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Abstract: The objective of this study was to prepare ciprofloxacin (CIP)
encapsulated poly-g-caprolactone (PCL) microcapsules by the single emulsion oil-
in-water (o/w) solvent evaporation method. The obtained microcapsules were
characterized for size, morphology, drug loading and entrapment efficiency. The
physical state of microcapsules was determined by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TG). Storage stability, the in
vitro drug release and mathematical modeling of drug release were also tested. It
was found that obtained microcapsules had spherical shape and their size range
was from 57.5 ym to 234.7 ym. The drug loading of microcapsules was from 1.72%
to 11.02%. The optimal conditions of the encapsulation process include the
drug/polymer ratio 2/1, using homogenizer for 5 min at 15000 rpm to disperse CIP
in PCL solution and aqueous phase at pH 5.5. The results of CIP release study
indicate that obtained microcapsules might be successfully used for designing
sustained release dosage forms.

Introduction

Microencapsulation is a process of enclosing micron sized particles in a polymeric
shell, which is widely used in pharmaceutical industry. Microcapsules are solid
spherical particles of 1-1000 um diameters and consist of two parts, core material
and coat [1, 2]. Different types of natural products or synthetic compounds are used
for the preparation of microcapsules. The selection of appropriate coating materials
decides on the physical and chemical properties of the obtained microcapsules.
Polymers used in the microencapsulation should be capable of forming a film which
is cohesive with the core material, chemically compatible and non-reactive with the
microencapsulated drug. Polymers should also provide the desired coating properties
such as strength, flexibility and stability [3, 4].

Choice of the process of microencapsulation depends on many factors, including the
properties of the drug, polymer and end use of the product. One of the main
microencapsulation processes is emulsion solvent evaporation technique, which can
be divided into two methods, single (oil-in-water — o/w) and double emulsion (water-
in-oil-in-water — w/o/w) [3-5].

In the solvent evaporation process the biodegradable polymers: polylactic acid (PLA),
poly(lactic-co-glycolic acid) (PLGA) and poly-¢-caprolactone (PCL) are mainly used.
PCL is suitable for pharmaceuticals due to its high permeability to many small drug
molecules, in-vitro stability and non-toxicity. The advantages of PCL include also



slow degradation, which enables its application in prolonged drug delivery dosage
forms [6-9]. So far many drugs, such as antihypertensive drugs, antibiotics, peptides
and even live cells have been encapsulated in PCL for targeted drug delivery or for
controlled drug release [7, 10]. As PCL is biodegradable and biocompatible, it might
be widely used in tissue engineering, drug delivery in odontology or dentistry and in
the production of implants and micro- or nanocapsules for ocular drug delivery [11—
15].

Ciprofloxacin (CIP) is a synthetic, antibacterial agent of the fluoroquinolone class
which inhibits bacterial DNA gyrase. It has broad spectrum against both G(-) and
G(+) pathogens, including Pseudomonas aeruginosa, Staphylococcus and
Escherichia coli. CIP is often used in the treatment of a wide variety of infections [16,
17], but it is currently available in only non-modified release tablets, parenteral
infusions, suspensions, ophthalmic solutions and ointments [18]. Microencapsulation
of CIP in biodegradable polymers might be a promising strategy to improve its oral
bioavailability and to reduce drug toxicity and side effects [19]. Therefore, the
objective of this study was to prepare CIP loaded PCL microcapsules by the single
emulsion oil-in-water (o/w) solvent evaporation technique. The effect of the different
parameters, like: drug/polymer ratio, method of dispersion of the drug in polymer
solution (mechanical stirrer or homogenizer) and pH of aqueous phase (5.5 or 12.0)
on microcapsules formation was evaluated. The obtained microcapsules were
characterized for size, morphology, drug loading and entrapment efficiency. The
physical state of microcapsules was determined by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TG). Storage stability for one month, the in
vitro drug release and mathematical modeling of drug release were also tested.

Results and discussion

The solvent evaporation technique is a common method used to obtain
microcapsules and might be used to encapsulation both hydrophilic and hydrophobic
drugs. However, there are various process parameters that could affect the drug
entrapment in microcapsules and their properties [5]. The main disadvantage of this
method includes penetration of water-soluble substances to the aqueous phase, the
consequence is the cause of low drug loading in microcapsules. As CIP
hydrochloride is soluble in aqueous solvents at low pH values, and only slightly
soluble at alkaline pH [20, 21], therefore to reduce the diffusion of CIP into the
aqueous phase, pH of the PVA solution was increased from the 5.5 (initial pH of the
solution) to 12.0.

The obtained microcapsules were observed using an optical microscope and SEM.
All formulations of microcapsules had spherical shape, smooth surface and did not
aggregate (Fig. 1, 2).

The mean diameter of obtained microcapsules was below 200 ym (Table 1), and
their size range was from 57.5 ym to 234.7 ym. When pH of the aqueous phase was
changed from 5.5 to 12.0, the particle size of the final microcapsules did not change
significantly. Interestingly, it was found that the increase of pH to 12.0, did not result
in higher percent loading of CIP, which might be caused by relatively long time (up to
3 h) evaporation of the DCM and in the consequence the diffusion of CIP into
aqueous phase.

Another important process parameter is drug/polymer ratio and the method of
dispersion of CIP in PCL solution. The drug/polymer ratio is a key factor influencing
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the characteristics of microcapsules. The minimum drug loading was in formulation
D2, when drug/polymer ratio was 1/8 and maximum drug loading — in formulation G5,
when drug/polymer ratio was 2/1. Further increase in drug/polymer ratio did not result
in higher drug loading. The encapsulation efficiency ranges from 1.87% to even
43.24% (Table 1). The increase in the drug/polymer ratio resulted in an improvement
of CIP percent loading, but entrapment efficiency was significantly decreased. These
observations could be explained by the insufficient amount of polymer to cover CIP
particles completely. The lower drug/polymer ratio might result in a more rapid
solidification of the polymer layer and in the consequence inhibit the diffusion of the
drug into the aqueous phase [22, 23].
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Fig. 1. Images of microcapsules formulation D5 (A), ES (B), F5 (C) and G5 (D) under
magnification 10 x.

Fig. 2. SEM images of microcapsules formulation G5 under magnification 250 x (A)
and 500 x (B).



The production of microcapsules can also be affected by intensity of agitation during
dispersion of the drug in the polymer solution. It was noted, that the mean diameter
of microcapsules decreased as the agitation intensity increased. Microcapsules of
formulation G1, where magnetic stirrer was used to disperse CIP in PCL solution
have mean diameter 195.2 uym, but formulation G5, when homogenizer at 15 000
rom was used — 157.7 um. Accurate dispersion of CIP in polymer solution results in
the formation of smaller microcapsules and in the increase of percentage loading
(from 1.72% in formulation F2 to 11.02% in formulation G5).

Tab. 1. Characteristics of CIP loaded PCL microcapsules.

The way pH of  Production Encapsulation Percent Mean

Formulation of aqueous yield efficiency loading diameter
dispersion phase (%) (%) (%) (um)
of drug in

polymer
solution
Drug/polymer ratio 1/8
D1 MS 5.5 76.42 19.10 212 142.3
D2 MS 12.0 53.42 15.50 1.72 145.3
D3 H8 5.5 77.37 34.05 3.78 138.9
D4 H8 12.0 52.45 30.10 3.34 140.1
D5 H15 5.5 66.33 43.24 4.80 121.8
D6 H15 12.0 52.97 30.10 3.34 119.3
Drug/polymer ratio 1/4
E1 MS 5.5 60.00 26.45 5.29 153.1
E2 MS 12.0 52.68 19.50 3.90 149.3
E3 H8 5.5 60.10 30.00 5.77 158.9
E4 H8 12.0 37.70 9.25 1.85 158.4
E5 H15 5.5 61.80 28.85 6.00 139.3
E6 H15 12.0 51.01 13.85 2.77 150.3
Drug/polymer ratio 1/1
F1 MS 5.5 45.55 10.00 5.45 161.2
F2 MS 12.0 31.46 4.76 2.38 154 .4
F3 H8 5.5 33.37 12.90 6.45 162.3
F4 H8 12.0 26.70 5.66 2.83 157.5
F5 H15 5.5 33.72 13.80 6.90 151.8
F6 H15 12.0 28.34 6.24 3.12 133.9
Drug/polymer ratio 2/1
G1 MS 5.5 30.42 7.5 5.50 195.2
G2 MS 12.0 23.67 1.87 2.35 181.7
G3 H8 5.5 20.74 11.02 7.35 183.6
G4 H8 12.0 15.42 4.96 3.31 173.8
G5 H15 5.5 26.05 26.53 11.02 157.7
G6 H15 12.0 19.67 3.78 2.52 151.5

MS—Magnetic stirrer 200 rpm 15 min.
H8—Homogenizer 8000 rpm 5 min.
H15—Homogenizer 15000 rpm 5 min.

Consequently, the optimal conditions of the process include the drug/polymer ratio
2/1, using homogenizer for 5 min at 15000 rpm to disperse CIP in PCL solution and
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aqueous phase at pH 5.5 (formulation G5). Formulation G5 with the highest drug
loading was chosen for further investigations. The results of the sieve analysis of
formulation G5 are shown in Figure 3 and the sieve fraction of 100-200 ym (G5 B)
was found to be the major one.

BPercentloading (%) HBEncapsulation efficiency (%) OMass (%)

A B Cc

Fractions of formulation G5

Fig. 3. Characteristics of different fraction of G5 formulation: A (microcapsules above
200 um), B (between 100 and 200 um) and C (below 100 um).

A stability study of formulation G5 has shown that no significant changes in percent
of drug loading and encapsulation efficiency were observed (Table 2).

Tab. 2. Storage stability study of CIP loaded PCL microcapsules directly after
formulation (To 25°C) and after one month storage (T3025 + 1°C and T3¢ 37 £ 1°C).

Fraction of Percent loading Encapsulation
formulation G5 (%) efficiency
(%)

To (25 £ 1°C)

A 13.76 20.63

B 8.87 13.30

C 4.60 6.30
T30 (25 £ 1°C)

A 13.11 19.66

B 8.54 12.8

C 4.30 6.45
T30 (37 £1°C)

A 12.66 19.00

B 8.32 12.47

C 4.23 6.35

The physical state of CIP, PCL and microcapsules of formulation G5 was determined
by differential scanning calorimetry and thermogravimetric studies. DSC
thermograms of analyzed samples are shown in Figure 4. The PCL broad
endodermic peak is at 62.56°C, which corresponds to the melting point of semi-
crystalline PCL. CIP exhibited a sharp endothermic peak at 163.45°C, corresponding



to the melting point of pure CIP. However, in the thermogram of CIP loaded PCL
microcapsules, DSC did not detect the melting peak for CIP and this fact might
suggest that the drug was dispersed in the microcapsules in an amorphous form [24].
TG curve of CIP loaded PCL microcapsules is shown in Figure 5. A one step thermal
decomposition between 372.80° and 449.67°C represents 98.3% of the mass loss
and indicates that obtained microcapsules exhibit thermal stability and that PCL as a
shell material provides a good protection for CIP [25].
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Fig. 4. DSC thermograms of CIP, PCL and CIP loaded PCL microcapsules.
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Fig. 5. TG curve of CIP loaded PCL microcapsules.



Figure 6 shows the release profiles of CIP from formulation G5 in 0.1 M HCI at pH
1.2 and phosphate buffer at pH 6.8. In acidic environment CIP release was
significantly lower. After 4 h of the study in pH 6.8, the burst release of CIP was
observed and CIP was continuously released over 72 hours.
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Fig. 6. Release profiles of CIP from formulation G5 in phosphate buffer pH 6.8 and in
0.1 M HCl at pH 1.2.

In vitro release of CIP from various fractions of formulation G5 in phosphate buffer
pH 6.8 is shown in Figure 7.
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Fig. 7. Release profiles of CIP from different fractions of formulation G5: A
(microcapsules above 200 ym), B (between 100 and 200 um) and C (below 100 um)
in phosphate buffer pH 6.8.

After 24 h of the study the percentage of drug released from the fractions A, B and C
were found to be 43.19%, 36.53%, 31.54% and after 72 h — 53.10%, 39.31% and
34.85%, respectively. It was observed that particle size had significant effect on the
in vitro release behaviour of CIP from microcapsules — the drug release from larger
microcapsules was definitely higher probably due to their larger surface area.

CIP release from microcapsules is a result of diffusion of the drug rather than by
degradation, which is very slow in an agueous medium [26]. According to Korsmeyer-
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Peppas model, n is the release exponent and provides information about mechanism
of the drug release from polymeric of different geometry. When n takes a value of
0.43 for sphere shape, the drug diffuses through polymer following Fickian diffusion
mechanism. The obtained values of n for all examined formulations were found to be
less than 0.43 (the range from 0.039 to 0.067, Table 3).

Tab. 3. Release models of microcapsules formulation G5 and its different fractions.

Formulation Dissolution  Zero order First order Highuchi Korsmeyer-Peppas
medium kinetics kinetics model model

(pH) R* Ko R® K, R® Ky R® Kip n
G5 1.2 0.987 0.128 0.989 0.009 0.981 1.182 0.995 27.353 0.067
6.8 0.780 0.264 0.814 0.002 0.915 2.638 0.843 5.272 0.041
G5A 6.8 0.532 0.316 0.631 0.004 0.668 3.255 0.505 3.622 0.039
G5B 6.8 0.315 0.223 0.358 0.002 0.471 2516 0.356 4.864 0.044
G5C 6.8 0.361 0.197 0.389 0.002 0.517 2173 0.382 5483 0.042

This fact shows that CIP release is a combination of diffusion processes: through
matrix and through water-filled pores [27]. Analysis of data obtained from the in vitro
CIP release according to different kinetics and models is given in Table Ill. It was
found that in all formulations the first order plot in all formulations characterized the
higher values of correlation coefficient (R?) and higher linearity than plot of zero order
kinetics. It describes the drug release from the systems in which the release rate is
concentration dependent. In Highuchi model straight line obtained from the plot
indicates that the drug release is based on a diffusion process. The best linearity was
found in Highuchi plot and in Korsmeyer-Peppas model at pH 6.8. This result
indicates that CIP release from obtained PCL microcapsules is based on Fickian
diffusion [28-30]. The in vivo conditions, however, differ greatly between the in vitro in
terms of both pH and the presence of enzymes. PCL degradation after oral
administration is a bulk and autocatalyzed process, which can be divided into two
stages. The first step includes nonenzymatic hydrolytic cleavage of ester linkages
and it is autocatalyzed by the carboxylic acid end groups of the polymer. In the
second phase, molecular weight of the polymer is decreased and this process
depends mainly on the particle size [6]. Enzymes, i.e. esterases (produced by the
liver) and lipases accelerate hydrolysis of the ester linkages. This process is the main
way of polycaprolactone degradation in vivo and leads to the increase of the drug
release from microcapsules. To summarize, the obtained results suggest that PCL is
a suitable polymer for developing microcapsules for prolonged delivery of CIP. In
view of the biodegradable nature of PCL, these microcapsules might be used as
carriers for oral drug delivery of CIP, but further study is needed.

Experimental part

Materials

Ciprofloxacin hydrochloride was a gift from Polfa (Warszawa, Poland). Poly-¢-
caprolactone (PCL) (MW 45 000), polyvinyl alcohol (Mowiol 40-88, MW 205 000) and
polysorbate 80 was purchased from Sigma Aldrich (Steinheim, Germany). Potassium
dihydrogen phosphate, sodium hydroxide, hydrochloric acid were obtained from
Chempur (Piekary Slaskie, Poland). Dichloromethane was purchased from Witko



(L6dz, Poland). Water was distilled and passed through a reverse osmosis system
Milli-Q Reagent Water System (Billerica, USA).

Preparation of microcapsules

PCL (0.8 g) was dissolved in 10 ml of dichloromethane (DCM) and then different
amounts (0.1-1.6 g) of CIP were added and dispersed by magnetic stirrer (IKA RH
basic 2, Breisgau, Germany) or homogenizer (Heidolph Silent Crusher M,
Schwabach, Germany). This dispersion was poured into 250 ml of purified water
containing 0.25% (w/v) polyvinyl alcohol (PVA) at pH 5.5 or 12.0. An o/w emulsion
was prepared and DCM was removed with a mechanic stirrer (IKA RW20 Digital,
Breisgau, Germany) at 500 rpom at room temperature for 3 h. After decantation, the
microcapsules were collected by filtration through 0.45 ym filters, washed three times
with purified water and air-dried for 24 h at room temperature [31].

Characterization of CIP encapsulated microcapsules
Morphology and particle size distribution

Measurements of the particle size, mean diameter and shape of microcapsules were
performed using an optical microscope (Motic BA400, Wetzlar, Germany). The
particle size for each formulation was calculated as the average value of the size of
50 dried microcapsules. The morphology of the microcapsules was additionally
examinated by a scanning electron microscope (SEM) (Hitachi S4200, Tokyo,
Japan).

Production yield

The percentage yield of CIP in the PCL microcapsules was determined by using the
formula [32]:

Y =W, /W, x 100 (1)

where Y — percentage production yield, W,, — weight of microcapsules and W; —
theoretical weight of drug and polymer.

Determination of CIP loading and encapsulation efficiency

The drug loading in the microcapsules was determined by dissolving an accurately
weighted amount of microcapsules (20 mg) in DCM and then diluting the solution
with 0.1 M HCI (20 ml). DCM was removed by agitating the solution by magnetic
stirrer for 24 h at 150 rpm. Polymer was removed by using 0.45 um filter. After
filtration the absorbance of CIP at 277 nm was measured using a UV-VIS
spectrophotometer (Hitachi U-1800, Tokyo, Japan). The measured absorbance was
then converted to the amount of CIP by preparing standard calibration curve, which
the correlation coefficient R was 0.999. Each sample was analyzed in triplicate. The
results are expressed as the amount of CIP in 100 mg of microcapsules.

The percentage of drug loading in microcapsules was calculated by using the
following equation [33, 34]:

L=Qy,/W,x 100 (2)



where L — percentage of drug loading, Qm — drug loaded in the microcapsules and
W, — weight of the microcapsules. The percentage of encapsulation efficiency was
determined by using the following formula:

EE=Q,/Q;x 100 (3)

where EE — percentage of encapsulation efficiency, Q, — actual drug content, Q; —
theoretical drug content.

Sieve analysis

Microcapsules of formulation G5 with the highest drug loading were separated by
sieve analysis using standard sieves (& 100 and 200 um) and then weight percent
retained on different sieves, size range of microcapsules, drug loading and
encapsulation efficiency were calculated.

Storage stability

The stability of encapsulated CIP in PCL microcapsules during one month storage at
25 + 1°C and at 37 + 1°C was evaluated. After this time morphology, particle size,
drug loading and encapsulation efficiency was determined.

Thermal analysis

Differential scanning calorimetric (DSC) analysis of CIP, PCL and formulation G5 of
microcapsules was performed using a DSC Q2000 (TA Instruments, New Castle,
Delaware, USA). Each sample was weighted (5 mg) and heated in sealed aluminium
pans from 25 °C to 300 °C at scanning rate of 10°C/min under nitrogen flow of 20
ml/min.

Thermogravimetric studies (TG) of CIP loaded PCL microcapsules was performed
using a TGA Q50 (TA Instruments, New Castle, Delaware, USA). The sample was
placed in an aluminium pan and heated from 25°C to 800°C under a nitrogen flow of
20 ml/min.

In vitro drug release

CIP release profiles from formulation G5 and different fractions of this formulation
were obtained according to the modified USP method using dissolution paddle
apparatus (Erweka, Munich, Germany) [35]. Microcapsules were suspended in 500
ml of the release medium and then stirred at 75 rpm at 37 + 1°C for 72 h. Samples (5
ml) were withdrawn and filtered through 0.2 um CA Millipore filters (Billerica, USA) at
predetermined time intervals and replaced with fresh dissolution medium. Samples
were analyzed spectrophotometrically and concentration value was determined from
standard calibration curve, which the correlation coefficient (R?) was 0.999. The
studies were carried out in triplicate. CIP release was conducted from formulation G5
in 0.1 M HCI at pH 1.2 (to imitate the stomach pH) or in the phosphate buffer at pH
6.8 (as an intestinal pH) containing 1% w/v polysorbate 80 to maintain the sink
condition.

Mathematical modeling of drug release profile

The amount of released CIP from the microcapsules were fitted to zero order
kinetics, first order kinetics, Higuchi model and Korsmeyer — Peppas model to
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characterized mechanism of the drug release. Zero order kinetic describes the
system, in which the drug release rate is independent of its concentration:

t= Qo+ Kot (4)

where Q; — amount of drug dissolved in time t, Q, — initial amount of drug in the
solution, and K, — the zero order release constant.

First order kinetic describes the drug release from the systems in which the release
rate is concentration dependent:

log Q: = log Qo + kt/ 2.303 (5)

where Q; — the amount of drug released in time t, Q, — the initial amount of drug in
the solution and kt — the first order release constant.

Higuchi model describes the mechanism of the drug release from modified
pharmaceutical form:

Q = kyt™? (6)

where Q — cumulative amounts of drug release at time t and ky — the Higuchi
dissolution constant reflection formulation characteristics.

Korsmeyer-Peppas model describes the drug release from the polymeric system
which release deviates from Fickian diffusion, as expressed by the following
equation:

M; / M= kt" (7)

where M; and M. — amounts of drug release at time t and infinite time, k is the
constant incorporating structural and geometrical characteristics and n — diffusional
release exponent used to interpretation of diffusional release mechanism [28-30].

Statistical analysis

Quantity variables were expressed as the mean and standard deviation. Statistical
analysis was performed using nonparametric Kruskal-Wallis test and conducted by
using STATISTICA 10 software. Differences between groups were considered to be
significantly at p < 0.05.
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