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HIGHLIGHTS

e CIP and CIP-HCI have been micronized
by SAS at 40-60 °C and 100-150 bar.

e The crystal structure of SAS samples
changed compared to the starting
material.

e CIP and CIP-HCl SAS samples show an
acicular morphology (1-4 pm long).

e Addition of excipients (lactose or PVP)
led to flakes, sheets or globular
particles.

e The antibacterial activity of the SAS
samples was confirmed.
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ABSTRACT

Ciprofloxacin is a broad-spectrum antibiotic that is proposed for pulmonary administration. In this work
micronization of ciprofloxacin was performed by the Supercritical Antisolvent Technique (SAS) using cipro-
floxacin base (CIP) in ethanol/acetic acid and ciprofloxacin hydrochloride salt (CIP-HCl) in methanol at 40-60 °C
and 100-150 bar. Yields ranged from 40 % to 90 %. CIP precipitated incorporating acetate whilst CIP-HCl
precipitated as the AH1 anhydrous form. CIP and CIP-HCI particles exhibited an acicular morphology (0.2-0.9
pm wide x 1-4 pm long). Micronization adding lactose, PVP K-10 and K-30 modified the precipitate morphology.
CIP-HCl:lactose and CIP-HCL:PVP K-30 at a 4:1 drug:excipient mass ratio precipitated like flakes. CIP-HCL:PVP K-
10 precipitated as submicron globular particles suitable for oral formulation. Increasing the PVP content, the
morphology changed to sheets and flakes, which could be used for pulmonary administration. The antibacterial
activity of the samples for Staphylococcus epidermidis was confirmed.
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F. Zahran et al.
1. Introduction

Ciprofloxacin is a broad-spectrum antibiotic that belongs to the flu-
oroquinolone family, with activity against many gram-positive and
some gram-negative bacteria. The bactericidal action of ciprofloxacin is
due to the inhibition of some enzymes necessary for the replication,
transcription, repair, and recombination of bacterial DNA [1]. Cipro-
floxacin is prescribed for the treatment of infections in the respiratory,
urinary, genital and gastrointestinal tracts; also in intra-abdominal,
osteoarticular, skin and soft tissue infections, conjunctivitis, and otitis,
among others [2]. Within respiratory tract infections, ciprofloxacin is
indicated in bronchopulmonary infections in cystic fibrosis or bronchi-
ectasis, pneumonia, and in exacerbations of chronic obstructive pul-
monary disease [3,4]. It is marketed as a single drug in the form of
tablets, ear drops, eye drops, ophthalmic ointment, oral suspension and
solution for infusion [2]. It is also used as ear drops associated with
corticosteroids, such as hydrocortisone and fluocinolone acetonide [5].

The bioavailability of ciprofloxacin from oral delivery is 69 % as it
distributes into other tissues [6]. Severe symptoms associated with
ciprofloxacin toxicity due to overdose have been reported [7]; this
constitutes a good reason to develop ways to reduce the dose of the drug
to be administered. Micronization of the drug leads to a reduction in the
particle drug size, which modifies the pharmacokinetic and pharmaco-
dynamic properties of the drug, improves its bioavailability and solu-
bility and consequently reduces the drug’s adverse effects [8].

The pharmacokinetic properties of ciprofloxacin and its antibacterial
effect make it a drug of choice for treating pathologies using the inha-
lation route [9]. This route enhances the microbial effect, allows for
reduction of the dose, reduces sputum volume and purulence, and re-
duces systemic exposure due to their local action, avoiding systemic side
effects [3,8,10]. Furthermore, it provides a very fast absorption rate, due
to the low amount of metabolic enzymes present in the lungs and the
avoidance of hepatic first-pass metabolism [11,12]. The dose of the drug
deposited in the lungs and its distribution determines the therapeutic
effect and this distribution depends on the drug particle size, the inha-
lation device and its use. The recommended particle size for dry powder
inhalation is between 1 and 5 pm because this size allows a deeper
distribution in the airways, causing a better therapeutic response. Thus,
micronization of the drug needs to be performed.

Ciprofloxacin molecule contains two ionizable groups (Fig. 1), the
carboxylic and a secondary amine groups, which determine the behav-
iour of the drug depending on the pH. At acidic pH, ciprofloxacin ac-
quires a positive charge whilst at a higher pH the drug exists as a neutral-
charge zwitterion, which is practically insoluble in water.

There are at least two different forms of commercialized pure solid
ciprofloxacin drug: ciprofloxacin base (CIP) and ciprofloxacin hydro-
chloride hydrate (CIP-HCI). CIP is in the zwitterion form whilst CIP-HCl
appears in the cationic form. At the pH found in the lungs (pH ~ 7.4), the
different ciprofloxacin forms may exhibit different residence times. In
particular, the use of CIP will have a longer residence time in the lungs
compared to CIP-HCI [13,14].

Ciprofloxacine dry powder formulations have been previously pre-
pared by different techniques [15]. A formulation formed by CIP-HCl
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and colistin sulfate has been prepared by ball milling achieving particle
sizes lower than 5.6 pm [16]. Ciprofloxacin nanocrystal-containing li-
posomes prepared by freeze-thaw have been also spray dried with su-
crose, magnesium stearate and isolecitine leading to ca. 1 pm particles
[17]. Similarly, Ciprofloxacin has been micronized with dimyristoyl
phosphatidylglycerol and lactose by spray-freeze drying obtaining par-
ticles of 2.8 pm [18].

Furthermore, two ciprofloxacin inhalation formulations, a dry
powder and a liposomal formulation, are in different stages of clinical
development. PulmoSpher™ technology of Novartis Pharma AG uses the
dry powder at a dose of 32.5mg every 12 hours. The liposomal
formulation from Aradigm Corp., CA, has two forms, Lipoquin®, which
contains the liposomal ciprofloxacin, and Pulmaquin®, which combines
the liposomal and free formulation and contains 150 mg of ciprofloxacin
in 3 mL of the solution. Both formulations are administered once a day
[8,10,14].

PulmoSphere™ formulation uses a spray drying process to produce a
dried powder. It is composed of small crystalline particles of ciproflox-
acin 3.5 hydrate, which is the zwitterionic form of the drug crystallized
in water at neutral pH, coated with a porous layer of dis-
tearoylphosphatidylcholine (DSPC) and CaCl; in 2:1 mol ratio [14].

However, due to the widespread use of this antibiotic, the develop-
ment of ciprofloxacin alternative formulations is of great interest. Su-
percritical fluids have attracted a lot of interest in the micronization of
different drugs [19]. They have liquid-like densities with gas-like
transport properties. Furthermore, their properties can be adjusted
with small changes in pressure and temperature. CO> is the fluid most
commonly used for micronization because of its mild critical tempera-
ture and pressure, 31.0 °C and 7.38 MPa, making it suitable for pro-
cessing heat-sensitive compounds. It is cheap, non-flammable,
non-toxic, recyclable, inert and chemically stable and it is considered a
Generally Recognized as Safe (GRAS) solvent. Moreover, as it is a gas
under normal conditions, it can be eliminated by lowering the pressure,
leaving no residue in the product. Supercritical CO5 (scCO5) is also easily
recycled [20,21]. Depending on the solubility of the drug in the super-
critical fluid and organic solvents, different micronization techniques
can be applied [19,22,23].

When the drug is insoluble in scCO,, the Supercritical Antisolvent
Technique (SAS) can be used. In the SAS process, a solution of the drug
in an organic solvent is injected into a chamber containing CO at su-
percritical conditions. scCOy mixes with the organic solvent and induces
the precipitation of the drug [24]. This method has been extensively
used in the preparation of microparticles and nanoparticles of different
drugs with very good control of the particle size distribution [22]. The
elimination or reduction of the use of toxic organic solvents and the
morphological and crystallographic control of the precipitated particles
are the main advantages of this method. Oftentimes the drug is copre-
cipitated with different excipients, sometimes polymers, to improve the
properties of the micronized powders [24-26]. The formation of drug
cocrystals has been also extensively studied [27]. The use of supercrit-
ical fluids in the micronization of ciprofloxacin has not been previously
reported.

The solubility of CIP in supercritical CO3 is very low with a maximum
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Fig. 1. Structure of ciprofloxacin (a) and the excipients PVP (b) and lactose (c).
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mole fraction solubility value of 1.887 1077 at 60 °C and 360 bar [28].
Although not informed, the solubility of CIP-HCI (hydrochloride cipro-
floxacin salt) in scCO- is expected to be low. On the other hand, CIP is
highly insoluble in water at neutral pH (zwitterion form)
(0.067 mg/mL) and practically insoluble in ethanol (0.046 mg/mL)
[29]. However, it can be easily dissolved in dilute hydrochloric acid and
acetic acid solutions [2]. The solubility of this compound in ethanol can
be greatly improved up to almost 3 mg/mL by the addition of a small
amount of acetic acid. In contrast, CIP-HCIl is more soluble in water
(cationic form) (30 mg/mL) and exhibits some solubility in ethanol
(0.117 mg/mL)[30] and in methanol (> 4 mg/mL). Both ethanol and
methanol are fully miscible with CO, at moderate pressure and tem-
perature conditions [31]. Then both CIP and CIP-HCI are suitable can-
didates to be micronized by SAS.

Lactose monohydrate is approved by the FDA for inhalation therapy
of dry powders and is considered the excipient of choice for carrier-
based dry powder inhalation. It is used as a bulking agent to improve
powder fluidity, necessary for filling, device emptying and drug depo-
sition [32]. Polyvinylpyrrolidone (PVP) is an inert, non-toxic, temper-
ature-resistant, pH-stable, biocompatible, biodegradable, and
water-soluble polymeric excipient [33] that it is also approved in the
pharmaceutical, biomedical and food industries. PVP has been exten-
sively used in the preparation of micro and nanoparticles to decrease
particle aggregation and induce amorphization of the drug by different
micronization techniques including those based on the use of super-
critical COg [34-37]. PVP has also been used in an inhaled dosage form
of an anticancer drug demonstrating excellent aerosolization perfor-
mance and improved therapeutic potential [38].

In this paper, the micronization of CIP and CIP-HCI by the Super-
critical Anti-Solvent (SAS) technique is assessed. CIP was dissolved in a
mixture of ethanol with 2% v/v acetic acid, whilst CIP-HCl was
micronized from a methanol solution. To improve the properties of the
precipitates and control their particle morphology, micronization of
CIP-HCI with different excipients, PVP and lactose (whose structure is
shown in Fig. 1) was also performed.

The materials obtained were thoroughly characterized using stan-
dard material characterization techniques. Their antibacterial activity
was also evaluated against Staphylococcus epidermidis and compared to a
standard Ciprofloxacin base. Staphylococcus epidermidis is a gram-
positive bacterium and is one of the main representatives of the
microbiota of human skin and mucous membranes.

2. Material and methods
2.1. Chemicals and reagents

The drugs and excipients employed were ciprofloxacin C;7H;gFN3O3
(ACROS Organics, 98 mol%), ciprofloxacin hydrochloride hydrate
(Fisher, 98 mol%), polyvinylpyrrolidone (PVP) K-10 (average mw.
10,000) and K-30 (average mw. 40,000) and d(+)-Lactose 1-hydrate
C12H25011-H20 (Panreac). Ethanol (Scharlau, > 99.9 mol%), methanol
(Fisher, > 99.8 mol%) and acetic acid (Fisher, > 99.9 mol%) were used
as solvents and additives. CO2 (99.995 mol% pure) was provided by
Carburos metélicos, Spain.

In the antimicrobial activity assays the reagents employed were:
meat extract (Scharlau), casein tryptic peptone (Tryptone, Scharlau),
sodium chloride (Panreac, 99 mol% pure), peptone from soybean meal
(Fluka), d(+)-Glucose anhydrous (Scharlau), di-potassium hydrogen
phosphate (Panreac) and buffered peptone water 0.1 % (Scharlau).
Strains of Staphylococcus epidermidis (CECT 231; ATCC 12228; CIP
68.21; DSM 1798) were bought from the Spanish Collection of Type
Cultures (CECT).

All reagents were used as received without further purification.
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2.2. Supercritical Anti-Solvent (SAS) precipitation

A schematic diagram of the SAS apparatus used in the micronization
of ciprofloxacin is shown in Fig. 2. A complete description of the high-
pressure equipment can be found in previous reports [39,40].

The equipment consisted of two pumps to introduce CO5 (Thar-SCFP-
50) and the liquid solution (Lab Alliance Series III Pump) into a 500 mL
stainless steel precipitation chamber (Thar instrument) which was
heated by a heating band connected to a PID controller. A Back Pressure
Regulator (BPR, Thar-SCF ABPR-20) at the end of the line, kept the
pressure of the system constant. After the BPR, a cyclonic separator
collected the liquid solvent, whilst the CO2 was evacuated. The rig was
protected from possible blockages with check valves, rupture disks and
relief valves placed conveniently in the system.

In a typical experiment chilled CO, (-10°C) was pumped continu-
ously at 20 g/min and preheated to the working temperature before
entering the precipitation chamber at a constant temperature. When the
selected pressure was reached and the system was at stationary condi-
tions, ca. 50 mL of the solution containing the drug dissolved into the
organic solvent (ethanol or methanol) was pumped at 1.5 mL/min and
injected into the precipitation chamber co-currently with the CO5
through a 100 pm nozzle to generate small droplets. The CO, caused a
volumetric expansion of the droplet solvent and a reduction of its sol-
vation powder, leading to a sudden supersaturation and consequently
precipitation of the drug in the form of a fine powder. The precipitate
was collected in a stainless steel basket placed into the precipitation
chamber equipped with a 0.2 pm nylon filter over a 2 pm steel frit at the
bottom. Once the liquid pump was stopped, 1.5 L of CO at the precip-
itation conditions (three times the volume of the chamber) was allowed
to flow through the chamber to remove the solvent from the precipitate.
CO3 and the depleted solution went through the BPR and separated in
the cyclone separator at atmospheric pressure.

The solution with CIP at 1.5 mg/mL was prepared dissolving ca.
75 mg of ciprofloxacin base weighed in an analytical balance (A&D GR-
200, + 0.1 mg) in 50 mL of ethanol with 2 % v/v acetic acid. For the
micronization of CIP-HCl in methanol, a 2 mg/mL solution was used.
The micronization experiments of CIP-HCl with excipients (PVP K-10,
PVP K-30 and lactose) were performed at 4:1, 2:1 and 1:1 drug to
excipient mass ratios, at a total concentration of CIP-HCIl equal to
2.5 mg/mL. Before pumping the solution into the reactor, the solution
was preheated in a water bath on a hot stirring plate (Fisher Scientific
Isotemp, + 0.1 °C) to the selected precipitation temperature.

Experiments were performed at a temperature between 40 and 60°C
and a pressure between 100 and 150 bar. The operation conditions were
selected to achieve full miscibility of the solvents (ethanol or methanol)
and CO; in the chamber [31]. Experiments were performed in duplicate
or triplicate, being very reproducible. Precipitation yield was estimated
from the amount recovered only in the basket and it can be considered a
lower limit as very small particles may have escaped through the filter
out of the basket. An uncertainty in the yield of 10 % was estimated.

2.3. Materials characterization

X-ray diffraction (XRD) patterns of the composite materials were
collected using a XPERT MPD diffractometer with Cu Ko radiation at 26
values between 5° and 30°. Xpert Highscore program with PFDF-4+42023
database was used for identification. Fourier Transfer Infrared (FTIR)
spectra of the materials were recorded using Perkin Elmer apparatus
with an Attenuated Total Reflection (ATR) attachment at a spectral
resolution of 4 cm™! between 4000 and 650 cm ™. Elemental analysis
was performed on a LECO CHNS-932 microanalyser. The uncertainties
in the elemental analysis were %C =+ 0.26, %H + 0.24, %N + 0.25 and
%S + 0.35. The amount of ciprofloxacin in the SAS precipitates along
with the excipients (PVP K-10, PVP K-30 and lactose) was determined by
UV-vis using an Agilent Cary 8454 spectrophotometer. The calibration
curve was prepared using the CIP base starting material in HCI 0.1 M.
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Fig. 2. Supercritical Anti-Solvent (SAS) equipment used in the micronization experiments, indicating the experimental conditions.

Quantification of the drug was performed by dissolving the samples in
HC1 0.1 M and recording the absorbance of the solution at 277 nm. TGA
of the samples were measured on an SDT- Q600 at a heating rate of 10
°C/min in Ny flow using open aluminium crucibles. DSC was performed
using two DSC Q-200 and DSC Q-10 apparatus from TA Instruments. The
system was calibrated for both temperature and enthalpy using an in-
dium standard. Samples were heated in N5 flow from 10 to 250-350 °C,
depending on the composition, at a heating rate of 10 °C/min. Nuclear
Magnetic Resonance (NMR) of a solution of the ciprofloxacine base and
the material precipitated by SAS in D,O were recorded using a Bruker
AVIIII 300 MHz BACS-60. A JEOL-6400 scanning electron microscope
(SEM) working at 10 kV was used to characterize the microparticles.
Samples were gold-coated prior to analysis. Particle size was determined
from the SEM images using ImageJ free software.

2.4. Determination of the antimicrobial activity

Antibacterial activity was evaluated against s Staphylococcus epi-
dermidis. The microorganism was recovered from the lyophilized state in
which it was supplied by the CECT. Then it was inoculated in an
Eppendorf with peptone water or nutritive broth for 2 h and scaled to a
volume of 10 mL in a Falcon tube for 24 h. Afterwards, 2.5 mL were
inoculated in a flask with 100 mL of culture medium nutritive broth in a
bath at 37 °C provided with gentle lateral agitation for at least two days
to achieve a high concentration of bacteria.

Cultures for experiments were prepared by transferring a sample
from the culture in nutritive broth into tryptic soy broth. They were
standardized to match 0.5 Mc Farland, a measurement of 0.10 (& 0.02)
absorbance of the bacteria at a wavelength of 600 nm [41].

Stock solutions of CIP base, CIP-HCI and the SAS precipitates were
prepared by dissolving the drugs in HCI 0.1 M solution to get the con-
centration of 5 mg/mL. After that, the compounds were diluted with
tryptic soy broth to yield the required concentration. The concentrations
of the samples tested were in the range of 0.10-0.40 pg/mL.

The solutions prepared with the antibiotics in the medium with the
microorganism were incubated at 37 °C for 6, 12 and 24 h. The bacteria
concentration was evaluated from the absorbance of the samples at a
wavelength of 600 nm.

Tests were performed on the starting materials CIP base and CIP-HCl
and in the samples micronized by SAS at 40 °C and 120 bar. Standard
deviation of the measurements was lower than 5 %.

3. Result and discussion

Experiments were performed at a temperature between 40 and 60°C
and a pressure between 100 and 150 bar. Table 1 summarizes the con-
ditions of the tests performed using CIP in EtOH/AcH and CIP-HCI in
MeOH and some of the characteristics of the precipitates. Experimental
conditions were chosen above the mixture critical point of the systems
CO2 + EtOH and CO; + MeOH [31] as shown in Fig. 3. Experiments at
50 °C and 100 bar were performed at conditions very close to the critical
line.

Both CIP and CIP-HCI were in the form of white crystals whilst the
SAS precipitates gave yellowish fine powders. Micronization yield was
between 40-86 % for CIP SAS and 70-76 % for CIP-HCI SAS. The lowest
yields correspond to those conditions leading to the smallest particles
and may be related to problems during the particle collection.

Some experiments were also performed by adding lactose, PVP K-30
and PVP K-10 polymers as excipients at 4:1, 2:1 and 1:1 drug: excipient
mass ratios and gave yields between 62 % and 85 %.

A comprehensive characterization of the materials prepared is pre-
sented next. The crystal structure of the samples was studied by XRD.
FTIR was used to determine the ionic form of the precipitates. Quanti-
fication of CIP in the precipitates was determined by UV-vis of the
samples dissolved in HCI 0.1 M. Thermal analysis (TGA and DSC) was
used to confirm the crystal structure of the precipitates and analyse the
presence of water and solvent residues. Elemental analysis was used to
determine the C to N ratio in the precipitates. These data along with the
'H NMR of the sample dissolved in DO confirmed the presence of ac-
etate in the CIP SAS samples. Finally, SEM analysis was used to deter-
mine the particle size and shape of the micronized materials.

3.1. XRD analysis

Fig. 4 compares the XRD patterns of the starting materials and the
SAS precipitates obtained at 40 °C and 120 bar. XRD of all the samples
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Table 1
Summary of micronization experiments of ciprofloxacine by SAS.
Drug Solvent Excipient  Drug:excipient mass T P Yield + Drug:excipient mass ratio  Particle XRD/composition
form ratio (initial) (°C) (bar) 10 (%) by UV-vis + 0.2* morphology
CIP AcH/ - - 40 100 60 Flat and elongated Crystalline, unknown form/
EtOH 40 120 86 Flat and elongated CIP-acetate
40 150 40 Rod-like
50 100 64 Flat and elongated
50 120 40 Flat and elongated
60 150 77 Flat and elongated
CIP-HClL MeOH - - 40 120 76 Rod-like Crystalline structure,
40 150 70 Rod-like anhydrous AH1/CIP-chloride
50 120 73 Rod-like/submicron
irregular
50 150 70 Rod-like
PVPK-30 4 40 120 81 2.6 Flakes
lactose 4 40 120 65 2.7 Flakes
PVPK-10 4 40 120 85 2.9 Submicron irregular
globular
40 150 68 2.8 Sheet-like
2 40 120 78 1.6 Sheet-like
40 150 62 1.6 Flakes + irregular
round
1 40 120 62 1.1 Flakes

* Ratios referred to CIP.

180

CO, + methanol
160 Experimental conditions

o o 0o
140

120 m}
CO, + ethanol

P/bar

100

80

60 /

40 g

50 60 70 80 90 100 110 120
TIC

Fig. 3. PT projection of the critical lines for the systems CO, + EtOH and CO, +
MeOH [31], showing the pressure and temperature conditions for the SAS
experiments.

precipitated at the different conditions are provided as Supplementary
material (Figs. S1-S3).

CIP and CIP SAS were crystalline materials but had different crys-
talline forms. The possibility of controlling the drug crystalline form
upon SAS precipitation has been previously explored [42]. Thus it was
not surprising to get a different crystalline form upon SAS micronization.
The crystal structure of the SAS precipitates did not match any previ-
ously reported pattern.

The formation of ciprofloxacin salts with benzoic acid (BA), ace-
tylsalicylic acid (ASA), p-coumaric acid (PCMA) and p-aminosalicylic
acid (PASA) has been previously reported [43]. The possible formation
of a similar salt containing acetic acid could be speculated according to
the different XRD patterns obtained for the CIP SAS samples.

CIP-HCl XRD pattern matched the 00-061-1399 PDF file, corre-
sponding to a crystal containing 1 HCl and 1.43 H0 molecules per CIP

molecule. CIP-HCI SAS was also crystalline but exhibited a different XRD
pattern, which was also different to CIP SAS. All the CIP-HCI SAS sam-
ples showed the same crystal form although the relative intensity of
some peaks was different.

Comparison of the XRD patterns with literature showed that CIP-HCl
SAS samples corresponded to the anhydrous form of ciprofloxacin AH1
[44]. Thus during the micronization process, water was removed from
the crystal structure. The dehydration of compounds upon SAS
micronization has been previously reported for other systems [45,46].
Upon heating, AH1 form undergoes a solid-solid transition to a different
anhydrous form, AH2. AH1 is reported to be unstable at relatively low
relative humidity (23 %) and transforms into the hydrated CIP-HCI form
in two weeks. Interestingly its solubility is much larger than that of
CIP-HCI as well as the dissolution rate. [44] Nevertheless, the samples
precipitated in this work were kept for months without showing change
in their crystal structure.

XRD pattern of the sample precipitated using PVP K-10 at a 4:1 ratio
was similar to that of the samples micronized without excipients and
seemed to correspond to the AH1 anhydrous form. Similar results were
obtained at a different drug:excipient ratios and using PVP K-30 (see
Supplementary, Fig. S3). In contrast, the XRD pattern of the sample
precipitated with lactose was different to the AH1 anhydrous form and
also to those of pure hydrated lactose [47]. It is very interesting the large
number of different crystal structures obtained in the micronization of
this drug.

3.2. FTIR analysis

Figs. 5 and 6 compare the FTIR spectra of the starting materials CIP
and CIP-HCI and the materials micronized by SAS at 40 °C and 120 bar.
As expected, CIP and CIP-HCI FTIR spectra were very different. The most
important features are discussed next.

In the OH region, the FTIR spectrum of CIP-HCI (Fig. 5b) showed two
strong bands at 3535 and a broad one at 3300 cm ™! associated with the
O-H stretching vibration of the H,O molecules in the hydrate and the
carboxylic acid group, respectively. However, CIP-HCI SAS did not show
the band at 3535 cm ™!, which confirmed the dehydration of the com-
pound during the SAS micronization. The CIP SAS sample (Fig. 5a)
showed a very weak but broad band in the O-H region. None of these
bands were present in CIP, which indicated that the carboxylic acid
group was deprotonated.

The other important difference in the spectra appeared in the
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Fig. 4. XRD patterns of CIP and CIP-HCI starting materials and the materials precipitated by SAS at 40 °C and 120 bar.
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Fig. 5. FTIR spectra of: (a) CIP and CIP SAS, (b) CIP-HCI and CIP-HCl SAS. SAS samples precipitated at 40 °C and 120 bar. Insets in both figures show an enlargement

of the carbonyl region.

carbonyl region around 1700 cm ™. CIP contains a carboxylic acid group
(pa; = 5.90) and an amino group (pKay = 8.89) which present a
different form depending on the pH [48] (Fig. 7). At pH below 5.90, CIP
is in the cationic form and the carboxylic and the amino groups are both
protonated. Between 5.90 and 8.89, the molecule is in the zwitterionic
form and the carboxylic acid group is deprotonated whilst the amino
group is protonated. At pH above 8.89, CIP is in the anionic form and
only the carboxylic acid group is deprotonated. The prevalence of each
form can be easily followed by vibrational spectroscopy of the carbonyl
region. At acidic pH, the protonated carboxylic acid group gives a
unique strong signal at a wave number close to 1700 cm ™!, whilst in the
zwitterionic form, the COO™ group shows two strong bands at 1587 and
1372 cm ! associated with the antisymmetric and symmetric stretching
bands in COO".

Thus, analysis of the carbonyl region in Fig. 5 revealed that CIP base
was in the zwitterion form, whilst CIP-HCl and any of the SAS pre-
cipitates from CIP and CIP-HCI appeared in the protonated form corre-
sponding to a cationic form. The position of the C=0 band in all the SAS
precipitates was very similar and appeared at a slightly higher frequency
than in CIP-HCI (1727 ¢cm™1). FTIR of CIP-SAS also showed a shoulder at

1650 cm L. For both CIP and CIP-HCl, FTIR spectra of the SAS pre-
cipitates did not change with pressure and temperature conditions.
FTIR of the samples precipitated with PVP K-10, and lactose at 40 °C
and 120 bar are compared in Fig. 6 with the spectra of CIP-HCI SAS and
the pure excipients. Spectra of the composite materials were very similar
to that of CIP-HCl SAS alone at the same conditions, except for the
addition of a few bands associated to the excipients. Analysis of the
carbonyl region (inset in the Figures) confirmed that ciprofloxacin in
CIP-HCl: PVP and CIP-HCl: lactose were in the protonated form.
Furthermore, FTIR of any of the CIP-HCI SAS precipitates did not show
the strong band at 3535 cm™! present in the CIP-HCl hydrate, con-
firming the loss of hydration water during the SAS micronization. Strong
interactions of the drug and the excipients were not evidenced by FTIR.
Summarising, FTIR analysis indicated that during SAS micronization
there were changes in the structure of the drug. Hydrated CIP-HCI lost
water during the SAS process leading to the anhydrous protonated cip-
rofloxacin salt (COOH-R-NH3 Cl"). Similarly, the SAS micronization of
the CIP solution containing acetic acid seemed to render the protonated
ciprofloxacin form, possibly as an acetate (COOH-R-NH3CH3COO)
instead of the zwitterion (COO'-R-NH3). The higher acidity of acetic
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acid (pKa; = 4.76 [49]) in comparison to the carboxylic acid group in
ciprofloxacin (pKa; = 5.9 = 5.9 [48]) would favour the formation of this
salt.

The CIP zwitterion had very low solubility in water [29]. In contrast,
CIP-HCl hydrate was in the protonated form which was much more
soluble in water (30 mg/mL) [30]. The solubility of the anhydrous
CIP-HCI SAS form AH1 was higher than that of the hydrochloride [44].
CIP-SAS would be more water soluble than CIP but less than CIP-HCl and
CIP-HCI SAS. The different solubility of the precipitates could be used to
control the residence time of the drug in the lungs.

3.3. UV-vis analysis

UV-vis absorption spectra of CIP, CIP-HCl and the different SAS
samples were recorded in HCl 0.1 M. The amount of CIP base present in
the samples was determined from the absorbance of the drug at 277 nm.
CIP SAS samples gave drug percentages in the precipitates between 81 %
and 87 %, depending on temperature and pressure conditions, con-
firming the presence of other molecules in the precipitates. The higher
the temperature and pressure conditions, the higher the percentage of
the drug in the precipitate. CIP-HCl SAS samples yielded drug contents
equal to 90 %.

Assuming that CIP SAS is in the form of a ciprofloxacin acetate salt,
the calculated percentage of CIP in the sample would be equal to 84.6 %.
This value was quite similar to those measured by UV-vis in the CIP SAS

precipitates. The calculated percentage of CIP in CIP-HCI starting ma-
terial (84.2 %) also agreed well with the expected percentage consid-
ering 1.43 mol of H30 and 1 mol of HCl in the structure [44]. The
percentage of CIP in the CIP HCl SAS samples also confirmed the loss of
water during the SAS micronization.

The drug content in the samples micronized with PVP K-30, PVP K-
10 and lactose was also determined in the same way. The theoretical
drug to excipient mass ratios referred to CIP instead of CIP-HCl were
3.7:1, 1.9:1 and 0.9:1. The molar masses of CIP HCl hydrate, CIP-HCIL
anhydrous form and CIP used in the calculations were 393.54, 367.81
and 331.35 g/mol, respectively. The analysis showed lower incorpora-
tion of the drug in comparison to the theoretical values, with drug to
excipient mass ratios close to 3:1, 1.6:1 and 1:1. The lower drug content
may be related with the uncomplete precipitation of the pure drug
(yields 70-80 %, Table 1).

3.4. TGA and DSC analysis

Thermal analysis of the samples was performed by TGA and DSC.
Fig. 8 compares TGA of CIP and some of the CIP SAS precipitates at
different temperature and pressure conditions. CIP started to decompose
at ca. 300 °C under N, and decomposed in two steps. In contrast, SAS
samples started to decompose at a slightly lower temperature. Some of
the SAS samples also showed an appreciable weight loss from 100 to 175
°C, up to 10 % mass at 40 °C and 120 bar. This weight loss decreased
strongly at high temperatures and pressure. The residue of the samples
after heating in No was between 20 % and 30 % (w/w).

DSC analysis of CIP and the CIP SAS samples are shown in Fig. 9. DSC
of SAS samples showed a broad endotherm at temperatures ranging from
25 to 125 °C. This was followed by another small endotherm from 125 to
175 °C. TGA analysis of SAS samples also showed an appreciable mass
loss below 175 °C (Fig. 8). DSC of the starting CIP drug did not show any
thermal transition in this range. Thus, these events may be related to the
solvent mixture (AcH/EtOH). The event below 125 °C would correspond
to the evaporation of ethanol or most likely water adsorbed on the
precipitate whilst the endotherm between 125 and 175 °C may be due to
the evaporation of acetic acid adsorbed on the CIP SAS precipitates. This
second endotherm disappeared almost at the highest temperature and
pressure (60 °C, 150 bar) whilst the first one did not change much with
precipitation conditions.

At higher temperatures, DSC analysis of CIP showed an endothermic
peak due to the melting of the drug at an onset temperature of 271.9 °C.
This was followed by an exotherm due to the recrystallization of CIP,
possibly to a different solid phase, followed by other exotherms. The
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Fig. 9. DSC analysis of CIP and the CIP SAS samples precipitated at different pressure and temperature conditions.

decomposition of CIP started at 300 °C, so that no information could be
extracted from this temperature. In the CIP SAS samples, the endotherm
peak associated with the drug melting was broader and was shifted to a
lower temperature (270-266 °C), which may be related to the different
crystal structure (XRD pattern).

The incorporation of acetic acid into the CIP SAS precipitates was
confirmed by elemental analysis (see Supplementary data Table S1). SAS
precipitates showed higher C:N and lower C:0O molar ratios than the
expected ones. The presence of acetic acid in the CIP SAS precipitates
was further confirmed by 'H NMR of the sample dissolved in D-O.

We speculated the possible formation of a ciprofloxacin salt with

acetic acid, in agreement with XRD, FTIR and UV-vis analysis of the CIP
SAS samples. However, no definite conclusion could be extracted as the
change in the melting point of the CIP SAS samples in comparison to the
starting material was very low in comparison to previous reports on salt
formation [43]. A small amount of the acid was also adsorbed on the
precipitate at the lower temperature and pressure conditions. This
should not necessarily be detrimental, as the combined use of acetic acid
and ciprofloxacin has proved effective in the treatment of chronic sup-
purative otitis media. [50]

Similarly, samples precipitated using CIP-HCl were also studied by
TGA and DSC. TGA of the commercial CIP-HCl in Fig. 10 showed a mass
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loss of ca. 6-7 % from 100 to 160 °C which, according to previous re-
ports, corresponded to the loss of 1.43 mol of hydration water from the
structure [44]. Decomposition under N5 atmosphere only started at ca.
300 °C and took place in two steps. The decomposition was not com-
plete, leaving a black foam residue larger than 20 %(w/w).

In contrast, the TGA of the CIP-HCI] SAS sample precipitated at 40 °C
and 120 bar showed a small weight loss below 75 °C, attributed to
adsorbed solvent or water, without any significant mass loss in the
100-160 °C range. Thus TGA confirmed that CIP-HCl SAS, although
might contain a small amount of adsorbed water, was in a dehydrated
form in agreement with the XRD findings [44]. Decomposition of the
CIP-HCI SAS started at a slightly lower temperature than the commercial
material, leaving a smaller residue.

TGA of PVP showed the loss of water below 100 °C, followed by two
small mass losses from 150 to 200 °C and 200 to 325 °C. This suggested
the presence of impurities (lower molecular weight polymers or residual
monomers) in the commercial polymer. Then decomposition started at
400 °C. TGA of the CIP-HCI: PVP K-10 sample resembled the TGA of SAS
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CIP.HCI and took place in two steps. However, the second decomposi-
tion step shifted to higher temperatures. Curiously, the impurities pre-
sent in PVP observed at low temperature disappeared during the SAS
precipitation process.

TGA of lactose showed a first mass loss at ca. 150 °C assigned to the
loss of hydration water of the excipient. Then lactose decomposed in two
steps at ca. 225 and 300 °C. In contrast, the CIP-HCl:lactose SAS pre-
cipitate presented an appreciable mass loss between 175 and 220 °C that
could be ascribed to water. The higher temperature of this event in
comparison to lactose or CIP-HCI indicated a different environment of
water in this precipitate. Then the composite decomposed from 275 to
450°C in three continuous steps, the first one coincident with lactose and
the other two similar to the drug but shifted to higher temperatures.

DSC analysis of all these samples is presented in Fig. 11. DSC of
commercial CIP-HCI showed a sharp endothermic peak with an onset
temperature of 145.1 °C, possibly due to the dehydration of the drug,
followed by a small shoulder at a higher temperature. In contrast to
previous publications [44], the phase transformation of the expected
form after dehydration, AH1 to AH2, was not seen. DSC of pure PVP in
the same range showed a broad endotherm between °C, possibly related
to water and impurities as observed by TGA.

DSC of the CIP-HCl SAS samples did not show the endothermic
dehydration peak of the drug confirming that the precipitates are in the
AH1 anhydrous form (XRD). SAS samples showed two broad endo-
thermic peaks between 25 and 125 °C which could be associated with
the loss of a small amount of adsorbed solvent and water, respectively,
followed by an exothermic peak between 175 and 225 °C, due to the
recrystallization of the drug to AH2 form [44]. The first peak due to the
solvent, decreased as the pressure and temperature increased, becoming
very weak at 50 °C and 150 bar. The second one, due to adsorbed water,
decreased at high temperatures but increased slightly with pressure. The
recrystallization of CIP-HCI SAS took place at lower temperatures than
those found in the different CIP-HCI:PVP K-10 SAS samples due to the
presence of the polymer. In these samples, the anhydrous form decom-
posed below 300 °C without melting. Similar thermograms were ob-
tained for the 4:1 and 2:1 CIP-HCL:PVP K-10 composites. Thermograms
of the SAS precipitates obtained at 40 °C ad 120 and 150 bar were also
very similar.

DSC of lactose hydrate and the CIP-HCl:lactose 4:1 sample
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Fig. 11. DSC analysis of CIP-HCI, PVP K-10, lactose and SAS samples precipitated at 40 °C and 120 bar: CIP-HCI, CIP-HCI:PVP K-10 4:1, CIP-HCl:lactose 4:1.
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precipitated by SAS at 40 °C and 120 bars are also shown in Fig. 14. Pure
lactose showed an endotherm at onset temperature equal to 142.6 °C
which corresponded to the loss of water in the structure. Then, the
sample decomposed from 210 °C. The CIP-HCl:lactose 4:1 SAS precipi-
tate showed two broad peaks below 110 °C due to the solvent and water
evaporation. Another two broad peaks appeared in the thermogram
between 160 and 230 °C. The second peak was related to the decom-
position of the excipient. Recrystallization of the drug with lactose from
AH1 to AH2 was not observed.

3.5. SEM analysis

SEM images of the drug in the different ciprofloxacin forms before
micronization are shown in Fig. 12. Commercial CIP base was hetero-
geneous in size, showing large particles more than 10 ym long, along
with much smaller particles < 1 um. In contrast, the CIP-HClI starting
material was formed by much larger particles, up to 100 ym, with a
more regular morphology.

Fig. 13 shows SEM images of CIP precipitated by SAS. The precipi-
tated drug exhibited an acicular morphology which varied from needle-
like or rod-like to flat and elongated particles depending on the tem-
perature and pressure conditions. Particles were 0.2-0.9 pm wide x 1-4
pm long showing the successful micronization of the drug. Small vari-
ations of size were observed with temperature and pressure. At constant
temperature, the particles became thinner as the pressure rised, and
their length to width ratio increased. At the lowest pressure, particles
appeared flattened. At constant pressure, the thickness increased
slightly with temperature. At 50 °C and 100 bar, a slightly twisted ma-
terial was observed. This could be related to the proximity of the
experimental conditions to the CO, + ethanol mixture critical point
(Fig. 3) which would lead to some agglomeration [51].

Similar results were obtained from the precipitation of CIP-HCL
Fig. 14 showed needle-like elongated particles comparable in size to the
previous ones. Variations with pressure and temperature were however
different from those found in the precipitation of CIP. At constant
temperature, the length-to-width ratio seemed to decrease as the pres-
sure increased and particles became shorter at the higher pressure. At
constant pressure, particles became shorter and/or thinner as the tem-
perature increased. At 50 °C and 120 bar a mixture of long and very
short rods/round particles of size close to 200 nm were observed. The
different trend with pressure and temperature was not surprising
considering the compositional and structural differences between the
CIP SAS and CIP-HCI SAS precipitates (CIP-HCl SAS is in the AH1
dehydrated form).

Although CIP and CIP-HCI drugs were successfully micronized, par-
ticles showed in most cases an acicular morphology that may not be

CIP | CIP.HCI
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adequate for pulmonary delivery. Although acicular particles could
present better aerosol performance than spherical ones, the uniformity
in the mixture composition could be compromised when they are mixed
with different carriers/excipients [52]. Furthermore, it has been re-
ported that particles with this morphology may stimulate the
pro-inflammatory response in the organism [53,54]. Thus, aiming to
change their morphology, CIP-HCI mixed with different excipients was
micronized. Fig. 15 shows images of the precipitates.

CIP.HCI combined with lactose or PVP K-30 and K-10 precipitated at
most conditions in the form of flakes. At 40 °C and 120 bar and a 4:1
drug to polymer ratio, precipitation yield was slightly lower with lactose
(65 %) in comparison to PVP (> 80 %). The addition of PVP K-101led to a
drastic change in morphology and size and SEM images showed sub-
micron irregular globular particles at a 4:1 drug to polymer ratio.
Increasing the amount of polymer led to precipitates with a sheet-like
morphology (2:1) an flakes (1:1). At 40 °C and 150 bar at the 4:1 and
2:1 drug:polymer ratios, particles became less homogeneous and con-
sisted of a mixture of small irregular particles and flakes. The pressure
seemed to promote aggregation. The flake and sheet-like morphology of
the precipitates could be beneficial for drug delivery to the lungs. These
results highlight the important role of the excipient in the micronization
process by SAS.

3.6. Antibacterial activity

The antibacterial activity of some of the samples was evaluated
against Staphylococcus epidermidis and compared to a standard Cipro-
floxacin base solution dissolved in 0.1 M HCI. This gram-positive bac-
terium plays a significant role in the microbiota of human skin and
mucous membranes. Under certain circumstances, this bacterium can
become an opportunistic pathogen causing serious blood-borne in-
fections, especially in immunocompromised individuals or those with
implants.

Absorbance in the presence of the bacteria was measured at different
drug concentrations and followed with time. Lower absorbances (higher
antibacterial activity) were obtained for the 0.3 ug/mL drug solution
which was selected as the optimal concentration for further
experiments.

Fig. 16 shows the % bacterial growth estimated as the percentage
ratio between the absorbance of the bacteria containing 0.3 ug/mL drug
and the absorbance of the control (without drug) at different times. All
the samples were active against Staphylococcus epidermidis and reduced
the bacterial growth. For each sample, the bacterial growth increased
with time which indicated that the drug at this concentration would
need to be replenished with time. A comparison of the bacterial growth
for the different samples at 6 hours revealed that the most active form
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Fig. 12. SEM images of CIP and CIP-HCI starting materials.
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was CIP presenting the lowest bacterial growth. Then samples CIP SAS,
CIP-HCl and CIP-HCI SAS showed a very similar behaviour. These dif-
ferences could be related to the lower ciprofloxacin content in the
different samples. CIP SAS seemed to correspond to the acetate form
(85 % CIP), CIP-HCl contained HCl and H,0 (84 % CIP) and CIP-HCI SAS
contained HCl (90 % CIP). Differences between the activity of the CIP
and CIP-HCl and their SAS precipitates decreased after 12 and 24 h.

Different antimicrobial activity were previously reported for
different ciprofloxacin salts [41]. The antimicrobial activity of cipro-
floxacin increased with the lipophilic character of the molecule, which
would allow it to easily cross the cell membranes of the microorganisms.
It also depended on the ions present in the molecule, which would allow
it to interact with some specific targets inside the bacterial cell.

4. Conclusions

Ciprofloxacin drug was successfully micronized using the SAS tech-
nique between 40-60 °C and 100-150 bar. Two different commercial
forms were used: ciprofloxacin base (CIP) and ciprofloxacin hydro-
chloride (CIP-HCI). FTIR analysis showed that CIP was in the zwitterion
form (deprotonated carboxylic acid group and protonated amine group),
which is scarcely soluble in water and ethanol. The addition of acetic
acid was performed to solubilise the drug in EtOH. Hydrated CIP-HCI
was however in the cationic form (protonated carboxylic acid and amine
groups). This form is more soluble in water and could be dissolved in
MeOH. During the SAS micronization of the CIP/AcH/EtOH and
CIP-HCl/MeOH solutions, there were changes in the composition of the
drug which led to different crystalline forms (XRD). CIP SAS incorpo-
rated acetic acid forming possibly an acetate salt with the protonated
amine group (XRD pattern did not match any of the reported ones),
whilst CIP-HCI lost water leading to the anhydrous form AH1 (according
to XRD and DSC). The formation of new salts could be used to modify the
physicochemical properties of ciprofloxacine. CIP SAS samples also
incorporated a small amount of EtOH, water and possibly acetic acid.
Similarly, CIP-HCl SAS samples also showed the presence of small
amounts of water and methanol.

SAS micronization of CIP and CIP-HCI led to particles 0.2-0.9 pm
wide x 1-4 pm long. The precipitates exhibited an acicular morphology
with rod-like or flat and elongated particles. Although the length of the
particles was right for a pulmonary device, the morphology may pose
some problems. Aiming to modify the morphology of the precipitates,
CIP-HCl was micronized along with some common excipients: lactose,
PVP K-10 and PVP K-30 at different drug to excipient mass ratios.
Indeed, the addition of excipients did not modify the crystalline form of
the CIP-HCI SAS precipitates but changed their morphology leading to
flakes, sheets or globular particles. The flake and sheet-like morphology
may be less invasive to the lungs and at the same time may prevent
powder agglomeration during inhalation improving the aerosol perfor-
mance of these composites. On the other hand, CIP-HCL:PVP K-10 1:4
SAS sample was formed by submicron irregular globular particles that
could be used for an oral formulation. The antibacterial efficacy of the
different samples was also assessed for Staphylococcus epidermidis con-
firming that the SAS precipitates kept their antibacterial activity.

Ciprofloxacin turned out to be a very complex molecule to micronize.
The high reactivity of the carboxylic and amine groups favoured its
interaction with the solvent and additives in the system and challenged
the micronization of the drug leading to some new crystal forms.

Although some solvent residues were incorporated into the samples
at the conditions of this study, according to the United States Pharma-
copeia (USP) ethanol and acetic acid are class 3 solvents with low toxic
potential to humans so a limit of 5000 ppm or 0.5 % would be accept-
able without justification. Higher amounts may also be acceptable
providing they are realistic with manufacturing capability and good
manufacturing practice (GMP). Methanol is a class 2 solvent that should
be limited to 3000 ppm or 0.3 % in drug formulations. Thus longer
washing times would be required to remove the solvent residues from
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the SAS samples.

This work demonstrates how the drug starting form, the solvents,
additives and excipients, in addition to the temperature and pressure
conditions, play an important role in the SAS micronization process and
allow controlling the morphology of the precipitates.
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