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Abstract: In this work, the levodopa methyl ester was crystallized from different solvents and its physicochemical proper-
ties were explored. This active pharmaceutical ingredient (API) is commercially available as an effervescent tablet in Italy.
The crystallization methods were solvent evaporation from different solvents (water, ethanol, methanol) and crystalliza-
tion by adding an antisolvent. These methods led to the same product which had the same different X-ray powder diffrac-
togram that was different from the diffractogram of LDME-I. According to the hot-stage microscopy and differential scan-
ning calorimetry (DSC), the melting point was remarkably decreased, however, above the melting point, the melt tended to
recrystallize to the LDME-I which was shown by an exothermic peak on the DSC curve. This was verified by an additional
test during which the API was heated to 145 °C, thereafter the diffractogram matched perfectly with the LDME-IL. These
results indicate the presumable formation of a new polymorph. During the crystallization, the LDME did not degrade ac-
cording to the high-performance liquid chromatography. Besides the recrystallization kinetics of the amorphous form was
also followed, the activation energy of recrystallization was 85.3 kJ/mol, the diffractogram of recrystallization was the same

as in the case of the crystallized products.

Keywords: melevodopa hydrochloride, crystallization, potential polymorph, melting point, X-ray powder diffractometry

1. Introduction

Levodopa (LD) is the most widely applied active
pharmaceutical agent (API) in the treatment of
Parkinson’s disease, however, it suffers from some
disadvantages, like levodopa-related motor com-
plications (LRMCs). Approximately 50% to 80% of
patients with Parkinson’s disease experience
LRMCs after 5 to 10 years of LD treatment (1).

The solubility of LD is limited: 5.0 mg/mL in
water (2), therefore intensive research was con-
ducted to find highly soluble LD derivatives as an
alternative (3). Among the LD alternatives, the
most promising candidate was the levodopa me-
thyl ester hydrochloride (melevodopa hydrochlo-
ride, LDME). This API has about 250-fold higher
water solubility than the LD, therefore high doses
can be prepared in liquid formulations (4) and its
absorption ability is higher due to the higher lipo-
philicity (Table 1). Both of LD and LDME have a
tendency to decompose in a pH-dependent path-
way. The advantage of LDME is that its main deg-
radation product is LD (5), which still has an anti-
parkinsonian effect, in contrast to the degradation
products of LD (6).

DOI:10.33892/aph.2021.91.45-52

The LDME is marketed as an effervescent tablet
in Italy (brand name: Sirio®, manufacturer: Chiesi
Farmaceutici SpA, Parma, Italy). The doses are 314
mg of LDME/25 mg of carbidopa; 157 mg of
LDME/12.5 mg of carbidopa; 125.6 mg of LDME/25
mg of carbidopa (10,11). Based on the molecular
mass ratio, 1.256 mg LDME is equivalent to 1.000
mg of LD (12). The advantage of the effervescent
tablets is that the liquid formulations can pass
more easily through the stomach, therefore the er-
ratic gastric emptying effect is lower causing quic-
ker onset. According to the Cambridge Crystallo-
graphic Data Centre (CCDC) (13), only one X-ray
diffractogram is assigned to the LDME.

The main purpose of ICH guidelines is to pro-
vide patient safety. One of the remarkable risks is
the change in the dissolution profile that can occur
as a result of e. g. a polymorphic change. The ICH
Q6A guideline defines polymorphism as ,some
drug substances exist in different crystalline forms
which differ in their physical properties. Polymor-
phism may also include solvation or hydration
products (also known as solvatomorphism) and
amorphous forms”. Only the imagination limits
the possibilities of polymorph screening, among
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Table 1 Chemical structure and molecular mass of the levodopa, melevodopa and its hydrochloride salt

. Molecular weight
API Chemical structure (g/mol) logP .
(o)
HO
levodopa OH 197.19 -2.9(7)
NH,
HO
(o)
HO
melevodopa o 211.21 0.21 (8)
NH,
HO
(o)
HO
melevodopa hydro- 0/ 247 06 0.64 (9)
chloride
NH,* Cr
HO

which the crystallization by evaporation/cooling
from a proper solvent/solvent mixtures (14), crys-
tallization from supercritical fluid (15), exposure
to vapour at high or low relative humidity (16),
solid-state polymorphic transformation (17) and
seeding/pseudoseeding (18). The polymorphs can
modify the stability, solubility, and manufactur-
ing properties. A drawback of LDME is the chemi-
cal instability (5), sensitivity to the temperature,
and aqueous media, thus it has to be taken into
consideration when carrying out the crystalliza-
tion process.

In this study, we aimed to crystallize the LDME
from different solvents and investigate the physi-
cal properties of products. Besides our purpose
was also to follow the recrystallization from the
amorphous state.

2. Materials and methods
2.1. Materials

The LDME (3,4-dihydroxyphenylalanine methyl
ester hydrochloride), ethyl acetate and ethanol ab-
solute (EtOH) were purchased from Merck (Buda-
pest, Hungary). The methanol (MeOH) was ob-
tained from VWR International Ltd (Debrecen
Hungary).

2.2. The crystallization of LDME

20 mg of LDME was dissolved is 5 mL of EtOH,
MeOH and water, the solubility also determined
in these solvents. LDME was dissolved in differ-
ent organic solvents and water. A Rotavapor R-125
equipment (BUCHI Labortechnik AG, Flawil,
Switzerland) was used to evaporate the solvent at
decreased pressure and increased temperature.
The rotation speed of the round-bottom flask was
135 rpm. The LDME products were LDME-EtOH,
LDME-MeOH and LDME-water whose summa-
rized name was “LDME-II" in this article, respec-
tively which were compared to the starting mate-
rial named as “LDME-I".

After the elimination of organic solvent some
fraction of products was stored in a refrigerator
(442 °C), another fraction was stored at 32+2 °C,
60+5 % relative humidity (RH) for one day. The
recrystallized powders were investigated the next
day to let the partially amorphous fraction recrys-
tallize.

Besides previous experiments, LDME was also
crystallized from 0.7 ml of EtOH (60 mg/mL) by
adding ethyl acetate dropwise (0.1 mL/s) as an an-
tisolvent to the solution in a beaker under con-
stant 200 rpm stirring using a magnetic stirrer.
During the procedure the soulution became opal-
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escent after adding 16 ml ethyl acetate. Further
14 mL of ethyl acetate was dropped to the solution
to achieve a higher extent of crystallization. The
resulting suspension was filtered by Whatman™
membrane (GE Healthcare Sciences, Chalfont St
Giles, United Kingdom) and the residue was gen-
tly dried at 50 °C in a vacuum dryer (Binder
GmbH, Tuttlingen, Germany).

The solubility of LDME was determined in wa-
ter, MeOH and EtOH with a spectrophotometric
method. This was carried out using UV-Vis spec-
trophotometry (ABL&E-Jasco UV/Vis Spectropho-
tometer V-740, Budapest, Hungary). The quantifi-
cation wavelength was 280 nm, the calibration was
done in 0.01-0.1 mg/mL concentration range in
each solvent. After sampling from the superna-
tant, the saturated solution was diluted to obtain a
solution in the range of calibration.

2.3. X-ray powder diffractometry (XRPD)

The samples crystallized from different organic
solvents and water were investigated by a Bruker
D8 Advance diffractometer (Bruker AXS GmbH,
Karlsruhe, Germany). The powders were irradiat-
ed by Cu K, (A=1.5406 A)g the intensity of X-rays
were quantified by a VANTEC-1 detector. The
samples were investigated at 40 kV voltage and 40
mA current in the range of 3°-40° 20 at a step of
0.007°/0.1 sec. The samples were placed onto a
quartz sample holder, then the samples were
measured meanwhile the sample holder rotated.

All manipulations, including Ka,-stripping,
background removal, and signal-to-noise smooth-
ing of the area under the peaks of diffractograms
were performed with DIFFRACTPLUS EVA soft-
ware. The results were compared to the available
data in the CCDC database.

2.4. The measurement and evaluation of
recrystallization kinetics

The recrystallization kinetics of LDME from an
amorphous state was also investigated with the
help of a hot-humidity stage chamber conducted to
XRPD (HH-XRPD), whereby temperature was vari-
able. The API was dissolved in 0.5 mL of MeOH di-
rectly in the sample holder. The solvent was inten-
sively evaporated in a vacuum dryer (Binder
GmbH, Tuttlingen, Germany) at 50 °C, 100 mbar.
Thereafter the solvent was removed, the residual
amorphous, transparent LDME was placed in the
instrument. An ANS-Sycoshot humidity control

device was connected to the XRPD, which injected
humidity into a controlled dry gas flow. The carri-
er gas was compressed air with a 0.5 L/min flow.
The sample was placed onto a Ni-coated sample
holder. The RH was set at 40 °C, 60 °C, and 70 °C
constant temperatures.

As a part of preformulation studies, HH-XRPD
can provide information about polymorphic trans-
formations and recrystallization kinetics, and
short-term stability can be monitored in situ.

In this work, the recrystallization process of
amorphous LDME was followed to determine the
product and the kinetics of the process.

The parameters of recrystallization kinetics
were modeled by the Avrami equation (19):

l-a=e™, (1)

where the « is the crystalline fraction of LDME, k
is the rate constant, n is the Avrami index describ-
ing the characteristic of nucleation and crystal
growth.

The Avrami parameters (K, n) can be deter-
mined from the equation (1) by transforming into
a double logarithmic form:

In[-In(1-a)]=Ink+nint (2)

If the In [-In(1-a)] is plotted as a function of In t, the
slope will be equal to 7, the intercept will be equal
toIn k.

The activation energy of recrystallization was
also calculated by utilizing the temperature de-
pendence of the Arrhenius equation (assuming
that the recrystallization has first order kinetics):

E
Ink=InA--= 3)
RT

where k is the rate constant, A is the frequency fac-
tor, E is the activation energy, R is the gas con-
stant and the T is temperature. Thus, based on the
time dependence of the rate constant, the activa-
tion energy can be calculated.

2.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out by a Mettler-
Toledo 82le DSC instrument (Mettler-Toledo
GmbH, Switzerland) under constant argon flow of
150 mL/min in the temperature range of 25-300 °C
with a heating rate of 10 °C/min. The 3-5 mg of
LDME was measured in crimped aluminium pans
with three holes on the top. Data analysis was per-
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formed using STARe software (Mettler-Toledo
GmbH, Greifensee, Switzerland). Each result was
normalized to sample size.

2.6. Thermogravimetric analysis (TGA)

The Mettler Toledo TGA 1 thermal analysis sys-
tem (Mettler-Toledo GmbH, Greifensee, Switzer-
land) was applied to characterize the thermal sta-
bility of the LDME. 3-5 mg of the samples were
placed in aluminium pans and measured in the
temperature range of 25-300 °C with a heating rate
of 10 °C/min under constant nitrogen flow of 50
mL/min. Data analysis was performed using
STAR® software (Mettler-Toledo GmbH, Greifen-
see, Switzerland). The results were normalized to
the sample size.

2.7. Hot-stage microscopy (HSM)

The melting was also observed by hot-stage mi-
croscopy (HSM) using a LEICA Thermo micro-
scope (LEICA MZ 6, Germany). The samples were
placed under the microscope between two glass
slides. 10 °C/min heating rate was applied for the
measurements. Images were taken at 4-fold mag-
nification. It helped to assign the peaks on the
DSC and TGA curves. This simple investigation
method was mainly useful when the peaks over-
lapped.

2.8. Scanning electron microscope (SEM)
measurements

The morphological appearance of the different
forms of LDME was checked with the help of
scanning electron microscopy (SEM, Hitachi
54700, Hitachi Scientific Ltd., Tokyo, Japan) at
10 kV. All samples were coated with gold-palladi-
um (90 s) by a sputter coater (Bio-Rad SC 502, VG
Microtech, Uckfield, UK).

2.9. High-performance liquid chromatography (HPLC)

The LDME and the accidental degradation prod-
ucts were analysed by an Agilent 1260 HPLC sys-
tem (Agilent Technologies, San Diego, United
States). The mobile phase was composed of acetate
buffer (0.022 M, pH=5.0)MeOH=90:10 (v/v). A
Chrome-Clone™ 5 um C-18 100 A column (150 x
4.6 mm, Phenomenex, Torrance, CA, USA) was
connected to a C-18 security guard cartridge.
10 pL of sample was injected and separation was

carried out with isocratic flow with 1 mL/min flow
for 8 min at 30 °C. Before the HPLC measurement,
the LDME was dissolved in MeOH. The LDME
was analysed at 280 nm with a diode array detec-
tor. Data were evaluated with the help of Chem-
Station B.04.03. Software (Agilent Technologies,
Santa Clara, United States). The calibration equa-
tion of LDME dissolved in MeOH under the cir-
cumstances of separation using the area under
curve values:

y=3392.4 x +8.961 (4)

where the unit of y is mAu*min, the unit of x is
mg/mL, R*> was 0.9985. The limit of detection
(LOD) was 43.7 pg/mL and the limit of quantifica-
tion (LOQ) was 144 ug/mL.

3. Results and discussion
3.1. The results of LDME crystallization

The solubility of the API in different solvents was
determined. As a general phenomenon, the solu-
bility was decreased when the polarity of the sol-
vent was also decreased suggesting that the
LDME prefers the polar media.

The exact process parameters of the evapora-
tions are detailed in Table 2.

Table 2 The circumstances of solvent evaporation method and
the solubility of LDME in the utilized solvents

T P |S oy (mg/ml)|S - (mg/mL)
Solvent| o) |(mbar)| “8625°C | " at25°C
EtOH | 65 200 105 31.8
MeOH | 37 200 232 303
Water | 90 50 912 614
LDME-water n
2
‘s | LDME-MeOH
=
@ LDME-EtOH co ‘“‘
=] | I i
% L AN JWPL AU " ‘v\"w“‘,r‘ | "‘L,“m‘"‘v“‘v“\w"JAkJ\ ANANMMM A
©
Raw LDME
10 20 30 40
20 (°)
Figure 1 The XRP diffractogram of LDME-I and LDME-II
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After dissolving the LDME in proper solvents and
the crystallization led to products (LDME-water,
LDME-MeOH, LDME-EtOH) which had the
same XRP diffractogram (Figure 1) that could not
be found nor in the literature, neither in the CCDC
database. It was different from the diffractogram
of the starting material (LDME-I). The starting
material matched with the diffractogram of LDME
in the CCDC. The solubility of two crystal forms
differed, the LDME-I had higher solubility in wa-
ter and EtOH, the LDME-II had a higher solubility
in MeOH, however the solubility of both forms in-
creased as the polarity of the solvent increased.

This result is in line with the statement in the
literature that claims LDME is approximately 250-
fold more soluble than LD in aqueous media (20).

The same diffractogram belonged to all crystal-
lized products, however, the diffractogram of LD-
ME-I was different. The characteristic peaks of the
different forms of LDME are listed in the Table 3.
Besides these results, the recrystallization process
and the crystallization from EtOH with ethyl ace-
tate antisolvent led to the same products. The ob-
tained product did not seem to be a solvatomorph
because the XRP diffractogram of the API was the
same after crystallization from different solvents,
it appeared to be a different crystalline form.

The chemical stability of LDME is low, there-
fore we had to make sure that the change on the
diffractogram did not happen due to the chemical
degradation. The change in the XRP diffractogram
was not the result of chemical degradation based

on the HPLC investigations. According to the
comparison of the chromatogram of the LDME-I
and the products, there was no sign of degrada-
tion product after crystallization. The stability of
the API in the used solvent (MeOH) was satisfac-
tory for the measurements according to pre-exper-
iments (no degradation product could be detected
in 1-day storage at room temperature).

Table 3 Characteristic peaks of LDME-I and LDME-II on the
diffractogram

LDME- LDME- LDME-
LDME-I EtOH MeOH water

11.027 ° 9.364 ° 9.349 ° 9.335°
12.145 ° 10.419 ° 10.408 ° 10.415 °
12.566 ° 11.430 ° 11.405 ° 11.419°
17.625 ° 12.333° 12.312° 12.314°
19.370 ° 16.834 ° 16.815 ° 16.844 °
20.560 ° 19.284 ° 19.249 ° 19.265 °
24.095 ° 21.965 ° 21.958 ° 21.969 °
24.368 ° 23.881° 23.842° 23.869 ©
29.018 ° 24375 ° 24372 ° 24.425 °
30.690 ° 24.838 ° 24.816 ° 24.805 °
33.067 ° 26.524 ° 26.507 ° 26.530 °
37.269 ° 35.974 ° 35.894 © 35.955 °

3.2. The melting of the products

Usually, different melting point belongs to differ-
ent polymorphs, therefore the DSC and HSM
were additional measurements to verify the
change in the crystalline state. Figure 2 shows the
melting of the LDME based on the HSM investi-

Products of crystallizations

Raw LDME

melting of LDME-II (4x magnification)

Figure 2 The results of HSM measurements, the top line represents the melting of LDME-I, the bottom line represents the
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Figure 3 The DSC curve (A) and TGA curve (B) of LDME-I and LDME-II in the range of 25-300 °C temperature

gations. This measurement showed a remarkable
decrease of the LDME melting point that was fur-
ther investigated by DSC and TGA measure-
ments.

The melting point of the products was remark-
ably decreased from 178 °C to approximately
138 °C as a result of the presumable polymorphic
transformation (Figure 3/A). The exact determina-
tion of melting point was done after a single deri-
vation of the DSC curve, after that, a local mini-
mum on the derivative curve appeared at 138 °C
belonging to the melting of the API. The LDME-
MeOH had the same melting point, in this case,
the local minimum of the original DSC curve was
at 137 °C assigned to the melting of the LDME, as
well. In the crystallized products, more peaks
overlapped, HSM investigations verified that the
melting begins at around 110 °C, in contrast to
the melting point of LDME-I. The DSC curve of
LDME-EtOH contained an intensive exothermic
peak in the range of melting which peak also ap-
pears in the case of LDME-MeOH, however, its

Raw LDME J l N

LDME-EtOH after
heating to 145 °C

Relative intensity

Initial LDME-EtOH

10 2 30 40
26(°)

Figure 4 The effect of heating above the melting point of the
LDME-EtOH on the XRP diffractogram

intensity is lower. At the same time, the exother-
mic peak — which was the most intensive in the
case of LDME-EtOH, moderately intensive in the
case LDME-MeOH and its presence was not obvi-
ous in case of LDME-water — needed to be inter-
preted, therefore the LDME-EtOH was heated
above this (to 145 °C). As an effect of heating, the
diffractogram of LDME-EtOH matched the dif-
fractogram of LDME-I (Figure 4). Thus, this exo-
thermic peak could be assigned to the recrystalli-
zation of crystallized LDME to LDME-I. The in-
tensity of the recrystallization peak on the DSC
curve was in line with the appearance of the melt-
ing point of LDME-I at 178 °C. According to the
TGA curve, the degradation temperature of the
LDME was also decreased simultaneously with
the melting point (Figure 3/B). Above this temper-

Figure 5 The SEM pictures of LDME-I (250x magnifica-
tion) and the antisolvent method-prepared LDME-II (500x
magnification)
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Figure 6 The evaluation of recrystallization kinetics of
amorphous LDME to LDME-II

ature, the degradation slowed down, and in the
case of all products of crystallization, this was
due to the recrystallization to LDME-I, above the
melting point of LDME-], these products began
degrading to a higher extent. These results also
showed verification for the formation of the new
presumable polymorph as a result of crystalliza-
tion.

3.3. The morphology of the LDME forms

The LDME-I consisted of micro-sized, clearly
cylindrically shaped particles. The shape of the
particles depended on the treatment after sol-
vent evaporation, their fracture was highly de-
pendent on the method of removal from round-
bottom flask or beaker, therefore the product of
antisolvent method was proper to characterize
the shape of the LDME-II crystals. The LDME-
IT particles was rather strawberry-like, consist-
ed of more spherical compared to LDME-I (Fig-
ure D).

3.4. Recrystallization kinetics of LDME

The amorphous LDME was immediately placed
onto the sample holder after amorphization and
the recrystallization kinetics was followed. The
area of the whole diffractogram was summed
up. Interestingly at all investigated tempera-
tures, the characteristic peaks of LDME-II ap-
peared on the diffractograms and instead of the
peaks of LDME-I.

Applying the Avrami equation, the In(-In(1-a))
was plotted as a function of In t (Figure 6), the in-
tercept was equal to In k.

The rate constants of recrystallization were cal-
culated from the linear fit (Table 4).

Table 4 The rate constant of recrystallization from amorphous
LDME to LDME-II at different temperatures

T (°C) k (1/min)
40 7.43x10*
60 3.44x10°3
70 1.48x1072

As a consequence of the Arrhenius equation, the
temperature dependence of In k values determined
the activation energy of recrystallization from the
amorphous state. The E, of recrystallization was
85.3 kJ/mol. The diffractogram of the product of the
recrystallization process was the same as the dif-
fractogram of the crystallized products.

4. Conclusions

In this work, LDME was crystallized from vari-
ous solvents and recrystallized from the amor-
phous state. Thus, a presumably new polymor-
phic form of LDME could be easily prepared by
solvent evaporation of EtOH, MeOH, water, pre-
cipitation from a solvent via dropping an anti-
solvent and solid-state recrystallization. The
characteristic peaks on the XRP diffractogram of
both assumable polymorphs were measured, ac-
cording to the results, new peaks appeared in
the case of all LDME products compared to LD-
ME-I. The diffractogram of products was the
same. According to the HPLC results, these
changes were not due chemical composition of
APIL. Besides the API was thermally analysed
which showed a remarkable difference between
the melting point of the different forms, the as-
signation of peaks was supported by additional
HSM investigations. As an effect of heating to
145 °C, the LDME-EtOH was recrystallized to
LDME-I explaining the exothermic peak ap-
peared on the DSC curve above the melting
point. The LDME-EtOH had the highest tenden-
cy to recrystallize, the LDME-MeOH had a lower
tendency, in the case of LDME-water the recrys-
tallization did not occur obviously. It was also
concluded that the thermal stability of LDME
was also decreased, it started decomposing after
melting in both cases. Thus, as the melting point
of the LDME product was lower, the thermal sta-
bility was also lower. The recrystallization ki-
netics of LDME was also measured by hot-hu-
midity XRPD, based on these experiments, the
activation energy of LDME recrystallization of
amorphous LDME was 85.3 kJ/mol.
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