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Abstract

Background and Objective: Various solubilizing agents were used to improve the solubility of gemifloxacin, which has limited water
solubility. Furthermore, the solubility enhancement and bioavailability of gemifloxacin were then assessed through in vitro solubility
screening and in vivo pharmacokinetic studies in rats. Materials and Methods: Different solubilizing agents, including poloxamer 407,
poloxamer 188, Soluplus®, Polyox N80, sodium lauryl sulfate, PEG 4000, L-arginine, L-lysine, 5-cyclodextrin, and hydroxypropyl-53-
cyclodextrin (HPCD), were evaluated for the associated solubilizing effects, and HPCD was selected as the optimal solubilizer. Gemi-
floxacin in samples collected from the in vitro and in vivo experiments was quantified using high-performance liquid chromatography
(HPLC). Results: In vitro solubility screening showed that the solubility of gemifloxacin reached 69.37 £ 0.71 mg/mL with 4.1 g of
HPCD, representing a 1.52-fold increase relative to the control group (45.68 & 0.37 mg/mL). Further optimization revealed that 0.1 g of
HPCD achieved a solubility of 66.27 £ 0.42 mg/mL, with minimal additional improvement at higher concentrations. The HPLC method
exhibited excellent linearity (R? = 0.9998) over the range of 0.03—45 pug/mL. The in vivo pharmacokinetic study demonstrated that the
area under the curve (AUCy—_ ) of the gemifloxacin-HPCD formulation (Group A: 7.527 £ 0.60 pg-h/mL) increased approximately
1.53-fold compared with that of the gemifloxacin-alone group (4.928 4 0.85 pg-h/mL), significantly improving the bioavailability of
gemifloxacin. Conclusion: The solubilization strategy using HPCD can effectively improve the solubility and bioavailability of gemi-
floxacin, representing a promising approach for the development of the associated oral formulations.
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1. Introduction causing acute exacerbation of chronic bronchitis (AECB)
than other fluoroquinolone antibiotics. Clinically, gemi-
floxacin reduces hospitalization duration and contributes to
healthcare cost savings compared to ceftriaxone and clar-
ithromycin. Gemifloxacin has demonstrated higher clini-
cal success rates than levofloxacin over the long term, in-
dicating that gemifloxacin offers multiple advantages over
other fluoroquinolone antibiotics [3]. Pharmacokinetic re-
sults from previous studies have demonstrated that an av-
erage of 61 + 9.5% of the dose was excreted in feces fol-
lowing oral administration to healthy subjects, whereas 36
=+ 9.3% was eliminated in urine as an unchanged drug and
metabolite. After repeated dosing of 320 mg, the mean re-
nal clearance was approximately 11.6 4= 3.9 L/h (range 4.6—

Pathogens such as Streptococcus pneumoniae (S.
pneumoniae), which are easily transmitted in daily life, can
cause community-acquired pneumonia (CAP). The risk of
bacteremia and sepsis increases if CAP remains untreated;
in severe cases, the long-term mortality risk remains high
even after treatment [ 1]. These causative organisms survive
and proliferate through type II topoisomerases (DNA gy-
rase) and topoisomerase IV, which are critical for bacterial
DNA replication, transcription, repair, and recombination,
thereby facilitating their easy transmission [2]. Therefore,
the inhibition of DNA gyrase and topoisomerase 1V is es-
sential for the treatment of CAP and acute exacerbation of

chronic bronchitis.

Gemifloxacin, moxifloxacin, and levofloxacin are
new fluoroquinolone antibiotics. Gemifloxacin primarily
targets and inhibits both DNA gyrase and topoisomerase
IV, thereby inhibiting DNA synthesis and inducing cell
death. Furthermore, gemifloxacin exhibits lower mini-
mum inhibitory concentrations (MICs) against pathogens

16 L/h), suggesting that active secretion is involved in the
renal excretion of gemifloxacin [4].

Cyclodextrin (CD) is a cyclic oligosaccharide com-
prising glucose units linked by a-1,4-glycosidic bonds. Cy-
clodextrin is hydrophilic because of the presence of hy-
droxyl groups on its exterior, whereas its interior is rela-
tively hydrophobic [5]. The application of 5-CD in formu-
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lation development is severely limited by both its low in-
trinsic aqueous solubility due to strong intramolecular hy-
drogen bonding and a strict acceptable daily intake (ADI)
limit of 0.35 g for humans. In contrast, hydroxypropyl-5-
cyclodextrin (HPCD) exhibits drastically improved aque-
ous solubility through hydroxypropyl substitution and su-
perior oral tolerability (up to 8 g/day) with minimal gas-
trointestinal irritation [6]. Given these physicochemical and
toxicological advantages, HPCD is considered a safer and
more effective oral excipient than unmodified 5-CD. In ad-
dition, previous studies have demonstrated that CD exhibits
specific tissue distribution and clearance characteristics in
rats, suggesting that it not only aids absorption but also in-
fluences pharmacokinetic changes [7].

Therefore, we identified solubilizing agents that af-
fect the solubility of gemifloxacin, a respiratory antibiotic
with multiple advantages. In addition, we used solubiliz-
ing agents to compare and evaluate the bioavailability and
pharmacokinetics of a new gemifloxacin formulation devel-
oped using a reduced active ingredient content compared to
a reference drug.

2. Materials and Methods
2.1 Samples and Reagents

The gemifloxacin, moxifloxacin, and physiological
saline were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Solubilizing agents, including HPCD, were obtained
from Roquette (Lestrem, France), and polyethylene glycol
4000 (PEG 4000) was sourced from IC Chemical (Yeosu,
Republic of Korea). [-Cyclodextrin and L-arginine were
purchased from ES Food Ingredients Co., Ltd. (Gunpo, Re-
public of Korea), whereas L-lysine monohydrochloride was
obtained from Saewon Mulsan Co., Ltd. (Seoul, Republic
of Korea). Poloxamer 407, poloxamer 188, and Polyox N80
were acquired from Colorcon (Gunpo, Republic of Korea),
and sodium lauryl sulfate (SLS) was purchased from Duk-
san (Ansan, Republic of Korea).

A Centrifuge 5804 R (Eppendorf; MA, USA), Evap-
orator Uuiequip Univapo 100H GAS59 (UniEquip Laborg-
erdtebau and Vertriebs GmbH; Munich, Germany), and
Power Sonic 520 sonicator (Hwashin Tech; Seoul, Repub-
lic of Korea) were used to prepare the sample. High-
performance liquid chromatography (HPLC) was per-
formed using a Shimadzu system (Kyoto, Japan) equipped
with an LC-20AD pump, SIL-20AC autosampler, CTO-
20A column oven, and SPD-20A detector. Blood sam-
ples were collected in EDTA tubes (Vacuette; Kremsmiin-
ster, Austria). Analytical-grade trifluoroacetic acid (TFA)
for mobile phase preparation was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetonitrile (ACN),
methanol (MeOH), and monobasic sodium phosphate were
obtained from Samchun Chemicals (Seoul, Republic of Ko-
rea). Formic acid was purchased from Junsei Chemical
(Tokyo, Japan). All the solvents used were of extra-pure
grade.

2.2 In Vitro Solubility Evaluation

In vitro solubility screening of gemifloxacin was per-
formed using non-ionic surfactants, anionic surfactants, and
solubilizing agents. The concentration of each excipient
was determined by conducting preliminary solubility exper-
iments and was set to the maximum concentration that could
be completely dissolved in 4 mL of purified water. Ac-
cordingly, we used poloxamer 407 (0.37 g), poloxamer 188
(0.41 g), Soluplus® (0.41 g), Polyox N80 (0.25 g), sodium
lauryl sulfate (0.34 g), PEG 4000 (2.44 g), L-arginine (0.58
g), L-lysine (0.44 g), B-cyclodextrin (0.03 g), and HPCD
(4.1 g). Additional solubility experiments were conducted
with 0.05, 0.10, and 0.20 g HPCD for further investigation.
The control group was prepared using purified water with-
out solubilizing agents, following the same experimental
procedures.

Based on the reported saturation solubility of gemi-
floxacin (45.68 mg/mL at pH 7.0, 37 °C) [8], 0.5 g of gemi-
floxacin was added to ensure dissolution equilibrium. Next,
the samples were vortex-mixed for 10 min at room temper-
ature (25 £ 2 °C), followed by a 5-min rest period at room
temperature to allow precipitation of undissolved drug. An
aliquot of 0.1 mL of the supernatant was transferred to a
100 mL volumetric flask, dissolved with purified water, and
filtered through a 0.45 um regenerated cellulose (RC) filter
(Sartorius AG; Goettingen, Germany). The filtered samples
were analyzed according to the HPLC conditions, and the
concentrations were calculated using the external standard
method by applying the proportional relationship between
the peak area and concentration of a single-concentration
standard solution. All in vitro solubility experiments were
performed five times for each condition (n = 5).

2.3 In Vivo Pharmacokinetic Study

Male Sprague-Dawley (SD) rats (237.6 4= 12.5 g) were
used in this study. The study was approved by the In-
stitutional Animal Care and Use Committee (IACUC) of
Kyungsung University in accordance with the Animal Pro-
tection Act (Acts no. 4379 and no. 12681). Animals
were obtained from Hyochang Science (Daegu, Korea) and
maintained under controlled environmental conditions with
room temperature at 22 + 3 °C, relative humidity of 30—
70%, and a 12-h light/dark cycle. All rats were fasted
overnight before the experiment, with free access to wa-
ter. Prior to each blood collection via the retro-orbital ve-
nous plexus, rats were briefly anesthetized by isoflurane in-
halation (2.5-3% for induction; 1-2% for maintenance) us-
ing an anesthetic vaporizer with an induction chamber. At
the end of the study, all animals were euthanized by carbon
dioxide (CO-) inhalation (100% COs; chamber fill rate 30—
70% of chamber volume/min). The in vivo dose of gemi-
floxacin was calculated based on body weight proportion
using a commercially available dose of 426.39 mg. The in
vitro solubility evaluation results demonstrated maximum
solubility enhancement at a gemifloxacin:HPCD weight ra-
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Fig. 1. Dosage and results of surfactants used in gemifloxacin solubility screening (n = 5 per group). All solubility analyses were

determined by high-performance liquid chromatography (HPLC). The solubility of gemifloxacin ranged from 8.26 &+ 0.25 mg/mL (L-
arginine) to 69.37 4 0.71 mg/mL (HPCD 4.1 g), and the control group (purified water) showed 45.68 £ 0.37 mg/mL. PEG, polyethylene
glycol; HPCD, hydroxypropyl-3-cyclodextrin. Values are expressed as mean =+ standard deviation (rn = 5 per group).

tio of 5:1. The samples for in vivo evaluation were pre-
pared using this composition. The formulation was pre-
pared freshly prior to use and administered immediately
without storage. Fifteen rats were randomly assigned to
three groups (n = 5 per group) for the gemifloxacin—-HPCD
complex study. The control group received 1.78 mg of
gemifloxacin dissolved in 3 mL of physiological saline via
oral administration. Group A received 1.0 mg of gemi-
floxacin with 0.2 mg of HPCD in 3 mL of physiological
saline, and Group B received 0.5 mg of gemifloxacin with
0.2 mg of HPCD in 3 mL of physiological saline, both ad-
ministered orally. For pharmacokinetic evaluation, 1 mL
blood samples were collected from the retro-orbital venous
plexus immediately before and at 0.25, 0.5, 0.75, 1, 1.5,
2, 2.5, 4, and 6 h of oral administration of gemifloxacin.
All blood samples were collected in EDTA tubes and cen-
trifuged at 3000 rpm for 15 min at 4 °C to separate plasma.
The separated plasma samples were stored at —70 °C un-
til analysis. Pharmacokinetic parameters were calculated
by non-compartmental analysis using BA-Calc 2007 ver-
sion 1.0 (KFDA, Osong, Republic of Korea). The area un-
der the plasma concentration—time curve from time zero to
infinity (AUCy_) was calculated using the linear trape-
zoidal rule. In addition, other parameters, including max-
imum plasma concentration (Cmax), time to reach maxi-
mum concentration (Tmax), and elimination half-life (t; /2)
were determined.

2.4 Plasma Sample Preparation

An aliquot of 200 pL of the plasma sample was trans-
ferred to a microcentrifuge tube. To each sample, 10 pL of
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internal standard solution (IS; 120 pg/mL) and 420 pL of
ACN containing 0.1% (v/v) formic acid were added. The
tubes were sealed and vortex-mixed for 1 min, followed
by centrifugation at 3000 rpm for 10 min at 4 °C. After
centrifugation, 200 pL of the supernatant was transferred
to another microcentrifuge tube and evaporated under re-
duced pressure using a speed vacuum at 40 °C. The residue
was reconstituted with 200 pL of methanol and analyzed by
HPLC.

2.5 Preparation of Gemifloxacin Standard Solutions,
Quality Control (QC, and Internal Standard)

The diluent was prepared by mixing 80 mL of a solu-
tion containing 13.8 g of monobasic sodium phosphate dis-
solved in 100 mL of purified water with 720 mL of purified
water and 200 mL of acetonitrile. This diluent was used to
prepare a 0.36 mg/mL gemifloxacin stock solution and 120
pg/mL moxifloxacin (IS). The stock solution was diluted in
a single step using the above diluent to achieve target con-
centrations 0f 0.03, 0.15, 0.3, 3, 6, 12, 24, and 45 pg/mL for
plasma calibration curve preparation. Quality control (QC)
samples were prepared at concentrations of 0.03, 0.3, 12,
and 45 pg/mL.

2.6 Recovery

The recovery of gemifloxacin was evaluated using QC
samples (0.03, 0.3, 12, and 45 pg/mL), with the requirement
that the relative standard deviation (RSD) should not exceed
15%.
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2.7 HPLC-UV Analysis Conditions

The HPLC-UV method was adapted from the USP
method for gemifloxacin. A Vision HT C18-L column (4.6
x 250 mm, 5 um particle size; Phenomenex, USA) was em-
ployed. The mobile phase consisted of ACN:distilled wa-
ter (DW):trifluoroacetic acid at a ratio of 20:80:0.1 (v/v/v).
The flow rate was set at 1 mL/min with an injection volume
of 20 pL. Both column and autosampler temperatures were
maintained at 25 °C, and detection was performed at 272
nm.

2.8 Statistical Analysis

All data are expressed as mean + standard deviation
(SD). Statistical comparisons between groups were per-
formed using Student’s ¢-test. Statistical significance was
set at p < 0.05. All statistical analyses were performed us-
ing BA-Calc 2007 (version 1.0, Biopharmaceutics Labora-
tory, College of Pharmacy, Kyung Hee University, Seoul,
South Korea).

3. Results
3.1 In Vitro Solubility Studies

The in vitro solubility of gemifloxacin was screened
using nonionic and anionic surfactants and solubility en-
hancers. Differences in gemifloxacin solubility were ob-
served depending on the type of additive compared with
the control group, and the results are presented in Fig. 1.
The solubility of gemifloxacin was 69.37 + 0.71 mg/mL
using 4.1 g of HPCD, representing the greatest increase
of 1.52-fold compared to the control group (45.68 &+ 0.37
mg/mL). This was followed by the Soluplus® (51.82 +
0.34 mg/mL) and S-cyclodextrin (50.04 + 0.26 mg/mL)
in descending order of solubility enhancement. Based on
these findings, an additional screening was performed to
determine the optimal HPCD concentration. The solubil-
ity of gemifloxacin was measured as 50.30 & 0.81 mg/mL
with 0.05 g of HPCD, 66.27 £+ 0.42 mg/mL with 0.1 g of
HPCD, and 67.52 £ 0.29 mg/mL with 0.2 g of HPCD. The
increase in gemifloxacin solubility was limited under con-
ditions with HPCD concentrations of 0.1 g or higher, sug-
gesting a plateau effect. The phase solubility profile (Fig. 2)
shows an initial increase in solubility followed by a plateau
region, suggesting saturation of inclusion complex forma-
tion at higher HPCD concentrations.

3.2 Linearity, Accuracy, and Precision

The retention times of gemifloxacin and the IS were
approximately 9.0 and 8.86 min, respectively. Plasma cal-
ibration curves were constructed using the same rat plasma
collected on different working days. The linear regression
equation over the concentration range of 0.03—45 pg/mL of
gemifloxacin was determined to be y = 0.1009x — 0.0073
(R%=10.9998, n = 5), demonstrating excellent linearity.

The intra- and inter-day accuracy and precision were
evaluated by analyzing QC samples at four concentrations,

Phase Solubility Diagram
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Fig. 2. Phase solubility diagram of gemifloxacin as a func-
tion of HPCD concentration. The solubility of gemifloxacin in-
creased with increasing HPCD concentration up to 0.1 g, followed
by a plateau at higher concentrations, indicating saturation of in-
clusion complex formation.

each with five replicates. The accuracy was assessed by
calculating the percentage deviation of the measured values
from the theoretical concentrations, and the precision was
evaluated as the coefficient of variation (CV) of repeated
measurements. The accuracy and precision of the results
are listed in Table 1. The intraday precision was confirmed
to be within a maximum of 5.40%, and the accuracy was
within +1.14%. Inter-day precision was below 5.71%, and
accuracy was within +1.28%.

3.3 Recovery

The recovery of gemifloxacin from plasma samples
was evaluated at QC sample concentrations of 0.03, 0.3,
12, and 45 pg/mL, resulting in recovery rates of 92.78%,
94.61%, 93.27%, and 97.89%, respectively. Each of the
four QC concentrations was analyzed in five replicates, and
the maximum relative standard deviation was 4.14%, indi-
cating consistent and reliable extraction efficiency.

3.4 Pharmacokinetic Studies

Based on the solubility screening results of gemi-
floxacin, an in vivo study was conducted using a formula-
tion containing HPCD. The pharmacokinetic parameters of
the gemifloxacin—-HPCD complex and gemifloxacin-alone
formulations are summarized in Table 2. The mean plasma
concentration—time profiles of gemifloxacin following oral
administration to rats are shown in Fig. 3.

The Cmax value was higher in the control (1.199
+ 0.24 pg/mL) compared to Group A (1.175 £ 0.08
pg/mL) and Group B (0.931 £+ 0.08 pg/mL). However,
the AUC_, values were significantly enhanced in Group
A (7.527 4+ 0.60 pg-h/mL) and Group B (5.582 + 0.55
pg-h/mL), demonstrating increases of 1.53-fold and 1.13-
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Table 1. Intra- and inter-day accuracy and precision of gemifloxacin in rat plasma (n = 5 per group).

LLOQ (0.03 pg/mL)

Low QC (0.30 pg/mL)

Middle QC (12 pg/mL)

High QC (45 pg/mL)

Intra-day accuracy and precision
Mean
SD
% CV
% Deviation
n
Inter-day accuracy and precision
Mean
SD
% CV
% Deviation

n

0.03
0.00162
5.40
1.14
5

0.03
0.00171
5.71
-0.91
5

0.30
0.0131
4.37
-0.87
5

0.30
0.0146
4.87
1.28
5

12.13
0.47
3.87
1.08

5

12.11

0.59

4.87

0.92
5

44.83
2.08
4.64

—0.38

5

45.25
2.41
5.33
0.56

CV, coefficient of variation; SD, standard deviation; LLOQ, Lower Limit of Quantitation; QC, Quality Control.

Table 2. Pharmacokinetics of gemifloxacin in control, group A, and group B in rats (n =5 each group).

Parameters Control Group A Group B
C max (pg/mL) 1.199 £ 0.24  1.175 £ 0.08 0.931 £+ 0.08
T max (h) 0.25 0.25 0.25
MRT (h) 391 +02 4.57 £ 0.1 427 40.2
t1/2 (h) 1.7+0.2 22402 1.9+0.2
AUC (0-6) (ng-h/mL) 2778 £0.35 3.778 £ 0.15 2.867 +£0.21
AUC (0—o0) (ng-h/mL) 4928 £0.85  7.527 4+ 0.60 5.582 +0.55

AUC, area under the curve; MRT, mean residence time. Values are expressed

as mean =+ standard deviation. Control group: 1.78 mg gemifloxacin in 3 mL
saline; Group A: 1.0 mg gemifloxacin + 0.2 mg HPCD in 3 mL saline; Group

B: 0.5 mg gemifloxacin + 0.2 mg HPCD in 3 mL saline.

1.5 1

Plasma of gemifloxacin (mg/mL)

—e—Control

=—i—Group A

—a—Group B

AL

Time (h)

3 3:5

Fig. 3. Plasma concentration of gemifloxacin in rat plasma time curve (n = 5 each group). Gemifloxacin in plasma samples was
analyzed by HPLC. Statistical significance between groups was determined using Student’s 7-test (p < 0.05). The groups are defined as
follows: Control group: 1.78 mg gemifloxacin in 3 mL saline; Group A: 1.0 mg gemifloxacin + 0.2 mg HPCD in 3 mL saline; Group B:
0.5 mg gemifloxacin + 0.2 mg HPCD in 3 mL saline. Notably, Group A showed the highest AUCo_ (7.527 £ 0.60 pg-h/mL), which
was significantly higher than that of the control group (4.928 £ 0.85 pg-h/mL). Values are expressed as mean =+ standard deviation (n =

5 per group).
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fold, respectively, compared to the control group (4.928 +
0.85 ng-h/mL). In addition, both Groups A and B demon-
strated an increasing trend in mean residence time (MRT)
and elimination half-life (t;,) compared to the control
group. These findings indicate that although the maximum
plasma concentration was slightly lower in the HPCD for-
mulations, the overall systemic exposure (as measured by
AUC) was substantially improved, suggesting enhanced ab-
sorption and bioavailability.

4. Discussion

Gemifloxacin is an amphoteric API possessing both
carboxylic acid and amino functional groups, and exhibits
pH-dependent limited aqueous solubility, which presents
constraints in dissolution and absorption [9,10]. We com-
pared different surfactants and solubility enhancers to im-
prove the solubility of gemifloxacin. Poloxamers are
non-ionic surfactants composed of hydrophilic (ethylene
oxide, PEO)-hydrophobic (propylene oxide, PPO)-PEO
block copolymers that form micelles in aqueous solutions,
thereby reducing the interfacial tension between the drug
and solvent and improving the wettability and dispersibility
of drug particles [11]. However, as depicted in Fig. 1, the
solubility values of poloxamer 407 and poloxamer 188 were
27.81 £ 0.23 mg/mL and 22.62 4+ 0.73 mg/mL, respec-
tively, which were lower than those of the control group.
This limited enhancement was attributed to the fact that ef-
fective micellization is induced only above the critical mi-
celle concentration (CMC); micelle formation is restricted
at relatively low concentrations, preventing the solubility
enhancement effect from being fully manifested [12].

In addition, SLS demonstrated a solubility of 33.71
+ 0.36 mg/mL, lower than that of the control group. This
effect is likely due to the strong electrostatic interactions
between the amphoteric drug gemifloxacin and SLS, result-
ing in the precipitation of a poorly soluble lauryl sulfate salt
instead of micelle-mediated solubilization [13]. These re-
sults suggest that the application of surfactants to ampho-
teric drugs requires consideration of physical stability and
drug—excipient interactions. Similarly, PEG 4000 exhib-
ited a solubility of 19.19 + 0.82 mg/mL. PEG functions
simply as a solvent modifier and cannot effectively influ-
ence the polar or non-polar regions of the API, resulting
in low solubility [14]. L-lysine and L-arginine exhibited
very low solubilities of 10.37 4+ 0.25 mg/mL and 8.26 +
0.19 mg/mL, respectively. Although amino acids can en-
hance solubility via ionic and non-ionic interactions, the
improvement was limited in this study. This suggests that
the interaction between the drug and amino acids was insuf-
ficient to overcome the strong self-association of the drug
molecules [15]. Soluplus® demonstrated a relatively high
solubility increase of 51.82 + 0.34 mg/mL, which was at-
tributed to its function as a hydrophilic—hydrophobic graft
copolymer that forms polymeric micelles and functions as a
solid dispersion matrix, thereby enhancing the solubility of

poorly soluble drugs. However, its effect has been reported
to be limited by the critical micellization concentration and
plateau concentration [16]. Polyox N80 displayed a solu-
bility of 43.91 4+ 0.52 mg/mL, similar to the control group.
Polyox N8O is a high-molecular-weight polyethylene oxide
primarily used as a viscosity enhancer and release matrix;
it contributes to viscosity and release control rather than
inclusion complex formation or strong micellar solubiliza-
tion, resulting in relatively low solubility enhancement ef-
fects [17]. A comprehensive consideration of these results
confirmed HPCD as the solubilizing agent exhibiting the
greatest solubility enhancement effect in this study, and a
solubility 0f69.37 + 0.71 mg/mL at4.1 g. HPCD possesses
high aqueous solubility due to hydroxypropyl substitution
and significantly increases equilibrium solubility by form-
ing inclusion complexes with drugs through its hydropho-
bic cavity. The plateau effect observed at HPCD concen-
trations >0.1 g can be explained by the phase solubility be-
havior of cyclodextrin inclusion complexes (Fig. 2). In gen-
eral, drug—cyclodextrin systems exhibit a limited complex-
ation capacity, where the increase in drug solubility is pro-
portional to cyclodextrin concentration only up to a certain
point [17]. Beyond this concentration, the system reaches
a saturation state in which most of the drug molecules are
already complexed, and further addition of HPCD does not
significantly enhance solubility. Although the phase solu-
bility profile suggests the formation of a drug—HPCD in-
clusion complex, this interpretation is based on indirect ev-
idence. Advanced physicochemical characterization tech-
niques such as differential scanning calorimetry (DSC),
Fourier-transform infrared spectroscopy (FTIR), and nu-
clear magnetic resonance (NMR) were not employed in this
study. Therefore, the molecular-level interactions between
gemifloxacin and HPCD could not be directly confirmed.
This behavior is consistent with the formation of a 1:1 in-
clusion complex and the transition from a linear phase to
a plateau region in the phase solubility diagram. Addition-
ally, the self-association of cyclodextrin molecules and the
formation of aggregates at higher concentrations can lead
to a deviation from ideal solubilization behavior, thereby
limiting the solubilization efficiency [18]. Based on these
results, HPCD was determined to be a highly applicable sol-
ubility enhancer in terms of physical stability and formula-
tion design. Considering its applicability to tablet formula-
tions, the HPCD concentration was increased in a stepwise
manner. The highest solubility of 66.27 + 0.42 mg/mL was
observed at 0.1 g, suggesting that the solubility increase
did not follow a simple dose-dependent pattern. Although
a complete concentration—response curve was not estab-
lished, the observed plateau in solubility above 0.1 g HPCD
suggests that further increases in cyclodextrin concentra-
tion do not significantly enhance complexation efficiency
under the tested conditions (Fig. 2). Previous studies have
reported that cyclodextrin—-drug complexes exhibit diverse
phase—solubility curves and non-linear characteristics in the
concentration—solubility relationship [19]. Therefore, 0.1 g
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of HPCD was determined to be the optimal solubilization
condition considering both the solubility enhancement ef-
fect and practical formulation applicability.

The bioanalytical method was validated according to
the ICH M10 guidelines before conducting in vivo exper-
iments to ensure the reliability and validity of the analyt-
ical method for the quantitative analysis of gemifloxacin
in plasma. The linear regression equation of the calibra-
tion curve established in rat plasma over the range of 0.03—
45 pg/mL was y = 0.1009x — 0.0073 (R? = 0.9998, n =
5), demonstrating appropriate linearity. The lower limit
of quantification (LLOQ) of gemifloxacin was set at 0.03
pg/mL; the accuracy was within 4+1.14%, and precision
was up to 5.71% at this concentration, meeting the crite-
ria (<20%) presented in the ICH M10 guidelines. The
three QC sample concentrations excluding LLOQ demon-
strated accuracy within £1.28% and precision up to 5.33%,
all meeting the acceptance criteria (£15%) presented in the
ICH M10 guidelines [20]. Thus, the analytical method es-
tablished in this study has sufficient reliability and repro-
ducibility for quantitative analysis of gemifloxacin in rat
plasma. [n vitro solubility evaluation results confirmed
that HPCD significantly improved gemifloxacin solubil-
ity. Pharmacokinetic experiments were conducted in rats to
evaluate whether this in vitro solubility enhancement trans-
lates into improved in vivo absorption. Although the abso-
lute Cmax values were higher in the control group than in
Groups A and B, the dose-corrected Cmax/dose values of
Group A (1.175 + 0.08 pg/mL) and Group B (1.862 + 0.08
pg/mL) increased by 1.75-fold and 2.77-fold, respectively,
compared to the control group (0.673 £ 0.13 pg/mL). To
clarify the calculation of dose-normalized exposure, the
Cmax values were normalized by the administered dose
(Cmax/dose). The calculated values were 0.673, 1.175, and
1.862 for the control, Group A, and Group B, respectively.
Accordingly, the dose-normalized Cmax values in Group A
and Group B were increased by 1.75-fold and 2.77-fold, re-
spectively, compared to the control group. The AUC(_
values of Group A (7.527 £ 0.60 pg-h/mL) and Group B
(5.582 £ 0.55 pg-h/mL) increased by 1.53-fold and 1.13-
fold, respectively, compared to the control group (4.928 +
0.85 png-h/mL). Notably, Group B received half the dose of
gemifloxacin compared to Group A, which was intention-
ally designed to evaluate whether the HPCD formulation
could maintain or enhance drug absorption efficiency at re-
duced doses. Despite the lower administered dose, Group B
exhibited a higher dose-normalized Cmax compared to both
the control and Group A. This indicates that the HPCD com-
plex improved the absorption efficiency of gemifloxacin,
rather than simply increasing systemic exposure due to
higher dosing. These findings suggest that the formula-
tion may enable dose reduction while maintaining effective
drug absorption. Despite the low administered dose, the
observed improvement in absorption cannot be explained
solely by an increase in solubility. Rather, the formation of
an inclusion complex with HPCD likely inhibited the crys-
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tallization of gemifloxacin, thereby reducing precipitation
and maintaining a supersaturated state within the intestinal
lumen [21]. In particular, to overcome the unstirred water
layer (UWL), which is recognized as a primary absorption
barrier for poorly water-soluble drugs, the inclusion com-
plex maintains a steep concentration gradient across the en-
tire UWL. As a result, the inclusion complex efficiently
transports the drug across the UWL to the lipophilic epithe-
lial surface. Upon reaching the membrane surface, the com-
plex reversibly dissociates, releasing free drug molecules
and thereby enhancing mucosal drug permeation [22]. This
suggests that the increased solubility of the gemifloxacin—
HPCD complex increased the drug concentration in the in-
testinal lumen, resulting in enhanced absorption by passive
diffusion [23]. The interaction between HPCD and phos-
pholipids increases acyl chain disorder, leading to enhanced
membrane fluidity and structural perturbation, which in
turn increases membrane permeability [24]. This increase
in membrane permeability may have partially contributed
to the enhanced gemifloxacin absorption observed in this
study. These results were consistent with those of previ-
ous studies demonstrating that the bioavailability of poorly
soluble drugs can be improved by HPCD inclusion com-
plex [25]. HPCD is a widely used pharmaceutical excipi-
ent with a well-established safety profile. Previous studies
have reported a no-observed-adverse-effect level (NOAEL)
of approximately 600 mg/kg/day in rats and low acute tox-
icity with oral LD5y values exceeding 2000 mg/kg. In
the present study, the administered amount of HPCD was
substantially lower than these safety thresholds, suggesting
minimal risk of toxicity [26]. The increased bioavailabil-
ity of gemifloxacin is attributed to its improved solubility
and enhanced intestinal absorption induced by complexa-
tion with HPCD. The plasma concentration of gemifloxacin
was the highest at the first sampling time point (1.199 +
0.24 ng/mL) and decreased by approximately 48.04% by
the third sampling time point (0.623 £ 0.09 pg/mL) in
the control group. Thereafter, no change was observed
in the concentration magnitude from the fourth sampling
time point (0.621 + 0.11 pg/mL), and a biphasic decline
pattern was observed where the rate of decrease gradually
became more gradual (Fig. 3). This pattern is consistent
with that mentioned in previous reports, suggesting that
the experimental design and data derived in this study are
highly reliable [27]. Plasma concentrations were also the
highest at the first sampling time point, at 1.175 £+ 0.08
pg/mL and 0.931 £ 0.08 pg/mL, respectively, in Groups
A and B. The plasma concentrations of Group A (0.905
+ 0.06 pg/mL) and Group B (0.727 £ 0.08 pg/mL) de-
creased by 23% and 22%, respectively, at the third sam-
pling time point, and thereafter demonstrated a gradual de-
cline pattern from subsequent sampling points (Fig. 3). Un-
like the rapid plasma concentration decline observed in the
control group, the gradual and sustained decline pattern
observed in Groups A and B was consistent with that re-
ported in previous pharmacokinetic studies, demonstrating
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an increased systemic exposure time to drugs in inclusion
complexes using HPCD [28]. Various solubilization strate-
gies have been explored to improve the bioavailability of
poorly soluble fluoroquinolone antibiotics. However, pre-
viously reported approaches have often faced technical lim-
itations. For example, lipid—polymer hybrid nanoparticles
have exhibited formulation failure or physical instability
due to uncontrolled electrostatic interactions [29]. In addi-
tion, polymeric micelle systems that require complex mul-
tistep preparation processes and the use of organic solvents
have shown only limited improvements in bioavailability,
with increases of approximately 1.6-fold [30]. In contrast,
the HPCD inclusion strategy employed in the present study
significantly improved the Cmax/dose by up to 2.77-fold
compared with the control group using a simple prepara-
tion process without organic solvents. These results sug-
gest that HPCD complexation represents a highly effec-
tive, practical, and promising strategy for improving the
oral delivery of gemifloxacin. The improvement of gemi-
floxacin bioavailability observed in this study is expected
to reduce the required amount of API, ultimately enhanc-
ing dosing safety and significantly improving patient com-
pliance through smaller tablet sizes [31,32]. In addition,
the reduced API usage may contribute to lowering the drug
cost.

These results suggest that HPCD complexation can
improve the absorption rate of gemifloxacin, demonstrat-
ing its potential to effectively improve the oral delivery of
gemifloxacin.

5. Strengths and Limitations of This Study

This study has several strengths. First, a systematic
and comprehensive screening of ten structurally diverse
solubilizing agents including non-ionic surfactants, an an-
ionic surfactant, amino acids, and cyclodextrins was per-
formed under identical experimental conditions, enabling
a direct and objective comparison of solubilization capac-
ity for gemifloxacin. Second, the selected HPCD-based
formulation was evaluated through both in vitro solubility
studies and in vivo pharmacokinetic studies in rats, provid-
ing an integrated assessment that bridges bench-level ob-
servations with physiologically relevant outcomes. Third,
the bioanalytical HPLC method was rigorously validated in
accordance with ICH M 10 guidelines, demonstrating excel-
lent linearity (R? = 0.9998), precision (CV <5.71%), and
accuracy (within £ 1.28%), which supports the reliability
of the pharmacokinetic data reported herein. However, sev-
eral limitations should be acknowledged. First, the in vivo
pharmacokinetic study was conducted using a small sample
size (n =15 per group), which may limit the statistical power
and generalizability of the pharmacokinetic findings; future
studies with larger cohorts are warranted to confirm these
results. Second, the study was restricted to male Sprague-
Dawley rats, and it remains unknown whether the observed
solubility and bioavailability improvements would translate
to the same extent in female animals or in human subjects;

further preclinical and clinical studies are needed to eval-
uate species- and sex-dependent differences. Third, long-
term stability testing of the HPCD formulation under var-
ious storage conditions was not conducted, and its feasi-
bility for scale-up manufacturing into a solid dosage form
(e.g., tablet) remains to be demonstrated. Another limita-
tion of this study is the lack of direct physicochemical char-
acterization of the gemifloxacin—HPCD inclusion complex.
Techniques such as DSC, FTIR, NMR, and determination
of stability (binding) constants were not performed, which
limits the ability to conclusively confirm inclusion complex
formation and quantify the strength of interaction. There-
fore, the proposed mechanism of solubility enhancement is
based on indirect evidence, including phase solubility anal-
ysis and pharmacokinetic outcomes. Future studies are war-
ranted to perform detailed structural and thermodynamic
characterization of the complex.

6. Conclusion

This study successfully demonstrated that HPCD ef-
fectively enhanced the solubility and bioavailability of
gemifloxacin through a systematic evaluation combining
in vitro solubility screening and in vivo pharmacokinetic
studies. Among the different solubilizing agents evalu-
ated, including non-ionic surfactants (poloxamers, PEG
4000, Soluplus®, Polyox N80), anionic surfactants (SLS),
amino acids (L-arginine, L-lysine), and cyclodextrins (3-
cyclodextrin, HPCD), HPCD exhibited superior solubility
enhancement, achieving a maximum solubility of 69.37 +
0.71 mg/mL at a high concentration (4.1 g), representing a
1.52-fold increase over the control. The optimized HPCD
concentration of 0.1 g achieved 66.27 £ 0.42 mg/mL sol-
ubility, demonstrating its practical applicability for tablet
formulations. The validated HPLC method provided reli-
able quantification with excellent linearity (R? = 0.9998),
precision (CV <5.71%), and accuracy (within +1.28%),
meeting the ICH M10 guidelines. /n vivo pharmacokinetic
studies revealed that HPCD formulations significantly im-
proved bioavailability, with AUCq_ ., increasing by 1.53-
fold (Group A) and 1.13-fold (Group B) compared to gemi-
floxacin alone. The dose-normalized Cmax/dose values in-
creased by 1.75-fold and 2.77-fold, respectively, indicating
enhanced absorption efficiency. The sustained plasma con-
centration profiles observed for the HPCD formulations,
characterized by a gradual rather than rapid decline, sug-
gest prolonged systemic exposure and improved pharma-
cokinetic profiles. These results established HPCD-based
solubilization as a promising and practical strategy for the
development of improved oral gemifloxacin formulations,
potentially leading to enhanced therapeutic outcomes, im-
proved patient compliance, and reduced dosing require-
ments for clinical applications. Future investigations are
warranted to clinically validate, optimize manufacturing
processes for commercial development, and explore the un-
derlying molecular mechanisms of drug-CD interactions.
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