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Abstract: Crystal engineering and, more specifically, the development of multicomponent materials
has become an effective technique to rationally modify important physicochemical properties of solids,
such as solubility and thermal stability. In this work, in order to overcome some of the problems that
metformin has as a pharmaceutical, a new metformin base salt with citric acid (MTF-CIT) has been
developed, which improves the thermal stability and solubility (two-fold) compared to metformin
base (MTF). A complete characterization of the new crystalline form through PXRD, DSC, SCXRD,
and FT-IR was conducted to ensure the purity of the new phase and provide a comprehensive
view of its physicochemical behavior, thus correlating the improvement in stability and solubility
with the crystal structure. The MTF-CIT salt crystallizes in the monoclinic P2 /c1 spacegroup with
z' = 1. Intermolecular interactions found in MTF-CIT structure and simulated crystal morphology
suggest a steric protection effect on the metformin ion that leads to the enhancement of stability in
several orders of magnitude compared with MTEF, as well as an improvement in solubility due to the
exposition of polar groups in the biggest facets, making this new multicomponent salt a promising
pharmaceutical solid.

Keywords: metformin; mechanochemistry; API; molecular salt

1. Introduction

Most drug candidates cannot reach the final step of the drug pipeline in the phar-
maceutical industry due to major drawbacks in their pharmacological properties, such
as solubility or stability. However, some alternatives are increasingly being explored to
overcome these problems. In the last decade, crystal engineering has encouraged the
development of pharmaceutical multicomponent materials as a powerful tool to modulate
the physicochemical properties of active pharmaceutical ingredients (APIs) [1-3]. Thus,
multicomponent pharmaceutical systems can be defined as solid crystalline materials in
which an API and another molecule or molecular ion, chosen from the generally recognized
as safe (GRAS) list, are tied by non-covalent interactions. In this context, new crystalline
solids are formed, which present different physicochemical properties compared with the
reference API, but leave the pharmacological activity intact [4,5].

Metformin (MTF), chemically named dimethylbiguanide, commercialized as MTF-
HCl salt in 1995 [6], is the most prescribed oral antihyperglycemic agent for the treatment
of type 2 diabetes [7,8]. However, the strong basic nature of MTF (pKa = 12.4) induces high
reactivity and low stability at physiological pH [9]. This issue offers excellent opportunities
in the study of MTF-based multicomponent materials [10-13]. In this work, we synthesize
and characterize a novel salt of MTF with citric acid (CIT) (Figure 1), a GRAS molecule
commonly used as a coformer in multicomponent crystallization studies [14-18], already
used as an excipient for drug formulation and also as flavoring [19].
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Figure 1. Chemical formula of metformin (MTF) and citric acid (CIT).

Mechanochemical synthesis by Liquid Assisted Grinding (LAG) was used to obtain
the pure salt in the solid state. Further characterization was carried out through Powder
X-ray Diffraction (PXRD), Fourier Transform Infrared spectroscopy (FI-IR), Differential
Scanning Calorimetry analysis (DSC), Thermogravimetric Analysis (TGA), and Single
Crystal X-ray Diffraction (SCXRD). Stability was evaluated in accelerated aging conditions,
while solubility in water was assessed by qualitative methods. Finally, an in-depth study
of the crystalline structure was performed to explain the modulation of the properties
observed when compared with the reference API.

2. Materials and Methods

All chemicals used in this investigation were commercially available from Sigma-
Aldrich and used as received without any prior purification or treatment. MTF had a purity
higher than 98% and CIT higher than 99.5%. HPLC grade solvents were used, also supplied
by Sigma-Aldrich.

2.1. Liquid-Assisted Grinding (LAG)

LAG experiments were performed by using different molar ratios with the total weight
of both components in the range of 150 mg and 50 pL of Methanol (Met). Stoichiometric
mixtures of MTF with CIT were gently ground for 30 min at 25 Hz in a Retsch MM400 ball
mill and using steel jars with two 5 mm diameter steel balls.

2.2. Single Crystals Preparation

Powders obtained from mechanochemical synthesis were dissolved in methanol to ob-
tain saturated solutions, which were then filtered and allowed to evaporate. After 2 days of
slow solvent evaporation at room temperature, single crystals suitable for X-ray diffraction
appeared. These crystals were isolated and instantly immersed in perfluoropolyether as
protecting oil for manipulation and mounting.

2.3. Stability Experiments

Suspensions were made with ca. 100 mg of the powders obtained by LAG and
0.5-1 mL MilliQ water. They underwent magnetic stirring at ambient conditions for 24 h
without drying completely. Aliquots of the suspension were dried, grounded, and analyzed
by PXRD to determine whether the salt was dissociated into its components or remained
stable in the multicomponent form.

In order to study the influence of temperature and humidity on the stability of the new
molecular salt, this material was left in a temperature/humidity-controlled chamber with
a temperature of 40 °C and 75% relative humidity for two months, taking small sample
aliquots during this time to be analyzed by PXRD in order to evaluate the stability of the
crystalline phase.

2.4. Solubility Tests

To qualitatively evaluate the solubility of MTF-CIT and MTF in water and in PBS
buffers at pH 6.8 and pH 3, 10 mg of every single material (MTF-CIT and MTF) was
placed in different vials, and the MilliQQ water and the respective PBS buffer were added to
each one in aliquots of 10 microliters, at 22 °C in a thermostatic water bath, by stepwise
procedure. Sonication was used to homogenize and stimulate dissolution after each solvent
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addition. Complete dissolution was determined based on visual observation under an opti-
cal microscope at the laboratory temperature, set to 22 + 2 °C, controlled by a temperature
and humidity recorder device which assures the keeping of the laboratory temperature in
the range 22 + 2 °C and then assuring the thermal equilibrium of the samples.

2.5. Powder X-ray Diffraction

PXRD patterns were collected on a Bruker D8 Advance Series II Vario diffractometer
for the identification of new crystalline phases using Cu-K; radiation (A = 1.5406 A) at
40 kV and 40 mA. Diffraction patterns were measured over 20 range of 5-50 degrees, using
a continuous step size of 0.015 degrees and a total acquisition time of 1 h. The software
used for data analysis was Diffrac. EVA and Diffrac. TOPAS [20] (Bruker AXS).

2.6. Thermal Analysis

For the DSC/TGA experiments, about 30 mg of MTF-CIT crystalline phase was
studied using a Mettler Toledo TGA/DSC 3+ Star analyzer. Samples were heated at
10 °C/min in the temperature range 25-900 °C under a nitrogen atmosphere at 100 mL/min
flow in aluminum capsules.

2.7. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra (FT-IR) were recorded with an Invenio R FTIR
spectrometer (Bruker) and an attenuated total reflectance (ATR) accessory with a diamond
crystal. FT-IR spectra were recorded within the wavenumber range from 4000 cm~! to
400 cm~! at 2 em ™! resolution.

2.8. Single-Crystal X-ray Diffraction (SCXRD)

The measured crystal was prepared under inert conditions and immersed in perflu-
oropolyether as the protecting oil for manipulation. A suitable crystal was mounted on
MiTeGen Micromounts™ (95 Brown Rd, Ithaca, NY, USA), and this sample was used for
data collection. Data were collected with a Bruker D8 Venture diffractometer and processed
with the APEX3 suite [21]. The structure was solved by the intrinsic phasing method [22],
which revealed the position of all non-hydrogen atoms. These atoms were refined on F2 by a
full-matrix least-squares procedure using anisotropic displacement parameters [23]. All hy-
drogen atoms were located by difference Fourier maps and included as fixed contributions
riding on attached atoms with isotropic thermal displacement parameters 1.2 times those of
the respective atom. Geometric calculations and molecular graphics were performed with
Mercury [24] and Olex2 [25]. Additional crystal data are shown in Table 1. The MTF-CIT
crystallographic information file was deposited in the CSD database with the deposition
number 2215418.

Table 1. Crystallographic data and structure refinement details of the MFT-CIT salt.

Compound Name (MTF)(CIT)
Formula C1oH19N507
Formula weight 321.30
Crystal system Monoclinic
Space group P2;/c
a/A 7.6544(6)
b/A 21.4436(17)
c/A 9.2598(8)
o/ 90
B/e 109.634(3)

v/ 90
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Table 1. Cont.

Compound Name (MTF)(CIT)
Vv/A3 1431.5(2)
Z 4
D./gcm ™3 1.491
p/mm-! 1.091
F(000) 680
Reflections collected 13,113
Unique reflections 2485
Rint 0.0386
Data/restraints/parameters 2485/0/205
Goodness-of-fit (F2) 1.080
R; (I>20(I) 0.0452
wR; (I>20(I) 0.1267
CCDC number 2215418

3. Results and Discussion
3.1. Liquid-Assisted Grinding Experiments

For the system under investigation, three different stoichiometries (1:1, 2:1, 1:2) were
screened. The powder materials obtained from LAG experiments were collected and
analyzed by PXRD and DSC/TGA to determine the formation of new crystalline phases.
The new molecular salt obtained for the (1:1) stoichiometry exhibited a distinct PXRD
pattern (Figure 2) and melting point compared to the starting materials, and its structure
was elucidated from Single Crystal X-ray Diffraction data, whereas for the (1:2 and 2:1)
stoichiometries, physical mixtures were obtained.

‘ MTF
_—,_ﬂ_)_.»)\f“'\_j U‘\_A_A_J‘\_AJJ\_/[ L}W‘J Wiciiaaadk i
S
o |
= J ) CIT
21 Lo JU LA
=
MTF-CIT
! 1 ! | ! | 1 | 1 1 1 | 1
5 10 15 20 25 30 35 40

26 (°)
Figure 2. PXRD patterns of MTF (green), CIT (red) and MTE-CIT (black).

3.2. Powder X-ray Diffraction

Powder X-ray diffraction patterns are a unique fingerprint of the measured crystalline
materials. From Figure 2, it can be concluded that the powder pattern obtained for the new
molecular salt (MTF-CIT) is entirely different from the raw starting materials, thus ensuring
the appearance of the new crystalline phase. This fact was subsequently confirmed through
structure resolution from SCXRD data. Furthermore, the comparison of the simulated PXRD
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data from the solved single crystal structure with the experimental patterns obtained from
MTE-CIT corroborates the appearance of the new molecular salt and its purity. The absence
of characteristic peaks of the starting materials in the diffraction pattern obtained for the
new crystalline form synthesized with a 1:1 molar ratio confirms that the new molecular
salt should have a 1:1 stoichiometry, which was further confirmed from the solved single
crystal structure.

3.3. Structural Analysis MTF-CIT Salt

The MTE-CIT salt crystallizes in the monoclinic P2;/c space group with z' = 1.
The asymmetric unit comprises one monoprotonated metformin cation (MTF*) and one
dihydrogen citrate anion (CIT") (Figure 3a). The intermolecular interactions in MTF-CIT are
shown in Table 2. H-bonding interactions involving carboxylic and carboxylate groups (O1-
H1---O5, graph set C% (7)) connect CIT™ anions to build a chain along the a axis (Figure 3b).
Further sheets extend parallel the ab plane by the assembly of adjacent chains through H-
bond, involving hydroxyl and carboxylate groups (O3-H3:--O4, graph set C} (5)) (Figure 3c).

(a) (B) o 30 o Bl a P& o
- :‘,__“ .""*\,,'\ i i

Figure 3. (a) Asymmetric unit of the MTF-CIT molecular salt. (b) fragment of the H-bonded CIT-
chain that extends along the a axis. (c) View of the sheet structure built by CIT™ anions.

Table 2. Hydrogen bonds for MTF-CIT (A and °).

D-H---A D-H H--A D---A D-H---A
O@3)-H(3)---0(4) #1 0.82 2.11 2.9211(18) 169.9
O(1)-H(1)---O(5) #2 0.82 1.73 2.5437(16) 169.2
O(6)-H(6)---N(3) ¥ 0.82 1.86 2.651(2) 163.0

N(4)-H(4A)---O(5) # 0.87 217 3.023(2) 163.9

N(@2)-H(2A)---O4) #2 0.86 2.05 2.9024(19) 168.8

N(2)-H(2B)---O(2) # 0.86 2.29 2.944(2) 133.2

N(1)-H(1A)---O(7) # 0.86 2.21 2.913(2) 138.6

N(1)-H(1B)---O(7) # 0.86 2.04 2.898(2) 171.5

Symmetry codes: #1 x,-y + 1/2,z-1/2; #2 x+ 1y, z; #3 -x + 1,-y + 1-z; #4 x + Lyz+ L, #56 x,-y + 1/2,z + 1/2.
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(a)

MTF" cations are located between sheets and participate in their cohesion involving
carboxylic---amidine and amine---carboxylate synthons, generating a 3D H-bond network
(Figure 4a). Each MTF* cation interacts with four CIT anions (Figure 4b). This arrangement
can explain the enhancement of stability [26,27] of metformin provided by the formation of
the molecular salt, as will be discussed in the following sections.

(b)

Figure 4. (a) View of the 3D structure of MTF-CIT (red: CIT", blue: MTF*). (b) View of the MTF*
cation surrounded by four CIT™ anions in MTF-CIT crystal structure.

Crystal morphology of the MTF-CIT salt was computed using the Bravais—Friedel—-
Donnay-Harker (BFDH) method implemented in Mercury [24]. The facets with the largest
surfaces in the calculated morphology, {0 2 0} and {0 —2 0} (33%), contain citrate carboxylic
and metformin amine groups; meanwhile, the facets {0 —1 —1}, {01 —1}, {0 —1 1} and
{011} (30%) contain citrate carboxylic groups, pointing out the surface (Figure 5). The
distribution and extent of the observed polar groups could explain the better solubility
performance of the molecular salt in comparison with the parent metformin drug [28,29].
As a comparison with the Bravais—Friedel-Donnay-Harker model, Figure S1, it is shown a
picture of the crystal morphology obtained in the experiments and an indexation of one of
these crystals. The slightly different morphology is commonly related to kinetic effects in
the crystal growth.

{020

Figure 5. BFDH predicted morphology of MTF-CIT showing {0 2 0} and {0 —2 0} facets.
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3.4. FT-IR Spectroscopy

Figure 6 shows the FT-IR spectra for the new molecular salt and for the two initial
reactants. FI-IR is an instrumental technique that provides a fingerprint sign of each
compound and valuable information about the non-covalent interactions between acceptor
and donor groups. Batochromic peak shifts can be clearly found in the bands of one of
the functional groups involved in the hydrogen bonds: the carboxylic groups in citric acid.
The shifts in the stretching vibration of -C=O groups in citric acid occur from 1694 cm~! to
1635 cm ™! for the obtained molecular salt, as well as with the carboxylic band of citric acid
in the region of 3490 cm~!. The -N-H vibrations shifts from 3411 to 3392 cm~!. These shifts
typically evidence a hydrogen bonding interaction between the -C=0 group of citric acid
molecules and the -N-H groups of metformin [30,31], as was further demonstrated from
SCXRD structure resolution.

MTF \
3411 cm’!

cm —

1694 cm™ ~7
/ 3392 em™

MTE-CIT 3476 cm’ 1635 em™ -7

1 1 1 1 1 1 L 1 L 1 1 1 L 1
3500 3000 2500 2000 1500 1000 500

Wavelenght (cm™)
Figure 6. FT-IR spectra of MTF (green), CIT (red), and MTF-CIT (black).

3.5. Stability Studies

The slurries of MTF-CIT in water were stable after 24 h of stirring. In order to confirm
the stability of the solid phases, a PXRD analysis was performed after 24 h of stirring
to confirm the presence of the original material. As can be seen in Figure 7a, MTF-CIT
remained stable after 24 h of stirring in water, as can be depicted by comparing the pattern
obtained from the slurry with the calculated one from SCXRD, confirming the stability
of the new molecular salt in water. Furthermore, the MTF-CIT was subjected to aging
conditions at a temperature of 40 °C and 75% relative humidity for two months, sampling
at different times and confirming by PXRD the stability of the crystalline phase, as shown in
Figure 7b. Nevertheless, the metformin base showed a high instability in aging conditions,
namely 40 °C and 75% relative humidity, as can be seen in Figure S2, where in a short time,
the solid deliquesces.
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Figure 7. Stability experiments. Comparison between the calculated pattern of MTE-CIT with those
of the slurry in water 24 h (a). Stability of MTF-CIT in accelerated aging conditions (b).

3.6. Solubility Test

The abovementioned test was performed three times for each material and solvent,
obtaining a mean solubility value in MilliQ) water of 182(4) mg/mL for MTF-CIT, 102(6)
mg/mL for MTF, in PBS buffer at pH 6.8, 197(5) mg/mL for MTF-CIT and 109(4) for MTF
and in PBS buffer at pH 3, 214(6) for MTF-CIT and 91(2) for MTF. These values can be
compared with the commercial form, metformin hydrochloride (MTF-HCl), whose reported
solubility in water is about 340 mg/mL [32]. All the remaining solids after saturation were
analyzed by PXRD, and the phase stability was confirmed in all the cases.

The obtained solubility for MTF-CIT is about two-fold the MTF solubility, demonstrat-
ing the increased solubility of the novel material with respect to the former.

The exposure of polar groups on the facets with the largest surfaces in the calculated
morphology, as previously explained in Section 3.3 (Figure 5), could explain the enhance-
ment in the solubility [28,29] of about two-fold with respect to the parent form MTE.

The solubility enhancement has been observed in three different solutions, MilliQ
water, and PBS buffer at pH 6.8 and pH 3, obtaining a solubility increase of about two-fold

or bigger in all three cases, as shown in Table 3.

Table 3. Solubilities of MTF-CIT and MTF in water, PBS pH 6.8 and PBS pH 3.

MTE-CIT MTF

Solubility pH before pH after Solubility pH before pH after
Dissolution Dissolution Dissolution Dissolution
(mg/mL) (mg/mL)
PBSpH 3 214(4) 3.05 3.68 91(2) 3.05 13.57
PBS pH 6.8 197(5) 6.83 3.70 109(4) 6.83 13.60
MilliQ water 182(4) 6.19 3.78 102(6) 6.19 13.65

It can also be observed in this table the variation of the initial pH of the solutions
before and after the solute was dissolved, showing different situations depending on the

initial value and the compound evaluated.

3.7. Thermal Analysis

DSC experiments were performed to evaluate the stability of the new molecular
salt, as well as to determine the melting point of the new crystalline phase. Figure 8
shows the DSC/TG of MTF-CIT and indicates a comparison of its melting point with the
one of metformin (vertical dotted line). The MTF-CIT melting point is drawn as a clear
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endothermic peak with onset at 145.5 °C followed by a peak at around 190 °C corresponding
to the thermal decomposition, as can be seen in the TG trace with an important loss of mass
(Figure S3).

T TGMTF-CIT  MTF
EXO
= =z
£ 2
~ w
3 o
L [
© 3
£ | pscwmrF-cIT Q
145,5°C
1 1 1 | 1 ! 1 L | L
50 100 150 200 250 300

Temperature (°C)

Figure 8. DSC measurement of MTF-CIT showing its melting point compared with MTF (vertical
dotted line) melting point followed of a decomposition event.

The increased melting point can be considered an indicator of the thermal stability of
the new crystalline material [33], which is generally related to a decrease in solubility [34,35].
This is not the case in this new salt, which shows a solubility of about two-fold compared
to MTF, in the same order of magnitude as metformin hydrochloride solubility.

4. Conclusions

In this investigation, a new molecular salt of metformin with citric acid (MTF-CIT)
was obtained through solid-state synthesis using the liquid-assisted grinding method.
The physicochemical characterization of the new crystalline form has been performed
by using PXRD, DSC/TGA, FT-IR, and SCXRD. Moreover, stability and solubility were
tested. The crystal structure was deeply analyzed to correlate the changes in stability
and solubility with the crystallographic structure. The intermolecular interactions and
computed crystal morphology suggest a steric protection effect of the metformin ion that
leads to an enhancement of stability of metformin of several orders of magnitude compared
with MTF, as well as increased solubility, making this new multicomponent salt a promising
pharmaceutical solid concerning the future administration of metformin drug.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12121748/s1, Figure S1. Crystal morphology obtained in the
evaporation experiments (left) and indexation of one of these crystals (right). Figure S2. MTF base
solid sample after less than 1 h exposition to 40 °C and 75% relative humidity. Figure S3. Complete
DSC/TGA of MTF-CIT salt from 25 to 900 °C.
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