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A lanthanide-based optical sensor has been developed for the sensitive and reliable spectrofluorometric determination of the
fluoroquinolone antibiotic orbifloxacin (ORLX). Reaction of ORLX and two lanthanide metal ions, Sm(III) and Tb(III), in
aqueous buffered solution produced highly fluorescent complexes. Plackett-Burman design (PBD) was used to explore the impact
of four factors, pH, temperature (Temp), contact time (CT), and metal volume (MV), on the fluorescence intensity (FI) of the
produced complexes. The obtained data showed that pH was the most significant variable. A blend of pH =5.0, MV =2.0 mL,
T=25°C,and CT =10 min was used to achieve the maximum FI. FT-IR and Raman analyses were performed for the crystals of the
as-prepared complexes. Obtained data showed shifting in most of the absorption bands, confirming the complexation of ORLX
with both metal ions. Job’s method showed that the stoichiometry for the reaction of ORLX with Sm(IIT) and Tb(III) was 1 : 1. The
proposed method was validated following the ICH guidelines. Injection formulation was analyzed successfully with the developed
method with high recovery (99.42-100.91%). The detection and quantification limits were 0.987 and 3.289 ng/mL for the ORLX-

Sm(III) complex and 1.020 and 3.399 ng/mL for the ORLX-Tb(III) complex, respectively.

1. Introduction

Existence of pharmaceutically active compounds in aquatic
systems has prompted several public health concerns [1].
Antibiotics are a major class of antimicrobials, which are
commonly used for therapeutic and prophylactic purposes.
With the current widespread and escalating use of antibi-
otics, their existence is representing a burden on the envi-
ronment as well as the human health on the long run [2-4].

Fluoroquinolone antibiotics (FQs) are among the most
widely produced and consumed antimicrobials. Possessing a
broad spectrum of activity with good bioavailability, this
large group of synthetic antibacterials is receiving an ex-
tensive interest and rapid acceptance in both human and
veterinary medicine. The consumption of FQs represents a
problem since they are partly metabolized and hence could
be excreted in their active forms [5-8]. Existing at ultralow
concentrations, the detection of these contaminants in
different matrices represents a challenge.

Orbifloxacin (ORLX) is a third-generation veterinary FQ
antibiotic that is commonly utilized for the treatment of per-
sistent and recurring staphylococcal pyoderma and Pseudomonas
infections that cause otitis. Chemically, ORLX is 1-cyclopropyl-
5,6,8-trifluoro-1,4-dihydro-7-(cis-3,5-dimethyl-1-piperazinyl)-4-
oxoquinoline-3-carboxylic acid, Scheme 1 [9-11]. ORLX to-
gether with other ten FQs was detected in raw wastewater.
Detected concentrations were as high as 1900 ng/L for cipro-
floxacin, compared to 9-170 ng/L for difloxacin, enrofloxacin,
fleroxacin, moxifloxacin, norfloxacin, and ORLX [12].

Scheme 1. Chemical structure of orbifloxacin (ORLX).

To date, methods reported in the literature for the de-
termination of ORLX include liquid chromatography with
ultraviolet [12-14], fluorimetry [12, 15-17], or mass spec-
trometry as detection techniques [16-18]. In another ap-
proach, sequential injection analysis coupled to solid-phase
spectroscopy was utilized to develop a terbium-sensitized
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ScHEME 1: Chemical structure of orbifloxacin (ORLX).

luminescent optical sensor for the analysis of ORLX in
different matrices [19]. By and large, the application of
chromatography in the detection of pharmaceuticals has
been widely described. Yet, the need for well-trained per-
sonnel, consumption of solvents, and the sophisticated in-
strumentation represent major challenges.

Possessing unique luminescent characteristics when com-
plexed with organic ligands (recognized as the antennas),
lanthanide-sensitized luminescence has been recently widely
described for the detection of drugs and pharmaceuticals
[19-24]. Among these characteristics, the unique decay times
allow an effective distinction between the background inter-
ferences in analyses. Moreover, while the uncomplexed lan-
thanides possess low molar extinction coeflicients, the antennas
serve to absorb energy at their characteristic excitation wave-
length. Following the complexation, energy is transferred to the
triplet state of the molecule and then to the core lanthanide ion
resonance level, enhancing its luminescence intensity. Finally,
radiation is emitted at the characteristic wavelength of the
lanthanide ion [19-27].

To the best of our knowledge, all the reported approaches
for the determination of ORLX (either chromatography or
spectroscopy) were univariate-based. In such a conventional
approach, one variable is studied at a time. Therefore, in
addition to being time- and resource-consuming, the cor-
relation between variables affecting the process cannot be
portrayed. On the contrary, factorial design-based ap-
proaches are multivariate. In other words, all variables af-
fecting the process are varied simultaneously, an issue that
serves to reduce the number of experimental runs, use of
chemicals, and consumption of resources. Moreover, the
variable-variable interactions are thoroughly studied and
addressed. Overall, the process is economic and green, and
obtained data can be treated with a high degree of inevi-
tability [28].

In the current approach and in continuation of our efforts
for the determination of antimicrobials as per se and in for-
mulations [29, 30], ORLX will be determined via implementing
terbium [Tb(III)] and samarium [Sm(III)] ion-sensitized lu-
minescence both as per se and in formulation. Plackett-Burman
design (PBD) will be used as the multivariate optimization
approach [28]. In this itinerary, four variables will be assessed,
pH, temperature (Temp), reaction time (CT), and lanthanide
metal volume (MV). The target will be set to maximize the
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fluorescence intensity (FI) as a response variable. The formed
complexes will be further characterized using FT-IR, Raman,
and CHN analyses. Moreover, the proposed analytical tech-
nique will be validated using the International Conference on
Harmonization (ICH) guidelines in terms of linearity, sensi-
tivity, selectivity, robustness, accuracy, and precision [31].

2. Experimental

2.1. Instruments and Software. A Shimadzu RF-6000 spec-
trofluorophotometer (Shimadzu Corporation, Kyoto, Japan)
was used for measuring the fluorescence intensity. A quartz cell
with 1.0cm pathlength was used as a sample holder. For
adjusting pH of the prepared solutions, a Jenway digital pH
meter (Jenway, Staffordshire, UK) with a combined glass elec-
trode was employed. Fourier-transform infrared radiation (FT-
IR, Bruker ALPHA, Billerica, MA, USA) was used to determine
the functional groups in the formed complex. The spectra were
done at the range of 500-4000 cm™". The Raman spectrum of the
as-prepared complex was acquired in the range of
100-3500 cm ™" using a DXR™?2 Raman microscope (Thermo
Scientific, Waltham, MA, USA), with a laser beam at 532 nm as
the excitation source and 10mW power. A CHN analyzer
(FLASH 2000 CHNS/O Analyzer, Thermo Scientific, Waltham,
MA, USA) was used to determine the amounts of elements in
the drug alone and then in the complex. Minitab” 19 software
provided by Minitab” Inc. (State College, PA, USA) was used to
construct and analyze the selected experimental design.

2.2. Materials and Reagents. All reagents and chemicals were
of analytical grade and were used without further purifi-
cation. Ultrapure water (18.2 MQ)) was used to prepare and
dilute the working solutions. ORLX was purchased from
Biosynth Carbosynth® Ltd. (Compton, Berkshire, UK).
Samarium(III) nitrate hexahydrate and terbium(III) chlo-
ride hexahydrate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The solution’s pH was adjusted to the
desired value using phosphate buffer together with 0.1 M
NaOH or 0.1 M HCL

Stock solution of ORLX (5pug/mL) was prepared by dis-
solving the prerequisite drug amount in deionized water.
Lanthanide stock solutions were prepared by weighing re-
spective masses of samarium(IIl) nitrate hexahydrate and
terbium(III) chloride hexahydrate and dissolving in deionized
water to give solutions which are 300 yg/mL of Sm(III) and
Tb(III), respectively. Both drug and lanthanide stock solutions
were freshly prepared throughout the experiments.

2.3. Preparation of the ORLX Formulation. The composition
of the ‘orbifloxacin injection, Victas”® injection 5%, DS
Pharma Animal Health Co., Ltd., Fukushima-ku, Osaka,
Japan,’ labelled to contain 50 mg of ORLX/mL together with
20 mg/mL of the additive benzyl alcohol was simulated. The
mixture was dissolved in 100 mL deionized water. The
resulting solution, 500 mg/L, was further diluted using
deionized water to prepare a working solution of 5 mg/L of
ORLX formulation.
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2.4. Preparation of ORLX-Sm(III) and ORLX-Tb(III) Solid
Samples. Solid ORLX-Sm(III) and ORLX-Tb(III) com-
plexes were prepared by mixing 1 :1 of ORLX and each metal
solution separately. pH of the two mixtures was adjusted to
5.0 using phosphate buffer followed by stirring in a water
bath at a constant temperature of 70°C and at a fixed stirring
rate, 700 rpm, to prepare saturated solutions of the ORLX-
lanthanide metal complex. The solutions were left to cool
down, and the prepared solid samples were filtered, col-
lected, and stored for further use. Finally, the samples were
characterized using FT-IR, Raman, and CHN analyses.

2.5. General Procedure

2.5.1. Authentic Samples: Screening Phase. The investigation
of the impact of four variables, pH, temperature (Temp),
contact time (CT), and metal volume (MV), was studied at
three levels as shown in Table 1, and the scenario was
implemented as shown in Table 2.

The setup of the experimentation process consisted of a set
of 16 runs, including four central points. Each sample in Table 2
was prepared by mixing 1 mL of ORLX, the specified volume of
each of Sm(III) and Tb(III), followed by the addition of 1 mL of
pH buffer solution. The mixture was then placed in a water bath
at the assigned temperature and for the time length specified in
Table 2 for each experiment. Solutions were then cooled down,
and the volume was made up to the mark of 10mL using
deionized water. A blank was similarly prepared omitting
ORLX. Finally, the fluorescence intensity (FI) was recorded at
an excitation wavelength (A.,) of 284nm and an emission
wavelength (Aey,) of 458 nm against a blank.

2.5.2. Procedure for the Formulation. Aliquots of the for-
mulation aqueous solution were transferred into 20 mL test
tubes, and the scheme described under Section 2.5 was
followed, however, applying the optimum conditions (direct
calibration). In the same itinerary, to test the method se-
lectivity and the impact of the formulation matrix, the
standard addition method was applied. Seven samples were
prepared by adding aliquots of the standard ORLX solution
(final concentration of 50-300 ng/mL) to 100 ng/mL of the
formulation solution and applying the optimum conditions.

2.5.3. Reaction Stoichiometry. Job’s method of continuous
variation [32] was used to investigate the molar ratio of the
reaction of ORLX and both Sm(III) and Tb(III). Equimolar
solutions (1.35x107>M) of Sm(III) and Tb(III) and the
ORLX drug solutions were prepared. Series of 5.0 mL so-
lutions were made up encompassing different proportions of
both ORLX and Sm(III) and Tb(III) in separate experiments
in 10 mL volumetric flasks. Phosphate bufter solution (1 mL,
pH 5.0) was added to each flask, and the procedure was
followed as explained under Section 2.5.

3. Results and Discussion

3.1. Spectral Characteristics. The fluorescence spectra of
ORLX, Sm(IIT) and Tb(III), and ORLX-lanthanide are shown

TaBLE 1: Screened numerical variables and their low, mid-, and
high limits.

Center point

Variables Low (-1) ) High (+1)
oH (A) 5.0 6.5 8.0
;f];nperature, Temp (°C) 25 475 70
Contact time, CT (min) 10 50 90
©

i\]/;e)tal volume, MV (mL) 0.5 1.25 2

in Figures 1(a) and 1(b), respectively. As shown in Figure 1,
Sm(IIT) and Tb(III) have shown a weak fluorescence emission
at 440 nm when excited at 275 nm. As shown in Figure 1, the FI
of both metals is very low, mainly because of the forbidden f-f
transition. The forbidden f-f transition of lanthanides is re-
sponsible not only for their low absorption but also makes their
direct excitation difficult, an issue which hinders their appli-
cation in complicated matrices such as biological fields [33].
Yet, because of the forbidden f-ftransitions, the relaxation from
the metal excited states occurs slowly.

In the same itinerary, compared to the lanthanide ions, the
organic drug molecules possess a decay time on the nano-
second scale. The ORLX molecule is excited from the ground
state to the singlet excited state following absorbing ultraviolet
light energy. The excited molecule is then transitioned to its
triplet state (S; — T;) via intersystem crossing (ISC). Lastly,
energy is transferred on one or many excited states of the
central ion via nonradiative transition [T, — Sm(IIT)/Tb(III)],
and a strong characteristic luminescence of the core ion is
emitted [22, 25]. This phenomenon is known as the ‘antenna
effect.” The ORLX-lanthanide complex, therefore, shows longer
decay lifetimes that could extend to the microsecond scale,
allowing the acquisition of well time-resolved luminescence
measurements [33, 34]. As shown in Figure 1, the FI of the
complex was ~15-16 times that of the metal ion and ~7 times
that of ORLX.

Figure 2 shows the spectra of the ORLX-metal complex
collected using increasing concentrations of ORLX ranging
between 25 and 500 ng/mL.

3.2. Plackett-Burman Design (PBD)

3.2.1. Assessment of Reaction Variables. As displayed in
Table 1, screening of the four variables influencing the chosen
response (maximum FI), resulting from the interaction of
ORLX and two lanthanides, was performed using PBD. As a
multivariate approach, PBD is an efficient methodology when
only the main variables are of interest [28]. The experimental
scenario as prompted by PBD is revealed in Table 2. Quality
tools were employed to assess the statistical significance of each
independent variable on the measured response. Figure 3
shows the Pareto chart of standardized effects for the com-
plexes of ORLX with Sm(III) and Tb(III). In both cases, pH (A)
was the most statistically significant variable impacting the FI.
CT (B), however, was the least significant variable in case of
Tb(III) and had no effect in case of Sm(III).
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TABLE 2: Experimental setup employing PBD.
Run no. Point type pH(A) Temp (B) CT(C) MV (D) FI"Sm(III) RE**[Sm(III)] FIxTb(IIl) RE**[Tb(III)]
01 1 8.0 70.0 10 0.50 4498 0.09 3089 0.04
02 1 8.0 25.0 90 0.50 4617 0.07 3471 0.04
03 0 6.5 47.5 50 1.25 13200 0.16 17811 0.03
04 1 5.0 25.0 90 2.00 65270 0.07 47339 0.01
05 0 6.5 47.5 50 1.25 16224 0.03 17487 0.05
06 1 8.0 25.0 10 2.00 7046 0.08 5541 0.11
07 0 6.5 47.5 50 1.25 15995 0.01 16939 0.08
08 1 5.0 25.0 10 0.50 43823 0.05 44962 0.00
09 0 6.5 47.5 50 1.25 15909 0.00 17398 0.06
10 0 6.5 47.5 50 1.25 16303 0.03 19224 0.05
11 0 6.5 47.5 50 1.25 17429 0.10 17496 0.04
12 1 5.0 70.0 10 2.00 47766 0.05 45837 0.01
13 1 8.0 70.0 90 2.00 5082 0.06 3207 0.03
14 0 6.5 47.5 50 1.25 16504 0.04 19407 0.05
15 0 6.5 47.5 50 1.25 14320 0.09 18246 0.00
16 1 5.0 70.0 90 0.50 40678 0.06 41605 0.03
* FI: observed FI. ** RE: relative error = [|(observed FI - predicted FI)|/observed FI].
35000 40000
30000
25000
25000 -
20000
= £ 20000 -
15000
15000
250 300 350 400 450 500 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
—a- Sm (IIT) Ex —— Sm-ORLX Em —— Tb (IIT) Ex —— Tb-ORLX Em
—— Sm (III) Em -+ ORLX Ex —— Tb (IIT) Em —— ORLX Ex
—a Sm-ORLX Ex —— ORLXEm —a— Tb-ORLX Ex —— ORLXEm

()

(b)

FiGure 1: Excitation and emission spectra of 3 yg/ml ORLX (a) and (b), with 30 yg/ml Sm(III) (a) and 30 ug/ml Tb(III) (b), measured against

a blank.

The findings of the screening phase were validated
using the analysis of variance (ANOVA) at the 95.0 sig-
nificance level (Table 3). As shown by the ANOVA
findings, variables with a p value “0.05 are statistically
significant, and vice versa [28]. A quick glance on the table
shows that findings of ANOVA are matching completely
with the Pareto charts.

3.2.2. Data Fitting and Modelling. The shown FI in both
panels of Figure 3 was obtained following a Box-Cox
response transformation [35] with A (transformation
factor) value =0 and stepwise selection of terms in case of

Sm(III) and A =0.5 with backward elimination of terms in
case of Tb(III). Table 2 shows the observed values for FI as
well as the RE obtained via comparing the observed re-
sponses to the model predicted values for FI. According to
values of RE shown in Table 2, it is obvious that the
experimental values are close to their predicted values
indicating good precision for the prediction at a 95.0%
confidence interval (CI).

The regression formulas, equations (1) and (2), obtained
after the response transformation are shown in the following
for both ORLX-lanthanide complexes, with the values of R?
R*-Adj (R*-adjusted), and R*-Pred (R*-predicted).
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F1GURe 2: Fluorescence spectra for the interaction between Sm(III) (a) and Tb(III) (b) with different concentrations of ORLX from 25 to

500 ng/mL.
Pareto Chart of the Standardized Effects
(response is FI-Sm, a = 0.15)
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B CT
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FIGURE 3: Pareto charts of the standardized effects for (a) ORLX-Sm(III) and (b) ORLX-Tb(III) complexes.

In (FI - Sm) = 14.464 — 0.7433pH + 0.1840MV — 0.00411Temp
(R* = 99.10%, R* - adj = 98.87%, and R* — pred = 98.23%),

\/(FI = Tb) = 466.44 — 50.177pH — 0.0596CT + 5.37MV - 0.1816Temp
(R* = 99.73%, R* - adj = 99.63%, and R* — pred = 99.36% ).

As shown in equations (1) and (2), the values of R? were
high enough to indicate the goodness of fit of the proposed
models. The values of R*-Adj were in excellent agreement with
R*-Pred, demonstrating the ability of the proposed models to

(1)

(2)

predict the response for a new observation. The R>-Pred values
were not markedly less than R?, suggesting that the model was
not overfit. The regression equations also show that pH has a
negative influence on the FI (indicated by the negative sign).



TaBLE 3: Analysis of variance (ANOVA) for FI of ORLX-Sm(III)
and ORLX-Tb(III) complexes.

Source DF Adj SS Adj MS F value P value
ORLX-Sm(III)

Model 3 10.1646 3.3882 438.19 <0.001
Linear 3 10.1646 3.3882 438.19 <0.001
pH 1 9.9439 9.9439 1,286.04 <0.001
MV 1 0.1523 0.1523 19.70 0.001
Temp 1 0.0684 0.0684 8.84 0.012
Error 12 0.0928 0.0077

Curvature 1 0.0009 0.0009 0.11 0.746
Lack of fit 4 0.0369 0.0092 1.17 0.399
Pure error 7 0.0550 0.0079

Total 15 10.2574

ORLX-Tb(III)

Model 4 45628.1 11407.0 997.69 <0.001
Linear 4 45628.1 11407.0 997.69 <0.001
pH 1 45319.2 45319.2 3963.75 <0.001
CT 1 45.4000 45.4000 3.97 0.072
MV 1 129.800 129.800 11.36 0.006
Temp 1 133.600 133.600 11.69 0.006
Error 11 125.800 11.4000

Curvature 1 25.5000 25.5000 2.54 0.142
Lack of fit 3 23.8000 7.90000 0.73 0.568
Pure error 7 76.5000 10.9000

Total 15 45753.8

DF is degrees of freedom, Adj SS is the adjusted sum of squares, and Adj MS
is the adjusted mean of squares.

3.2.3. Data Optimization. Optimization of the variables
obtained from the screening phase was performed using
the optimization plot option in Minitab. Desirability
function approach was implemented to check the accu-
racy of the statistical model. Optimization plot (figure is
not shown) reveals that the optimum conditions for both
complexes that could achieve the maximum FI were
pH=5.0, MV=20mL, T=25C, and CT=10min
(ORLX-TD) with individual desirability (d) of 0.9423 and
1.000 for both Sm(III) and Tb(III), respectively. Results
of the optimization phase also showed increasing pH
(most statistically significant variable) and in agreement
with the developed statistical models decreases the FI.
This finding could be attributed to the formation of metal
hydroxide at higher pH values; therefore, pH=5.0 was
used throughout the experiments [36]. Similarly, in
agreement with the regression model, increasing the
Temp has resulted in a slight decrease in the FI. On the
contrary, increasing the MV has resulted in a slight in-
crease in the FI.

3.2.4. Contour Plots. Contour (2D) plots were used to in-
vestigate the association between FI as a function of two
factors. The darkest zone on the graph (either panel),
Figure 4, shows the highest FI. For example, Figure 4(a) (FI-
Sm) shows that a MV of 1.75-2.0 mL together with pH 5.0
could produce the highest FI in case of ORLX-Sm. In case of
the ORLX-Tb complex (Figure 4(b)), pH*5.25 and CT of
0-80 min could produce the highest FI with a slight decrease
in increasing the CT from 0 to 80 min.
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3.3. Spectral Characterization of ORLX-Lanthanide
Complexes

3.3.1. FT-IR Analysis. In the current approach, FT-IR was
used to study the coordination of both Sm(III) and Tb(III)
ions with ORLX in the formed complexes. As shown in
Table 4 and Figure 5, the spectrum of ORLX shows an
absorption band at 3427 cm™" which could be related to the
presence of either -OH stretching of carboxylic acid or N-H
stretching of the secondary amine [37]. However, upon
complexation with Sm(IIT) (Figure 5(a)), a shift to 3280 cm™"
occurred, and the peak was broadened as a result of forming
the complex. A similar observation was noticed in case of
Tb(III) complex. The C=O group also appeared in the
spectrum of ORLX at 1643 cm™ . »CO for ORLX was shifted
following the coordination with lanthanide to 1613 cm ™" and
1614 cm™ for both Sm(III) and Th(III), respectively [38, 39].

Furthermore, the spectrum of ORLX showed a strong
absorption band at 1278 cm™, which could be assigned to
the C-N stretching of aromatic amine [40]. The vCN vi-
bration has also shifted to 1295cm™" with the two ions.
These findings confirm the complexation of ORLX with both
metal ions Sm(III) and Tb(III), and they have similar co-
ordination structures.

3.3.2. Raman Analysis. Figure 6 shows the Raman spectra of
ORLX, ORLX-Sm(III), and ORLX-Tb(III) complexes. The
intensity of yOH and ¥NH vibrations at 3091, 3082, 2940,
and 2892cm™' in the ORLX spectrum has significantly
decreased upon complexation with Sm(III). Moreover, these
peaks appeared in ORLX-Sm(III), with a slight shift to 3084,
3014, 2940, and 2890 cm™'. A similar behavior was observed
in case of the ORLX-Tb(III) complex. Furthermore, a new
peak for both ORLX-Sm(IIT) and ORLX-Tb(III) complexes
appears between 3050 cm™' and 3500 cm™', confirming the
drug-lanthanide complexation [40-42]. The ¥NH vibration
at 1627 cm™' in the ORLX spectrum has shifted after
complexation to 1638 and 1634cm™' with Sm(III) and
Tb(III), respectively. Likewise, the drug’s vC=C vibration
at 1542cm ' appeared following the coordination at
1579 cm ™ for Sm(III) and 1586 cm™" for Th(III) complex.
The strong vibration band yOH at 1372 cm ™" has shifted
after the complex formation to 1394cm™' for ORLX-
Sm(III) and 1397 cm™ for ORLX-Tb(III), an issue that
might reflect that the hydroxyl group was changed after
the complexation reaction [42]. The shifts in the func-
tional group assignments in the Raman spectra confirm
the complex formation between ORLX and the two metal
ions Sm(III) and Tb(III).

3.3.3. CHN Elemental Analysis. CHN analysis was used to
compare the % mass of carbon, hydrogen, and nitrogen
before and following complexation. As shown in Table 5, C%
has significantly decreased upon complexation. A similar
observation could be recorded for N% and H%. This change
in the elemental composition between uncomplexed and
complexed ORLX implies the formation of complex with the
two lanthanides.
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FIGURE 4: Two-dimensional contour plots for both ORLX-Sm(III) (a) and ORLX-Tb(III) (b).

TaBLE 4: FT-IR peak assignment for ORLX, ORLX-Sm(III), and ORLX-Tb(III) complexes.

ORLX ORLX-Sm(III) ORLX-Tb(III) Assignment
3427 3280 3300 O-H stretching and secondary amine N-H stretching
2766 2817 2818 C-H stretching for an alkene
2691 2738 2735 C-H stretching for an alkane
1643 1613 1614 C=0 stretching
Absorption (cm™") 1566 1577 1577 Cyclic alkene C=C stretching
P 1458 1472 1473 Methyl group C-H bending
1363 1389 1389 Carboxylic O-H bending
1278 1295 1295 C-N stretching
1053 1056 1062 C-O stretching
827 827 827 C=C bending
100 3027 em! . 100 + PP 2470 em™
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FiGURE 6: Raman spectra of ORLX, ORLX-Sm(III), and ORLX-Tb(III) complexes.

TaBLE 5: CHN elemental analysis of ORLX, ORLX-Sm(III), and
ORLX-Tb(III) complexes.

Compound C% H% N%
ORLX 56.48 5.52 10.35
ORLX-Sm(III) 25.63 342 471
ORLX-Tb(III) 25.66 3.34 4.64

3.3.4. Determination of the Reaction Stoichiometry and
Proposed Complex Structure. Job’s method of continuous
variation [31] was used to determine the stoichiometric ratio
of the reaction between the studied drug ORLX and both
metal ions, Sm(III) and Tb(III). The obtained plot showed a
maximum value at an ORLX mole fraction of nearly 0.52 in
the case of ORLX-Sm(III) and 0.46 for ORLX-Tb(III), in-
dicating the formation of 1:1 complex, ORLX : Sm(III) and
Tb(III). The structure of the formed complex can be pro-
posed based on the obtained data from the stoichiometric
ratio and the FT-IR and Raman analysis as shown in Figure 7
where the metal ion can be coordinated with the drug
through two carbonyl functional groups or the carboxylic
acid group.

3.4. Method Validation. Validation procedure was per-
formed in accordance with the ICH guidelines [31]. The
validated parameters were linearity, sensitivity, selectivity,
precision, accuracy, and robustness [43, 44].

3.4.1. Linearity and Range. The general procedure was
performed on standard ORLX solutions with increasing
concentrations. Calibration curves were obtained by plotting
the FI (response) vs. [ORLX-lanthanide chelate] for each
solution. The obtained calibration curves were evaluated
using linear regression as shown in equations (3) and (4).
The calibration curves were linear in the range of 25-500 ng/
mL with a coefficient of determination of 0.9997 and 0.9996
for Sm(III) and Tb(III), respectively (Table 6).

Y orrx-sm(m = 6.8384x + 38.8509, R =0.9997, (3)

Y orrx-tb (i) = 6-8159x +29.5173, R* = 0.999. (4)
3.4.2. Sensitivity.

LOD = @, (5)

LOQ = @ (6)

Limit of detection (LOD) and limit of quantification
(LOQ) were used to assess the method sensitivity. LOD (S/N
ratio=3) and LOQ (S/N ratio=10) were calculated using
equations (5) and (6), respectively, where SD is the standard
deviation of the intercept and S is the slope of the calibration
curve. As shown in Table 6, LOD and LOQ were 0.987 and
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FIGURE 7: Proposed structure of the ORLX-Sm(III) complex (a) and ORLX and ORLX-Tb(IIT) complex (b).

TABLE 6: Analytical parameters for the determination of ORLX via complexation with Sm(III) and Tb(III).

Parameters ORLX-Sm(IIT) ORLX-Tb(IIT)
Aem (nm) 458 458
Linear range (ng/mL) 25-500 25-500
Regression equation

Slope (a) 6.8384 6.8159
Intercept (b) 38.8509 -29.5173
Coefficient of determination(R?) 0.9997 0.9996
LOD (ng/mL) 0.987 1.020
LOQ (ng/mL) 3.289 3.399

3.289 ng/mL for the ORLX-Sm(III) complex and 1.020 and
3.399 ng/mL for the ORLX-Tb(III) complex, respectively.
These results reflect the method sensitivity.

3.4.3. Accuracy and Precision. Accuracy and precision were
determined at 95.0% confidence interval for 3-7 different
concentrations of ORLX as per se. Assessment of the pre-
cision was performed three times within the same day
(intraday) and on three different days (interday). Results, as
revealed in Tables 7 and 8, show good accuracy and precision
of the suggested procedure.

3.44. Application to the Pharmaceutical Formulation.
Method specificity was assessed via application of the
proposed procedures to the pharmaceutical formulation.
Two procedures were applied: direct calibration method and
the standard addition method (Table 9). As shown in Table 9,
absence of common interferences from the coformulated
materials can be identified from the high % recoveries and

low SD values. The estimated % recoveries were in the range
of 95-105%, which is in a good match with ICH guidelines.

3.4.5. Ruggedness. PBD, the factorial design selected in the
current approach, is well recognized as a ruggedness test.
The main reason for choosing PBD as a tool for testing the
method ruggedness is that this design focuses mainly on the
main effects, where variable-variable interactions are very
much confounded with the large main effects [28, 43, 44].
Therefore, the impact of performing slight changes in the
process variables on the measured FI as a response was
evaluated. For instance, the influence of minor changes in
process variables such as pH, Temp, CT, and MV was
evaluated. Changes were performed as follows: pH: +0.5
units, Temp: +5°C, CT: +5 min, and MV: £0.5 mL. The effect
of these variations was trivial with RSD% not exceeding 2%
in either case. It is crucial to denote that the impact of
factorial changes on the FI as a response can also be mea-
sured by observing the impact of these variations on the
dynamic desirability function plot.
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TaBLE 7: Determination of ORLX in the bulk powder using the optimum conditions.

ORLX-Sm(IIT) ORLX-Tb(III)

Taken (ng/mL) Found (ng/mL) % recovery Found (ng/mL) % recovery
25.00 2491 99.64 24.65 98.60
50.00 50.83 101.67 47.44 94.87
100.0 103.92 103.92 101.15 101.15
200.0 193.02 96.51 202.71 101.35
300.0 299.53 99.84 297.41 99.14
400.0 398.63 99.66 405.69 101.42
500.0 501.30 100.26 495.98 99.20
Mean + SD 100.21 +2.25 99.39 +£2.32
RSD 2.24 2.33

TaBLE 8: Inter- and intraday precision for the determination of ORLX in the bulk powder using the optimum conditions.

ORLX-Sm(IIT) ORLX-Tb(III)

Interday precision

Concentration (ng/mL) Mean% recovery + SD % error Concentration (ng/mL) Mean% recovery + SD % error
25.00 100.70 £0.30 0.70 25.00 100.70 £0.30 0.70
300.0 100.55+0.13 0.55 300.0 100.55+0.13 0.55
500.0 99.92+£0.76 0.46 500.0 100.36 +£0.76 0.46
Intraday precision

Concentration (ng/mL) Mean% recovery + SD % error Concentration (ng/mL) Mean% recovery + SD % error
25.00 101.21+£2.99 2.71 25.00 101.05+1.40 1.05
200.0 100.95+0.75 0.95 200.0 97.54 £ 0.66 2.46
500.0 99.93 +£0.69 0.54 400.0 100.40 + 1.33 0.94

TABLE 9: Determination of ORLX in the formulation under the optimum conditions. Direct calibration and standard addition methods were
performed.

ORLX-Sm(III) ORLX-Th(III)
Direct calibration method
Taken (ng/mL) Found (ng/mL) % recovery Found (ng/mL) % recovery
25.00 24.83 99.31 25.54 102.16
50.00 48.75 97.50 49.15 98.30
100.0 96.40 96.40 100.09 100.09
200.0 208.57 104.29 198.20 99.10
300.0 298.66 99.55 304.27 101.42
400.0 397.78 99.45 397.75 99.44
Mean + SD 99.42+2.70 100.09 £ 1.46
RSD 2.72 1.46
Standard addition method
Taken (ng/mL) Added (ng/mL) % recovery Added (ng/mL) % recovery
100.0 — 95.64 — 96.67
100.0 50 96.26 50 102.76
100.0 100 100.37 100 103.99
100.0 150 99.24 150 98.87
100.0 200 102.16 200 97.22
100.0 250 100.15 250 101.69
100.0 300 98.97 300 100.88
Mean + SD 99.64+2.16 100.91 £2.79
RSD 2.17 2.77
4. Conclusion Investigation and optimization of the variables affecting the

measured FI were executed using a multivariate approach,
The interaction of Sm(III) and Tb(III) with ORLX produced =~ PBD, with a desirability function tool for optimization.
a complex with high fluorescence. This reaction was  Results showed that both complexes were significantly af-
implemented for the development of a sensitive, simple,and  fected by pH. On the contrary, CT was the least significant
selective fluorescent-based sensor for the determination of  factor in case of the ORLX-Tb(III) complex and had no
ORLX as per se and in formulation with good recovery.  effect in the case of the ORLX-Sm(III) complex. The
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optimization plot showed that the optimum conditions for
both complexes that could achieve the maximum FI were pH
5.0, MV 2.0mL, Temp 25°C, and CT 10min. Character-
ization of the solid complexes was performed using FT-IR
and Raman analyses, and the obtained data revealed shifting
in some peaks confirming the complexation and formation
of complexes with similar coordination structures. The re-
action stoichiometry for both Sm(III) and Tb(III) with
ORLX was determined using Job’s methods, and it was
found to be 1:1 (ORLX:metal ion). Validation of the de-
veloped procedure was performed using the ICH guidelines.
No effect on the method performance was encountered due
to the common additives. Additionally, the procedure is
sensitive, selective, facile, and neither time- nor resource-
consuming; therefore, it could be suitable for routine quality
control analysis of ORLX.
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