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Abstract: One problem that often arises during the formulation of a dosage form is the solubility
and dissolution of the active ingredients. This problem arises in ciprofloxacin, which is a BCS class
IV fluoroquinolone antibiotic. A pseudopolymorph is a kind of polymorph in which the number of
hydrates is different. In this study, a new pseudopolymorph comprised of ciprofloxacin and salicylic
acid was found, namely the salt ciprofloxacin salicylate 1.75 hydrate form. This new solid phase
was analyzed by Fourier-transform infrared spectroscope (FTIR), Raman spectroscopy, and thermal
analysis and proven by Powder X-ray Diffractometry (PXRD) analysis. The crystal structure was
successfully determined by Single Crystal X-ray Diffractometry (SCXRD) analysis. It was found that
the piperazinyl group of ciprofloxacin is protonated by H+ from the carboxylic group of salicylic acid.
In the unit cell, two ciprofloxacin and two salicylic acid molecules were independent with four water
molecules, in which one water molecule had 0.5 occupancy due to inversion symmetry. Interestingly,
this hydrate crystal dehydrated by grinding for 105 minutes forms an anhydrous crystalline phase,
which was analyzed with FTIR, Raman spectroscopy, thermal analysis, and PXRD. The solubility
and dissolution tests were carried out using UV-Visible spectrophotometry and a multiple linear
regression method. This new hydrate solid phase has a better profile than the original ciprofloxacin
crystal, according to the solubility and dissolution tests.

Keywords: ciprofloxacin; salycilic acid; pseudopolymorph; solubility enhancing; dissolution
enhancing; dehydration; milling; Raman spectroscopy; multilinear regression

1. Introduction

Fluoroquinolones are one of the most widely used synthetic antibiotics nowadays and they are the
first line therapy for the infection of Gram-negative bacteria, such as Pseudomonas aeruginosa [1].
Antibiotics in this group work by inhibiting enzymes that are involved in DNA replication:
DNA topoisomerase IV and DNA gyrase [2]. The mechanism of action is specific to bacteria, due to
the difference in DNA replication enzymes that are present in bacteria and mammals. Ciprofloxacin
is one of the most popular fluoroquinolones and it is taken via the oral route. The drug is mostly
marketed in the form of solid dosage forms, especially tablets.

The problem that arises when formulating an oral drug is its solubility and permeability.
These two parameters will decide whether an orally administered drug will generate high systemic
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bioavailability [3–5]. Ciprofloxacin is classified as a BCS (Biopharmaceutical Classification System) class
IV compound, meaning that it possesses poor solubility as well as poor gastrointestinal permeability [6].
Co-crystal and salt formation are two popular approaches for improving the bioavailability of oral
drugs by modifying the solubility profile [7].

In the market, ciprofloxacin is sold in the form of a salt with hydrochloric acid (ciprofloxacin HCl).
The main problem with this approach is that the HCl in the active pharmaceutical might interact with
the acid found in the stomach via a common ion effect, thereby potentially decreasing the solubility
and consequent bioavailability [8]. One method for counteracting this issue is to form an organic salt
of ciprofloxacin instead of using hydrochloric acid. One counter-ion of choice is the hydroxybenzoic
anion, including salicylic acid.

When an acid and a base containing a hydrogen-bonding donor and acceptor group are mixed,
two possible products may be formed: salt or co-crystal [9]. In the salt, the constituents interact via ionic
bonds, while the interaction in the co-crystal is in the form of hydrogen bonds [10]. The probability
of generating each product varies, depending on the difference between the pKa values of the acid
and the base. According to Cruz-Cabeza, when the pKa difference is greater than 3, salt is expected
to form [11]. Salicylic acid has a pKa of 2.97, whilst the piperazinyl ring of ciprofloxacin has a pKa

of 8.74. Ciprofloxacin should be able to form a salt with salicylic acid, according to the previously
mentioned rule.

During the course of this research, two papers have been published that had also found
multicomponent crystals of ciprofloxacin and salicylic acid [12,13]. However, the salt that was obtained
from this research had a different crystalline structure to those of the previously published papers.

2. Materials and Methods

2.1. Chemicals

Ciprofloxacin HCl (Merck, Berlin, Germany), salicylic acid (Merck, Berlin, Germany),
methanol (Sigma Aldrich, Darmstardt, Germany), ethanol (Sigma Aldrich, Darmstardt, Germany),
KBr Fourier-transform infrared spectroscope (FTIR) grade (Merck, Tokyo, Japan), sodium hydroxide
(Merck, Berlin, Germany), sodium dihydrogen phosphate (Sigma Aldrich, Darmstardt, Germany),
and distilled water was prepared by School of Pharmacy, Bandung Institute of Technology.

2.2. Instruments

Ultrasonicator (Wiseclean WUC-D06H, Gangwon-do, South Korea), pH meter (Mettler Toledo,
Columbus, California, USA), melting point analyzer (Electrothermal IA9000, Staffordshire, UK),
optical microscope (Yazumi XSZ-107BN 1600X, Jakarta, Indonesia), Fourier-transform infrared
spectroscope (FTIR) (Jasco FT/IR-4200 type A, Easton, Pennsylvania, USA), Raman spectrometer
(Bruker-Senterra, Billerica, Massachusetts USA), powder X-ray diffractometer (Bruker D8 Advance,
Billerica, Massachusetts, USA), single crystal X-ray diffractometer (Rigaku R-AXIS RAPID, Tokyo,
Japan), thermogravimetric analysis/differential thermal analysis (TG/DTA) (Hitachi STA7300, Hitachi,
Japan), type 2 dissolution apparatus (Guoming RC-1, Tianjin Guoming Medicinal Equipment, Tianjin,
China), orbital shaker (Hinotek KJ-210 BD, Ningbo, China), and UV-Visible spectrophotometer
(HP/Agilent 8453, Santa Clara, California, USA).

2.3. Methods

2.3.1. Multicomponent Salt Formation

Ciprofloxacin Base Preparation

One gram of ciprofloxacin HCl was dissolved in 50 mL of distilled water. NaOH 0.1 N was added
drop-wise to the solution until the pH reached 7.42 ± 0.5. The resulting precipitates were filtered while
using a vacuum pump and then dried.
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Binary Phase Diagram Construction

A series of physical mixtures consisting of ciprofloxacin base and salicylic acid in stoichiometric
ratios of (1:9), (1:4), (1:3), (1:2), (2:3), (3:4), (5:5), (4:3), (3:2), (2:1), (3:1), (4:1), and (9:1) were prepared.
The melting point of each mixture was determined using a melting point analyzer with a temperature
range from 100–400 ◦C and a heating rate of 10 ◦C/min.

Ciprofloxacin Salicylate 1.75 Hydrate Salt Formation

Equimolar amounts of ciprofloxacin and salicylic acid were dissolved in a methanol-water (1:1)
mixture. The solution was sonicated for 20 min. at room temperature. The crystals were grown by the
slow evaporation of the solvent in a fume hood. The resulting crystal was stored inside an opaque and
dark container inside a desiccator.

2.3.2. Characterization

Fourier-Transform Infrared Spectroscopy (FTIR)

The samples were mixed with KBr and compressed into clear pellets. The spectra were recorded
in the wavenumber range between 4000 and 400 cm−1 at a resolution of 4 cm−1.

Raman Spectroscopy

Samples were placed in the holder. The spectra were recorded using an Nd:YAG 785 nm DPSS
(Diode-Pumped Solid-State) laser with a power of 25 mW for 10 sec. Each spectrum was read at a
Raman shift of 59–2626 cm−1.

Powder X-ray Diffractometry (PXRD)

The reflectant Powder X-ray Diffractometry (PXRD) was performed using a Bruker D8 Advance
(Billerica, Massachusetts, USA) and then illuminated with the radiation of Cu-Kα (λ = 1.5418 Å) at
a tube voltage of 40 kV and a tube current of 35 mA. The samples were analyzed over a 2θ range of
25–45◦ with a scanning rate of 4◦/min.

Single Crystal X-ray Diffractometry (SCXRD)

The samples were analyzed by the Rigaku R-AXIS RAPID with the radiation of Cu-Kα

(λ = 1.5418 Å) while using a graphite monochromator at 173 K. The integrated and scaled data were
empirically corrected for the absorption effects using ABSCOR. The structure was solved using a dual
space algorithm that was implemented in SHELXT and then refined on F2 using SHELXL-2017/1. All of
the non-hydrogen atoms were anisotropically refined. The hydrogen atoms attached to nitrogen and
oxygen atoms, except for water oxygen, were located using the differential Fourier map, but treated
using a riding model at the geometrically calculated position during the refinement. The water
hydrogen atoms were isotropically refined with the standard bond distance restraints. Other hydrogen
atoms were geometrically determined and they were included in the calculation using the riding
model. The molecular graphics were produced using Mercury 4.3.1 [14] and Chem3D 15.1.

Thermal Analysis

The samples were placed in an aluminum pan and then heated at a temperature range between
30 ◦C and 350 ◦C with a heating rate of 10 ◦C/min. An empty aluminum pan was used as a reference.
All of the pans were closed during the analysis.



Crystals 2020, 10, 349 4 of 19

2.3.3. Performance Evaluation

Solubility Study

The solubility study was conducted in HCl pH 1.2 and phosphate buffer pH 6.8 media.
The samples were weighed and placed inside the media following agitation using an orbital shaker.
The concentration of ciprofloxacin in the solution was determined every 24 hours using a UV-Visible
spectrophotometer. More samples were added when the solution appeared to be clear (the samples
were completely dissolved). The study was terminated when the addition of sample did not affect the
concentration of the solution. The result was compared to the physical mixture and ciprofloxacin alone.

Dissolution Study

The dissolution study was conducted at 37 ◦C in HCl pH 1.2 and phosphate buffer pH 6.8 medium.
The medium was stirred at 50 rpm. The salts were weighed to be equivalent to 500 mg of ciprofloxacin.
One mL of the sample was taken at 5, 10, 15, 30, 45, 60, 90, and 120 min. The concentration of
ciprofloxacin was determined while using a UV-Visible spectrophotometer. The results were compared
to the physical mixture and ciprofloxacin alone.

2.3.4. Dehydration

The ciprofloxacin salicylate 1.75 hydrate salt crystals were ground in a mortar for 105 minutes by
hand. The crystals were then analyzed using Raman spectroscopy, TG/DTA, and PXRD.

3. Results

3.1. Multicomponent Salt Formation

Because the basic form of ciprofloxacin is not widely available on the market nowadays, the salt
must be converted into its basic form. The ciprofloxacin base was prepared by treating ciprofloxacin HCl
solution with a strong base (NaOH) in low molarity until the pH reached 7.42± 0.5. At this pH, the ionic
interaction that was previously formed between the N atom in the piperazinyl moiety of ciprofloxacin
with the chloride ion in HCl disappeared due to the formation of a zwitterion [15]. This species
possesses low solubility in aqueous solution due to the net charge value of zero. Therefore, precipitation
occurred, and ciprofloxacin could be obtained by simple filtration. The yield of ciprofloxacin obtained
from this method was around 69.47%.

3.2. Binary Phase Diagram Construction

In this research, an attempt was made to produce multicomponent crystals that consist of a
ciprofloxacin base and salicylic acid. The physical interaction between two substances can be predicted
by constructing a binary phase diagram. In theory, different products are possibly generated when
two molecules physically interact. Based on the pKa of the starting materials, a co-crystal or salt will
be formed by two constituents when the binary phase diagram shows a letter “W” profile [16–20],
indicating a certain stoichiometric ratio with a higher melting point between two eutectic or peritectic
points. The binary phase diagram showed either a congruent or incongruent melting point. The binary
phase diagram between ciprofloxacin and salicylic acid revealed that either the co-crystal or the salt
may be formed when an equimolar amount (1:1) of each component was mixed, as shown in Figure 1.
This equimolar ratio was then used for the production of salt.
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Figure 1. Binary phase diagram of a ciprofloxacin and salicylic acid mixture.

3.3. Ciprofloxacin Salicylate 1.75 Hydrate Crystal Preparation

The multicomponent crystal consisting of ciprofloxacin and salicylic acid was obtained from the
solvent evaporation method while using methanol-water (1:1). The slow evaporation method is a
popular method for generating crystals with adequate size for SCXRD analysis [21]. The solvent should
be able to dissolve both the drug and the counter-ion, thus enabling the interaction between components.
The solvent polarity should be carefully considered to achieve this condition, mainly when a co-solvent
is used [22]. Ciprofloxacin and salicylic acid can be considered as slightly nonpolar substances,
with Log P values of 0.28 and 2.26, respectively [23,24]. Therefore, the use of an organic solvent is
necessary. Methanol was chosen due to its availability and low vapor pressure, thus it easily evaporates.
Figure 2 shows the macroscopic and microscopic morphology of the resulting crystals that were
obtained from the slow evaporation method. The crystal is brittle and it exhibits a clear to off-white
needle shape with a length of 5 mm.

Figure 2. Morphological observation of ciprofloxacin salicylate crystals (a) under a microscope with
10x magnification and (b) without a visualizing aid.

3.4. Characterization

3.4.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy enables the observation of intramolecular and intermolecular bonds [25].
Thus, the instrument is regularly involved in crystal engineering and material science. The piperazinyl
ring in the ciprofloxacin and carboxylic group in salicylic acid have pKa values of 8.74 and 2.97,
respectively [23,24]. According to the “rule of three” [5], the difference between these pKa values
(i.e. 5.77) indicates the formation of salt when the two constituents were mixed [20]. Ciprofloxacin
will act as a base and it undergoes protonation in the piperazinyl moiety. In accordance with this
hypothesis, a band at a wavelength of 2492 cm−1, which corresponds to the N-H stretch of positively
charged N-atoms in the piperazinium group, is observed in both ciprofloxacin HCl and ciprofloxacin
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salicylate (Figure 3). The band is absent in the ciprofloxacin FTIR spectrum. This finding suggested that
ciprofloxacin and salicylic acid formed a salt, with ionic interactions between the positively charged
N-atom in the piperazinium moiety of ciprofloxacin and negatively-charged carboxylic moiety in
salicylic acid. However, this result does not necessarily confirm the absence of intermolecular hydrogen
bonds. X-ray diffractometry can be used to accurately determine the crystalline structure [26,27].

Figure 3. Overlaid Fourier-Transform Infrared Spectroscopy (FTIR) spectra of (a) ciprofloxacin HCl,
(b) ciprofloxacin base, (c) salicylic acid and (d) a ciprofloxacin salicylate multicomponent crystal.

A strong band at around 1700 cm−1 was observed in ciprofloxacin as well as its salt due to the
asymmetric stretching of the C=O bond in the carboxylic acid group [28]. However, this band will shift
to a shorter wavelength range when the carboxylic group is deprotonated. Ciprofloxacin exhibited
a peak at around 1579 cm−1, which corresponds to the asymmetric vibration of O-C-O, as shown in
Figure 3 [29]. Meanwhile, salicylic acid exhibited distinctive peaks at 3236 and around 3008–2858 cm−1,
which indicate O-H and C-H stretch, respectively. Symmetric and asymmetric C=O stretch was
observed at a wavelength of 1662 and 1388 cm−1. At the range 760–660 cm−1, peaks that indicate
=C-H bending in a benzene ring were also observed [30]. The multicomponent crystal of ciprofloxacin
salicylate showed no overlapping peaks when overlaid on the FTIR spectra of ciprofloxacin and
salicylic acid. This result indicates that the multicomponent salt was successfully obtained with no
residue of its starting materials.

3.4.2. Raman Spectroscopy

Raman spectroscopy is another form of vibrational spectroscopy, which has also been used in
crystal engineering as a complement for FTIR. In Figure 4, a peak at Raman shift value of 1384 cm−1 was
observed in ciprofloxacin and its salt due to the stretching vibration of the quinolone ring. The peak is
still present in ciprofloxacin salicylate multicomponent crystal [31] with slight differences. Distinctive
peaks of the salt crystal were shown at Raman shift values of 1627, 1540, and 1390, which correspond to
C=O stretching in the quinolone moiety, anti-symmetric O-C-O, and symmetric O-C-O of the carboxylic
acid group. This result supported FTIR spectroscopy, suggesting that the crystal that was obtained
from the solvent evaporation method is a salt of ciprofloxacin salicylate.



Crystals 2020, 10, 349 7 of 19

Figure 4. Overlaid Raman spectra of (a) ciprofloxacin HCl, (b) ciprofloxacin base, (c) salicylic acid and
(d) ciprofloxacin salicylate multicomponent crystal.

3.4.3. Powder X-ray Diffractometry (PXRD)

Diffractometry is widely used in crystal engineering and is sometimes used for crystal structure
determination [26,27,32–35]. Powder diffractometry is more convenient to apply when the analyzed
solid sample exists in the form of powder. In this research, PXRD was utilized as an initial
characterization of the new phase formation. Figure 5a,b revealed the calculated diffractograms
of ciprofloxacin base with the CCDC deposition number of 757817 reported by Mahapatra et al.,
2010 [36] and salicylic acid CCDC deposition number of 1423858, as published by Woinska et al.,
2016 [37], as the starting materials, respectively. Meanwhile, Figure 5c,d are the calculated and
the measured diffractograms of ciprofloxacin salicylate 1.75 hydrate (this work; see Section 3.4.4).
The measured and calculated diffractograms of the salt hydrate crystal have a similar profile with the
strong major intensity peaks observed at 2θ = 3.60, 6.69, 7.13, 0.93, and 15.61◦, as shown in this figure.
However, several foreign peaks still existed, which represented a small number of ciprofloxacin and
salicylic acid.

Figure 5 also shows that, although the peak positions were almost the same in the measured and
calculated diffractograms, the intensities revealed considerable differences. For example, the highest
peak of the calculated diffractogram was 3.60◦, but it was 7.13◦ in the measured one. Besides, some parts
were enhanced or vanished from the measured one. The preferred orientation effect would cause these
conditions due to a specific crystal habit of the small crystals.
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Figure 5. Powder X-ray diffractograms of: (a) calculated ciprofloxacin base [36], (b) calculated salicylic
acid [37], (c) measured ciprofloxacin salicylate • 1.75 H2O, and (d) calculated ciprofloxacin salicylate
• 1.75 H2O (this work).

3.4.4. Single Crystal X-ray Diffractometry (SCXRD)

Aside from PXRD, SCXRD is also widely used in crystal engineering for structure determination
purposes. In this research, this method determined the crystal structure of ciprofloxacin salicylate
salt. The crystallographic data were shown in Table 1. In the asymmetric unit, there were two units of
ciprofloxacin salicylate salt and four water molecules (Figure 6). One water molecule (O15) existed near
an inversion center, and the intermolecular distance between O15 and O15’ [1-x, 1-y, 1-z] was 2.125Å,
which was too short as hydrogen bonded water molecules (standard distance is ca. 2.7 Å, and shortest
ca. 2.4 Å). Therefore, the occupancy factor of this water molecule should be 0.5 by this crystallographic
symmetry constraint. Thus, the number of water molecules is 3.5 and the formal hydration number
of one salt unit is 1.75. The further refinement of this water molecule (O15) occupancy revealed that
ca. 55% of it escaped from the specimen single crystal. This occupancy might mean that the water
molecule was easily removed from the crystal. We might see the reason in comparison to the number
of a hydrogen bond that stabilizes water molecules in the crystal. Only this water molecule had two
hydrogen bonds, but the other three water molecules had three bonds. Thus, the actual hydration
number would be 1.61. This estimation could explain the TG/DTA result which is described in the
Thermal Analysis section. In this report, we used the formal hydration number of 1.75 to present
the structure.

Figure 6. The molecular drawing of ciprofloxacin salicylate • 1.75 H2O with 30% probability thermal
ellipsoids. Blue broken lines show the hydrogen bonds.
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Table 1. Crystal data ciprofloxacin salicylate • 1.75 H2O.

Formula (C17H19FN3O3)2(C7H5O3)2(H2O)3.5

Crystal System Monoclinic
Space group P 21/n

a/Å 13.4283(3)
b/Å 7.01490(10)
c/Å 49.9625(9)
β/◦ 95.1830(10)

V/Å3 4687.13(15)
Z 4

R1/% 8.49

One of the purposes of this crystal structure analysis was to confirm the salt state of these
compounds. Based on the pKa rule, the piperazinyl ring of ciprofloxacin (pKa: 8.74) and COOH
of salicylic acid (pKa: 2.97) should form a salt. H+ transferred from COOH of salicylic acid to N of
piperazinyl ring of ciprofloxacin. Two apparent residual electron densities (N3: 0.58 and 0.37 eÅ−3;
N6: 0.43 and 0.32 eÅ−3) existed in the chemically expected positions in the piperazinyl N. Additionally,
the H atom of COOH of salicylic acid was not found in the residual electron density map to show the
deprotonation. From the molecular geometry point of view, the lengths of four C-O of the carboxylic
moieties were almost the same (in the range from 1.264(6) to 1.287(6) Å), and the distances between
two adjacent C-O lengths were small; these were 0.012 and 0.021 Å.

On the other hand, the COOH groups of ciprofloxacin molecules showed more significant C-O
differences that were 0.101 and 0.105 Å, which indicated that COOH structure interacted together
with the C=O and C-OH bond. These structural data strongly confirmed that ciprofloxacin- salicylic
acid formed a salt. The intramolecular hydrogen bonds were observed in ciprofloxacin and salicylic
acid molecule as OH . . . O–, which can be regarded as the charge assisted hydrogen bond, as shown
in Figure 6. These hydrogen bonds made a flat molecular conformation from the quinolone of the
ciprofloxacin molecule with the carboxylic moiety of salicylic acid. The piperazinium ring exhibited a
chair conformation, and NH2

+ of it had two hydrogen bonds to the water molecule and carboxylate of
the salicylic acid molecule (another charge assisted interaction). COOH of ciprofloxacin molecule and
a water molecule were connected by the OH . . . O type hydrogen bond. This type of hydrogen bond
was also formed between the water molecules.

Figure 7 shows crystal packing drawing. Ciprofloxacin molecules (blue and green) were stacked
with each other (distance was 3.3 to 3.4 Å) due to the π-π interaction between aromatic rings. This new
crystal phase has been submitted to Cambridge Crystallographic Data Centre with the deposit number
1983477 with the more detail data can be accessed in Supplementary Material 1.



Crystals 2020, 10, 349 10 of 19

Figure 7. Crystal structure of ciprofloxacin salicylate • 1.75 H2O salt viewed along. (a) a-axis, (b) b-axis.
Ciprofloxacin: blue and green, salicylate: red and orange.

3.4.5. Thermal Analysis

Thermal analysis, such as differential thermal analysis (DTA) combined with thermogravimetric
analysis (TG), can be used to determine the melting point, crystallization temperature, heat of
crystallization, and decomposition temperature [38]. In this research, DTA/TG was used for thermal
analysis. The DTA profile of ciprofloxacin salicylate salt exhibited two endothermic peaks, at a
range between 55–65 ◦C and 215–225 ◦C, as shown in Figure 8. The first peak indicated the thermal
dehydration of the salt crystal lattice [39,40]; the escaping water molecule contributed to the reduction
of mass of ca. 5 %. The expected mass reduction was 6.3% for the 1.75 hydrate, so the less than expected
reduction would correspond to a partial loss of water analyzed by SCXRD, which indicated the 1.61
hydrate phase. In such case, the expected reduction is 5.8%. As for the complete loss of one partial
water (O15), 1.5 hydrate phase should show 5.4% reduction. Thus, the mass reduction in TG/DTA
measurement also agreed with the occupancy of the partial water. Meanwhile, the second peak
indicates the salt melting point. Beyond the melting point, the thermogravimetric analysis showed a
steep decline in salt mass, which suggested that the sample decomposed. Ciprofloxacin undergoes
decomposition when thermally heated at temperatures above 220 ◦C [41].

Figure 8. Thermograms of ciprofloxacin salicylate • 1.75 H2O salt during differential thermal
analysis/thermogravimetric analysis (DTA/TG) analysis showing two endothermic peaks indicating
(1) the liberation of water molecule and (2) melting point as well as (3) an exothermic peak
indicating decomposition.
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3.5. Performance Evaluation

The main reason behind the co-crystal and salt formation of active pharmaceutical
ingredients is to improve its physicochemical properties, especially the solubility and dissolution
rate [13,42,43]. The determination of ciprofloxacin content in aqueous medium should be conducted
while using an adequate quantitative analytical method. Currently, UV-Visible spectrophotometry and
high-performance liquid chromatography (HPLC) are the most popular methods for ciprofloxacin
determination [44,45]. In this research, ciprofloxacin content was determined using UV-Visible
spectrophotometry in the presence of salicylic acid.

In aqueous solution, ciprofloxacin usually exhibits maximum absorbance at around 278 nm.
At this wavelength, salicylic acid was found to interfere with the UV absorbance of ciprofloxacin.
Therefore, the direct determination of ciprofloxacin concentration in the presence of salicylic acid will
lead to inaccurate results. Furthermore, the UV absorbance spectrum of ciprofloxacin and salicylic acid
is affected by pH, due to the difference in the protonation states [46–49], as depicted in Figure 9a,b.

Figure 9. UV spectra of (a) ciprofloxacin and (b) salicylic acid in pH 1.2 and pH 6.8 media.

Ciprofloxacin exhibits maximum absorbance at a wavelength of 278 nm and pH 1.2. This peak
shifted to 272 nm at pH 6.8. Meanwhile, salicylic acid exhibits a maximum absorbance at wavelengths
of 303, 237, and 206 nm in pH 1.2. The peaks shifted to 296, 230, and 204 nm in pH 6.8. The observable
hypsochromic shift for ciprofloxacin at the higher pH was caused by the deprotonation of both carboxylic
and piperazinium moieties [48]. In salicylic acid, the shift happened due to the deprotonation of the
carboxylic moiety [49].

A simultaneous determination method was used to address the previously mentioned issues.
The content determination method can be applied in a multicomponent analysis by constructing a
linear equation involving the concentration of both components as independent variables (i.e., multiple
linear regression) [50]. In this method, a series of concentrations of ciprofloxacin and salicylic acid
mixtures were used to construct a calibration plane. In this study, a series of ciprofloxacin and salicylic
acid (Table 2) mixtures were prepared and then measured using a UV-Visible spectrophotometer.

Table 2. Solution series to construct calibration plane.

HCl Buffer pH 1.2 Phosphate Buffer pH 6.8

Ciprofloxacin (ppm) Salicylic Acid (ppm) Ciprofloxacin (ppm) Salicylic Acid (ppm)

8 0.5 0.5 8
6 4 1 6
5 1.5 2 4
4 2 4 2
3 3 6 1
2 1 8 0.5
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The sample was scanned at wavelengths between 200 and 400 nm. The absorbance at each
wavelength was plotted against concentration. For pH 1.2, the criterion was met at a wavelength of
278 nm in the zero-order spectrum and at 287 nm for the first-order derivative spectrum. At pH 6.8,
the measurement was conducted at 272 nm in a zero-order spectrum; meanwhile, 281 nm in a first-order
derivative spectrum. Table 3 shows the resulting simultaneous equations; these equations were used
to calculate ciprofloxacin concentration.

Table 3. Calibration result of ciprofloxacin and salicylic acid mixture in pH 1.2 and 6.8 media.

Medium Equation R2

pH 1.2 A 278 = −0.0772 + 0.0997 C ciprofloxacin + 0.0115 C salicylic R2 = 0.999

pH 1.2 (dA/dλ) 287 = −0.0003 - 0.0056 C ciprofloxacin + 0.0016 C salicylic R2 = 0.999

pH 6.8 A 272 = −0.0459 + 0.0891 C ciprofloxacin + 0.0093 C salicylic R2 = 0.999

pH 6.8 (dA/dλ) 281 = 0.0013 − 0.0053 C ciprofloxacin + 0.0008 C salicylic R2 = 0.999

3.5.1. Solubility Study

In this study, solubility was evaluated in two media: acidic (pH 1.2) to represent stomach conditions
and neutral (pH 6.8) to represent the intestines. Table 4 summarizes the results. The solubility of
ciprofloxacin in pH 2.0 and pH 6.8 media is 7.88± 0.005 mg/mL and 0.080± 0.05 mg/mL, respectively [51].
Assuming that the difference in solubility at pH 2.0 and pH 1.2 is insignificant, ciprofloxacin salicylate
salt formation was shown to increase the solubility of ciprofloxacin by 1.3-fold at pH 1.2 and 2.1-fold at
pH 6.8.

Table 4. Solubility study result of ciprofloxacin salicylate • 1.75 H2O salt when compared to the
solubility of previously published polymorphs.

Medium Sample Solubility (mg/mL) Factor of Multiplication

pH 1.2
ciprofloxacin salicylate • 1.75 H2O 10.7 ± 0.8 0.96

ciprofloxacin salicylate • H2O polymorph I [13] 8.8 ± 0.6 1.18
ciprofloxacin salicylate • H2O polymorph II [13] 7.09 ± 0.02 1.46

pH 6.8
ciprofloxacin salicylate • 1.75 H2O 1.30 ± 0.18 0.13

ciprofloxacin salicylate • H2O polymorph I [13] 1.10 ± 0.13 0.16
ciprofloxacin salicylate • H2O polymorph II [13] 0.67 ± 0.04 0.26

3.5.2. Dissolution Study

Ciprofloxacin salicylate 1.75 hydrate salt dissolved more rapidly and reached a higher concentration
at a steady-state in pH 1.2 when compared to ciprofloxacin and the physical mixture, as shown in
Figure 10a. At pH 6.8 (Figure 10b), although the salt exhibited a higher concentration in the
early observation period, the amount of dissolved ciprofloxacin then decreased. This phenomenon
was caused by the transformation of ciprofloxacin from the 1.75 salt hydrate to its base form,
which is less soluble than the multicomponent crystal [50]. Eventually, the steady-state was
reached. The concentration of ciprofloxacin at a steady-state is similar to that of ciprofloxacin
alone, physical mixture, and salt. To confirm this phenomenon, PXRD was used to analyze the
undissolved material in pH 1.2 media. The result is attached in Supplementary Material 2, which shows
the diffractogram consisting of the peaks of starting materials (ciprofloxacin monohydrate and salicylic
acid) and the 1.75 salt hydrate. It means that the bond between the two components broke up in
this dissolution media and showed the parachute effect, which showed decreasing dissolution after a
maximum peak [52].
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Figure 10. Dissolution profile comparison of ciprofloxacin salt, ciprofloxacin and physical mixture in.
(a) pH 1.2 and (b) pH 6.8.

3.6. Dehydration by Milling

The presence of solvent inside a crystal lattice might affect the physicochemical properties of
a drug [53,54]. Savjani et al. [3] reported that most anhydrous crystals have a higher solubility and
a faster dissolution rate than their hydrated counterparts. Therefore, in this study, an attempt was
made to obtain an anhydrous ciprofloxacin-salicylic salt. In this experiment, the milling represented
one of the treatments in the pharmaceutical manufacturing process. In some steps, such as reducing
the particle size, mixing, and granulation steps, milling is common to be performed. The effect
of milling on the release of the hydrates of amoxicillin trihydrate as well as of fluoroquinolone
antibiotics, included ciprofloxacin hydrochloride monohydrate evaluated using FTIR, have been
reported [55]. The treatment using milling also can prevent the instability of the main component
towards heating [56,57]. A simple mechanochemical method with manual grinding was developed to
liberate the water from the crystal lattice [58].

After milling for 105 minutes, the ciprofloxacin salicylate salt crystal was evaluated using FTIR,
Raman spectroscopy, DTA/TG, and PXRD. The resulting Raman spectrum (Figure 11) is blue-shifted
in the Raman spectrum region of 1500–1600 cm−1, whilst three peaks are red-shifted in the 150, 350,
and 850 cm−1 regions; also, the area under the curve of the -O-H stretching region in the FTIR spectrum
(Figure 12) is significantly reduced. These results indicated that the water molecule was successfully
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removed from the crystal lattice during the grinding process. This phenomenon is similar to the
previous report of ciprofloxacin hydrochloride monohydrate, which released its hydrate’s peak after
milling [55]. Supplementary Material 3 reveals that PXRD analysis proved that the sample did not
interact with KBr during the sample preparation.

Figure 11. Comparison of Raman spectra between ciprofloxacin salicylate • 1.75 H2O and anhydrous
ciprofloxacin salicylate, red and blue boxes mark red and blue shifts in the spectra, respectively.

Figure 12. Comparison of FTIR spectra between ciprofloxacin salicylate • 1.75 H2O and anhydrous
ciprofloxacin salicylate, red boxes marks -O-H stretching region.

On the thermal analysis thermogram (Figure 13a,b), the first endothermic peak, which was
observed in ciprofloxacin salicylate • 1.75 H2O crystal (around 55–65 ◦C), disappeared. This result
confirms the removal of water molecules, since this endothermic peak was previously associated with
water evaporation from crystal lattice. The melting point of the salt was slightly shifted to a higher
temperature range.
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Figure 13. Comparison of thermogram between ciprofloxacin salicylate • 1.75 H2O and anhydrous
ciprofloxacin salicylate using (a) DTA and (b) TG, blue boxes indicate the region where changes occur.

Figure 14 compares the diffractogram of the milled sample to the origin phase. Some new peaks
appeared after the milling for dehydration process, as shown at 2θ = 8, 16.5, 18, 21, 23.5, 26.5, and 27.5◦

(blue markers). However, the small peaks of the original phase still existed, which revealed at 2θ = 7
and 8.5 (yellow markers). Besides, a peak at 2θ = 12◦ was unsolved yet as a new peak or due to the
1.75 hydrate salt; hence, it is double marked by blue and yellow. The diffractogram of the milled
sample shows that a small portion of it might be the milling time is not enough to complete dehydration.
These data are in line with the thermogram in Figure 13b, which also indicated a small amount of
water appearance in the anhydrous (milled) solid-state curve. Next, the diffractogram of the milled
sample’s diffractogram was also compared to the anhydrate phase reported by Surov et al., 2019,
which was produced from a mechanochemical method using acetonitrile and ethanol. The small
peaks at 2θ = 6, 9, and 16◦ (red markers) appeared to be similar to the Surov’s anhydrous phase of
ciprofloxacin salicylate [13]. These data indicate that the measured sample might consist of three
phases, namely a new anhydrous phase, the Surov’s anhydrous, and a small portion of the 1.75 hydrate
form of ciprofloxacin salicylate. Nevertheless, the single crystal of the new polymorph of anhydrous
phase cannot be isolated yet; then, it will not be discussed further.
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Figure 14. Comparison of powder diffractograms between ciprofloxacin salicylate • 1.75 H2O,
the milled sample, and Surov’s anhydrous phase [13]. The red marks indicate Surov’s anhydrous
peaks; yellow ones are the peaks of origin ciprofloxacin salicylate • 1.75 H2O, and the blue ones
represent the peaks of a new anhydrous phase yielded after milling.

4. Conclusions

New pseudopolymorph of ciprofloxacin salicylate 1.75 H2O that is the salt hydrate
between ciprofloxacin and salicylic acid has been discovered and fully characterized by FTIR,
Raman spectroscopy, thermal analysis, and PXRD analysis. Additionally, the crystal structure was
determined by SCXRD. This multicomponent salt exhibits higher solubility and superior dissolution
profile when compared to ciprofloxacin crystal. A simple dehydration process using manual grinding
was developed in order to liberate water molecules from the crystal lattice successfully and obtain
a new anhydrous phase, which was characterized by Raman spectroscopy, FTIR, thermal analysis,
and PXRD analysis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/5/349/s1.
Parameters of ciprofloxacin salicylate • 1.75 H2O crystal; S2. PXRD of ciprofloxacin salicylate • 1.75 H2O crystal
with KBr; S3. Undissolved material of the hydrate salt’s diffractogram.
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