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Introduction

Several drugs reduce low-density lipoprotein-
cholesterol; �brates, cholesterol absorption inhibitors, 
nicotinic acid and its derivatives, and statins. Statins 
are part of a remarkable class of cholesterol-lowering 
drugs. �ey are competitive inhibitors of 3-hydroxy-
3-methyl-glutarylcoenzyme A (HMG-CoA) reductase, 
an enzyme that catalyzes a limiting step in cholesterol 
synthesis. Fluvastatin sodium (Figure 1) is the �rst 
inhibitor of HMG-CoA reductase of synthetic origin, 
structurally distinct from those statins produced by 
metabolism of fungi, such as lovastatin, pravastatin, 
and simvastatin. All HMG-CoA reductase inhibitors 
are hepatically metabolized; however, these drugs have 
subtle di�erences in their extent of hepatic absorption 
and excretion after oral administration.[1–3] Fluvastatin 
sodium has a low systemic distribution, which helps 
to protect peripheral tissues of undesirable e�ects. In 
addition; the drug has a short-elimination half-life and 
extensive plasma protein binding.[1,2]

Fluvastatin sodium was approved by the Food and 
Drug Administration (FDA) in 1998.[4] �e patent of 
Lescol was registered in 1994, and expired in 2011. 
Fluvastatin sodium is marketed as a racemic mixture of 
the two erythro enantiomers—(+) –3R,5S and (–) -3S, 
5R—of which the 3R,5S form possesses >30 times the 
activity of the 3S,5R form.[5–7]

Although the physical characterization of solid drugs 
has become an area of great interest in pharmacy, for 
some drugs, such as Fluvastatin sodium, studies of the 
characterization of the solid state and di�erent crystal-
line forms have not been reported. Drug solid state 
characterization is an important step in pharmaceuti-
cal development due to its implications in physical and 
physicochemical factors (density, chemical stability, 
melting point, solubility, etc.) that may signi�cantly 
a�ect the performance of drug products.[8]

�ere are studies that have reported improvements 
in chemical and physical stability of Fluvastatin sodium 
through the interaction of drugs with polymers[9] or by 
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intercalating the drug in layered double hydroxide by 
using the coprecipitation method.[10] However, the X-ray 
powder di�raction (XRPD) patterns reported in these 
studies have shown di�erent crystalline structure for 
Fluvastatin sodium. �erefore, these results are valid 
only with those crystalline forms, and the performance 
of the �nal products could be di�erent depending on 
the crystalline structure of Fluvastatin sodium used. It 
is noteworthy, that several patents related to crystalline 
forms of Fluvastatin sodium have been registered, but 
the solid-state characterization of the forms reported was 
incomplete, mainly related to dissolution properties.[9–17] 
Fluvastatin sodium also exhibits hygroscopic nature, and 
it has been mentioned in some patents[11–14,17] that small 
changes in the water content can cause deviations in the 
d values of characteristic peaks in the XRPD. In addition, 
crystalline hydrates of Fluvastatin sodium were prepared 
with water content ranges from 3 to 32%.[12] United States 
Pharmacopeia (USP) monograph indicates a determina-
tion of water content before using the reference standard 
for the experiments, stating that FLV water content does 
not exceed 4%.[18] Fluvastatin sodium raw material reports 
from the suppliers do not mention anything about the 
presence of hydrate forms, only the water content as it 
was mentioned before and at present, Fluvastatin sodium 
does not have the crystal structure determined.

�e solubility and dissolution rate of active ingredi-
ents are of major importance in preformulation studies of 
pharmaceutical dosage forms. �e intrinsic dissolution 
rate (IDR) has been used to characterize solid drugs and 
could be used to understand the relationship between 
the dissolution rate and the crystalline form.[19] However, 
the e�ect of dissolution in di�erent crystalline forms of 
Fluvastatin sodium has not been reported as yet. For all 
the reasons previously mentioned we chose/selected to 
study a solid-state characterization and the dissolution 
properties of di�erent crystalline forms of Fluvastatin 
sodium from commercial samples (raw material and USP 
reference standard) and samples crystallized from di�er-
ent solvents, in order to contribute relevant information 

about physicochemical properties for formulation 
design, performance improvement, and reproducibility 
quality of �nal products.

Materials and methods

Materials
�e raw material of Fluvastatin sodium (Fluvastatin-RM) 
was obtained from a Chinese supplier, with a purity of 
99.5%, declared in the certi�cate of analysis as sodium 
(±)-(3R*,5S*,6E)-7-[3-(4-&uorophenyl)-1-isopropyl-1H-
indol-2-yl]-3,5-dihy-droxy-6 heptenoate (CAS Nº 93957-
55-2). �e reference substance of Fluvastatin sodium 
(Fluvastatin-USP; Lot: G0G313; purity 99.7%, CAS Nº 
93957-55-2) was purchased from the USP. Both samples, 
raw material and reference substance, were in racemic 
form. �e raw material was presented as �ne white pow-
der, whereas Fluvastatin-USP was a yellow-color crystal-
line powder. All solvents used were of analytical reagent 
grade, and were used without further puri�cation.

�e crystallized samples were obtained by the method 
of crystallization by cooling. �e procedure was carried 
out using various solvents. �e solvents used were class 
2 (acetonitrile and methanol) and class 3 (ethanol),[20] 
widely used in the �nal stages of crystallization, and as a 
co-solvent, in di�erent proportions and in two tempera-
tures (8°C and 25°C). Only in acetonitrile and ethanol did 
the samples present adequate crystallization. A prede-
termined mass of Fluvastatin-RM, to reach the saturation 
condition of the solution at room temperature, was dis-
solved in solvent at 40 ± 0.5°C, and was constantly stirred 
until complete solubilization. After solubilization, the 
samples were cooled to 8°C in a refrigerator and 25°C, 
long enough to crystallize. By changing the tempera-
ture of the solution, a condition of supersaturation was 
reached. �e crystals obtained from the di�erent condi-
tions were stored in a refrigerator. �e samples crystal-
lized in acetonitrile and ethanol were chosen to continue 
the study as they were the ones that presented di�erent 
crystalline structures by XRD and reproducibility in 
crystallization. �ey were named Fluvastatin-ACN and 
Fluvastatin-EOH, respectively.

Solid-state characterization techniques and 
experimental methods
XRPD

X-ray di�raction patterns were obtained using an θ–θ 
Xpert Pro Multi-Purpose Di�ractometer PANanalytical 
(Eindhoven, the Netherlands) with Cu Kα tube (λ = 
1.5418 Å) and Ni �lter, 45 kV voltage and a current of 
40 mA in the range of 5–60 (2θ), 0.016 (step) and 30 s 
equipped with X ‘Celerator detector. �e divergent and 
anti-scattering slits were 0.5° and 0.25°, respectively.

Scanning electronic microscopy (SEM)

�e photomicrographs were taken in a Scanning Electron 
Microscope Philips XL30 model (Eindhoven, the 
Netherlands). �e samples were placed on metal stubs 

Figure 1. Chemical structure of Fluvastatin sodium (sodium 
(±)-(3R*,5S*,6E)-7-[3-(4-fluorophenyl)-1-isopropyl-1H-indol-2-
yl]-3,5-dihy-droxy-6-heptenoate; CAS nº 93957-55-2).
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using double-sided tape, and were vacuum-coated with 
gold (350 A°) in Polaron E 5000 sputter coating unit. �e 
samples were analyzed directly by scanning electronic 
microscopy (SEM).

Thermal analysis: DSC and TG

�e di�erential scanning calorimetry (DSC) curves were 
obtained using a Shimadzu DSC-60 (Kyoto, Japan) cell in 
a dynamic atmosphere of nitrogen with a &ow of 50 mL/
min. Approximately 2 mg of each sample were weighed 
and placed in sealed aluminum crucibles. Analyses were 
performed in the range 40–300°C with a heating rate 
of 10°C/min. �e DSC cell was calibrated with indium 
(melting point of 156.6°C and enthalpy of fusion of 28.54 
J/g) and zinc (melting point of 419.6°C). �e thermo-
gravimetry (TG)/DTG measurements were carried out 
in Shimadzu TGA-50 (Kyoto, Japan) under a dynamic 
thermal balance atmosphere of nitrogen with a &ow of 
50 mL/min. Approximately 6 mg of each sample were 
weighed and placed in platinum crucibles. Analyses were 
performed in the range 40 to 300°C with a heating rate of 
10°C/min. �e equipment was previously calibrated with 
standard calcium oxalate.

FTIR and Raman spectroscopy

�e Fourier-transform infra-red (FTIR) spectra were 
measured on a Shimadzu IR Prestige spectrophotom-
eter—(Kyoto, Japan), with a scan range of 4000–600 cm–1, 
with spectral resolution of 4 cm–1 and averaged over 32 
scans. A spectrum of the background was obtained for 
each experimental condition.

�e Raman experiments were carried out in a 
PeakSeeker 785 (RAM – PRO – 785) Raman system oper-
ating with a diode laser of 785 nm and 300 mW at the 
source. �e collected Raman radiation was dispersed 
with a grating and focused on a Peltier-cooled charge-
coupled device allowing a spectral resolution of 6 cm–1 
to be obtained. �e laser was focused on the sample by 
the ×4 objective lens of a microscope giving a spot of 
~2-μm diameter. All spectra were recorded in the spec-
tral window of 200–1800 cm–1 with the same acquisition 
time (30 s). �e sample powders were analyzed in glass 
slides at room temperature.

Solid-state nuclear magnetic resonance (ssNMR)

High resolution 13C solid-state spectra for the APIs were 
recorded using the ramp CP/MAS sequence with proton 
decoupling during acquisition. All the solid state NMR 
experiments were performed at room temperature in 
a Bruker Avance II spectrometer (Bruker, Karlsruhe, 
Germany) operating at 300.13 MHz for protons and 
equipped with a 4 mm MAS probe. �e operating fre-
quency for carbons was 75.46 MHz. Adamantane was 
used as an external reference for the 13C spectra and to 
set the Harmann-Hahn matching condition in the cross 
polarization experiments. Spinning rate was 10 kHz. 
�e number of transients for each compound was 2048 
in order to obtain an adequate signal to noise ratio. �e 

recycling time was 5 s and the contact time during CP 
was 2.5 ms for all the samples. SPINAL 64 sequence 
was used for decoupling during acquisition with a pro-
ton �eld H

1H
 satisfying ω

1H
/2π = γ

H
 H

1H
/2π = 78.2 kHz. 

Quaternary carbon edition spectra were recorded for all 
the samples. �ese spectra were acquired with the non-
quaternary suppression (NQS) sequence, where the 1H 
and 13C radio-frequency (rf ) �elds are removed during 
40 μs after CP and before the acquisition. �is delay 
allows the carbon magnetization to decay because of 
the 1H-13C dipolar coupling, resulting in spectra where 
CH and CH

2
 are substantially removed. �is experiment 

allows us, then, to identify quaternary carbon signals 
and methyl groups.

Determination of water by Karl-Fischer (KF)

�e water content in the samples was measured by KF 
method using titrator Mettler DL 38 (Mettler, Greifensee, 
Switzerland). Ultra-pure water (Milli-Q) was used to 
standardize the KF reagent and spectroscopic grade 
methanol for titration of the samples. �e water content 
of all samples was expressed as percentage (wt/wt %).

IDR

�e IDR was determined using the USP apparatus 
for intrinsic dissolution through the pressure plate 
method. One tablet of ~13 mm diameter was obtained 
by compressing (400 kgf for a period of 1 min) 100 mg of 
powdered sample using a hydraulic press. Studies were 
carried out to determine whether compression of the 
drug into IDR disks led to any change in crystalline form. 
XRPD analyses showed that compression of the sample 
powder did not modify the crystalline form of the drug. 
Dissolution studies were performed in duplicate in a 
Varian dissolution test system VK 7000 (Varian, NJ, USA) 
using 900 ml of phosphate bu�er pH 6.8 at 37 ± 0.5°C. 
�e exposed surface of 0.5 cm2 of the compacted sample 
was positioned 2.5 cm from the bottom of the vessel. As 
described in USP[18] the rod immediately began stirring 
at 100 rpm. Aliquots of 5 mL were withdrawn at prede-
termined times (5, 10, 15, 30, 45, 60, 75, 90, 105, and 
120 min). Equal amounts of fresh dissolution medium 
were replaced immediately after every sampling. 
Quanti�cation was carried out using the liquid chroma-
tography method previously developed and validated.[21] 
Analyses were performed in Xbridge Waters column 
C18 (12.5 cm × 3.9 mm, 4 mM) at room temperature 
using Shimadzu LC-10A chromatograph (Shimadzu, 
Kyoto, Japan) equipped with a pump LC-10AD, degasser 
DGU-14A, variable wavelength detector SPD-10AV (set 
at 238 nm) and system controller unit SCL-10AVP. �e 
mobile phase consisted of methanol and water (70:30, 
vol/vol) with pH adjusted to 3.0 with phosphoric acid 
at a &ow rate of 1 mL/min. �e IDR was calculated from 
the slope, based on the release of the drug into the dis-
solution medium.[18,19,21] Only the values above of quan-
titation limit of the method (2.0 µg/ml) were taken into 
account.
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AQ8
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Results

Solid-state characterization of samples
Fluvastatin sodium is a class I drug[22–25] with hygro-
scopic nature. According to USP, the water content of 
Fluvastatin-USP must be determined before using it 
in experiments, and should not be >4%.[18] �e result 
obtained in this work with Fluvastatin-USP was 9.2%. 
Fluvastatin-RM was acquired containing 4.1% water, 
according to a report issued by the supplier. It is worth 
highlighting that in the reports of Fluvastatin-RM and 
Fluvastatin-USP, Fluvastatin was not mentioned as a 
hydrated drug.

�e results of the XRPD of the samples are shown 
in Figure 2. Fluvastatin-ACN presented a well-de�ned 
pattern of re&ections, proving that the sample was crys-
talline. Fluvastatin-RM showed the same positions of 
pattern re&ections as the Fluvastatin-ACN, with subtle 
di�erences in intensity. �is could be attributed to the 
e�ect of preferential orientation, which would explain 
the di�erence of intensity in the patterns. �erefore, 
these results con�rmed that the Fluvastatin-ACN and 
Fluvastatin-RM correspond to the same crystalline 
structure. �e di�raction pattern of Fluvastatin-USP  
(Figure 2C) presented a crystalline structure with a higher 
level of disorder in the lattice, and with di�erences in 
the re&ection positions when compared to the previous 
crystalline forms analyzed. �erefore, Fluvastatin-USP 
was identi�ed as another crystalline form or polymorph 
of Fluvastatin sodium.

In the case of Fluvastatin-EOH, many re&ections with 
a signi�cant expansion and a high superposition were 
observed (Figure 2D). �ese characteristics of X-ray dif-
fraction patterns, in general, make it di!cult to identify 
the phases. �e low crystallinity of this sample and a high 
level of disorder were evident. Due to these character-
istics it was not clear, from the XRPD pattern analysis, if 
the Fluvastatin-EOH corresponded to a new pure crys-
talline form, di�erent from those previously mentioned 
(Fluvastatin-RM/Fluvastatin-ACN and Fluvastatin-USP), 
or a mixture of crystalline forms. �erefore, it was very 
important to complement the solid state characteriza-
tion of the crystalline forms, using other techniques.

To characterize the morphology of the samples, scan-
ning electron microscopy was used and the micrographs 
are shown in Figure 3. �e Fluvastatin-ACN particles 
presented acicular habits and a well-de�ned geometry 
which indicates good crystallinity in the sample. �e 
morphology of Fluvastatin-RM presented a di�erent 
aspect in relation to the previous habit and a geometry 
of the particles which was not very well-de�ned. �e size 
of the particles, qualitatively observed by SEM, was lower 
than that shown in Fluvastatin-ACN. �e Fluvastatin-
EOH and Fluvastatin-USP samples presented larger 
sized particles, with irregular shapes, evidencing a higher 
degree of disorder; especially the FLV-EOH sample, 
which presented a typical aspect of samples with a high 
degree of disorder.

�e study of thermal properties of the di�erent solid 
forms provided very important results, such as: water 
loss behavior and strength of interaction between water 
and the drug molecule. DSC curves of samples are 
shown in Figure 4. �e samples presented two endo-
thermic events, but only the event close to 145°C was 
the same in the four samples. �e Fluvastatin-ACN and 
Fluvastatin-RM samples presented the same pro�les, 
especially at temperatures of endotherms (Table 1), 
whereas the Fluvastatin-USP showed an endotherm 
at around 107.21°C, and the other at 149.34°C. In the 
case of Fluvastatin-EOH curve, the �rst endothermic 
event appeared at 120.20°C and the second event at 
149.34. �is data clearly showed the di�erences between 
Fluvastatin-RM and Fluvastatin-USP and the similarities 
in comparison to Fluvastatin-RM and Fluvastatin-ACN 
which are in agreement with the results obtained by 
XRPD. However, to have a deeper knowledge of these 
samples, it was necessary to study the mass loss com-
pared to the endothermic processes observed, by using 
TG and KF.

A high percentage of water was observed in all samples 
studied. �e weight loss values obtained by TG for FLV-
USP and FLV-EOH were unreliable in comparison with 
those obtained by KF. �is behavior can be attributed 
to the variation in the initial water loss detected in the 
case of FLV-USP and FLV-EOH. �is value was out of con-
trol due to the impact of the &ow of nitrogen during the 
weight stabilization in these samples. �ere could be a 

Figure 2. X-ray patterns of the di�erent crystalline forms of 
Fluvastatin sodium. (A) Fluvastatin-ACN; (B) Fluvastatin-USP; (C) 
Fluvastatin-EOH; (D) Fluvastatin-RM.
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reason for the variation in the values of mass loss and the 
di�erence found between the values obtained by TG and 
KF. However, in the case of FLV-ACN and FLV-RM, the 
values of mass loss by TG were in acceptable agreement 
to those observed by KF. Water content ~4% determined 
for FLV-RM might correspond to a monohydrate drug.

In order to determine whether Fluvastatin-EOH 
was a solvate, incorporating ethanol into its structure, 
we conducted studies through di�erent spectroscopic 
techniques. �e techniques used were: NMR, FT-IR, and 
Raman spectroscopies. �e study by NMR spectroscopy 
was performed both in solution (DMSO) and as a solid. 
�us, it was possible to obtain complete information on 
the molecular and crystalline structure of Fluvastatin 
sodium and also crystal structural evidence, such as: 
number of molecules present in the asymmetric unit and 
the presence or absence of solvent incorporated in the 
crystalline structure.

�e NMR spectrum of the Fluvastatin sodium in 
DMSO showed the chemical shifts detailed in Table 3 
(the carbon numbering is shown in Figure 1). �e values 
of the displacements found through the experiments are 
in agreement with the shifts already reported in litera-
ture,[26] but some di�erences can be observed related to 
the use of other solvents which are inherent to this pro-
cess.[27] According to Cermola et al.[26] the chemical shifts 
in 113.3 ppm was attributed the value of C14. However, 
we believe that this value may be a typing error, since it 

Figure 3. Scanning electron microscopy of the di�erent forms of Fluvastatin sodium. (A) Fluvastatin-ACN; (B) Fluvastatin-USP; (C) 
Fluvastatin-RM; (D) Fluvastatin-EOH.

Figure 4. Di�erential scanning calorimetry (DSC) curves of di�erent 
crystalline forms of Fluvastatin sodium. (A) Fluvastatin-ACN; (B) 
Fluvastatin-USP; (C) Fluvastatin-EOH; (D) Fluvastatin-RM.

Table 1. Results obtained with DSC curves of the di�erent 
crystalline forms of Fluvastatin sodium.

Samples
Temperature 

peak (°C)
ΔH fusion 

(J/g)
Temperature 

peak (°C)
ΔH fusion 

(J/g)

FLV-ACN 145.40 106.34 205.27 137.29

FLV-EOH 120.20 46.40 145.31 245.69

FLV-USP 107.21 14.03 149.34 137.29

FLV-RM 145.82 111.04 202.81 26.69

DSC, di�erential scanning calorimetry.
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does not make sense that C9 and C14 present the same 
displacements.

�e 13C CP-MAS spectra of Fluvastatin-RM and 
Fluvastatin-EOH are shown in Figure 5. Table 3 reports 
the 13C chemical shifts for these samples. �e NQS spectra 
for Fluvastatin-RM and Fluvastatin-EOH are illustrated 
in Figure 6. �e atomic labels correspond to Figure 1.

�e carbons of Fluvastatin-RM spectra were selected; 
taking into account the NQS data of the compound (see 
Figure 6). Furthermore, a reference Cermola et al.[26] was 
used to obtain 13C-19F scalar spin–spin coupling informa-
tion, 13C-14N residual dipolar coupling and chemical shift 
calculations.

�e 13C spectrum of Fluvastatin-RM indicated that 
there was only one molecule per asymmetric unit. We 
were able to observe the splitting of C 4’ signal, 158.1 and 
162.5 ppm, due to the scalar spin-spin coupling to 19F 
nucleus. �e 13C, 19F scalar spin–spin coupling constant 
was (267 ± 5) Hz, and was in good agreement with that 
obtained from solution spectrum (242.8 ± 0.4) Hz, and 
close to those reported in some &uorinated steroids.[28,29] 
�e C16 resonance showed the characteristic broadening 
due to coupling to 14N quadrupolar nucleus. �is was also 
clearly observed for C15 and C8 on the NQS spectrum.

�e 13C spectrum of Fluvastatin-EOH showed many 
di�erences with the Fluvastatin-RM one. �e resonance 
of methyl carbons, a single peak in the Fluvastatin-RM 
spectrum, showed two lines with 2:1 intensity ratio. �is 
fact suggested the presence of at least two molecules in 
the asymmetric unit or a mixture of crystalline phases. In 
the region 100–150 ppm, the Fluvastatin-EOH 13C spec-
trum showed two additional resonances compared with 
the Fluvastatin-RM 13C spectrum, at 139.0 and 120.8 ppm. 
�e other resonances were coincident in the two spectra. 
In the region 40–80 ppm, the Fluvastatin-EOH 13C spec-
trum showed four additional resonances compared with 
the Fluvastatin-EOH 13C spectrum, at 45.3, 68.5, and 70.9 
and 72.3 ppm. �e signals at 45.3 and 68.5 were not sup-
pressed by the NQS pulse sequence (see Figure 6). �e 
NQS spectra of Fluvastatin-RM and Fluvastatin-EOH 
were very similar, except for the presence of the reso-
nances at 45.3 and 68.5 ppm in the Fluvastatin-EOH NQS 
spectrum. �ese facts strongly indicated that the reso-
nance corresponded to CH

3
 groups of solvent molecules 

in di�erent environments in the crystal structure.[29]

�e FTIR spectra of the samples are shown in  
Figure 7. �e interpretation of the infrared spectra was 

based on the presence of the most important functional 
groups. �e subtle di�erences found between the spec-
tra of the crystalline forms of Fluvastatin sodium may 
indicate structural changes and provide information on 
intermolecular interactions of the samples. �e main 
di�erences were found in the region between 1557 and 
1587 cm–1, a region which is indicative of salt as carboxyl-
ate. Note that for the two samples that were identi�ed by 
XRPD and DSC as the same crystalline form, Fluvastatin-
ACN and Fluvastatin-RM, presented a frequency value 
of 1587 cm–1 and 1585 cm–1, respectively. However, the 
sample Fluvastatin-USP showed a value of 1568 cm–1. 
�ere are di�erent values described in literature for 
the same carboxylate group of sodium Fluvastatin in 
1576 cm–1[9] and 1573 cm–1.[10] It is important to highlight 
that the XRPD patterns presented in previously pub-
lished work[9,10] show signi�cant di�erences between 
them, making it evident that they are di�erent crystalline 
structures. �erefore, the di�erence found in the FTIR 
spectra bands in comparison with our results could be 
explained by the fact that they are di�erent crystalline 
forms.

�e bands, in the region between 3300 and 3500 cm–1 
showed, in all samples, the frequency modes of the stretch-
ing of the functional group hydroxide (OH) correspond-
ing to the presence of water in the region between 1500 
and 800 cm–1. Similarities found between Fluvastatin-RM 
and Fluvastatin-ACN can be observed in the spectra, 

AQ9

Table 2. Results obtained with TG curves and water 
determination by Karl-Fischer (KF) of the di�erent crystalline 
forms of Fluvastatin sodium.

Sample

FLV-ACN FLV-RM

Range (°C) % Range (°C) %

34.3–43.3 0.04 31.9–44.9 0.4

108.2–125.6 2.9 109.2–126.5 3.6

240.6–281.9 21.3

KF 4.95% 3.93%

TG, thermogravimetry.

AQ10

Table 3. Spectral data of 13C NMR FLV in DMSO, data reported in 
CD

3
OD comparative to 13C CP/MAS NMR solid.

Carbon No.

13C NMR  
(CD3OD)

13C NMR  
(DMSO) Solid

1 180.2 176.9 181.3

2 45.3a 45.07a 42.5a

3 68.8 66.26 65.2

4 45.6a 44.03a 44.0a

5 72.2 69.25 70.3

6 141.4 142.2 136.9

7 123.1 117.13 118.4
8 130.2 134.68 133.0
9 113.3 113.24 114.8
10 130.2 127.99 127.6
11 120.6 119.02 121.4
12 120.6 119.02 121.4
13 121.0 119.93 121.4
14 113.3 121.88 122.0
15 138.0 135.08 135.8
16 48.9 47.54 48.0
17 22.4 21.76 19.9
18 22.4 21.76 19.9

1’ 134.6 131.95 131.3

2’ 133.7 132.11 131.9

3’ 116.7 115.7 112.7

4’ 163.5 161.02 160.8

5’ 116.7 115.7 112.7

6’ 133.7 132.11 131.9
a�e value of carbon 2 and 4 may be interchanged.
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and these di�erences are related to Fluvastatin-USP and 
Fluvastatin-EOH. �e amino group can be identi�ed by 
the band found in the region of 1215 cm–1, whereas the 
halogen &uorine present in the molecule can be identi-
�ed by the band presented around 1048 cm–1.

�e Raman spectra collected for Fluvastatin-RM and 
Fluvastatin-EOH are shown in Figure 8. �e Raman 
spectrum of Fluvastatin-RM showed a predominance 
of a well-de�ned set of signals. �e Raman spectrum 
found in the literature[9] is not clearly de�ned for cor-
rect comparison with the data in Figure 8. �e sample of 
Fluvastatin-EOH presented the same sequence of signals 
as the FLV-RM, but in the latter sample there was a halo 
in the background, indicating a disorder in the crystalline 
lattice.

IDR
As mentioned earlier, the characterization and under-
standing of the solid state of polymorphs and solvates of 
a particular drug provide relevant information for both 
quality control and for product innovation or develop-
ment. �us, an important property to be analyzed is the 
IDR, which may be correlated to the properties previously 

studied with their impact on a biopharmaceutical level. 
�e IDR values can be modi�ed by polymorphic forms 
or crystalline structure, morphology, or crystalline habit, 
crystalline size, a mixture of phases and degree of order/
disorder of materials. Knowing the behavior of the IDR of 
the samples is possible to determine which of the solid 
state properties have the most impact in the performance 
of the drug.

�e samples analyzed with IDR were Fluvastatin-RM 
and Fluvastatin-ACN (Figure 9), since we did not have 
enough quantity of mass for the others, Fluvastatin-USP 
and Fluvastatin-EOH. �e results of IDR are shown from 
30 min because the values were above the detection limit 
of HPLC method. In the IDR experiments, linearity was 
veri�ed in all samples and the values of IDR are detailed 
in Table 4.

Discussion

�e results of the XRPD and FTIR spectroscopy showed 
that Fluvastatin sodium presents two crystalline forms 
corresponding to Fluvastatin-ACN and Fluvastatin-USP. 
With the ethanol crystallization (Fluvastatin-EOH) a 
mixture of phases was determined also using Raman and 
CP/MAS 13C NMR spectroscopies. �e crystalline form 

Figure 5. Spectra 13C CP/MAS NMR solid of (A) Fluvastatin-RM 
and (B) Fluvastatin-EOH (*di�erent chemical shifts of those found 
in Fluvastatin-RM).

Figure 6. Spectra 13C CP/MAS NMR solid NQS of (A) Fluvastatin-RM 
and (B) Fluvastatin-EOH (*di�erent chemical shifts of those found 
in Fluvastatin-RM).



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

8 S. H. M. Borgmann et al.

LPDT 727000 Pharmaceutical Development and Technology

of Fluvastatin-RM was coincident with the Fluvastatin-
ACN sample.

After the comparison of XRPD patterns of Fluvastatin 
sodium of several patents[8–10] and the patterns reported 

Figure 7. Infra-red spectra obtained from the di�erent crystalline forms of Fluvastatin sodium. (A) Fluvastatin-ACN; (B) Fluvastatin-USP; (C) 
Fluvastatin-EOH; (D) Fluvastatin-RM.

Figure 8. Raman spectrum obtained from the crystals (A) 
Fluvastatin-ACN (B) Fluvastatin-EOH (1800–200 cm–1).

Figure 9. Graphic representation of IDR of the di�erent crystalline 
forms of Fluvastatin sodium. (A) Fluvastatin-RM (FLV-RM); (B) 
Fluvastatin-ACN (FLV-ACN).
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in our work, we concluded that Fluvastatin-RM and 
Fluvastatin-ACN correspond to racemic crystalline form 
designated as form A monohydrate reported in patent US 
6124340.[11] In addition, Fluvastatin-USP could be iden-
ti�ed as crystalline form designated as form A (racemic 
mixture) in patent US 6858643 B2.[13] However, the form 
D reported in patent US 003266 A1,[12] prepared under 
humid conditions, exhibits peaks in the XRPD pattern 
which are also in agreement with the Fluvastatin-USP 
pattern. Due to the ambiguity of the nomenclature used 
in these patents, we decided to designate the polymorph 
of Fluvastatin-RM and Fluvastatin-ACN as form 1 and the 
polymorph for Fluvastatin-USP as form 2.

Despite a rigorous monitoring and control of the 
stock conditions, in the case of a drug that has a strong 
tendency toward the incorporation of water, the water 
content could be a challenge, especially in places where 
the relative humidity ranges from 60% to 80%.[30] All 
the forms of Fluvastatin sodium studied in this work 
were identi�ed as hydrates. �e a!nity of hydration 
of Fluvastatin sodium can be analyzed also taking 
into account the chemical groups present in the mol-
ecules.[31] �e compound Fluvastatin sodium contains a 
sodium ion, a carboxylate group, two hydroxyl groups 
and one &uorine atom. Each of these groups has an 
a!nity for moisture, respectively, 51.8, 34.7, 12.7, and 
3.5%. �us, this molecule has a large capacity and/or 
a tendency to include water in their crystal structure. 
If we look at the current Cambridge Crystallographic 
Data Base (CSD) (with restrictions: only organic, no 
powder, R <10%), compounds containing a carboxyl-
ate group with a sodium ion are 189 entries and 130 of 
them contain water molecules. �erefore, these types 
of compounds have at least a 69% chance of includ-
ing water in its crystal structure. Finally, solid-state 
characterization results and the a!nity analysis are 
in agreement with Fluvastatin solid form 1 identi�ed 
as monohydrates and form 2 as hydrate with variable 
water content. Fluvastatin-EOH was a mixture of solid 
forms, one phase more disordered or with disordered 
solvent (ethanol/water) in the lattice. Fluvastatin-
EOH showed that the solvent was incorporated into its 
structure. �is disorder could be due to very high water 
content, >16%, but also by the presence of solvent (etha-
nol). �erefore, another phase of the mixture could be a 
solvate with ethanol and water. Finally, the values of the 
IDR to Fluvastatin-RM relative to Fluvastatin-ACN were 
statistically di�erent (α = 0.05, p < 0.1). IDR eliminates 
the e�ect of particle size distribution;[18] therefore, it 

may not be considered a determining factor. However, 
results which demonstrate that the crystalline habit can 
change the speed of dissolution have been reported.[32] 
�erefore, in the case of Fluvastatin sodium, IDR might 
be modi�ed not only by the crystalline structure, but 
also by other characteristics of the solid form such 
as morphology. Both samples, Fluvastatin-RM and 
Fluvastatin-ACN, presented the same crystalline struc-
ture; hence the di�erence in the IDR might be caused by 
the crystalline habits.

Conclusion

�e study of solid-state properties of the samples 
Fluvastatin-RM, Fluvastatin-USP, and Fluvastatin-ACN 
showed that they are hydrates with di�erent crystalline 
forms. �e samples Fluvastatin-RM and Fluvastatin-
ACN were identi�ed as form I being di�erent from 
the Fluvastatin-USP which is designated as form II. 
However, Fluvastatin-EOH is a solvate with a mixture of 
phases.

Form I presented a good crystallinity evidenced by 
the XRPD patterns and morphology by SEM, and had a 
single Fluvastatin sodium molecule in the asymmetric 
unit. Form I was identi�ed as monohydrate with 4% of 
water content. Fluvastatin-RM and Fluvastatin-ACN 
presented the same crystalline structure (form I) but 
di�erent morphology and also di�erent behaviors in 
IDR. Fluvastatin-RM presented a higher dissolution 
rate, showing that not only polymorphism, but also 
the morphology of the raw materials could modify the 
intrinsic dissolution. Another two crystalline forms were 
analyzed: Form II hydrate, corresponding to USP refer-
ence standard, identi�ed after the stabilization of water 
content around 9% and Fluvastatin-EOH solvate which 
presented a mixture of phases (form I and other phase 
with a high disorder in the crystal lattice).
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