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ABSTRACT: Three structurally similar antibiotics of the
cephalosporin (CEPH) class, namely, cephalexin (CPX), cephradine (CFD), and cefaclor (CFC), have been co-crystallized with
thymol (THY) via diﬀerent preparation techniques, yielding the
hydrated co-crystals CPX·THY·2.5H2O form I and form II, CFD·
THY·2.5H2O, and CFC·THY·4H2O. All co-crystals were structurally characterized by single crystal and/or powder X-ray diﬀraction.
In all co-crystals, except in the case of the elusive metastable form I
of CPX·THY·2.5H2O, the CEPH molecules interact with thymol
only via water bridges; i.e., there is no direct hydrogen bonding
between CEPH molecules and THY. Preliminary antimicrobial
experiments via measurements of minimal inhibitory concentration
(MIC) provide clear-cut evidence that the association with thymol increases the resistance of both Gram-negative and Gram-positive
bacteria to the antibiotic with respect to pure CEPH as well as to physical mixtures of CEPH with thymol.

■

INTRODUCTION
Multicomponent molecular solids are attractive targets in the
quest for novel molecular materials and are ﬁnding application
in a variety of ﬁelds including pharmaceuticals,1−6 nutraceuticals,7−9 agrochemicals,10−12 high-energy materials,13−15 and
pigments.16−18 Since the solid-state packing arrangement of
the building blocks (molecular and/or ionic) can dramatically
aﬀect the collective properties of the materials, it is of
paramount importance to understand the relationship between
the properties of the individual components and those
resulting from the assembly of active ingredients and coformers. Co-crystals have become an attractive research target,
since they may provide alternative routes to new or improved
properties of active molecules.19 Pharmaceutical co-crystals
composed of an active pharmaceutical ingredient (API) and a
non-active ancillary co-former, selected from the Generally
Recognized As Safe (GRAS) list of substances,20 are being
actively investigated by crystal engineers. It is also possible to
co-crystallize an API with another API, thus forming a drug−
drug (or co-drug) co-crystal.21−27 In drug−drug co-crystals,
not only the solid-state physicochemical properties of the API
are altered with respect to those of the separate components,
but also the pharmaceutical and biological activity may result
in being signiﬁcantly diﬀerent because of synergistic or
antagonistic eﬀects. The ﬁrst example of a co-drug was a
© XXXX The Authors. Published by
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combination of a sedative pharmaceutical pyrithyldione and a
non-steroidal anti-inﬂammatory drug propyphenazone patented by Hoﬀman-La Roche in 1937.28 In more advanced
applications, APIs are chosen in a way that both have similar
biological activity, and their combination as co-crystals might
result in enhancement of the biological activity with respect to
that of the separate components or of their physical
mixture.29−32 One of such cases has been recently reported
by our research group for the co-crystals of the synthetic
antibiotic ciproﬂoxacin with the natural antibacterial agents
thymol and carvacrol (see also below).33
In this paper, we report our results in the co-crystallization
of three representatives of the cephalosporin (CEPH) class of
antibiotics, namely, cephalexin (CPX), cefradine (CFD), and
cefaclor (CFC), with thymol (THY) used as a co-former (see
Scheme 1).
Cephalosporins are a class of β-lactam antibiotics, extracted
for the ﬁrst time from the fungus Cephalosporium acremonium
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antimicrobial, antioxidant, and anti-inﬂammatory properties.48−50 Essential oils extracted from basil (Ocimum basilicum
L.) have been traditionally used as a medicinal plant in the
treatment of headaches, coughs, diarrhea, constipation, warts,
worms, and kidney malfunction.51
As mentioned above, co-crystallization of the antibiotic
ciproﬂoxacin (CIP hereafter) with thymol (THY) and
carvacrol (CAR) yielded two families of ciproﬂoxacin cocrystals, one with carvacrol, namely, CIP·CARn (n = 2, 3, 4),
and one with thymol, CIP·THYn (n = 2, 4).33 The eﬀect of cocrystal formation on the antibiotic activity of ciproﬂoxacin was
evaluated by means of standard antimicrobial tests in the cases
of the co-crystals CIP·CAR4 and CIP·THY2, and compared
with the results for the pure components and their physical
mixtures: in both cases, the antimicrobial tests indicated an
increase of the antimicrobial activity.
Remarkably, the outcome of analogous experiments carried
out with antibiotics of the CEPH family is completely
diﬀerent; viz., when the co-crystals with THY are administered
to Gram-negative and Gram-positive bacteria, a signiﬁcant
decrease of the antimicrobial activity, and therefore an increase
of the minimal inhibitory concentration (MIC) values, is
observed in comparison to the pure components and to the
physical mixtures. In the following, the preparation and
characterization of the co-crystals of cephalexin (CPX),
cefradine (CFD), and cefaclor (CFC) with thymol (THY),
namely, CPX·THY·2.5H2O forms I and II, CFD·THY·2.5H2O,
and CFC·THY·4H2O, respectively, will be described and the
results of the antimicrobial test discussed.

Scheme 1. The First Generation Cephalosporin Antibiotics
Cephalexin (CPX) and Cefradine (CFD), the Second
Generation Cephalosporin Cefaclor (CFC), and the CoFormer Thymol (THY) Used in Our Studya

a

CPX, CFD, and CFC were all used in their zwitterionic form.

in 1945.34 The central nucleus of cephalosporins is formed by
D-α-aminoadipic acid condensed with a β-lactam ring; this
complex is called 7-aminocephalosporanic acid and represents
the nucleus to which the side chains are linked for the synthesis
of the various cephalosporins. The mechanism of action is
carried out by synthesis inhibition of the bacterial cell wall,
similarly to what was observed in the case of penicillin and
derivatives.
Cephalosporins are classiﬁed into ﬁve generations according
to the general characteristics of antimicrobial activity.35 The
ﬁrst generation of cephalosporins, in our case cephalexin and
cefradine, shows a good activity in a wide range against Grampositive bacteria and a relatively modest activity against Gramnegative bacteria. Most of the Gram-positive cocci and oral
cavity anaerobes are sensitive to the action of the ﬁrst
generation of cephalosporins as well as against M. catarrhalis,
E. coli, K. pneumoniae, and P. mirabilis.36 The second
generation of cephalosporins is more active against Gramnegative microorganisms such as Citrobacter and Enterobacter.
Cefaclor is a second-generation cephalosporin and is
particularly active against H. influenzae and M. catarrhalis. In
general, the second generation is more active against
streptococci, E. coli, P. mirabilis, etc.37
Thymol [5-methyl-2-(propan-2-yl)benzenol, also known as
m-thymol] is a natural monoterpenoid phenol derivative of pcymene and is the most abundant component of the oil
extracted from Thymus vulgaris (thyme).38 The eﬀective
antibacterial properties of the essential oil have been
investigated in vitro and in vivo against diverse Gram-negative
and Gram-positive bacteria such as S. typhimurium, E. coli, and
L. monocytogenes.39−42 In addition to this, the herbal
preparation “Thymi aetheroleum”, listed as an “herbal medicinal
product”, has been assigned the GRAS (Generally Recognized
As Safe) status of ﬂavor additive43 by FEMA (Flavor Extract
Manufacturers Association).44 The essential oils obtained from
the species of the Lamiaceae family, such as the genera
Thymus, Ocimum, and Origanum containing thymol,45−47 have
been used in the food industry since ancient times as natural
preservatives in food treatment and packaging thanks to their

■

EXPERIMENTAL SECTION

CPX and CFD used in this work were purchased from Tokyo
Chemical Industry (TCI); CFC, THY, and all solvents were
purchased from Sigma-Aldrich. All reagents and solvents were used
without further puriﬁcation.
Solution Synthesis. Synthesis of CFD·THY·2.5H2O and CFC·
THY·4H2O. In separate experiments, CFD (25 mg, 0.071 mmol) and
CFC (25 mg, 0.068 mmol) were solubilized in 2 mL of water;
sonication was used to accelerate the dissolution process. As thymol is
insoluble in water, a solution of THY (15.9 mg, 0.106 mmol for CFD;
15.3 mg, 0.102 mmol for CFC) was prepared in 1 mL of EtOH, which
was then added to both CFD and CFC aqueous solutions. The vials
containing the mixture were covered with Paraﬁlm and stored at 5 °C.
A similar approach was used by Kemperman et al. in the preparation
of clathrate-type complexes of cephalosporins.59−61 Single crystals
suitable for X-ray diﬀraction were collected after 2 days from the
crystallization batches.
Synthesis of CPX·THY·2.5H2O Forms I and II. CPX (25 mg, 0.072
mmol) was solubilized in 2 mL of water; sonication was used to
accelerate the dissolution process. A solution obtained by dissolving
THY (16.2 mg, 0.108 mmol) in 1 mL of EtOH/CH2Cl2 50:50 was
then added to the CPX aqueous solution. The vial containing the
resulting mixture was partially covered with Paraﬁlm and stored under
a fume hood at room temperature. After 2 days, single crystals of form
II were recovered, while, after 2 more days, only crystals of form I
were found in the same crystallization batch.
Synthesis by Slurry. In three separate experiments, CPX (100
mg, 0.288 mmol), CFD (100 mg, 0.286 mmol), and CFC (100 mg,
0.272 mmol) were slurried with THY in a 1:1 stoichiometric ratio
(43.3, 42.9, and 40.9 mg, respectively) for 48 h in 2 mL of water and 3
drops (150 μL) of EtOH. After ﬁltration, the solid material was left to
dry out under ambient conditions.
Mechanochemical Synthesis. In three separate experiments,
CPX (50 mg, 0.144 mmol), CFD (50 mg, 0.143 mmol), and CFC (50
mg, 0.136 mmol) were milled with thymol in a 1:1 stoichiometric
ratio (21.6, 21.5, and 20.4 mg, respectively) in a RETSCH MM200
B
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(mixer mill) for 1 h (30 min + 30 min with a 5 min break) at 20 Hz
milling frequency, using a 5 mL agate jar with three agate balls of 5
mm diameter; 2 drops of water (100 μL) were added to the solid
mixture (liquid-assisted grinding, LAG). The product was left to dry
out at room temperature and directly collected from the jar.
Crystallization. Single crystals of CFC·THY·4H2O and of CPX·
THY·2.5H2O were crystallized from a mixture of three solvents,
namely, ethanol, dichloromethane, and water. CPX·THY·2.5H2O was
obtained in two polymorphic forms; as form II is metastable, all
solubility and antimicrobial activity measurements were carried out on
form I (see below). In the case of CFD·THY·2.5H2O, the structure
was found to be isomorphous with that of CPX·THY·2.5H2O form I.
Single crystals of CPX·THY·4H2O and of CFC·THY·2.5H2O could
not be obtained even by attempting heteroseeding crystallization with
preformed crystals of isomorphous CFC·THY·4H2O or CPX·THY·
2.5H2O form I. In the former case, the addition of the seeds of CFC·
THY·4H2O led to the immediate crystallization of a polycrystalline
powder that was characterized as CPX·THY·2.5H2O form I.
Analogously, the addition of the seeds of CPX·THY·2.5H2O form
II to the solution of CFC and THY did not aﬀect the crystallization,
and CFC·THY·4H2O was obtained.
Powder X-ray Diﬀraction. Room temperature powder X-ray
diﬀraction patterns were collected on a PANalytical X’Pert Pro
automated diﬀractometer equipped with an X’Celerator detector in
Bragg−Brentano geometry, using Cu Kα radiation (λ = 1.5418 Å)
without a monochromator in the 3−40° 2θ range (step size 0.033°;
time/step 20 s; Soller slit 0.04 rad; anti-scatter slit 1/2; divergence slit
1
/4; 40 mA × 40 kV).
Single Crystal X-ray Diﬀraction. Single crystal X-ray diﬀraction
data were collected at RT for CFC·THY·4H2O, CPX·THY·2.5H2O
form I, and at 100 K for CPX·THY·2.5H2O form II, with an Oxford
Diﬀraction X’Calibur instrument equipped with a graphite monochromator and a CCD detector. Unit cell parameters for all
compounds discussed herein are reported in Table SI-1. The
structures were solved by the intrinsic phasing methods and reﬁned
by least-squares methods against F2 using SHELXT-201655 and
SHELXL-201856 with the Olex2 interface.57 Non-hydrogen atoms
were reﬁned anisotropically. Hydrogen atoms were added in
calculated positions. The software Mercury 4.1.258 was used to
analyze and represent the crystal packing.
Testing of Antimicrobial Activity. Antimicrobial activity was
tested by the broth microdilution method, according to the guidelines
of the two established organizations and committees on antimicrobial
susceptibility testing, the CLSI and EUCAST.52,53 For comparison,
tests were conducted on suspensions of thymol, CEPH, physical
mixtures, and co-crystals in 10 progressive concentrations ranging
from 512 to 1 μg/mL. All suspensions were tested in parallel, using as
reference strains diﬀerent types of bacteria pretested with diﬀerent
standard methods (automatic and semiautomatic) to determine their
MICs.54 Both sensitive and resistant strains, with a MIC that fell
within the concentration range of 1 to 512 μg/mL, were considered.
Drug and co-crystal solutions/suspensions were prepared in the
same way for all samples, namely, 30.720 mg of analyte in 15 mL of
physiological solution of sodium chloride 0.45% (e.g., 30.720 mg of
CEPH in 15 mL of physiological solution or 30.720 mg of co-crystal
in 15 mL of physiological solution). Physical mixtures were prepared
in stoichiometric ratios via simple mixing of drug dispersions and
essential oil dispersions.
The antibacterial assay was carried out for all samples by using a
96-well microtiter plate; wells were ﬁlled with 50 μL of cation
adjusted MH broth from well 2 to well 12; then, 100 μL of sample
solution/dispersion were added and put in well 1. After that, the serial
dilutions were obtained by taking 50 μL of MH broth from well 1 to
well 2 and then proceeding in the same way from well 2 to well 3, etc.,
until well 11. This procedure resulted in 1:2 serial dilutions ranging
from 512 to 1 μg/mL from well 2 to well 11. In this way, well 1 was
the negative control to verify that the sample was not contaminated,
while well 12 was the positive control to check for bacterial growth
and was used as a comparison to evaluate the MIC well. Table SI-2
reports the results of all antimicrobial tests by comparing MIC (μg/
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mL) in the cases of CEPH, of CEPH and THY as a physical mixture,
and of the co-crystals for a series of both susceptible and resistant
strains. The percentage molar diﬀerences in CEPH between the MIC
of each CEPH and the MIC of the corresponding co-crystals are also
reported (column 4).
Solubility Measurements. Solubility in water of (i) CPX (11.3
mg), CFD (10 mg), and CFC (5 mg); (ii) thymol (10 mg); and (iii)
the co-crystals CFD·THY·2.5H2O (10 mg), CPX·THY·2.5H2O form
I (9.8 mg), and CFC·THY·4H2O (10 mg) was measured three times
at room temperature by a stepwise procedure: each single material
was suspended in 1 mL of water (quantities in mg are indicated
above) in a 20 mL glass vial, and the volume of water was increased
by 0.5 mL at a time; sonication (30 s−1 min, 95 W, 50/60 Hz) was
applied after each addition. Determination of complete dissolution
was based entirely on visual observation. Results are reported in Table
1.

Table 1. Solubility in Water of the Compounds Discussed
Herein
compound

solubilitya (mg/mL)

solubility (mol/L)

THY
CFD
CPX
CFC
CFD·THY·2.5H2O
CPX·THY·2.5H2O
CFC·THY·4H2O

insoluble
6.6(3)
5.6(2)
5.1(2)
1.1(3)
1.4(4)
1.4(3)

insoluble
1.8 × 10−2
1.5 × 10−2
1.4 × 10−2
2.1 × 10−3
2.6 × 10−3
2.4 × 10−3

a

Values in parentheses are standard deviations over three measurements.

■

RESULTS AND DISCUSSION
Co-crystallization of the three cephalosporins with thymol
invariably resulted in the formation of hydrated co-crystals. As
discussed in the Experimental Section, the reaction between
cephalosporins and thymol was conducted under three
diﬀerent conditions, i.e., solution, slurry, and liquid-assisted
grinding (LAG). The relationship between the co-crystallization processes and the products obtained is depicted in
Scheme 2.
Co-Crystallization of Cefaclor with Thymol. Cocrystallization of CFC with THY invariably resulted in the
Scheme 2. Co-Crystallization Results of Thymol (THY)
with Cephalexin (CPX), Cefaclor (CFC), and Cefradine
(CFD)a

a
Solvents used are (a) H2O−EtOH−CH2Cl2, (b) H2O−EtOH, and
(c) H2O.

C
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formation of a few crystals of a polymorphic form was
detected, i.e., CPX·THY·2.5H2O form II; in a matter of days,
though, all crystals of form II had converted, in the presence of
residual solution, into stable form I. While crystals of form I are
stable under X-rays and data could be collected under ambient
conditions, data for crystalline CPX·THY·2.5H2O form II had
to be collected at 100 K. Crystalline CPX·THY·2.5H2O form II
could not be detected in any other solid-state or solution
experiment.
Crystalline CPX·THY·2.5H2O form I is shown in Figure 2.
The crystal packing resembles the one observed for CFC·THY·
4H2O. Once again, distinct layers of thymol and of CPX
molecules are present (Figure 2a). Water molecules are
interposed within the layers of CPX molecules acting as a
hydrogen bonding bridge between CPX and THY molecules.
OH2O acts as a hydrogen bonding acceptor for HOH of THY
molecules, and both HH2O, in turn, interact via OH···OCOO−
hydrogen bonding with two diﬀerent molecules of CPX
(Figure 2b). CPX molecules interact via NH 3 + ···O COO −
hydrogen bonds with each other (Figure 2b). The protonated
amino groups of one CPX molecule interact via hydrogen
bonding with the carboxylate groups of two other CPX
molecules.
Segregation of the hydrophobic and hydrophilic regions is a
feature also shared by crystalline CPX·THY·2.5H2O form II, as
is shown in Figure 3a. Figure 3b shows the absence of direct
hydrogen bonding interactions between thymol and cephalexin
molecules, connected one to the other via bridging water
molecules.
Form I and form II of CPX·THY·2.5H2O diﬀer mainly
because of the conformation due to the torsion of the
carboxylate groups; see Figure 4 for a comparison.
Co-Crystals of Cefradine with Thymol. The cocrystallization of cefradine with thymol showed some
similarities with both cefaclor and cephalexin (see Scheme
2). Liquid-assisted grinding resulted in the formation of the cocrystal CFD·THY·4H2O, isomorphous with CFC·THY·4H2O,
as evidenced by a comparison of the measured XRPD pattern
of CFD·THY·4H2O with that calculated on the basis of single
crystal data for CFC·THY·4H2O (see Figure 5).
Single crystals of CFD·THY·4H2O were grown in a similar
way as the ones for the cefaclor co-crystal. However, these
crystals were much less stable, rapidly degrading during data
collection, even if the temperature was lowered to 100 K.
Consequently, the crystals were left under ambient conditions
for 12 h, and afterward, an XRPD pattern was collected. As it
can be appreciated from Figure 6, a phase change had taken

formation of CFC·THY·4H2O, irrespective of the process
employed (see Scheme 2). Crystalline CFC·THY·4H2O is
composed of distinct layers of CFC and thymol molecules
(Figure 1a). Water molecules are interposed in the layers of

Figure 1. Crystal packing of cefaclor and thymol molecules in
crystalline CFC·THY·4H2O. (a) Projections in the bc-plane of
packing portions for crystalline CFC·THY·4H2O evidencing the
“segregation” of the hydrophilic region (light-blue rectangle) in the
structure (OW atoms in blue). (b) Hydrogen bonding interactions
between CFC and water molecules and (c) between CFC, water, and
THY (CTHY in pink; H atoms omitted for clarity).

zwitterionic CFC molecules, interacting with them via
hydrogen bonds. CFC molecules interact with each other via
NH3+···OCOO− hydrogen bonds (Figure 1b), while they do not
form hydrogen bonds with the hydroxyl groups of the thymol
molecules (Figure 1c).
Co-Crystals of Cephalexin with Thymol. The cocrystallization of CPX with THY via ball milling with a few
drops of water or via slurry in H2O/EtOH solution results in
the formation of CPX·THY·2.5H2O. Single crystals for X-ray
structural determination could only be grown with a doublelayer approach at the interface of a solution of CPX in water
and a solution of thymol in EtOH:CH2Cl2. Other choices of
solvents or the use of mixtures of two solvents only yielded
polycrystalline CPX·THY·2.5H2O. Together with single
crystals of the desired form, however, the concomitant

Figure 2. Crystal packing of cephalexin and thymol molecules in crystalline CPX·THY·2.5H2O form I. (a) Projection of a packing portion of
crystalline CPX·THY·2.5H2O form I, evidencing the layer of THY molecules hydrogen bonded to CPX and water molecules (OW in blue). (b)
Hydrogen bonding interactions between CPX, water, and THY molecule (CTHY in pink; H atoms omitted for clarity).
D
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Figure 3. Segregation of the hydrophilic regions in crystalline CPX·THY·2.5H2O form II (a) (H atoms and H-bonds not shown for clarity);
hydrogen bonding interactions between CPX, water, and THY molecules (b); hydrogen bonding interactions mediated by a water molecule
between CPX molecules (c) (carbon atoms of THY in pink, OW in blue; hydrogens omitted for clarity).

Figure 5. Comparison between the experimental powder X-ray
pattern for CFD·THY·4H2O (black line, top) and the one calculated
on the basis of single crystal data for CFC·THY·4H2O (red line,
bottom).

Figure 4. Conformation of the CPX molecules in form II (top) and
form I (bottom): the main diﬀerence between the two forms is in the
torsion of the carboxylate groups.

speciﬁc strain was found highly susceptible to the antibacterial,
the corresponding co-crystals were not tested. However, when
these quantities are normalized on the basis of the co-crystal
formulas, diﬀerences begin to appear. Growth inhibition with
CFD·THY·2.5H2O requires a larger dose of cephalosporin
compared to the other co-crystals described in this work. CFC·
THY·4H2O is considerably more eﬃcient, as the increase of
the antibiotic dose necessary to reach the MIC value is lower
than that for the other systems considered. An analogous
behavior could also be observed for the physical mixtures of
CEPH and THY, although they present, on average, similar or
slightly lower growth inhibition concentrations, based on
normalized data, with respect to co-crystals. Finally, pure THY
shows growth inhibition at very high values (not reported in
Table 2), which are on the mg/mL scale, therefore not
comparable to those for CEPH and co-crystals.

place. This last phase was later prepared again (i) via slurry of
CFD·THY·4H2O and also (ii) directly from crystalline CFD·
THY·4H2O as obtained from the LAG process and stored
under ambient conditions in a closed vial for 48 h. On the basis
of the comparison of the X-ray patterns, this second form
seems to be isomorphous with the stable form of CPX·THY·
2.5H2O, i.e., form I (see Figure 6).
Antimicrobial Activity. The results of the antimicrobial
activity testing are now discussed. As described in the
Experimental Section, the same strains were tested for each
system. Results referring to the strains that provided growth
inhibition values considered of interest for the purposes of the
work are discussed. Table SI-2 lists the minimal inhibitory
concentration (MIC) values for all CEPH, for CEPH and THY
physical mixtures, and for the CEPH·THY·nH2O co-crystals,
together with the percentage concentration increase, calculated
after normalization of the data, necessary for mixed systems to
show the same antimicrobial eﬀect as pure CEPH compounds.
As can be seen from the examples listed in Table 2, all cocrystals were found to give growth inhibition at concentrations
invariably higher than CEPH alone. In the cases where a

■

CONCLUSIONS
Co-crystallization of CEPH molecules with thymol was
successful in yielding a class of closely related hydrated cocrystals with a 1:1 stoichiometry between the CEPH molecules
E
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The antimicrobial activity of the co-crystals CPX·THY·
2.5H2O form II, CFD·THY·2.5H2O, and CFC·THY·4H2O
was compared with that of CEPH alone, as well as with that of
physical mixtures of CEPH with THY in adequate stoichiometric ratios, against a reference strain of diﬀerent bacteria
both susceptible and not susceptible to CEPH. THY was also
tested. At variance with what was previously observed in the
cases of the co-crystals of ciproﬂoxacin with thymol,33 the
CEPH co-crystallization products show exactly the opposite
behavior in terms of antimicrobial activity. The co-crystals
CPX·THY·2.5H2O form II, CFD·THY·2.5H2O, and CFC·
THY·4H2O are less eﬀective against the bacteria than the pure
active ingredient.
This apparently negative result is extremely interesting and
prompts the investigation of the reasons for such a diﬀerent
behavior. Clearly, the two classes of antibiotics have very
diﬀerent biological activity (interaction with diﬀerent active
sites on the proteins, etc.), and the comparison cannot be
between the two classes of compounds. Rather, the focus of
this crystal engineering paper is on the observation that the
same conceptual approach, namely, the construction of
aggregates between natural antibiotics such as thymol and
carvacrol and the APIs, may also cause an inhibition of the
activity. This should also raise a warning, as it cannot be
excluded a priori that approved substances commonly used for
human consumption, as is the case of thymol, might have an
impact on the pharmacological eﬀects of antibiotics. More
explorative work should be conducted with this caveat in mind.
It may also be worth noting that the solubilities in water of
the co-crystals are an order of magnitude less than those of the
pure CEPH (see Table 1); while the molar solubility of the
CEPH molecules, when associated to THY, is signiﬁcantly
lower than the solubility of the free cephalosporines, THY

Figure 6. Comparison between the experimental XRPD patterns for
CFD·THY·4H2O as obtained from LAG (black line, top), the pattern
obtained after 12 h under ambient conditions (blue line, middle), and
the pattern calculated on the basis of single crystal data for CPX·THY·
2.5H2O form I (red line, bottom). As blue and red lines are
superimposable, it can be inferred that a complete transformation has
taken place from CFD·THY·4H2O to a co-crystal isomorphous with
CPX·THY·2.5H2O form I, i.e., CFD·THY·2.5H2O.

and THY. In all cases (with the exception of the low
temperature form of CPX·THY·2.5H2O), THY is not linked
directly to the CEPH molecules but is linked to the antibiotic
via water bridges. It is perhaps worth mentioning that all
crystal structures of CPX, CFD, and CFC, currently available
in the CSD database,62 are hydrates, conﬁrming the strong
aﬃnity of the CEPH molecules with water.

Table 2. Percentual Increase in Minimal Inhibition Concentration (MIC) Normalized on the Amount of CEPH (mM) for the
Co-Crystals CFD·THY·2.5H2O, CPX·THY·2.5H2O, and CFC·THY·4H2O with Respect to the Pure Cephalosporins CFD, CPX,
and CFC, Respectively
CFD·THY·2.5H2O vs CFD

CPX·THY·2.5H2O vs CPX

CFC·THY·4H2O vs CFC

Gram-Positive Bacteria
Enterococcus faecalis
Staphylococcus aureus MRSA
Staphylococcus epidermidis

926
926
413

Alcaligenes faecalis
Citrobacter f reundii
Citrobacter koseri
Enterobacter cloacae
Enterobacter aerogenes
Escherichia coli
Escherichia coli ESβL+b
Salmonella cholaeresuis
Hafnia alvei
Klebsiella oxytoca
Morganella morganii
Proteus mirabilis ESβL+b
Proteus mirabilis
Providencia stuartii

413
a
a
413
≥4004c
a
≥413c
1952
28
a
4004
8109
4004
1952

28
28
156

148
148
148

a
156
a
156
a
156
924
156
≥8093c
28
8093
1948
3996
a

398
a
24
a
a
24
148
148
148
a
a
≥1948c
≥3996c
a

Gram-Negative Bacteria

a

Notes: co-crystal was not tested because the corresponding CEPH gives MIC values below the measurement limit for the speciﬁc antibacterialsusceptible strain. bESβL+ stands for extended spectrum beta-lactamase. cThe symbol ≥ is used to indicate that higher concentrations have not
been investigated; therefore, the real MIC value could not be ascertained.
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Author Contributions

shows exactly the opposite phenomenon, becoming soluble in
water.
In summary, the evaluation of the MIC values in the cases
discussed herein is consistent with an inhibition eﬀect by THY
on the antibiotic activity of the three CEPH molecules upon
formation of co-crystals with THY. The inhibition is less
pronounced with the new generation cephalosporines.
However, whether this inhibition is due to a diﬀerent
permeability63 of the CEPH co-crystals or, more simply, to
the diﬀerence in solubility of the co-crystals with respect to the
CEPH on their own needs to be investigated further with ad
hoc studies in vivo also by considering the opposite behavior
shown by the co-crystals of ciproﬂoxacin with thymol, which
appears to be more soluble by a factor of 2 with respect to the
antibiotic.33 Work in this direction is in progress and will be
the subject of future reports.
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