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ARTICLE INFO ABSTRACT

Keywords: We present a novel high-performance liquid chromatographic method (HPLC-UV) for quantifying
Ciprofloxacin ciprofloxacin after ex vivo administration. The procedure was developed and validated in
HPLC

accordance with ICH and FDA guidelines, and it was successfully used to determine the con-
centration of ciprofloxacin. Analytical quality by design (AQbD) was used to develop extraction
techniques and optimize HPLC conditions. Ciprofloxacin was efficiently extracted through a
single-step protein precipitation and extraction procedure, with a 94.32 + 0.61% recovery rate.
All analytes were separated using isocratic elution and a mobile phase acetonitrile and disodium
hydrogen phosphate over a 10-min run period. The validated method was discovered to be se-
lective, precise, and accurate. Finally, using the method developed in this study, the drug’s ocular
kinetic profiles were determined following ex vivo administration of eye drops and ointment. This
validated HPLC-UV approach has potential applications in ocularcokinetics research.

Ocular kinetic
Method validation
Quality by design

1. Rationale

Corneal disorder remains the driving cause of global monocular blindness, particularly impacting vulnerable groups. Corneal
ulcers, commonly caused by bacterial keratitis, are the world’s fifth leading cause of blindness and account for 5% of preventable
vision impairment in the world’s least developed countries. Keratitis is also associated with the wearing of contact lenses in the United
States, but in developing countries, it is more generally caused by eye damage suffered during agricultural work [1]. Infectious
keratitis can be caused by bacteria, viruses, or fungi. The Academy of Ophthalmology for bacterial keratitis has reported that extended
contact lens wearing is a common cause of bacterial keratitis induced by Pseudomonas aeruginosa [2]. Most of the cases of
community-acquired infectious keratitis lead to empirical treatment with antibiotics. Fluoroquinolone monotherapy or fortified
aminoglycosides [2] are the most widely used therapies to treat this disorder.

Fluoroquinolones have broad antibacterial activity, deep ocular penetration, low tolerance, and high patient acceptance with fewer
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side effects. Ciprofloxacin is a fluoroquinolone with a very good antibacterial profile. Since its acceptance, over 250 million patients
are treated globally with a good safety profile, as reported in respected clinical publications [3]. Ciprofloxacin has been commonly
used for bacterial keratitis in eye drops. Ophthalmic drug types have been one of the most important and widely known fields of
pharmaceutical science and appear to be the best medication for bacterial keratitis [4].

In the evaluation of ocular dosage forms, in vitro, in situ, and ex vivo models have been developed. In vitro model is over-simplified by
the complex visual anatomy to just one or a few cell layers; therefore, the visual barriers’ function is most often not taken into account
[5]. It takes time to build in vitro models using human/rabbit epithelial and endothelial cell lines to create a 3D culture, and epithelial
resistance (a barrier permeability measure) is not comparable to human corneal tissue [6]. For in vivo animal research, the animal
ethics committee requires intensive and detailed plans to ensure reports and a high degree of financial resources. Animal drug activity
monitoring is referred to as “3Rs,” which is abbreviated as "Reduction," "Replacement," and "Refinement". The use of ex vivo eye designs
is an alternative to the concepts of 3R and can be specifically applicable in research on ocular drug delivery. This ex vivo model has
similar permeability coefficients to the human eye as the porcine cornea [7], enhancing the model’s predictivity, validity and,
reproducibility between assays.

A pharmaceutical problem remains the ocular penetration of topically applied products. After topical application, the formation of
structural barriers will prevent the absorption of drugs through the eye [5]. However, only 5-10% of the topically administered dose
enters the inner ocular tissues [8]. To study the ocular pharmacokinetic profile of the drug, a suitable measurement method is required.
Numerous researchers have defined in vitro and in vivo methods for determining the ciprofloxacin ocular pharmacokinetics. HPLC is an
analytical tool for the analysis of ciprofloxacin. Samanidau et al. [9] reported a direct determination procedure of ciprofloxacin in
pharmaceutical samples and blood serum. Drusano et al. [10] used a population method to analyze ciprofloxacin kinetics with multiple
plasma samples and a single vitreous sample from rabbits using HPLC. Balguri et al. [11] have reported both in vitro and in vivo in-
vestigations of ocular disposition of ciprofloxacin from topically applied PEGylated nanostructured lipid carriers. However, there is no
single method that can be used to analyze ciprofloxacin after ex vivo assay. Therefore, it is crucial to develop a new analytical method
for quantification of ciprofloxacin for ex vivo studies.

In recent years, significant attention has been paid to developing new assay methods for drug analysis. The definition of quality by
design (QbD) is gradually being applied to the development and validation of analytical techniques, which is referred to as analytical
quality by design (AQbD). Since the USFDA implemented it, quality by design has been an essential pharmaceutical industry concept.
Less experiment time is needed since design of experiment (DOE) methods are used to obtain possible parameter combinations and, it
was recommended in the robustness test. In several studies, according to Rozet et al. [12], applications of AQbD to develop an HPLC
analytical method were presented using the AQbD approach.

Ciprofloxacin is currently available as an eye drop and ointment for ocular problems. However, no bioanalytical method for
detection/quantification of ciprofloxacin after ex vivo administration has been established. As a result, we have established a new
HPLC-UV technique for measuring ciprofloxacin in porcine eye tissue matrices that’s fast and accurate according to the US Food and
Drug Administration (FDA) guidelines and the International Conference on Harmonization (ICH) in this report. Before analyzing
ciprofloxacin with HPLC, we have developed and optimized a method with response surface methodology. For the first time, the
validated method was then used to evaluate the drug’s ex vivo ocular kinetic profiles after topical application to the eye.

2. Procedure
2.1. Chemicals and materials

Sigma-Aldrich Pte Ltd provided ciprofloxacin (purity: 99.9%), disodium hydrogen phosphate (analytical grade), and methanol
(HPLC grade) (Singapore). Waters provided the HPLC column Xselect CSHTM C18 (Waters, 3.0 x 150 mm, 3.5 um particle size)
(Dublin, Ireland). Sigma-Aldrich Pte Ltd provided all of the other chemical reagents (Singapore). The remaining reagents were of
analytical grade and purchased from regular commercial sources.

2.2. Preparation of stock, calibration standard and, quality control samples

Simulated tear fluid consisting of 6.7 g NaCl, 2.0 g NaHCO3 and 0.08 g CaCl,-2H50 was initially prepared by dissolving all
components in 1 L deionized water (final pH of 7.4) [13]. To make ciprofloxacin standard solutions,100 mg of the ciprofloxacin was
dissolved in methanol and diluted to 100 mL in a volumetric flask, achieving 1 mg/mL concentration. After that, the calibration and
quality control (QC) solutions were prepared by diluting the standard working solutions with aquatic stock solutions in a series of
steps. The calibration standards were prepared by dissolving aliquots of the stock solution in a mobile phase to achieve a final con-
centration range of 0.01—10 pug/mL. Porcine eye corneal tissue matrices were prepared by adding stimulated tear fluid to porcine eye
corneal tissue with a ratio of 1:10. The samples were then homogenised using a homogenizer with a speed of 1000 rpm for 15 min,
resulting in porcine eye corneal tissue matrices. The calibration requirements were prepared by mixing 100 uL of ciprofloxacin stock
solutions into 900 mL of porcine eye corneal tissue matrices to achieve the concentration range of 0.01—10 ug/mL. All samples were
processed at 25°C. Quality control solutions in porcine eye corneal were separately prepared in three different concentrations (0.03
g/mL as low, 3.5 g/mL as medium, and 7.5 g/mL as high), independent of the calibration standards.
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2.3. Preparation of samples and analytes extraction

Preparation of sample and extraction of analytes was done using methanol extraction. Initially, methanol was added to porcine eye
corneal tissue matrices spiked with drug solutions. The mixture were then vortexted and sonicated for various period of times to
optimize the extraction process. The samples were then centrifuged for 15 min. The obtained supernatant was put into a glass vial. The
solvent was then evaporated in a fume hood for three hours to produce a dry residue. In the 100 pL mobile phase, the residue was then
reconstituted and transferred to a 0.5 mL centrifuge tube. The ingredients were mixed by vortexing for 30 s before spinning for 15 min
at a temperature of 20—25°C at 14,000 rpm. The obtained supernatant was collected, and 10 pL volume was injected into the HPLC for
analysis. Fig. 1 illustrates the steps involved in the extraction of ciprofloxacin from corneal tissue. The Design Expert Software version
11 (State-Ease, Minneapolis, MN, USA) was used to optimize process parameters. The Composite Central Design (CCD) under response
surface methodology was employed to optimize the sonication time, vortex time, and methanol volume. Additionally, the extraction
performance and evaporation time were recorded as the responses (Table 1).

2.4. Instrumentation and optimization of HPLC-UV conditions

HPLC (Shimadzu Prominence, Shimadzu, Kyoto, Japan), Xselect CSH™ C18 column (Waters, 3.0 x 150 mm) particle size of 3.5 pm,
fitted with a guard cartridge was used. Acetonitrile with disodium hydrogen phosphate 10 mM was used as the mobile phase.

The Central Composite Design (CCD) technique was used in conjunction with the Design Expert Software version 11 (State-Ease,
Minneapolis, MN, USA) to optimize the chromatographic conditions, including mobile phase, flow rate, mobile phase pH, and
acetonitrile concentration (Table 2). These parameters on retention time (RT), theoretical plates, and tailing factor were recorded as
the response.

2.5. Analytical method validation

The established bioanalytical method was then validated in accordance with ICH and US FDA guidelines [14,15]. Parameters
including selectivity, linearity, the lower limit of quantification (LLOQ), carry-over, dilution reliability, consistency, precision,
extraction recovery, and stability have been validated.

2.6. Linearity, LOD and LLOQ

The linearity of the samples was checked by creating calibration curves with the standard working solution in the concentration
range previously defined. The calibration curves were built on three different occasions at seven-level concentrations. The lower limit
of quantification (LLOQ) and the limit of detection (LOD) was determined using the following equations after acquiring the standard
deviation (SD) of the response and the slope of the calibration curve.

LOD = 3.36/S @

Addition of Vortex the

nethano mixture

Centrifugation pL of mobile Sonic

f the mixture phase nixture

Fig. 1. Illustration of the steps involved in the extraction of analyte.
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Table 1
Variables in CCD for optimization of analyte extraction.
Independent variables Levels
-1 +1
Methanol volume (mL) 100 900
Vortex time (minute) 1 15
Sonication time (minute) 1 15
Table 2
Variables in CCD for optimization of HPLC method.
Independent variables Levels
-1 +1
Acetonitrile concentration (%) 10 30
pH 2
Flow rate (mL/minute) 0.8 1
LLOQ = 106/S 2)

Where ¢ = the SD of the data response and S = the slope of the calibration curve.

2.7. Precision and accuracy

In six replicates, at low, medium, and high concentrations, precision and accuracy were assessed for the LLOQ and QC samples. The
accuracy of the solution was determined by measuring the relative errors (RE) and observing the relative standard deviation (RSD) of
all solution responses. In this report, the intra-day and inter-day precision and accuracy were assessed. The RSD and RE for each sample
replication should be less than 15% [14,15][15].

2.8. Carry-over and dilution integrity

The carry-over assessment was carried out by administering large concentrations of QC samples analyzed initially. A blank solution
was injected afterward. The area of the blank solution was measured, and the area of the sample solution at LLOQ concentration could
not be more than 20% of the area of the solution [14].

To evaluate the dilution integrity, a sample of analyte concentrations that are higher than the highest concentration of standard
calibration solutions was analyzed. For this study, spiked samples of all analytes were prepared at a concentration of 250 g/mL for
ciprofloxacin, followed by 5- and 10-times dilutions with porcine eye corneal matrices. The precision and accuracy were eventually
measured.

2.9. Recovery of extraction

The recovery of extraction of all analytes was obtained from the sample matrices through a comparison of the measured value of all
LLOQ analytes, low, medium, and high LLOQ QC samples with the same concentrations of samples prepared during the mobile process.

2.10. Stability

Ciprofloxacin stability test in porcine eye corneal fluid was performed under different treatment and storage conditions. For 48 h,
the stability of all autosampler analyte solutions was evaluated. All analytes were tested for bench-top stability at room temperature for
24 h and long-term stability at -20°C for two weeks. Three freeze-thaw cycles were also used to test the stability at room temperature
from -20°C storage. The initial responses of each solution were compared to the response to stability studies.

2.11. Evaluation of the ocular kinetics after ex vivo administration of ciprofloxacin

Franz-type diffusion chambers with porcine cornea were used to perform experiments to determine ocular kinetics and drug
permeation through the cornea. Immediately after slaughtering the animal, porcine eyes were collected and, corneas were carefully
excised to prevent any damage. Fresh porcine eyeballs were collected for the purpose; the cornea was carefully removed with 2-4 mm
of scleral tissue, washed with normal cold saline, and preserved till further use. By sandwiching the scleral layer between the rims of
the two chambers, the freshly extracted and washed cornea was positioned between the donor and receptor compartments of the
diffusion cell. Contrary to the endothelial surface, the epithelial surface faced upward towards the receptor compartment. The 10 ml
capacity receptor compartment was filled with pH 7.4. simulated tear Fluid and kept on the magnetic stirrer slowly. At 37+2°C, the
assembly temperature was maintained. In the donor compartment, ciprofloxacin dosage form was added [16]. At various interval



N.M. Maddeppungeng et al. Chemical Data Collections 41 (2022) 100900

times, the ocular tissue was detached from the Franz cells and the excess of the formulation on the surface of the tissue was removed
using deionized water. The tissue was handled as per method described in 2.3. Samples were stored at -20°C prior to analysis process.
PK Solver’s one-compartment open model (China Pharmaceutical University, Nanjing, China) was used to determine the ocular ki-
netics profiles. The maximum drug concentration (Cmax), the maximum concentration-time (tmax), the drug concentration-time
curve from 0 to 72 h (AUC), the mean half-life (t1/2), and the mean residence time (MRT) were all calculated.

2.12. Statistical analysis

The data ware presented as mean + standard deviation (SD) Microsoft Excel® 2016 was used to measure mean, SD, %RSD and, %
RE (Microsoft Corporation, Redmond, USA). PK Solver (Microsoft Excel add-in program) was used to determine non-compartmental
pharmacokinetic parameters. Drug concentration curve vs. time profiles were developed. GraphPad Prism® version 8.3.0 (GraphPad
Software Inc., San Diego, California) was used to statistically analyze results, with p < 0.05 as a significant difference.

3. Data, value and validation
3.1. Sample preparation and analytes extraction

Preparation of samples and extraction of analytes from biological matrices was carried out in this study using methanol protein
precipitation, which has been previously shown to be simple to implement and use [17]. The sample preparation step was used to
remove proteins and other compounds that can interact with the analyte of interest and cause column damage. The extraction per-
formance and evaporation time were the parameters observed in this optimization process. Central composite experimental design was
used to optimize the extraction method. The results showed that extraction performance and evaporation time in three parameters
fitted to the quadratic model. The F-values for extraction efficiency and evaporation time were determined to be 10.64 and 1162.78,
respectively.

Additionally, both p-values were <0.001, suggesting that extraction performance and evaporation time had a major effect on the
optimization of this method. Fig. 2 depicts a representative three-dimensional graph demonstrating the impact of selected factors on
extraction efficiency and evaporation time. As can be seen from these models, the performance of the extraction was directly pro-
portional to the amount of the sonication time, vortex time, and methanol volume. The increase in the amount of sonication time,
vortex time, and methanol volume in the extraction method generated higher extraction performance. As shown in Fig. 3, the
evaporation time increased as the sonication time, vortex time, and methanol volume increased. The volume of methanol might cause
it, as the more methanol was used for extraction, the longer it took for evaporation.

Finally, according to the software analysis, the methanol volume of 560 ml, vortex time of 15 min, and 3.2 min of sonication time

Extraction Performance
Extraction Performance

Extraction Performance

Fig. 2. Illustrations of representative response surface plots illustrating the impact of the selected factors on the extraction performance.
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Evaporation Time
Evaporation Time

Evaporation Time

Fig. 3. Illustrations of representative response surface plots illustrating the impact of the selected factors on the evaporation time.

were recommended for the extraction method to obtain the optimum extraction performance evaporation time (Table 3).

3.2. Instrumentation and optimization of HPLC-UV conditions

The isocratic process RP-HPLC was used in this research. Ciprofloxacin was analyzed at 277 nm. Fig. 4 presents the HPLC chro-
matogram of blank porcine eye corneal tissue fluid and ciprofloxacin with porcine eye corneal tissue fluid with retention time 4.89
min. Due to its flexibility and suitability to analyze and separate ciprofloxacin, all analytes were separated on a reversed C18 column
[18]. The C18 column demonstrated improved column efficiency and analyte elution with good resolution, tailing factor, and theo-
retical plate count.

Parameters observed in this optimization process were theoretical plates, tailing factor, and retention time. The results indicated
that the tailing factor, theoretical plates, and retention time were fitted to the quadratic model. The analysis’s F-value was found to be
29.34, 6.09, and 40.48 for the tailing factor, theoretical plates, and retention time, respectively. Additionally, all p-values were less
than 0.001, suggesting that the tailing factor, theoretical plates, and retention time are all important parameters for process opti-
mization. Figs. 5, 6, and 7 display a representative 3D graph showing the effect of selected factors on the retention time, tailing factor,
and theoretical plates. From these models, it can be seen that the tailing factor, theoretical plates and, retention time were directly
proportional to the combination of acetonitrile concentration, pH and, flow rate.

Ciprofloxacin’s pH-solubility profile indicates that its dissociation and isoelectric constants are as follows: pKal = 6.09, pKa2 =
8.62, and plI = 7.14. (isoelectric point, obtained by calculating the average of pKal and pKa2) [19]. This shows that ciprofloxacin
comprises two ionizable functional groups. When ionizable analytes are involved, the pH of the mobile phase may have a major impact
on the analyte’s retention activity. Thus, the pH of the mobile phase is a critical parameter to be considered during method devel-
opment. As a result, establishing a particular pH value is critical for achieving the desired separation. When the mobile phase pH is near
or equal to the pKa of the compounds being analyzed, a prominent peak may cause a liquid chromatography problem. Additionally, a
broad peak is often accompanied by a long tail, decreasing the process’s accuracy [20]. The method was then optimized for the mobile

Table 3
Predicted and observed responses of the optimization of extraction method.
Factors Responses Predicted Observed Bias
Methanol volume (mL) Vortex time (minute) Sonication time (minute)
560.000 15.000 3.200 Extraction efficiency (%) 93.756 94.32 £ 0.61 % -0.602
Evaporation Time (minute) 43.486 4491 + 2.18 -3.413
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Fig. 4. Representative HPLC-UV chromatograms of blank porcine eye corneal tissue fluid (A) and ciprofloxacin with porcine eye corneal tissue
fluid (B).

Tailing factor
Tailing factor

Tailing factor

Fig. 5. Illustrations of representative response surface plots illustrating the impact of the selected parameters on tailing factor.

phase. The pH of the mobile phase should be at least one unit lower than the pKa of the compounds under investigation [21]. Disodium
hydrogen phosphate at a concentration of 10 mM was used in this analysis. Additionally, appropriate pH selection improves retention,
peak form, and sensitivity. Finally, according to the software analysis, the acetonitrile concentration of 19.75 %, pH of mobile phase of
2.25 and, flow rate of 1.2 ml/minute were recommended as optimized HPLC-UV conditions to obtain the optimum tailing factor,

theoretical plates and, retention time (Table 4).
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Fig. 6. Illustrations of representative response surface plots illustrating the impact of the selected factors on the theoretical plates and reten-
tion time.

4. Analytical method validation
4.1. Linearity, LOD and LLOQ

Table 5 gives the results of the method linearity, LOD and, LLOQ. We found that the method was linear (R = 0.999) when tested at
concentrations starting from 0.01 to 10 pg/ml. The LOD and LLOQ also indicated an excellent sensitivity as we found that the method
can detect ciprofloxacin at relatively low concentrations (Table 1). Several papers have also reported the HPLC method validation of
ciprofloxacin for the determination of this substance in various types of matrices such as human plasma [22], prostate tissue [23] and,
body fluids [24]. Considering these references, we found that the LOD’s were between 0.01 and 0.04 pg/ml, while the LLOQ’s were
between 0.05 and 0.13 pg/ml. It supports our findings that this method’s sensitivity was adequate to be applied in ciprofloxacin
measurement in porcine eye tissue.

4.2. Accuracy and precision

To assess this method’s precision and accuracy, intra- and inter-day measurements were performed. In evaluating inter-day ac-
curacy and precision, ciprofloxacin was tested on three separate days. The intra-day evaluation was performed by conducting mea-
surement on the same day using three replicates of ciprofloxacin samples. Our results suggested that the method is accurate to
determine ciprofloxacin at a concentration between 0.02 to 7.5 pg/mL in intra-day and inter-day measurements (Table 6). The data
was shown by the %RSD value that is not more than &+ 15%. We also found that this method has good precision in intra- and inter-day
evaluation using the same set of ciprofloxacin concentrations as above. We obtained that %RE fell between -10 and 13.33 %, which met
the criteria for a precision measurement as they did not exceed + 15% of the %RE limit (Table 6).
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Fig. 7. Illustrations of representative response surface plots illustrating the impact of the selected factors on the retention time.

Table 4
Predicted and observed responses for the optimization of the HPLC method.
Factors Responses Predicted Observed Bias
Acetonitrile (%) pH Flow Rate (mL/minute)
19.75 2.25 1.2 Tailing factor 1 1 0
Theoretical plates 2438.217 2483.32 + 103.21 -1.850
Retention time 5.082 5.19 £ 0.09 -2.125
Table 5
Properties of the calibration curve for quantification of ciprofloxacin with LOD and LLOQ values.
Slope y-intercept R LOD (pg/mL) LLOQ (pg/mL)
6685 7.25 0.999 0.015 0.02

4.3. Carry-over and dilution integrity

The carry-over effect was evaluated by injecting high concentrations of ciprofloxacin into the HPLC column and observing whether
ciprofloxacin’s signal appears in the subsequent measurement of a blank solution. There should be no traces of ciprofloxacin obtained
in the detection of the blank. Our results suggested that there was no carry-over of ciprofloxacin in the sequential examination of blank
solution. The HPLC profiles showed no carry-over. A blank solution exhibited no more than 20% of LLOQ in the corresponding
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Table 6
Intra-day and inter-day precision and accuracy of ciprofloxacin in the porcine eye (n = 6).

Intra-day Precision and Accuracy

Replication Concentration added (pg/mL) Concentration found (pg/mL) + SD Precision (%RSD) Accuracy (%RE)

1 0.02 0.02+0.00 1.32 14
0.03 0.03+0.00 7.14 -6.67
3.5 3.71+0.32 8.63 6
7.5 7.29+0.23 3.16 -2.8

2 0.02 0.024+0.00 10.88 -3.5
0.03 0.03+0.00 6.25 1.33
3.5 3.39+0.43 12.68 -3.14
7.5 7.53+0.71 9.43 0.4

3 0.02 0.02+0.00 6.45 -7
0.03 0.03+0.00 9.11 13.33
35 3.82+0.33 8.34 9.14
7.5 7.29+0.81 11.11 -2.8

Inter-day Precision and Accuracy

Day Concentration added (pg/mL) Concentration found (pg/mL) + SD Precision (%RSD) Accuracy (%RE)

1 0.02 0.02+0.00 2.11 -5
0.03 0.03+0.00 9.68 3.33
3.5 3.47+0.02 0.57 -0.86
7.5 7.524+0.08 1.10 0.27

2 0.02 0.02+0.00 7.78 -10
0.03 0.03+0.00 9.43 6
35 3.54+0.03 0.90 1.14
7.5 7.48+0.07 0.87 -0.27

3 0.02 0.02+0.00 9.54 10
0.03 0.03+0.00 7.17 -2.33
35 3.73+0.12 3.22 6.57
7.5 7.86+0.43 5.48 4.8

retention time of ciprofloxacin when the blank solution was tested.

The dilution accuracy was examined by evaluating ciprofloxacin concentrations’ integrity after the solution is made 5 and 10 times
lowered than ciprofloxacin’s concentrated solution. We discovered that the diluted ciprofloxacin solutions exhibited recoveries be-
tween 97.91 + 3.21% and 101.19 + 8.19% with the precision of 9.83%-11.23% when analyzed using our developed method. This
result is considered as excellent dilution integrity as the standard for the satisfaction range for accuracy should be within 85 - 115 %
and for precision is + 15%.

4.4. Extraction recovery

Ciprofloxacin in this study was extracted from the porcine ophthalmic fluid and tissue. To evaluate the extraction recovery from the
matrices, ciprofloxacin was added to the examined fluid at three different levels of concentrations: low (0.01 and 0.03 pg/mL), medium
(1.5 pg/mL) and, high (3.75 pg/mL). Table 7 summarizes our results. The spiked sample recoveries were between 93.87 + 8.43% and
94.10 + 9.01%, corresponding for %RSD value range from 8.01 to 9.51%. By referring to the standard of extraction recoveries (+15%
of RSD), it can be proposed that the data obtained in this study represents an acceptable value for a precise, reproducible as well as
consistent method in determining ciprofloxacin extracted from the porcine eye fluid.

4.5. Stability studies

When added in porcine ocular fluid, ciprofloxacin was stable in all storage conditions (Table 8). Both low and high concentration
samples exhibited recoveries that are above 95% with SD percentages not more than 15%, indicating acceptable values by ICH
standards for stability validation [25].

Based on our literature search attempt, we found no report has published the stability of ciprofloxacin in porcine eye fluids.
However, several studies have shown that ciprofloxacin in human plasma and rat plasma is stable after testing the same storage
conditions as we did [26,27]. Although the stability of ciprofloxacin in porcine eye fluid should not be compared to its stability in
plasma, there is an indication that ciprofloxacin is stable in many conditions. It was reported that ciprofloxacin showed no sign of

Table 7

Mean extraction recoveries of ciprofloxacin in porcine eye (n=6).
Concentration added (pg/mL) % Extraction Recovery + SD % RSD
0.01 93.87+8.43 8.98
0.03 94.10+9.01 9.57
1.5 91.91+8.43 9.18
3.75 92.71+7.43 8.01

10
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Table 8
Mean stability recoveries of ciprofloxacin at different storage conditions (n=3).

% Stability recoveries (mean + SD)

Concentration added (pg/mL) Autosampler (48 h) Bench-top (24 h) Long-term (2 weeks) Freeze-thaw (3 cycles)
0.01 98.19+7.41 96.03+8.01 95.03+9.32 99.31+9.09

0.03 99.11+3.98 97.49+7.98 100.92+8.44 100.75+7.59

1.5 101.81+9.15 102.94+7.19 97.23+7.02 101.43+9.34

3.75 100.75+8.32 101.11+8.93 99.39+8.69 95.43+8.84

degradation in the stability testing when spiked in prostate tissues, in bones, and in the presence of other compounds such as levo-
floxacin, moxifloxacin, rifampicin [28]. Interestingly, when challenged with 50% acidic degradation, ciprofloxacin can still be
recovered at an acceptable amount [29].

4.6. Evaluation of the ocular kinetics after ex vivo administration of ciprofloxacin

The developed method was then applied to determine ex vivo ocular kinetic profiles of two eye preparations: eye drop and ointment,
both containing 0.3 mg ciprofloxacin. This is the first study investigating the ocular kinetic of ciprofloxacin following the adminis-
tration of eye preparations. Fig. 8 depicts an overview of ciprofloxacin concentration changes in the tested aliquots after applying them
to the ex vivo porcine corneal tissue from O to 6 h. Ciprofloxacin concentration rapidly reached its maximum concentration (Cmax) at
around 0.5 h after applications in the tested eye drops. The application of eye ointment showed ciprofloxacin Cyayx at approximately 1
h. In the elimination stage, ciprofloxacin concentrations in eye drop decreased relatively faster (T;,2 = 0.54 4+ 0.03 h) than cipro-
floxacin in the eye ointment (T1/3 = 2.29 + 0.23 h). Our further examination suggested that ciprofloxacin in the eye drop is almost
eliminated from the corneal tissue before 6 h, while in the eye ointment, ciprofloxacin can still be traced (approximately > 50 pg) at6 h
of application. The mean residence time (MRT) of ciprofloxacin in the corneal tissue also indicated that the eye ointment retained the
drugs longer than the eye drop preparation. A side-by-side comparison of kinetic profiles for both preparations is given in Table 9. The
distinctive pharmacokinetic profiles revealed in our finding further suggested that eye ointment can retain ciprofloxacin for a longer
time in more concentration than eye drops.

The analytical method could be potentially useful in any ex vivo analysis of ciprofloxacin delivered to the ocular tissue from several
drug delivery systems. Although the kinetic profiles have been successfully established using this method, it is crucial to consider that
this method has not incorporated other physiological factors that may also affect the bioavailability of the ocular application of
ciprofloxacin. As reported, factors such as tear drainage, tear dilution, conjunctival absorption, and melanin binding may have specific
effects on the absorption, distribution, or elimination of drugs on ocular delivery [30]. Besides, since the actual applications of cip-
rofloxacin is to target the microbial-infected tissues, factors such as tissue inflammation, continuous lacrimation and, dilated blood
vascular should also be taken into account when predicting the penetration of this drug [31]. Therefore, a more comprehensive
experiment using in vivo model is required to understand how these physiological changes may contribute to the kinetic profiles of
ciprofloxacin in ocular applications.

5. Conclusions
This research aimed to establish and validate an HPLC-UV method for concurrent ciprofloxacin analysis. The procedure was
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Fig. 8. The mean ex vivo corneal concentration and time profile of ciprofloxacin after administration of eye drop (A) and eye ointment (B) (means
+ SD, n = 6 for each group).
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Table 9
Ex vivo ocular kinetic parameters of ciprofloxacin after administration of eye drop and eye ointment
(means + SD, n = 6 for each group).

Parameters Eye Drop Eye Ointment
Dose (mg) 0.30 0.30

Crnax (ug) 183.41 + 23.21 245.01 + 29.92
Tmax (h) 0.50 1.00

AUCy.¢ (ug.h) 191.80 + 21.04 732.81 + 56.32
AUC.inr (pg.h) 191.95 + 20.29 927.00 + 99.93
Tq/2 (h) 0.54 + 0.03 2.29 +0.23
MRT (h) 1.02 £ 0.11 3.98 +0.27

successfully tested in accordance with ICH and FDA bioanalytical guidelines. The procedure was selective with apparent recovery, and
all analytes found no matrix interference. This novel approach for measuring ciprofloxacin after ex vivo administration in porcine eye
corneal tissue has many advantages, including simplicity, cost-effectiveness, high precision and accuracy, and high sensitivity and
selectivity to study pharmacokinetics and biodistribution. Therefore, this bioanalytical approach provides a wide range of quantifi-
cation of antibacterial drugs in potential pharmacokinetics, biodistribution research, and therapeutic drug monitoring applications.
Egs. 1-2

Specifications table

Subject area Chromatographic, Analytical Method Validation
Compounds Ciprofloxacin
Data category Chromatogram, ex vivo delivery, drug concentration, pharmacokinetics parameters
Data acquisition HPLC-UV Chromatogram
format
Data type Analyzed
Procedure We developed and validated the chromatographic method of CFZ in simulated tear fluid and porcine eye corneal tissue matrices for ex vivo kinetics
studies. The method was successfully validated as per the ICH guidelines.
Data accessibility Data is with this article
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