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a  b  s  t  r  a  c  t

Mefenamic  Acid  (MFA)  is  a widely-used  non-steroidal  anti-inflammatory  drug.  MFA presents  four  pos-
sible  crystal  forms;  Form  I and  Form  II being  the  only  two  pure  crystals  that  have  been  isolated  and
fully  characterized.  Both  Form  I and  Form  II were  prepared  following  the  literature  and  completely  char-
acterized  by  middle  (MIR)  and  near  (NIR)  infrared  spectroscopy,  digital  optical  microscopy,  differential
scanning  calorimetry,  melting  point  and  dissolution  properties.  In  order  to develop  quantitative  models
to  assess  Form  I  in  formulated  products,  two  sets  of samples,  training  (n =  10)  and  validation  (n  = 8)  sets,
were  prepared  by  mixing  both  polymorphs  and  the  matrix  of excipient  (simulating  commercial  tablets).
The  particle  size  of the samples  was  homogenized  by  sieving  and  samples  were mechanically  mixed.  A
batch  of commercial  tablets  was  gently  disaggregated,  sieved  and  mechanically  mixed  for  further  anal-
ysis.  For  each  sample,  full MIR  and  NIR  spectra  were  acquired  and  used  as  input  of partial  least  squares
(PLS)  algorithm  separately.  Method  optimization  and  internal  validation  were  performed  by  leave one
out  procedure.  Full  spectra  and  5  PLS-factors  were  used  for MIR;  while,  5 PLS-factors  and  mean  center
spectra  of full  spectra  were  the  optimal  conditions  for NIR.  Accuracy  and  precision  were  assessed  by
evaluation  of the  actual  vs. predicted  curve of validation  set;  and  by  calculating  validation  set  recoveries
and  deviations  (104.3  ±  8.2%  and  100.4  ± 1.0%  for MIR  and  NIR  respectively).  Only  NIR-PLS  yielded  accept-
able  results  and  low  deviations  during  commercial  samples  evaluation  (102.8  ±  0.1%).  The  same  behavior
was  observed  when  spiked  tablets  were  analyzed  (103.5  ± 0.5%).  Additionally,  for  the calibration  set ten

dissolution  profiles  (average  of 6 curves  each),  were  obtained  under  optimized  test  conditions  (900  ml
of buffer  phosphate  pH  9  with  surfactant,  apparatus  II USP,  100  rpm, detection  at  342  nm).  A  multiple
linear  regression  (MLR)  was carried  out using  dissolution  profiles  and  Form  I content.  The  developed
MLR  model  could  correlate  dissolution  profiles  and  polymorphic  richness.  This  approach,  coupled  to
previously  developed  NIR-PLS,  may  act  as a valid  tool  to estimate  dissolution  profiles  from  solid  forms.

© 2017  Published  by  Elsevier  B.V.
. Introduction

Crystal polymorphism is the ability of a solid material to exist
n more than one crystal form or structure, all of them with the

ame chemical composition. Polymorphism affects the world of the
harmaceutical industry, where it generates a significant number
f patents. The importance of polymorphism is due to the differ-
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ias Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario, Suipacha 531,
osario S2002LRK, Argentina.

E-mail address: maggio@iquir-conicet.gov.ar (R.M. Maggio).

ttps://doi.org/10.1016/j.jpba.2017.11.053
731-7085/© 2017 Published by Elsevier B.V.
ent properties of solid forms, as solubility, powder compaction
capacity, flow properties and stability. These differences may  finally
affect the bioavailability of the drug and show therapeutic implica-
tions [1].

Mefenamic Acid (MFA) is 2-(2,3-dimethylphenyl) aminobenzoic
acid (Fig. 1A). This non-steroidal anti-inflammatory drug is used
worldwide to treat mild to moderate pain, including headache,
dental pain, dysmenorrhea, rheumatoid arthritis, osteoarthritis
and other disorders [2–4]. MFA  presents problems in granulation,

tableting, and dissolution due to its poor solubility, high hydropho-
bicity, and tendency to stick to surfaces [5–7].

Additionally, MFA  exists as dimorphs, Form I and Form II.
Besides, metastable co-crystals with adenine and cytosine have also

https://doi.org/10.1016/j.jpba.2017.11.053
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2017.11.053&domain=pdf
mailto:maggio@iquir-conicet.gov.ar
https://doi.org/10.1016/j.jpba.2017.11.053
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ig. 1. Chemical structure of the acid form of MFA  (A). Images of the crystals obtain
f  200×.

een reported, as well as a dimethylformamide (DMF) solvate [8].
evertheless, Form I and Form II are the only pure forms that have
een isolated and fully characterized [9,10].

In most cases, drug specifications in pharmacopoeias include
nformation about identification, purity and assay, but only the
uropean Pharmacopoeia includes a warning about MFA polymor-
hism [11]. Usually, the most stable crystalline form is the first
hoice when formulating an active pharmaceutical ingredient (API).
owever, a more soluble form (usually a less-stable one), is cho-

en when an API belongs to Class II or III of the Biopharmaceutical
lassification System, as in the case of MFA  [12,13].

Thus, the change of polymorph in the formulated products may
ccur by an inadvertent crystallization of amorphous API or a con-
ersion between two crystalline forms. A research group reported
olid-form conversion of MFA  from Form II to Form I in micro-
mulsions of DMF [14]. High humidity conditions also promote
orm II to Form I transformation in solvents suspensions and pure
olids of MFA  [15]. In addition, the presence of Form I crystals short-
ned both nuclei formation and growth processes. A solid phase
onversion of Form II to Form I after equilibration with the solvents
as also reported [16].

These transformation phenomena may  alter the quality of the
edication; especially when polymorphs have different dissolu-

ion properties. MFA  pure forms differ in solubility and stability.
hese variations solubility are due to the different crystalline struc-
ures, where Form II has larger dissolution rates and saturation
oncentrations than Form I in several solvent systems [17,18]. Sev-
ral attempts to improve MFA  solubility were carried out using
olid dispersions with polyoxyethylene–polyoxypropylene [19],
olyethyleneglycol 400 [20], polyvinylpyrrolidone and crospovi-
one [21]. A freeze-drying procedure was also used to improve the
olubility performance of MFA  [22].

Therefore, it is crucial to characterize the crystalline form of
FA, in order to find the implications in the dissolution perfor-
ance and to develop methodologies for polymorph determination

23]. Several analytical approaches were carried out to deter-
ine MFA  polymorphs. In order to fully characterize the MFA

olymorphic forms, Cesur and Gokbel used the scanning electron
icroscopy, Raman and X-ray diffraction to characterize and assign

olymorph in the API [24].
A quantitative approach based on MIR  spectroscopy method

as been developed [25]. The model was used to study the ther-
al  conversion of MFA  from its Form I to the Form II. However,

t has the drawback that it is based on univariate determination,
rone to interferences from excipients. Polymorphism identifica-
ion and determination have been addresses by several approaches;
mong these, chemometrics have proved to be a valid tool to such
omplex task [26]. Partial least square (PLS) regression coupled to
Hz-spectrometry was used to measure polymorphic content in a

ulk powder, of MFA  [27]. However, no chemometric approaches
ere found to quantitate polymorphic content in pharmaceutical

ormulations.
digital optical microscopy for Form I (B) and Form II (C), using a total magnification

The aim of this work was to use the differential features in
MIR  and NIR spectra of Form I and Form II in order to develop
quantitative analytical methodology for polymorphic content by a
chemometric method. Dissolution performance of the polymorphs
and their mixtures was also explored and analyzed by multivariate
methodology in order to provide a model able to estimate dissolu-
tion behavior. The scope and limitations of the methods were also
analyzed using real samples.

2. Material and methods

2.1. Instrumentation

Digital optical microscopy of the crystal forms was  carried out
with the aid of an optical microscope (Seiwa Optical, Tokyo, Japan),
fitted with 10 × , 40 × and 100 × objectives and as ocular a 5 × Beion
CMOS digital camera of 5.0 megapixels [Shanghai Beion Medi-
cal Technology Co., Ltd., Shangai, China; resolution 2592 × 1944
(H × V)].

A Shimadzu model DSC60 differential scanning calorimeter
(Shimadzu Corp., Kyoto, Japan), was  used to perform calorimetric
determinations. The samples (∼5 mg)  were placed in closed alu-
minum pans perforated with a pinhole to equilibrate pressures.
Closed pans were heated at 5 ◦C min−1 between 30 and 300 ◦C,
under a constant flow of nitrogen (50 ml  min−1). An empty alu-
minum pan was  used as a reference.

The melting points were determined with an IONOMEX melting
point instrument (IONOMEX, Buenos Aires, Argentina). The sam-
ples were heated at 10 ◦C min−1 up to 195 ◦C; then, the heating rate
was changed to 1 ◦C min−1.

The MIR  spectra were acquired in a Shimadzu Prestige 21 FT-IR
spectrometer (Shimadzu Corp., Kyoto, Japan) over a wavenum-
ber range of 3800–600 cm−1 with a resolution of 4 cm−1, using a
diamond-based ATR accessory (GladiATR, Pike Technologies, Madi-
son, USA) fitted with a Pike temperature control unit. To achieve a
sufficient signal to noise ratio, samples were measured in triplicate.

The NIR spectra were measured at room temperature in
reflectance mode with a spectrometer NIRS DS2500 FOSS (FOSS,
Hillerod, Dinamarca). Every sample (700 mg)  was placed in a circu-
lar quartz cell for solids, samples were measured in triplicate and
NIR spectra were collected in the spectral range 400–2500 nm.

The dissolution tests were carried out using a Hanson SR8-Plus
dissolution station (Hanson Research, Chatsworth, USA), config-
ured as USP apparatus II (paddles) [28] and a paddle rotation rate of
100 rpm. The dissolutions were performed in 900 ml  of selected dis-
solution medium thermostatized at 37 ◦C. The dissolution medium
was previously degassed by sonication. Aliquots of 3 ml  were taken
without replacement, at pre-established times. The amount of dis-

solved MFA  was  determined by spectroscopic measures at 342 nm
using an Agilent 8453 UV–DAD spectrophotometer (Agilent Tech-
nologies, Santa Clara, USA). Determinations were performed in a
quartz cell (10 mm optical path length) against a blank of dis-
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olution media. Each dissolution test comprised 6 repetitions of
issolution.

The particle size of the solid samples was standardized by siev-
ng, employing a Zonytest EJR 2000 fine mesh vertical vibratory
ieving tower (Rey & Ronzoni, Buenos Aires, Argentina), operat-
ng at 1200 rpm. In all cases, the 100–140 mesh fractions were
ollected.

The physical mixtures of solids were homogenized using a Z-
ixer moved by rotatory platform with an electronic control of

peed Precytec AT-15D, at 30 rpm for 30 min.

.2. Chemicals

The MFA  pharmaceutical grade (COM) was  a kind gift from
aboratorios ELEA (Buenos Aires, Argentina). The excipients
methylcellulose, cornstarch, silicon dioxide, microcrystalline cel-
ulose, sodium croscarmellose, and magnesium stearate) were
f pharmaceutical grade and were purchased from “Droguería
aporiti” (Buenos Aires, Argentina). Commercial tablets containing
00 mg  of MFA  (average total weight: 713.91 mg)  were purchased
rom a local pharmacy.

All other chemicals were of analytical grade and were used as
eceived. During the experiments, the API and its forms were kept
n a desiccator and protected from light.

.2.1. Dissolution media
Monobasic phosphate solutions of potassium and NaOH were

repared both with a concentration of 0.2 M.  Phosphate solution
500 ml)  was transferred to a 2000 ml  beaker, 470 ml  of the NaOH
olution to obtain a pH of 8 or 9. When surfactant was required
ubsequently, 35 g of sodium lauryl sulfate was added, maintaining
onstant agitation until complete dissolution.

.3. Preparation of the MFA  crystal forms

To obtain Form I, approximately 5 g of MFA  were weighed and
issolved in 190 ml  of 5N NaOH. Then, HCl 6.6 N was added drop-
ise until pH 2 was reached, under constant mechanical stirring.

he formation of a white precipitate was immediately observed. It
as allowed to decant overnight (4 ◦C) to promote the formation of

rystals. Finally, it was filtered under vacuum and the residue was
laced in a vacuum oven (60 ◦C) to completely remove the moisture
ontent.

Form II was obtained by a slight modification of the literature
10]. Six MFA  aliquots (200 mg)  were placed in hermetical glass
ubes, under N2 atmosphere, and heated to 160 ◦C for 48 h. Then
emperature was raised up to 180 ◦C and held constant for 24 h.
nce obtained, the polymorphs were kept in a desiccator at room

emperature, protected from light.

.4. Samples preparation

In order to develop a quantitative method for the determination
f purity of Form I in commercial products, we proceeded to prepare
raining (calibration) and validation samples containing different

ixtures of both polymorphs, and excipients in proportions equiv-
lent to commercial tablets.

.4.1. Matrix of excipients
The excipient matrix was used to simulate the commer-

ial tablets environment. It was prepared by weighing and
ixing the following components: methylcellulose (9.55 g), corn-
tarch (95.53 g), silicon dioxide (2.00 g), microcrystalline cellulose
96.61 g), croscarmellose sodium (3.52 g), sodium lauryl sulfate
8.90 g) and magnesium stearate (2.00 g). The sample size of each
xcipient was previously homogenized by sieving, collecting the
 and Biomedical Analysis 149 (2018) 603–611 605

fractions comprised between 100 and 140 mesh. Subsequently, the
mechanical mixing of the components was carried out.

2.4.2. Model samples for quantitative analysis
The training and validation sets of samples contained five lev-

els: 0.750, 0.800, 0.850, 0.900, and 1.00 w/w; and four levels: 0.780,
0.830, 0.880 and 0.9500 w/w,  Form I/total MFA. The weigh was
completed with excipient matrix to obtain MFA/Excipients ratio of
500 mg/212.18 mg,  respectively and to reach the weight of 1.424 g
for each sample. Subsequently, the mechanical mixing of the com-
ponents was carried out for 30 min. Both sets were prepared in
duplicate, rendering a grand total of 18 samples. As commercial
MFA  proved to be Form I along its characterization (4.1. Charac-
terization of the solid forms), commercial MFA  was  used for model
sample preparation.

2.4.3. Commercial samples
Ten tablets were randomly chosen. For each tablet, the cover was

removed and the tablet core was  gently disintegrated and reduced
to powder, in order to avoid polymorphic conversions. Particle size
was homogenized by sieving, collecting 100–140 mesh fractions.

2.4.4. Spiked commercial samples
An aliquot of the samples obtained in Section 2.4.3 was used for

the preparation of samples of spiked commercial tablets. A propor-
tion corresponding to 15% of the Form II was added to powdered
samples. The appropriate content of excipients was also added. The
mixtures were treated similarly to the training and validation sets.

2.5. Chemometrics and graphics software

Exploratory analysis of data, statistics and graphs were per-
formed using Origin 8.0 (OriginLab Co., Northampton, USA) and
Microsoft office Excel 2003 (Microsoft, Redmond, USA).

PLS calculation were carried out using MVC1 Toolbox available
from (http://www.iquir-conicet.gov.ar/descargas/mvc1.rar) run in
Matlab R2010a (Mathworks, Natick, USA). Multiple linear regres-
sion (MLR) calculations were carried out using Design-Expert 7.0
(Stat-Ease, Minneapolis, USA).

3. Results and discussion

3.1. Characterization of the solid forms

The polymorphs of MFA  were obtained according to Section
2.3. Preparation and designation of the MFA  crystal forms was car-
ried out according to Aguiar and Zelmer [17]. The characterization
was performed by optical microscopy, MIR  and NIR spectroscopy,
melting point determination, differential scanning calorimetry, and
dissolution properties.

Observations with the optical microscope revealed the crys-
talline habits of MFA  polymorphs (Fig. 1B and C). Form I appears as
crystals in the form of well-defined yellowish-colored needles. On
the other hand, Form II exhibits prismatic grayish crystals, in agree-
ment with the literature [10]. COM showed a very small particle
size, making the microscopic determination impossible.

When the melting point was  determined, it was similar for COM
(195–200 ◦C) and Form I (200–205 ◦C), but Form II melted at higher
temperatures (215–220 ◦C). Likewise, when DSC analysis was per-
formed (Fig. 2), two endothermic peaks were observed for Form I
at 170 ◦C and 238 ◦C, both related to the transformation of Form I
to Form II and fusion (as Form II) respectively. In the case of COM,

a similar behavior was observed: a transformation followed by a
fusion. The Form II exhibited a single endothermic peak at 233 ◦C,
which is associated with its melting point. The values obtained were
in agreement with data described in the literature [29,30].

http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
http://www.iquir-conicet.gov.ar/descargas/mvc1.rar
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Fig. 3. MIR  spectra of MFA, COM (·), Form I (- -) and Form II (-).

T
M

Fig. 2. DSC thermograms of MFA, COM (·), Form I (- -) and Form II (-).

MIR  spectra of MFA  polymorphs were divided in three main
egions for further analysis: 3500–1800 cm−1, 1800–1650 cm−1

nd fingerprinting region (1650–750 cm−1). First, region
500–1800 cm−1 contains many signals but only a relevant
eak for MFA  polymorphism located around 3350 cm−1 in Form II
r 3311 cm−1 in Form I, in agreement with the literature [31].

In the second region 1800–1650 cm−1, there are no substantial
ifferences; whereas in the fingerprinting region, there are many
mall differences, which are still important for polymorph classi-
cation. A detailed analysis of differences on the MIR  spectra and
ands assignation is shown in Table 1. Additionally, we  checked for
ressure-mediated polymorph-transformations, in both Form I and
orm II, by repetitive measures in ATR plate. No transformations
ere found, validating the technic for further analysis.

When MIR  spectrum of COM was analyzed (Fig. 3), it proved to
e quite similar to Form I regarding the position and the intensity
f the peaks. This observation, together with the thermal anal-
sis, allows us to infer that the crystalline structure present in
OM is Form I. Peaks at 2926 cm−1 and 2900 cm−1 had differ-
nt intensities in each polymorph. The same phenomenon can be
bserved in peaks at 1619 cm−1 and 1600 cm−1 or 1574.8 cm−1 and
537.7 cm−1. A peak at 1360 cm−1 was typically found in Form I

hile a shoulder at 1324 cm−1 was characteristic for Form II. A small

eak found at 1120 cm−1 in Form I, shifted to 1130 cm−1 in Form II.

able 1
ain signals and differences in the MIR  spectra of Forms I and II of MFA.

Form I Form II 

Signal (cm−1) Signal (cm−1)

peak 3311 peak 

peak  (++) 1643 peak (+) 

small  peak 1593 – 

peak  1570 peak 

peak  1508 shoulder + peak
peak  1469 double peak 

triple  peak 1442−1441 peak 

shoulder 1402 peak 

–  – peak 

peak  1327 double peak 

small peak 1276 – 

peak  1251 peak 

small peak 958 – 

peak 912 peak 

shoulder + peak 844 peak 

peak  815 peak + shoulder
sharp peak 775 wide peak 

double  peak 752−744 peak 
Furthermore, differences were observed among the three peaks
between 898 cm−1 and 786 cm−1.which that have different inten-
sities in each polymorph. On the other hand, the peaks at 768 cm−1

and 756 cm−1 were found to be typical of Form II and only a peak
in Form I was  found in this region (764 cm−1). Peaks at 718 cm−1

and 637 cm−1 are only present in Form I and the signal at 696 cm−1

is lower in intensity in Form I than in Form II. Since minor but crit-
ical differences in the MIR  spectra are present in both polymorphs
(Table 1), it would be feasible to set up an analytical methodol-
ogy based on MIR  spectra to quantitate the polymorphs. This fact
encouraged the development of a method for quantitative analysis
of Form I by coupling chemometrics and MIR.

Fig. 4 shows the graphs of NIR spectra obtained for COM, Form
I and Form II. It can be seen that regions with the greatest spec-
tral differences are located between 2000 and 2500 nm.  However,
both polymorphs showed differences through the entire spectral
range. Table 2 summarizes Form I and Form II the major signals,
and their tentative assignation. Among these signals, peaks at 1566
and 2366 nm in Form I and those at 1533 and 2109 nm in Form II are
to be highlighted. Additionally, changes in peak formations (unre-
solved, double and triple peaks) between both polymorphs were
observed in the entire spectra. NIR spectrum of COM was  fully coin-

cident with Form I, reinforcing the idea that the polymorph present
in commercial API is Form I.

Assignation

3340 NH vibration
1643 C O stretching
– benzene ring stretching
1564

 1492
1496−1492 C H or ring

deformation1433
1402
1382 Anti-symmetric CH3

and CH3
′ stretching1336−1319

–
1230
– Out-of-plane CH

deformation885
848

 819
773 Ring deformation and

CO2 wagging742
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Fig. 4. NIR spectra of MFA, COM (·), Form I (- -) and Form II (-).
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reinforce the idea of method suitablitity.
The Accuracy and precision of the method were assessed

during the evaluation of the validation set of samples (exter-
nal validation). Eight samples were analyzed in duplicate and

T
M

.1.1. Dissolution behavior of polymorph and discriminant
issolution media

The dissolution behavior of polymorphs was assessed as a func-
ional characterization step. Taking into account poor solubility
f MFA  and the recommendations some international pharma-
opoeias [28], basic media and surfactants were used to carry out
his test. Four different dissolution media were tested; buffer phos-
hate media at pH 8 and 9, both with and without the use of sodium

auryl sulfate (SLS) as surfactant. Other experimental conditions are
escribed in Material and Method section (2.1 and 2.2.1).

Fig. 5 shows the behavior of COM, Form I and Form II (Fig. 5A–C)
t the different dissolution media. Form I shows almost a similar
ehavior in the four media, but pH 8 without SLS showed poorer
issolution rates. The final dissolution (at 120 min) ranged from
5 to 75% of the dissolved mass. When Form II was  analyzed, a

arge dispersion of the dissolution rates was observed. A significant
issolution was only observed at pH 9 with SLS, yielding only a
5% of mass dissolved. When dissolution of COM was analyzed, the
resence of SLS showed a great influence on the MFA  solubility at
oth pHs (dissolution rates about 80%).

Analyzing the three solids at pH 9 with SLS (the most favored
edia for all species) dissolution profiles were in the range from

0% to 80% of the mass dissolved, but still showing substantial
ifferences that would allow their discrimination (Fig. 5D).
able 2
ain signals and differences in the NIR spectra of MFA  Form I and II.

Form I Form II

Signal (nm) Signal 

peak 417 peak 

peak  1566 peak 

unresolved peaks 2044 unresolved peaks
2072 

unresolved peaks 2124 peak 

2161 unresolved peaks
2190 

peak 2276 unresolved peaks
Shoulder + peak 2317 

–  

peak 2366 – 

double peak 2410 peak 

2432 peak 

peak 2458 peak 

peak 
 and Biomedical Analysis 149 (2018) 603–611 607

3.2. Method development to assess polymorph content,
quantitative approach

In order to develop models to quantitate MFA  forms present
in the formulated products, several sets of samples were prepared
according to the procedure described in Section 2.4.

Model samples (Calibration, Validation, and Commercial sam-
ples) were scanned by MIR  and NIR spectroscopies. PLS algorithm
was used to evaluate the data obtained from the different analyti-
cal techniques (NIR and MIR  separetely). Dissolution profiles were
obtained from calibration samples and MLR  was applied to ana-
lyze dissolution profiles in order to see if they are related to the
polymorphic content.

3.2.1. NIR data analysis
During the characterization of solid forms (Section 4.1), NIR

spectra showed critical differences that allow polymorph resolu-
tion in the pure forms (Table 2). However, the presence of excipients
may  interfere with such task in the formulated products, where
the multivariate tool appears as a valid solution. Thus, PLS was
proposed to analyze NIR spectra for the quantitate Form I in the
presence of Form II and excipients.

NIR spectra were obtained in the 400–2500 nm spectral range,
each sample was  measured by in triplicate and the spectra obtained
were averaged. This procedure was repeated twice, yielding a total
of 20 spectra for the calibration set and 16 for the validation set.

The PLS method was developed following three main steps: cali-
bration/optimization, internal/external validation and commercial
sample evaluation.

The calibration and optimization of PLS where carried out
with the spectra of calibration set by a cross-validation procedure
(leave-one-out). The optimal parameters were found following the
criterion of minimum PRESS (Prediction Error Sum of Squares).
Mean centering pretreatment, five PLS factors and 400–2500 nm
spectral range were selected as optimal parameters. Table 3 sum-
marizes the PLS critical parameters and figures of merits obtained
during cross-validation.

Internal validation was  carried out by analyzing figures of merits
(Table 3), in order to verify whether the method is suitable for the
scope proposed. An r2 value higher than 0.950 and a low RMSD
value assure a good fitting of the model to NIR data. Additionally,
a high analytical sensibility and a LOQ (0.10% W/W)  seven times
lower than the minimum concentration of the calibration range
(nm)

428 Visible
1533 1st overtone NH
2034 1st overtone C O
2062
2109
2149 NH combinations
2186
2282 CH/CH3 combinations
2319
2348
–
2410
2435
2455
2479
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ig. 5. Dissolution profile of Form I (A), Form II (B) and COM(C) in phosphate medium
f  Form I (�), Form II (�) and COM (�) at pH 9 with SLS (D).

n actual vs. predicted curve was constructed (Fig. 6A). The
verall recovery was not statistically different from to 100%
Tcalculated = 1.54, T(0.99;Df=15) = 2.61] and SD was lower than 2%
100.4 ± 1.0%), showing accurate results and low dispersions. Addi-
ionally, when the curve was visualized predicted the values were
laced close to the ideal curve (slope 1 and intercept 0), showing
he absence of systematic and bias errors (Fig. 6C).

Once PLS was fully validated, the polymorphic content of the
ommercial tablets was analyzed (Section 2.4.3). Three spectra per
amples were acquired and averaged; samples were analyzed in

uadruplicate.

The estimated value of Form I for the tablets was
.028 ± 0.001 w/w and agreed the API used by the manufacturer.
he validated model was also used to estimate the polymorphic

ig. 6. Actual vs. predicted content of Form I (w/w), using the optimized NIR-PLS model. (
piking (�) on calibration data (�). Ellipse of joint confidence region test for parameters 
H 8 with (�) or without SLS (�) and at pH 9 with (�) or without SLS (�). Comparison

content of spiked commercial samples (0.880 ± 0.005 w/w), where
recoveries were almost quantitative 103.5% with respect to the
actual value (0.850, w/w), as shown in Fig. 6B. A positive bias of
3% was found when the commercial samples were analyzed; how-
ever, it was  considered as acceptable for solids analysis. It could be
concluded that the method developed was  able to determine the
polymorphic content of MFA  in real samples.

3.2.2. MIR data analysis
As in the case of NIR, MIR  spectra showed critical differences
(Table 1) during the characterization of solid forms (Section 4.1).
However, the presence of excipients may  interfere with polymor-
phic quantitation. PLS emerging as a valid solution to resolve Form
I and Form II in such complex matrix. MIR  spectra were obtained

A) Calibration (�) and validation (©) sets. (B) Commercial tablets with and without
of actual vs. predicted curve (C).
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Table  3
Analytical summary of PLS models, calibration parameters and figures of merits.
Validation set results.

Parameters NIR MIR

Calibration statistical summary
Number of Samples 10
Form I calibration

levels (w/w)
0.750, 0.800, 0.850, 0.900, 1.00

Spectral range (nm) 400–2500 nm 3500–750 cm−1

PLS factors 5 5
Pretreatment Centering –
r2 0.980 0.950
RMSD 1.42 10−4 1.93 10−4

Models’ figures of merits
Sensitivity 0.02 0.0029
Analytical sensitivity

(�; w/w−1)
2380 344

DMDC (�−1; w/w) 0.00042 0.0029
Selectivity 0.11 0.071
LOQ (w/w) 0.10 0.07

Results and statistic of validation set
Number of samples 8
Form I validation levels

(w/w)
0.780, 0.830, 0.880, 0.9500

Mean recovery (%) 100.4 104.3
Relative standard

deviation (%)
1.0 8.2

R
c

i
e
t
s
a
i
3

P
P

n
s
c
o

m
1
v
t

Table 4
Parameters of the linear models for dissolution prediction.

Dissolution (%) at
(min)

H0
a �b Prob.c CV (%)d

5 – – NS –
10 41.1 39 0.0348 6.0
15 48.7 45 0.0081 5.1
20 62.3 32 0.0099 3.6
25 73.3 21 0.0350 3.0
30 63.1 33 0.0002 2.1
45 73.9 23 0.0425 3.4
60 – – NS –
90 – – NS –

a Model coefficient.
b

linear models. This is because the polymorphic content influences

F
t

MSD, Root mean square deviation; DMDC, Detectable minimum difference of con-
entration; LOQ, Limit over quantification.

n 3500–400 cm−1 spectral range using the ATR accessory; how-
ver, 3500–750 cm−1 was selected as the working the range due
o deleterious absorptions observed in 750–400 cm−1 range. Each
ample was measured by in triplicate and the spectra obtained were
veraged. The procedure was carried out twice for each sample. Cal-
bration and validation samples were the same sets used in Section
.2.1.

The optimal parameters were found following the minimum
RESS criterion during the cross-validation of Calibration set. Five
LS-factors and full spectra were found optimal paramethers.

The moving windows strategy [32] was also applied; although,
o improvement of prediction was found by reduction of the
pectral range. No spectral pretreatment was useful before PLS cal-
ulation. Table 3 summarizes PLS critical parameters and the figures
f merits obtained during cross-validation.

The figures of merits (Table 3) were analyzed to verify the
ethod suitability. An r2 value of 0.950 and a RMSD value of
.93% assure a good fitting of the method to the data. An actual
s predicted curve of Form I concentration was constructed for
he validation set in order to evaluate accuracy and precision of

ig. 7. Actual vs. predicted content of Form I (w/w), using the optimized MIR-PLS model 

est  for parameters of actual vs. predicted curve (B).
Intercept.
c F associated probability, P < 0.05 indicates significance of the model.
d Coefficient of variation (%). NS, not significant.

the method (Fig. 7A). The curve constructed contained ideal curve
(slope 1 and intercept 0) in their confidence region (Fig. 7B). Addi-
tionally, the average recovery of validation set (104.3%) was not
statistically different to 100% [Tcalculated = 2.09, T(0.99;Df=15) = 2.61];
and SD (8.2%) was  lower than 10%. The higher SD value might sug-
gest a lower prediction ability of MIR  spectroscopy in comparison
to NIR.

When the commercial tablets were analyzed, Form I yielded
0.615 ± 0.06 w/w, showing both lower recovery (1.00 w/w
expected) and higher dispersion than PLS-NIR methodology.
In view of commercial sample recoveries, the spiked sample
recoveries were not calculated.

3.2.3. Data dissolution analysis – prediction of dissolution profiles
On the other hand, the information of dissolution was processed

in order to predict the dissolution behavior of a pharmaceuti-
cal product, which may  contain a mixture of polymorphs. This
approach would work as a valid tool for product development into
the paradigm of Quality by Design (QbD). Data were investigate
to determine how polymorphic ratio (expressed as Form I content
w/w) influenced dissolution rates, time by time. Table 4 shows the
resulting models and the evaluation of its significance.

As expected, the model of the first dissolution time was not sig-
nificant. This may  be explained by the great variability inherent to
the early stages of the dissolution, which hides the variation due
to the polymorphs. As can be seen in Table 4, the dissolution rates
for times between 10 and 45 min  could be predicted by significant
the dissolution beyond the inherent variation of the process.
The final stages of dissolution (60–90 min) cannot be modelled

because they correspond to the plateau of dissolution. However,

for the calibration (�) and validation (©) sets (A). Ellipse of joint confidence region
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[
Drug Deliv. Rev. 48 (2001) 43–65.
ig. 8. Estimated dissolution profiles for commercial samples (�) and spiked com-
ercial samples (�). Error bars shows the confidence range of estimation.

his dissolution rates could be represented by the mean of the
easurements at these times.

The MLR  models were used to estimate the dissolution profile
f both commercial samples and spiked commercial samples, start-

ng from Form I content calculated by NIR-PLS models (1.028 and
.880 w/w, respectively). Fig. 8 shows estimated dissolution curves.
ignificant differences between two curves were observed since
rror bars did not contain the other estimated dissolution profile.
hus, a difference in polymorphic content of 10–15% may  render
issolution profiles, which are not equivalent to each other.

The coupling of both methodologies, NIR-PLS/dissolution-
stimation, implies the possibility to obtain dissolution profiles
tarting from simple NIR measurements when the polymorph ratio
s the major variable.

. Conclusions

This study aimed to develop easy and efficient methodologies
o determine the polymorphic forms of MFA  based on different
nalytical signals and chemometrics.

The complete characterization of two crystalline forms of MFA
as carried out by thermal (DSC and melting point), spectroscopic

MIR and NIR) and physicochemical (dissolution performance and
rystalline habits) monitoring. Critical differences were used to
ssign the identity of the obtained crystalline forms and commer-
ial bulk drug (COM).

Taking into account the polymorph-differentiating properties of
IR  and NIR spectroscopies, two PLS-based methods were devel-

ped. The critical parameters of the PLS of both models were
ptimized by cross-validation using minimum PRESS criteria. Cal-

brations showed no bias or systematic errors during prediction
nd the models yielded satisfactory recovery on validation sets
100.4 ± 1.0% for NIR and 104.3 ± 8.2% for MIR), where MIR  showed
igher dispersion results. However, only NIR-PLS could satisfacto-
ily predict Form I content in commercial samples and commercial
piked samples (102.8 ± 0.1% and 103.5 ± 0.5%, respectively).

The dissolution data of calibration samples were also analyzed
n order to model the relationship among dissolution and poly-

orphic contents. The entire dissolution profile (average of 6
epetitions) of 10 calibration samples were used as MLR  input.
ignificant correlations among polymorphic content and the disso-
ution of IFA in the range of 10–45 min  were found. The significant
odels were used to predict dissolution profiles.
The conjunction of both models developed NIR-PLS and

issolution-estimation could act as a complementary tool in a QbD

[

[

 and Biomedical Analysis 149 (2018) 603–611

environment, to analyze the implication of polymorphic content in
formulated products.
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