm.

3.5.3. Robustness and ruggedness. The robustness of both
the MW-PM and MW-FL assays was evaluated to assess the
impact of minor variations in assay variables on their analytical
performance. These variables, such as the concentration of
NBD-F probe, as well as pH, reaction time, and concentration of
HCl, were intentionally deviated from their optimal values, as
summarized in Table 4. Notably, it was observed that these
deviations had no signicant effects on the results of both MW-
PM and MW-FL assays. The recovery values obtained ranged
from 98.6% to 101.5% for MW-PM assay and from 99.2% to
101.6% for MW-FL assay. The precision of both assays,
expressed as RSD values, ranged from 1.2% to 1.8% for MW-PM
assay and from 0.8% to 1.6% for MW-FL assay. These ndings
conrm the suitability of both assays for routine analysis of PLZ.

Furthermore, the ruggedness of the assays was assessed by
involving two different analysts to perform the procedures on
Table 4 The robustness and ruggedness of the proposedMW-PM and
MW-FL assays for the determination of PLZ via reaction with NBD-F
probe

Parameters

Recovery (% � RSD)a

MW-PM MW-FL

Robustness
NBD-F concentration (%, w/v)
0.15 101.2 � 1.5 100.6 � 1.2
0.25 101.5 � 1.4 101.6 � 1.6
pH (unit)
7.8 98.6 � 1.8 101.4 � 1.5
8.2 101.4 � 1.2 99.5 � 1.2
Reaction time (min)
25 99.4 � 1.6 101.6 � 1.4
35 100.3 � 1.2 99.2 � 0.8
HCl concentration (M)
0.8 99.4 � 1.5 100.1 � 1.2
1.2 101.2 � 1.4 99.4 � 1.4

Ruggedness
Analyst to-analyst
Analyst-1 99.6 � 1.2 100.8 � 1.1
Analyst-2 101.6 � 1.5 101.2 � 1.2
Day-to-day
Day-1 99.2 � 1.8 99.5 � 1.4
Day-2 100.4 � 1.2 100.6 � 1.5
Day-3 101.2 � 1.3 98.4 � 1.7

a The values are means of three determinations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
three different days. The results obtained from the day-to-day
variations demonstrated reproducibility, with RSD values not
exceeding 1.8% for both assays. This further underscores the
reliability and consistency of both assays, even when conducted
by different analysts on different occasions.

3.5.4. Selectivity and interference. According to the
prescribing information for Zemdri® injection,4 sodiumhydroxide
is the only additive present in the formulation. Importantly,
sodium hydroxide does not cause interference in the determina-
tion of PLZ within the injection formulation. The absence of
potential interference can be attributed to two main reasons.
Firstly, the reaction involved in both assays is selective for mole-
cules containing an amino group, which is present in PLZ but not
in the additive. Secondly, the absorbance measurements in the
MW-PM assay and uorescence measurements in the MW-FL
assay are selective, as the colored and uorescent PLZ-NBD
derivative specically absorbs light and emits uorescence at
certain wavelengths. Therefore, any potential interferences from
the injection additive are avoided due to the specic characteris-
tics of the PLZ derivative. It is important to state that the proposed
assays are not appropriate for analysis of biological samples
because biological interferences have not been accounted for here.
3.6. Analysis of PLZ drug substance and Zemdri® injection

The validated MW-PM and MW-FL assays were utilised to
quantify PLZ in its drug substance and Zemdri® injection at
denite predetermined concentrations within the specic
linear range of each assay. The determined recovery percentage
are presented in Table 5. The recovery values obtained ranged
from 98.3 to 102.1%, for PLZ drug substance, and from 98.6 to
102.3% for Zemdri® injection. Additionally, the RSD values did
not exceed 1.8% for both assays. These high recovery percent-
ages and low RSD values conrm the accuracy and precision of
the proposed assays for determining PLZ concentration in its
drug substance and Zemdri® injection.
3.7. Eco-friendliness/greenness of MW-PM and MW-FL
assays

Microwell-based assays supported by microplate readers align
with the principles of GAC due to their miniaturized analytical
Table 5 Analysis of PLZ in its drug substance and Zemdri® injection by
the proposed MW-PM and MW-FL via reaction with NBD-F probe

Analysed PLZ concentration
(mg mL−1)

Recovery (% � RSD)a

PLZ drug substance Zemdri® injection

MW-PM
50 100.2 � 1.1 99.4 � 1.2
400 98.3 � 1.7 99.3 � 1.8
750 101.2 � 1.2 101.1 � 1.3

MW-PM
0.2 98.6 � 1.8 98.6 � 1.1
0.8 100.2 � 1.2 102.3 � 1.6
1.2 102.1 � 1.6 101.1 � 1.8

a Values are mean of three determinations.
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Table 6 Analytical Eco-Scale for assessing the eco-friendliness of the
proposed MW-PM and MW-FL assays for the determination of PLZ via
reaction with NBD-F probe

Eco-scale score parameters Penalty points (PPs)

Amount of solvent/reagent
Solvent, methanol: <1 mL (mL (g) per sample) 1
Reagent, NBD-F: <1 mL (mL (g) per sample) 1
HCl (0.1 M): <1 mL (mL (g) per sample) 2

P
= 4

Hazard of solvent/reagent
Solvent: methanol 3
Reagent: NBD-F 3
HCl 3

P
= 9

Instrument: energy used (kW h per sample)
Microplate reader 0

P
= 0

Occupational hazardous
Analytical process hermetic 0
Emission of vapors and gases to the air 0

P
= 0

Waste
Production (<1 mL (g) per sample) 1
Treatment (no treatment involved) 3P

= 4
Total PPs 13
Eco-scale score 87

Fig. 7 Results of GAPI and AGREE metric tools for assessment of th
determination of PLZ.

27224 | RSC Adv., 2024, 14, 27215–27226
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processes. This approach enables the use of smaller volumes of
samples and reagents, resulting in reduced waste generation
compared to traditional techniques. To evaluate the eco-
friendliness or greenness of the proposed MW-PM and MW-
FL assays, three comprehensive metric tools were employed:
Analytical Eco-Scale (AES),28 Green Analytical Process Index
(GAPI),29 and Analytical Greenness Evaluation (AGREE).30 The
instructions and guidelines of using these tools are outlined in
their corresponding reports.28–30 Since bothMW-PM andMW-FL
assays involve the same reagents and operating conditions,
both asasys were evaluated in a similar manner.

The results obtained from AES are presented in Table 6. With
50 mL of methanolic solution of NBD-F and 50 mL of HCl solu-
tion, a total of 4 penalty points (PPs) were assigned. The
hazardous impact of methanol and the other reagents
contributed to a subtotal of 9 PPs. Parameters related to energy
consumption by the microplate reader and occupational
hazards did not receive any PPs, as they complied with GAC
guidelines. Waste production and treatment parameters
received subtotals of 1 and 3 PPs, respectively. These scores
were assigned because the assay generated less than 1 mL of
waste per sample, and the waste was not treated. The total PPs
for the assay amounted to 13, resulting in an Eco-scale score of
87 (100 − 13). This high score, exceeding 75, indicates that the
proposed microwell-based analytical methods demonstrate an
excellent level of environmental friendliness.

Fig. 7 presents a pictogram of the results obtained from the
GAPI tool, which assesses 15 parameters. Two parameters (1,
e greenness of the proposed MW-PM and MW-FL methods for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 15) are depicted in red. Parameter 1 signies that samples
were collected or prepared offline, and parameter 15 reects
that the assays' waste was not treated. Parameters 5 and 6 are
depicted in yellow, indicating that the assays are suitable for
quantitative analysis and the samples were extracted on
amicroscale, respectively. The remaining parameters are shown
in green, indicating that they meet the requirements of green
procedures according to the tool's guidelines.29

The AGREE pictogram, displayed in Fig. 7, illustrates the
assessment results. Parameter 1, related to sample treatment, is
marked with yellow due to the manual execution of sample
treatment. Parameter 3, which concerns device positioning
(online or offline) is depicted in red because the analysis was
performed offline using a plate reader. The remaining param-
eters are assigned a green color. The total score obtained is 0.8
out of 1, indicating a high level of environmental friendliness
for the assays.

In conclusion, the results obtained from the three assess-
ment tools provide conclusive evidence of the eco-friendliness
of the proposed MW-PM and MW-FL assays for PLZ and their
alignment with the principles of GAC.
3.8. High throughput of MW-PM and MW-FL assays

Microwell-based techniques have garnered signicant recogni-
tion in the pharmaceutical analysis eld due to their capacity to
simultaneously analyze and manipulate multiple individual
entities with high efficiency. The throughput of the proposed
MW-PM and MW-FL was assessed based on employing 96-well
plates and a specic reaction time of 30 min for both assays. An
analyst can comfortably process a minimum of 6 plates as
a batch simultaneously. Under these conditions, a total of 1152
samples could be processed per hour (6 plates × 96 wells × 2
rounds per hour), highlighting the exceptional throughput of
the MW-PM and MW-FL assays. Furthermore, there are addi-
tional approaches that can further enhance the throughput of
the assays. One such approach involves utilizing plates with
a higher well count, such as 384, 1536, or 3456 wells, which
would allow for the simultaneous processing of even more
samples. Another approach involves automating the process
through the utilization of automated systems or robots.
Implementing these strategies can signicantly contribute to
achieving an even higher throughput, enabling the analysis of
a larger number of samples within a given timeframe.
4. Conclusion

In this study, the reactivity of PLZ with the NBD-F probe was
investigated and found that the reaction proceeds smoothly
under mild conditions. The resulting product exhibited both
chromogenic and uorogenic properties, displaying light
absorption at 473 nm and uorescence emission at 541 nm
when excited at 473 nm. The reaction stoichiometry was
determined, and the reaction pathway was proposed. The dual
chromogenic and uorogenic nature of the NBD-F probe was
utilized in the developed photometric and uorometric assays
for PLZ using a microwell-based analytical approach. These
© 2024 The Author(s). Published by the Royal Society of Chemistry
assays, named MW-PM and MW-FL, represent the rst
microwell-spectrometric methodology for PLZ analysis. They
were successfully applied to determine PLZ levels in bulk drug
substance and pharmaceutical formulation (injection) with
high reliability. Notable features of these assays include their
high throughput capability, enabling the analysis of a large
sample size within a short timeframe. Additionally, these assays
are environmentally friendly in pharmaceutical manufacturing
laboratories, as they require minimal amounts of samples and
reagents. A total description of the improvement of the
proposed MW-PM and MW-FL over methodologies that are re-
ported in the literature for PLZ is given in Table 1S.†
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