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Abstract Lomefloxacin HCl (LF) is a widely used fourth-
generation fluoroquinolone antibiotic. Like most drug solutions
administered via ocular route, it is usually eliminated by eye
protective mechanisms. Chitosan (CS) is a natural polysaccha-
ride polymer with numerous advantages in ocular delivery with,
antibacterial, and antifungal properties. The aims were to formu-
late and optimize LF nanosuspensions (NS) with enhanced an-
timicrobial activity and prolonged duration using ionic gelation
technique. Formulation variables included drug load, CS con-
centration, crosslinker type (tripolyphosphate and sodium algi-
nate), and concentration. Nanosuspension properties (particle
size, zeta potential, polydispersity index, entrapment efficiency,
drug release, and permeation through bovine cornea) were eval-
uated. The artificial neural networks (ANNs) model showed
optimum entrapment efficiency of 70.63 % w/w, particle size
of 176±0.28 nm, and zeta potential of 13.65 mV. Transmission

electron microscopy illustrated the production of well-defined
spherical nanoparticles. The nanosuspensions showed
prolonged release of LF for more than 8 h and threefold increase
in amount permeated through bovine cornea compared to drug
solution. Improved antibacterial activity of the nanosuspension
was noted where 2- and 3.5-fold decrease in minimum inhibi-
tory concentration (MIC) of drug against Gram-positive and
Gram-negative bacteria were observed, respectively. Twofold
decrease in minimum bactericidal concentration (MBC) of drug
nanosuspension against both types of bacteria was also
demonstrated. Histopathological examination showed compati-
bility of optimized formulation with eye tissues in rabbit model.
Therefore, model-optimized LF nanosuspension could be an
ideal solution to ocular infections by virtue of their augmented
activity, high compatibility, and improved permeability.

Keywords Antibacterial activity . Chitosan . Ionic gelation .

Lomefloxacin HCl . Nanosuspension optimization .

Transcorneal permeation

Introduction

Lomefloxacin hydrochloride (LF) is a widely used antibacte-
rial in the treatment of both Gram-negative and Gram-positive
bacterial infections [1]. Based on physicochemical properties
of fluoroquinolones and in vitro permeation [2], recent studies
on biopharmaceutics classification system (BCS), confirmed
that lomefloxacin HCl may belong to class I being highly
soluble and permeable [3]. However, changes in the physio-
logical pH either at the site of administration or site of absorp-
tion may increase the tendency of the drug to develop positive
or negative surface charges rather than formation of the neu-
tral or zwitterionic forms [4]. These changes, either due to the
drug formulation or the physiological environment, will
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inevitably lead to unpredictable bioavailability and/or antimi-
crobial activity of the drug through changes in the liberation of
drug from dosage forms and/or its penetration at absorption or
activity sites [5]. Therefore, temporary change of the substrate
in the form of nanoparticles could be a helpful strategy to
overcome the aforementioned challenges. Many routes of ad-
ministration, including oral, parental, and ophthalmic, were
used for delivery of LF. However, delivery through the ocular
route is limited due to high tear fluid turnover, nasolachrymal
drainage, and metabolic enzymes present in tear fluid [6].
Other obstacles facing treatment of ocular infections include
patient incompliance, difficulty to maintain the required dose
at site of action, and the limited transcorneal permeation of
applied drugs [7]. Therefore, nanosuspensions could be a
more suitable drug delivery system for the ocular route of
administration [8]. Ocular nanosized drug delivery systems
protect the ocular-instilled drugs from metabolism by tear flu-
id enzymes and increase their permeation through corneal
membranes [9–11]. Ocular drug delivery systems in the form
of nanosuspensions also have the added advantage of being
able to prolong drug release at the site of action [12]. Several
nanosuspension formulations have been developed and suc-
cessfully used for topical ocular drug delivery [13–16]. Poly-
meric nanoparticles have been widely investigated as a possi-
ble tool for carrying ocular drugs [17]. Chitosan (CS) is a
biodegradable polysaccharide polymer that has mucoadhesive
characters that help increase the contact to ocular tissues and
hence provide prolonged drug delivery. In addition, CS can
increase corneal permeation of ocular drug by acting as a
penetration enhancer [18]. Moreover, CS is well tolerated by
ocular tissues and showing no irritation signs such as redness
or edema following ocular administration [19]. Chitosan was
also reported to have both antibacterial and antifungal proper-
ties [20, 21] making the polymer a good candidate for sterile
dosage forms such as ophthalmic formulations. In order to
form nanoparticles, CS is usually crosslinked using a
polyanion or another negatively charged polymer. Such for-
mulations often require careful adjustment of types and levels
of components to produce stable nanosuspensions. Modeling
and optimization of nanosuspensions using artificial neural
networks (ANNs) have been frequently used in the literature
to obtain the optimum desired properties [22–24].

The aims of work in this study addressed formulation and
evaluation of LF nanosuspension using CS as a carrier in order
to enhance its antibacterial activity, improve its corneal per-
meation, and prolong its ocular activity leading to maximized
bioavailability. The work focused onmodeling of nanoparticle
characteristics and permeability. This linkage between nano-
particle attributes and effects (permeability and antibacterial
activity) was not done before for lomefloxacin HCL in eye
t i s sue s . Mode l i ng and op t im iza t i on o f LF-CS
nanosuspensions was followed by experimental evaluation
of the antibacterial properties of the model proposed

formulation using minimum inhibitory concentration (MIC)
and the minimum bactericidal concentration (MBC) com-
pared to drug solution.

Materials and Methods

Materials

Lomefloxacin HCl was obtained as a gift sample from Octo-
ber Pharma, Egypt. Chitosan was purchased from Sigma Al-
drich, UK, through the Egyptian Import Center, Naser City,
Cairo, Egypt. Tripolyphosphate (TPP) and sodium alginate
(Na ALG) were purchased from Prolabo, France. Other
chemicals were of analytical grade and obtained from the El
Nasr chemical company, Cairo, Egypt.

Preparation of LF-CS Nanosuspensions

Preparation of LF-CS nanosuspension was carried out ac-
cording to the method reported by Motwani et al. [25]
with modification. First, different concentrations of CS
(0.1, 0.2, and 0.3 % w/v), TPP, and Na ALG (0.2, 0.4,
and 0.6 % w/v of each) solutions were separately prepared
through dissolving the required amounts in acetate buffer
(pH 5) until no residues were observed (Table 1). Chito-
san solutions were prepared by dissolving the required
amounts also in acetate buffer (pH 5) then the pH was
slightly raised to 5.7 using 1 N NaOH while the pH of
crosslinker solutions was kept at a lower value (pH 5.3) to
ensure complete ionic interaction. Then, the required
amounts of LF (10 or 15 mg) were dissolved in 10 mL
of the previously prepared chitosan solution until no res-
idues were observed. Crosslinking was achieved by slow-
ly dropping 5 mL of TPP or Na alginate solution to the
CS solution under homogenization at 8000 rpm using
high shear homogenizer (yellow line DI 25 basic, Germa-
ny) for 20 min. The formed nanoparticles were collected
by centrifugation at 20,000 rpm using a cooling centrifuge
(Sigma, 3-30K, Germany) for 30 min at 4 °C and kept in
a refrigerator for further studies.

Determination of the Entrapment Efficiency

Free LF (un-entrapped) was separated from entrapped LF by
centrifugation [26] of the nanosuspension using cooling cen-
trifuge (Sigma, 3-30K, Germany ) at 20,000 rpm for 30 min.
The collected nanoparticles was then washed with distilled
water and re-centrifuged to ensure complete removal of the
un-entrapped drug. The amount of un-entrapped LF was de-
termined after dilution of 0.1 mL of the supernatant to 10 mL
using acetate buffer pH 5. Three replicates of this solution
were analyzed spectrophotometrically at 282 nm using Jasco
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spectrophotometer (Jasco V-530, Japan). The percentage of
entrapped LF was determined [27] using Eq. 1.

%Entrapped LF ¼ Total LF−Free LF
Total LF

� 100 ð1Þ

Determination of Particle Size and Zeta Potential

In order to detect the stability of the produced LF
nanosuspension, particle size (PS), zeta potential (ZP), and
polydispersity index (PDI) properties were measured by dilut-
ing 1.0 mL of CS nanosuspension to 5 mL by distilled water.
The diluted nanosuspension was measured using Zetasizer
Nano (Malvern Instruments, UK).

Transmission Electron Microscopy

In order to determine the morphology of the produced nano-
particles, one drop of the nanosuspension was applied on a
copper gr id and lef t to dry. Then, one drop of
phosphotungestic acid (positive stain) was added to the dry
nanoparticles. Finally, the nanoparticles were examined using

transmission electron microscope analyzer operated at an ac-
celerating voltage of 80 kV (Jeol, Japan).

In Vitro Release Study

Drug release from LF-CS nanosuspension was carried out
according to a reported method with modification [28]. Dif-
ferent volumes of nanosuspension formulations containing the
same calculated amount of LF (4 mg) were transferred to a
cylindrical glass tube (7.5 cm in length and 2.5 cm in diame-
ter). The open end of the tube was sealed with a dialysis
membrane (MW cut off 12,000 kDa). The tube was inverted
and suspended in 500-mL simulated tear fluid (STF) com-
posed of sodium bicarbonate 0.2 %, calcium chloride
0.008 %, and sodium chloride 0.67 % adjusted to pH 7.4.
The tube was assembled vertically inside the dissolution flask
of USP dissolution apparatus II (Hanson Research, SR8 plus
model, Chatsworth, USA) so that the membrane touches the
surface of the medium. The temperature was kept at 37±
0.5 °C and the glass tubes (attached to the vertical basket
holder) were allowed to rotate at a velocity of 50 rpm. At
predetermined time intervals, 5 mL of the medium was with-
drawn for UV analysis and the volume of receptor compart-
ment was maintained with an equal volume of fresh STF.

Table 1 Composition of
lomefloxacin loaded chitosan
nanosuspensions

Formula no. Lomefloxacin
HCl (mg)

Crosslinker type Chitosan concentration
(% w/v)

Crosslinker concentration
(% w/v)

C1 10 TPP 0.1 0.2

C2 10 TPP 0.1 0.4

C3 10 TPP 0.1 0.6

C4 10 TPP 0.2 0.2

C5 10 TPP 0.2 0.4

C6 10 TPP 0.2 0.6

C7 10 TPP 0.3 0.2

C8 10 TPP 0.3 0.4

C9 10 TPP 0.3 0.6

C10 10 Na ALG 0.1 0.2

C11 10 Na ALG 0.1 0.4

C12 10 Na ALG 0.1 0.6

C13 10 Na ALG 0.2 0.2

C14 10 Na ALG 0.2 0.4

C15 10 Na ALG 0.2 0.6

C16 10 Na ALG 0.3 0.2

C17 10 Na ALG 0.3 0.4

C18 10 Na ALG 0.3 0.6

C19 15 TPP 0.2 0.4

C20 15 TPP 0.2 0.6

C21 15 Na ALG 0.2 0.4

C22 15 Na ALG 0.2 0.6

TPP tripolyphosphate, Na ALG sodium alginate
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In Vitro Transcorneal Permeation, Corneal Hydration,
and Irritation Studies

Transcorneal permeation was carried out using modified
Franz diffusion cell [29]. The freshly dissected bovine corneal
membranes were inserted between the donor and the receptor
chamber of the diffusion cell where the corneal surface faces
the donor compartment. The receptor compartment was filled
with 50mL pH 7.4 Krebs ringer solution (KRS) [30] while the
donor compartment contained different volumes of LF
nanosuspension carrying fixed weights of LF. The receptor
chamber was stirred at 50 rpm on a magnetic stirrer at 37±
0.5 °C. One milliliter was withdrawn from receptor chamber
(at predetermined time intervals for 24 h), filtered via 0.45-μm
Millipore filter then diluted to 3 mL (with KRS) and finally
measured spectrophotometrically at 282 nm. Experiments
were done in triplicates and the average values were calculat-
ed. The permeation parameters including the cumulative
amount of the drug permeated per unit area after 24 h (Q24

in μg/cm2), the time required to start permeation (lag time in
min) and the permeability coefficient (Kp) were calculated.
The values of Kp for each formula was obtained by dividing
the slope of the straight line portion of the permeation curve
by the concentration of drug originally added. Comparisons
were made against drug solution [31]. The corneal hydration
test was carried out to detect the safety of the prepared formu-
lations. In this test, after removal of the scleral ring; each
corneal sample was then desiccated at 100 °C for 6 h to give
the corresponding dry corneal weight (Wd). Then, the cornea
was subjected to the permeation test mentioned earlier, after
which it was reweighed to get the hydrated weight (Wt). The
percent corneal hydration (% CH) [32] was measured using
Eq. 2.

%CH ¼ 1− Wd=Wtð Þð Þ � 100 ð2Þ

The ocular irritation study was carried out to test for com-
patibility of the prepared nanosuspension formulation with
eye tissues in the rabbit model [33]. Six New Zealand rabbits
were divided into two groups, each composed of three rabbits.
The first group received the optimized LF-loaded CS
nanosuspension in the right eye. The second group received
drug-free CS nanosuspension. The left eye was not treated and
served as control in both groups. Treatments were continued
twice daily for a period of 1 week. The signs of irritation in
rabbits eyes (redness, swelling, or excessive tearing) were
detected using slit lamp (Optolab Zone, India) at time intervals
of 1, 24, 48, 72 h, and 1 week. At the end of the treatment
period, the animals were anesthetized and sacrificed. Eyes and
eyelids were removed and kept in Davidson fixative solution
for 24 h. Then, the organs were dehydrated and stabilized with
formalin solution and stored in low-melting paraffin. Finally,
cut sections were stained with hematoxylin and eosin for

histological examination [34]. This experiment was conducted
after obtaining a formal ethical approval from the animal eth-
ical committee at Beni-Suef University.

Modeling and Optimization of Nanosuspension
Formulation

Nanosuspension formulation data set was composed of 22
records based on different input variables. These included
drug load, crosslinker type, chitosan concentration, and
crosslinker concentration. The crosslinker types were coded
with numerical values as follows: TPP (1) and Na ALG (2).
The measured dependent variables included percentage en-
trapment efficiency (%EE) average nanoparticle size (PS),
average zeta potential (ZP), and average polydispersity index
(PDI), percentage drug released after 8 h (%Rel-8 h), time
prior to start of drug permeation (lag time), cumulative
amount of drug permeated through corneal tissue within
24 h (Q24) and permeation coefficient (Kp). Modeling and
optimization of the data was carried out using artificial neural
networks (ANNs)—genetic algorithm software package (IN-
Form V3.6, Intelligensys Ltd., UK). This modeling tool is
based on a multi-layer perceptron (MLP) network embedded
into the program which is responsible for model training using
the entered data to build up the cause-effect relationships [35].
The experimentally collected data set was divided into train-
ing records (80 %), testing records (10 %), and validation
records (10 %) for model training, testing the predictability,
and model validation, respectively. Predictability of trained
models was evaluated by the correlation coefficient R-square
(R2) values computed automatically during training, testing,
and validation steps (Eq. 3). High R2 values closer to unity
indicate appropriate predictability of the trained model [36].
The following formula was derived from ANOVA statistics
generated by the modeling software:

R2 ¼ 1−

X n

i−1
yi−y

*
i

� �2
X n

i−1
yi−yi

−ð Þ2
� 100 ð3Þ

Where yi is the individual value of the dependent variable,
yi* is the predicted value from the model and yi

−; is the mean
of the dependent variable. In this formula, the numerator rep-
resents the sum of squares for the error term (SSE) and the
denominator represents the total sum of variable is accounted
for in the model. The artificial neural network structure I(4)-
H(2)-O(1) was used for model training (linking inputs and the
output properties), with four nodes representing the input lay-
er, two nodes in the hidden layer, and one node in the output
layer. Trustedmodels should result in validation correlation R2

as high as those obtained during model training and testing.
The root mean squared errors (RMSE) were also calculated
and compared to those of training and testing.
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After developing of the predictive models for each proper-
ty, optimization was carried out by setting the desired con-
straints on some process variables (e.g. setting integer num-
bers to the crosslinker type). The desired range for each of the
output properties was entered into the model optimization step
and the desirability function was selected as Btent^ in the
model optimization window [37]. The specified minimum
and maximum values for the output properties were assigned
as follows; %EE (68–75 %), PS (150–300 nm), ZP (9.5–15),
PDI (0.1–0.3), %Rel-8 h (78–90 %), Q24 (500–700 μg), lag
time (10–20 min), and Kp (0.3–0.6). The model-generated
solution demonstrates a suggested optimized formula for the
nanosuspension which was then prepared and characterized
and the results compared to the predicted counterparts.

Microbiological Studies

The antibacterial activity of the optimized formula and LF
solution were tested using the clinical laboratory standard in-
stitute (CLSI) broth microdilution technique [38]. The medi-
um used in the study was composed of Muller-Hinton Broth
(Oxoid) placed in a 96-well cell microtiter plate (Corning
Incorporated, Corning, USA). Serial dilutions of LF solution
and optimized nanosuspension starting from 500 to 4.76×
10−4 μg/mL were prepared and placed in 20 wells. A number
equivalent to 1×106 colony forming units per milliliter (cfu/
mL) of tested microorganism (Escherichia coli ATCC 5087
and Bacillus subtilis ATCC 6633) were inoculated in these
wells by overnight culture. In well number 20, the bacteria
were allowed to grow freely (turbidity control). After incubat-
ing the inoculated wells for 24 h at 37 °C, microbial growth
was determined through measuring turbidity at 620 nm by a
microtiter plate reader (Labsystem iEMS reader, Helsinki,
Finland) [39]. The MIC was considered as the average of the
last clear tube and first turbid tube. The MBC was calculated
after culturing last three clear tubes on Muller-Hinton agar
medium and examining the absence of growth.

Results and Discussion

Entrapment Efficiency

The percentage entrapment of LF into CS nanoparticles was
found to vary between 57.23 and 80.03 % w/w (Table 2). The
highest level was obtained when CS, TPP, and Na ALG were
at medium concentration. It was also noticed that Na ALG
gave higher entrapment efficiency compared to TPP polymer.
This might be due to the fact that Na ALG is a bulky molecule
so it can decrease the ability of the drug to diffuse out of
nanoparticles. Increasing drug concentration led to increasing
entrapment efficiency, which correlates well with other studies
performed on rifampicin entrapped into CS nanoparticles [40].

Particle Size, Zeta Potential, and Polydispersity Index

Particle size of prepared nanosuspensions ranged from 57 to
520 nm (Table 2). The results indicated that increasing poly-
mer concentrations led to an increase in particle size, as re-
ported for similar nanosuspension particle size increased with
polymer concentration. Polydispersity indices (PDI) of CS
nanoparticles ranged from 0.016 to 0.57. The increase in
PDI of CS nanoparticles was found to be dependent on poly-
mers concentration as increasing polymers concentration led
to increase in PDI. Increasing amount of drug used resulted in
increasing the particle size and polydispersity index of CS
nanoparticles. The wide range of zeta potential values
(8.33—40 mV) could be explained on the basis of polymer
concentrations and structure. It was well observed that zeta
potential values increased linearly with increasing CS concen-
tration. This phenomena can be explained by the presence of
highly protonated amine groups at higher CS concentrations,
similar results were reported By Gan and Wang [41]. On the
other hand increasing TPP and Na ALG resulted in a decrease
in zeta potential values; this could be understood in the light of
the electrostatic interaction between the negatively charged
moieties present in TPP and Na ALG and the positively
charged amine group present in CS which resulted in a de-
crease in the positive charges present on nanoparticles’ surface
as reported by Boonsongrit et. al [42]. The use of the
crosslinker Na ALG yielded much lower zeta potential values
compared to TPP crosslinker. This can be a result of the great-
er shielding effect that eventually led to decreasing the overall
available positive charges. The increase in LF amount in-
creased zeta potential values this might be due to the increas-
ing number of positive charges as a result of hydrogen ions
obtained by drug solubilization.

Morphology of the Prepared Nanoparticles

Transmission electron microscopy (TEM) of LF-loaded nano-
particles (Fig. 1) illustrated that LF-loaded CS nanoparticles
were spherical, smooth, and dense which show the ability of
the used polymers to interact and form typical nanoparticles.
However, differences in nanoparticles’morphology were not-
ed due to different chitosan and crosslinker concentrations.
Figure 1 illustrates TEM of formula C1 (composed of the
lowest concentrations of both CS and TPP), where smaller
nanoparticles can be observed (Fig. 1a). The TEM of formula
C10 (composed of the lowest concentrations of both CS and
Na ALG) showed larger and more rounded particles (Fig. 1b).

In Vitro Release Studies

The in vitro release data revealed the slow release of LF from
nanosuspension formulations for more than 8 h. The highest
release percentage was obtained from formula C1 which
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released more than 93.63 % after a period of 8 h while LF
powder released 90 % after 30 min. It was also noted that the
nanosuspensions exhibited a biphasic release pattern where
18–57 % of LF were released during the first hour, then the
release was extended to 8 h. This could be attributed to the fast
release of drug molecule more adjacent to the surface of

nanoparticles followed by a slow release due to drug diffusion
from inside the polymeric matrix. This biphasic release behav-
ior was observed by other researchers working on chitosan
nanosuspensions as reported in the literature [43–46]. It was
also observed that formulations containing TPP as the
crosslinker showed higher release percentages compared to

Fig. 1 Transmission electron
micrographs of lomefloxacin-
chitosan nanoparticles using
tripolyphosphate (a) and sodium
alginate (b) as crosslinker

Table 3 ANOVA statistics obtained by the model for LF nanosuspension properties (% EE, average PS, Average PDI, and average ZP)

Property Source of variation Sum of squares Degrees of freedom RMSE Mean sum of squares Computed F ratio

% EE Model 605.814 13 6.83 46.6011 1.64837

Error 56.5422 2 5.32 28.2711

Total 677.17 15

Covariance term Sum of errors

14.814 −6.19551
Train set R-squared 91.65 %

Test set R-squared 88.56 %

Average PS (nm) Model 211627 13 127.59 16279 2.57033

Error 12,666.9 2 79.58 6333.44

Total 243,932 15

Covariance term Sum of errors

19,637.6 −108.162
Train set R-squared 94.81 %

Test set R-squared 79.70 %

Average PDI Model 0.275403 13 0.15 0.0211848 5.71236

Error 0.00741719 2 0.06 0.00370859

Total 0.2877 15

Covariance term Sum of errors

0.00488024 0.0771123

Train set R-squared 97.42 %

Test set R-squared 98.18 %

Average ZP (mV) Model 1262.21 13 9.85 97.0934 32.6498

Error 5.94757 2 1.72 2.97378

Total 1249.99 15

Covariance term Sum of errors

−18.1719 1.16756

Train set R-squared 99.52 %

Test set R-squared 98.68 %
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those containing Na ALG. This could be due to the smaller
particle size exhibited by formulations containing TPP com-
pared to those containing Na ALG and the shorter path length
during drug diffusion. The in vitro release data were analyzed
according to zero-order, first-order, and Higuchi release kinet-
ics. The highest regression R2 values (>0.999) were shown for
LF released from the nanosuspensions according to the
Higuchi diffusion model, while LF released from LF powder
followed first-order kinetics. these results are supported by
other reports that confirm drug release from CS nanoparticles
with the diffusion-controlled mechanism [47].

In Vitro Transcorneal Permeation

Permeation parameters (Lag time, Q24, and Kp) calculated for
each nanosuspension formulation compared to LF solution are
shown in Table 2. It was observed that CS increased the per-
meation of LF from all nanosuspension formulations com-
pared to LF solution. This increase can be explained in the

light of CS interesting biological properties. It was reported
that CS as a penetration enhancer can help in the opening of
the very small junctions present between ocular epithelial cells
[48]. Another suggested mechanism for better corneal perme-
ation of CS nanoparticles is the presence of intracellular path-
ways through which CS nanoparticles can effectively deliver
the required dose [49]. The obtained results revealed that per-
meation parameters decreased with increasing concentration
of polymers, which could be explained by increase in particle
size and decreases in the surface area available for permeation.
It was noticed that nanosuspensions containing TPP have bet-
ter permeation parameters compared to those containing Na
ALG, this might also be due to the smaller particle size pro-
duced in case of nanoparticles containing TPP compared to
those containing Na ALG. Consequently, TPP containing
nanoparticles can offer a greater surface area for LF perme-
ation through cornea. It was also observed that the increased
amount of LF resulted in a decrease in the permeation param-
eters. This result may support the active transport mechanism

Table 4 ANOVA statistics obtained by the model for nanosuspension properties (% LF released in 8 h, lag time, cumulative LF permeated in 24 h
(Q24) and permeation coefficient Kp)

Property Source of variation Sum of squares Degrees of freedom RMSE Mean sum of squares Computed F ratio

% LF released in 8 h Model 1103.67 13 9.20 84.8976 13.0015

Error 13.0596 2 2.60 6.52981

Total 1150.51 15

Covariance term Sum of errors

33.7836 −1.03077
Train set R-squared 98.86 %

Test set R-squared 97.80 %

Q24 h Model 142080 13 104.5 10929.2 2.61083

Error 8372.23 2 64.70 4186.11

Total 164,840 15

Covariance term Sum of errors

14,387.3 −31.0813
Train set R-squared 94.92 %

Test set R-squared 87.07 %

Lag time (min) Model 484.26 13 6.10 37.2508 3.46445

Error 21.5046 2 3.28 10.7523

Total 533.55 15

Covariance term Sum of errors

27.785 1.70422

Train set R-squared 95.97 %

Test set R-squared 98.06 %

Permeation coefficient (Kp) Model 0.265944 13 0.14 0.0204572 5.31525

Error 0.00769756 2 0.06 0.00384878

Total 0.272175 15

Covariance term Sum of errors

−0.00146645 −0.12436
Train set R-squared 97.17 %

Test set R-squared 94.76 %
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by which the free drug is absorbed or the efflux behavior as
previously reported in the literature [2]. Significant differences
in lag time, Q24 hours, and Kp between nanosuspensions and
free drug solutions were demonstrated (P<0.001).

Nanosuspension Modeling and Optimization

Modeling of nanosuspension formulation showed a high pre-
dictive quality model as demonstrated by high training and
testing R2 values (>90 %) as shown in Tables 3 and 4. The
calculated RMSE values were also small and comparable be-
tweenmodel training and testing (6.83 and 5.32 for %EE, 9.20
and 2.60 for %Released, and 6.10 and 3.28 for lag time) which
indicate model trust ability (Tables 3 and 4). Model validation
resulted in highR2 values (82–96%) indicatingmodel validity
for prediction and optimization. The model optimized formu-
lation for LF nanosuspension was composed of 11 % LF,
0.1 % chitosan, and 0.5 % Na ALG as the crosslinker
(Table 5). The desirability of the obtained model approached
0.99 which represents high closeness of the obtained model
predictions from the desired values entered during optimiza-
tion. The experimental evaluation of the optimized formula-
tion indicated similar properties where, the actual %EE was
66.50 % and particle size was found to be 149 nm relative to
the model-predicted value of 70.60 and 176 nm, respectively.
Also, other insignificant differences between the actual and
model-predicted properties including ZP, PDI, %Rel-8 h,
Q24, Lag time, and Kp were also demonstrated (Table 5).

Response Surface Plots

The relationship between nanosuspension formulation vari-
ables and output properties were summarized by the response
surface plots obtained from the modeling step (Figs. 2, 3, 4,
and 5). The entrapment efficiency was increased by increasing
the concentration of Na ALG crosslinker above the value of
0.35% w/v (Fig. 2a). The increase in concentration of both CS
and LF were found to increase the %EE (Fig. 2b), which was
expected due to greater tendency for entrapment. The average
nanoparticle size was found to increase by increasing the con-
centration of Na ALG above 0.35 % w/v (Fig. 2c). This find-
ing may suggest that the 0.35% concentration of Na ALG can
be considered as a lower and upper threshold values for opti-
mum entrapment efficiency and nanoparticles size, respective-
ly. In the same way, the average PS was increased by increas-
ing the drug concentration and chitosan concentration above
0.2 % w/v (Fig. 2d). The effect of the crosslinker type on the
ZP indicated that massive decrease in ZP was obtained with
NaALG compared to that of TPP as indicated by the high blue
tip of the response surface referring to high ZP and the flat
base of the 3D plot at crosslinker type 2 (Na ALG), referring
to the lowest ZP (Fig. 3a). This observation could be attributed
to the stronger steric stabilization and neutralization effects of T
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the alginate molecules on the surface of nanoparticles. The
increase in concentration of the drug and chitosan were found
to increase ZP, which is expected by such charged molecules
(Fig. 3b). The polydispersity index increased with increase in
crosslinker type and concentration and the effect of alginate
was higher than that of TPP (Fig. 3c). The effect of chitosan
concentration on increasing the PDI was found to be higher
than that of drug concentration (Fig. 3d). The high variability
in PDI is almost due to the fact that the nanosuspension is a
multi-component system containing different polymers and

drug particles. In Fig. 4a, the increased concentration of Na
ALG led to a strong decrease in percentage LF released in 8 h
while high release percentage was obtained with TPP
(Fig. 4a). Also, increasing the chitosan concentration was
found to produce a larger decrease in the percentage of LF
released (Fig. 4b). The cumulative amount of LF permeated
through corneal tissues in 24 h (Q24) reached the maximum at
low concentrations of the crosslinker TPP and the minimum
values were obtained at high concentrations of alginate
(Fig. 4c) due to larger size of the alginate molecule. The lag

Fig. 2 Response surface plots
showing effects of
nanosuspension formulation
independent variables on %
entrapment efficiency (a, b) and
nanoparticle size (c, d)

Fig. 3 Response surface plots
showing effects of
nanosuspension formulation
independent variables on zeta
potential (a, b) and polydispersity
index (c, d)
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time prior to drug permeation was found to increase by in-
creasing the concentration of the alginate crosslinker while the
minimum lag time was observed at low concentrations of TPP
(Fig. 5a). The highest permeation coefficient (Kp) of LF was
achieved at the lowest concentration of the TPP crosslinker
while the alginate polymer showed low Kp values (Fig. 5c).
Increasing concentration of both LF and CS showed decreased
permeation coefficient values which might be due to increased

particle size and viscosity of the medium during crosslinking
at such higher concentrations (Fig. 5d). The above results
indicated that the minimum values of Q24, Kp, and lag time
could be achieved at low concentration of chitosan using low
to medium concentration of TPP crosslinker rather than Na
ALG. While the optimum values of all attributes could be
reached, if NA ALG was used as the crosslinker and low
concentrations of both the drug and chitosan as shown by

Fig. 4 Response surface plots
showing effects of
nanosuspension formulation
independent variables on
percentage drug released in 8 h (a,
b) and in vitro cumulative drug
permeated through corneal tissues
in 24 h (c, d)

Fig. 5 Response surface plots
showing effects of
nanosuspension formulation
independent variables on lag time
prior to drug permeation (a, b)
and permeation coefficient, Kp (c,
d)
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the optimization results in Table 5. The modeling using ANNs
has shed the light on certain threshold values such as the
threshold concentrations of Na ALG 0.35 % w/v and chitosan
0.2 % w/v which demonstrated variable nanoparticle size, re-
lease, and permeability properties below and above this limit.
Also, the large differences in ZP, %LF released, and perme-
ability coefficient due to different crosslinker type and con-
centration were better explained and understood visually by
the shape of the response surface plots illustrating the impor-
tance of ANNs in the modeling and optimization of the
nanosuspension (Figs. 3–5).

Corneal Hydration and Irritation Studies

The safety of ocular formulations on the corneal tissues was
measured by evaluation of the corneal hydration and irritation.
The normal hydration of cornea falls in the range of 76–80%of
its dry weight and higher hydration levels (83–92 %) indicate
damage of corneal tissues [50]. In this study, corneal hydration
remained in the normal range of 76–79.90 %. Thus, the pro-
duced formulation could be considered safe and non-damaging
to the epithelium. The results of irritation studies indicated that
lomefloxacin HCl nanosuspensions and drug-free CS
nanosuspensions had no signs of redness, swelling, or in-
creased production of tear fluid during treatment period. Trans-
verse sections (T.S.) of rabbit’s conjunctiva showed normal
epithelium with intact goblet cells, no inflammatory reactions
were observed (Fig. 6a–c). Histopathological examination of
rabbit’s corneas showed that no abnormal changes in corneas

were observed after installation of the nanosuspensions
(Fig. 6d–f). The corneal tissues had normal thickness and the
blood vessels of ciliary body were of normal appearance. The
above results indicated that the materials used in formulation of
LF nanosuspensions were biocompatible with ocular tissues
and hence can be safely used in ocular delivery.

Microbiological Activity

The results of the antibacterial activity of the optimized
nanosuspension formulation were shown in Fig. 7. The mea-
sured MIC for LF solution was 11.7 μg/mL in case of
B. subtilis and 0.7 μg/mL in case of E. coli, indicating that

Fig. 6 Transverse sections in conjunctiva (a control, b LF solution group, and c LF nanosuspension group) and cornea of rabbit eye (d control, e LF
solution group, and f LF nanosuspension group)

Fig. 7 Microbiological activity of LF-loaded CS nanoparticles and free
LF solution against Gram +ve (Bacillus subtilis) and Gram –ve (E. coli)
bacteria
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the drug is more effective against Gram-negative bacteria.
However, the MIC of the optimized nanosuspension was
5.9μg/mL in case ofBacillus and 0.2μg/mL in case ofE. coli.
This large difference (about twofold decrease in MIC with
Bacillus subtilis and threefold with E. coli) indicated the su-
perior properties of the nanosuspension formulation. Also, the
measured MBC of LF solution was 31.25 μg/mL in case of
B. subtilis and 1.95 μg/mL in case of E. coli, However, the
nanosuspension showed lower MBC of 15.6 and 0.97 μg/mL
against B. subtilis and E. coli, respectively, confirming the
above results of MIC. The higher antibacterial effect of LF
nanosuspension compared to drug solution could be attributed
to two reasons: firstly, the antimicrobial activity of chitosan by
itself might have augmented the effects of LF [51]. Secondly,
the increased permeability of the nanoparticles to the bacterial
cell membrane enhanced by chitosan could have increased the
antimicrobial activity of the whole formula. Although the an-
timicrobial effects of chitosan are not fully explained in the
literature, some researchers suggested that the possible inter-
action between the positively charged chitosan molecules and
the negatively charged bacterial cell wall can lead to its rup-
ture [52]. Another suggestion relates chitosan antibacterial
properties to its ability to chelate metal ions and this action
can lead to intoxication of bacterial cells [53]. This later prop-
erty is also exhibited by lomefloxacin where it forms chelates
with heavy metals such as copper and magnesium leading to
enhanced photostability and antimicrobial activity, respective-
ly [54, 55]. In the nanosuspension formulation reported here,
chitosan and lomefloxacin might have undergone chelation or
complexation with each other through electrostatic interaction
leading to improved activity as previously reported for chito-
san and ofloxacin [56]. The prolonged duration and high per-
meability of nanoparticles resulted in higher antibacterial ac-
tivity of the optimized nanosuspension compared to the drug
solution.

Conclusion

The possibility of augmented antimicrobial activity of
lomefloxacin HCl with chitosan was achieved not only
through crosslinking and added antibacterial effects of chito-
san but also through optimized nanosized particles.
Lomefloxacin HCl nanosuspension with good entrapment ef-
ficiency, small particle size, and zeta potential was obtained
through modeling and optimization of the formulation param-
eters. The optimized nanosuspension can prolong drug re-
lease, increase drug permeation, increase adherence to eye
tissues, and hence maximize the ocular antimicrobial effects
of the drug. Chitosan played the major role in the enhance-
ment of both antimicrobial and transcorneal permeation of LF.
The enhanced antibacterial action of LF nanosuspension

revealed that such delivery system can be a good choice for
highly effective treatment against ocular bacterial infections.
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