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Pharmaceutical cocrystals are composed of a drug and a coformer and are currently gaining
attention due to their possibility of improving drug solubility. Quantitative determination of
cocrystals is usually carried out by liquid chromatography method, but an alternative for the
same is derivative UV spectrophotometry. Cocrystals of lamotrigine (LAM) were formed with
nicotinamide (NIC) in order to improve the solubility of LAM. The aim of this study was to develop
and validate a simple, low-cost, environment friendly, first-order derivative spectrophotometric
method for simultaneous determination of LAM and NIC in cocrystals. Determination of LAM
and NIC was performed at 244.4 and 271.6 nm, respectively. The method was accurate with
recovery values of 98.21-101.52%, and precise (relative standard deviation (RSD) < 1.88%).
Robustness evaluated by Plackett-Burman design showed no significant influence of the factors
(pH, scanning speed, and sonication time) on LAM and NIC assays. The developed method was
compared with a high performance liquid chromatography (HPLC) method and applied to study
the cocrystal stoichiometry and solubility. The results indicated a molar ratio of 1:1 and that the
cocrystal is more soluble than the drug. This study demonstrated that the first-order derivative
method is feasible for drug and coformer determination in cocrystals and is a suitable alternative
to chromatographic methods.
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Introduction

Pharmaceutical cocrystals have been increasingly
reported in the pharmaceutical market. They exhibit solid
crystalline form and are composed of active pharmaceutical
ingredient (API) and a coformer, which can be another
drug or a non-toxic molecule in specific stoichiometric
amounts.' The crystallization process involves nucleation
and surface chemistry, forming intermolecular hydrogen
bonds between critical sub-structural units* forming a
crystal lattice that allow changes in the essential properties
of an API without altering its mechanism of action.” The
solubility behavior of drugs is one of the most challenging
factors in formulation development for oral delivery.®
Cocrystals may be a useful tool in this regard, since they

*e-mail: proliveira@unicentro.br

can enhance solubility of poorly soluble drugs through the
generation of the metastable supersaturated state, which
can aid in improving their absorption and bioavailability,
without altering the pharmacological effects.’

Drugs with poor aqueous solubility may have
good pharmacological properties, such as lamotrigine
(LAM, Figure la), an antiepileptic drug that belongs
to the class of phenyltriazines and is used for treating
epilepsy and bipolar disorder. LAM, chemically known
as [6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-diamine]
is a basic molecule with a pK, of 5.7.% has low aqueous
solubility® and high permeability and is categorized in
class IT as per the Biopharmaceutics Classification System.'”

Different crystal engineering strategies have been
adopted to obtain new solid forms of LAM in order to
increase its solubility.!" A better dissolution rate for this
drug may increase its bioavailability, and hence reduce
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Figure 1. Chemical structures of (a) lamotrigine and (b) nicotinamide.
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the dose and risk of side effects. In search of these
benefits, a cocrystal of LAM with nicotinamide (NIC,
Figure 1b), a non-toxic substance with pK, 3.35 and
high aqueous solubility was developed by using reaction
crystallization method.'? The cocrystal was obtained since
in aqueous pH the neutral form of the components is
predominant, generating cocrystallization and preventing
ionic interaction.

The quantification of LAM and NIC in cocrystals can
be carried out by high performance liquid chromatography
(HPLC) methods," however, this technique requires the
expertise and training of analysts, is time-consuming,
demands the use of expensive and hazardous chemicals (like
acetonitrile and methanol, which are flammable, volatile
and toxic), and is not very environment friendly,'*'> since
mobile phase may be a source of environmental pollution.
Generally, HPLC is carried out using a stationary phase
column of 4.6 mm of internal diameter and of 15-25 cm
length with mobile-phase flow rate of about 1-1.5 mL min™',
leading to huge consumption of solvent and generation of
approximately 1.5 to 2 L of waste daily.'® An alternative
involves the use of spectrophotometric techniques, that are
preferable for practical and economic reasons and can be
good alternatives for quality control analysis.!”!*

A useful approach for enhancing the sensitivity
and selectivity of mixture analysis is derivative
spectrophotometry,' a method which involves calculation
and plotting one of the mathematical derivatives of a spectral
curve, based on zero-crossing measurements. It has been
applied in pharmaceuticals mainly for the determination
of drugs used in ophthalmic formulations,* extended-
release tablets,?' in bulk powder,”? and determination of
analytes in biological samples.”® The literature® describes
only one derivative method considering the assay of
cocrystals, applied for the determination of simvastatin in
cocrystals formed with saccharin and aspartame, however,
the quantification of the coformer was not carried out, not
answering the cocrystal stoichiometric question, which
is important to predict solubility advantages from the
cocrystal eutectic constant.

Considering that simultaneous determination of the
drug and the coformer is crucial for cocrystal studies
and that there is a limited number of studies regarding
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the application of derivative spectrophotometric methods
for cocrystals assay, the aim of this study was to develop
and validate a simple, fast and cost-effective first-order
derivative spectrophotometric (FODS) method for the
simultaneous determination of LAM and NIC in cocrystals.

Experimental
Reagents and materials

Pure samples

LAM was purchased from Fagron (Mumbai, India),
99.89% purity; NIC was purchased from Sarfam (Shangai,
China), 99.70% purity; and both reagents were used within
their shelf life period. Ultrapure water (Merck Millipore,
Simplicity System, Darmstadt, Germany) with pH
(pHmeter Edge, Hanna Instruments, Woonsocket, USA)
of 6.9, conductivity of 0.055 puS cm™" and 18.2 MQ cm
resistivity, was used for all the analyses.

Cocrystal synthesis

The cocrystals were developed through the reaction
crystallization method, as previously described.'?
Briefly, 4 g of NIC was weighed on an analytical balance
(Shimadzu, AUX220, Kyoto, Japan) and solubilized in
2% (m/v) sodium lauryl sulfate aqueous solution and
maintained on a magnetic stirring plate (Fisatom, 754A,
Sao Paulo, Brazil) at room temperature. Subsequently, 1 g
of LAM was slowly added. After 48 h, the suspension was
vacuum filtered, and the solid phase retained on the filter
was oven dried at 60 °C for 2 h. Three different batches of
cocrystals were produced and used in this study.

First-order derivative spectrophotometric method

Preparation of solutions

Stock standard solutions were prepared by accurately
weighing 12.5 mg of LAM and 12.5 mg of NIC, and
dissolving them in 500 mL of water, followed by sonication
for 30 min to facilitate solubilization, thereby obtaining the
concentration of 0.025 mg mL".

The cocrystal solutions were prepared by dissolving
25 mg of cocrystals in 500 mL of water, followed by
sonication for 30 min to obtain the concentration of
0.05 mg mL-". The solutions were diluted to a final
theoretical concentration of 20 pg mL~" for the cocrystal
for the quantitative determination of LAM and NIC.

Selection of wavelengths
Spectrophotometric measurements were recorded
using water as blank solution on UV-Vis double beam
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spectrophotometer (Agilent Technologies, Cary 100,
Santa Clara, USA). Spectra of LAM and NIC solutions
were scanned in the spectrum mode between 200 and
400 nm, with a bandwidth of 2 nm and a scanning speed of
60 nm min~'. Each spectrum was derived mathematically
from zero-order to the first-order by software (Cary WinUYV,
version 4.20), with the tool “maths”, operation “Deriv 17,
filter size 9, and interval 4. The first-order derivative spectra
for LAM and NIC were overlapped to find the wavelength
at which each drug shows zero absorbance. The wavelength
of 244.4 nm was selected for the quantification of LAM
(where the derivative response for NIC was zero). Similarly,
271.6 nm was selected for the quantification of NIC (where
the derivative response for LAM was zero).

Method validation

The method was validated following the guidelines of
the International Conference on Harmonization (ICH).>

Selectivity

The selectivity was evaluated by the analysis of LAM
at the wavelength used for the quantification of the NIC
and vice versa.

Linearity

Linearity was determined by plotting three independent
analytical curves, each one containing five concentrations of
both LAM and NIC, in the range of 2.5-20 ug mL™" (2.5, 5,
10, 15, and 20 ug mL™") versus the values of the first-order
derivative absorbance (at 244.4 nm for LAM and at 271.6 nm
for NIC). The linearity was evaluated by the least square
regression analysis and analysis of variance (ANOVA).

Precision

The precision of the analytical methods was evaluated
by analyzing the repeatability and the intermediate precision
measurements of the cocrystal solutions. Repeatability was
examined by assaying six independent sample preparations
on the same day (intra-day), at the same concentration
(20 ug mL™) of cocrystals (corresponding to 13.5 pg of
LAM and 6.5 pg of NIC) under the same experimental
conditions. The inter-day precision was calculated by
comparing the results of three consecutive days, and
the inter-analyst precision was obtained by comparing
the results of three different analysts. The precision was
expressed in terms of relative standard deviation (RSD).

Accuracy
The degree of accuracy was calculated in triplicates
and was based on the percentage of recovery of the known
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amounts of LAM and NIC added to the cocrystal samples.
Suitable volumes of the standard solutions of LAM
(5 ug mL") and NIC (5 pg mL™") were added to the cocrystal
samples to obtain the solutions at final concentrations of
8, 10, and 12 ug mL" for LAM and 8, 10, and 12 ug mL""
for NIC.

Limit of detection (LOD) and limit of quantification (LOQ)

The limits were calculated from the three calibration
curves used in the linearity, in accordance with the
following equations 1 and 2:

LoD = 35D (1)
a
Log- 105D, @

where SD, represents the standard deviation of the
y-intercept and a is the mean slope of the calibration curve.

Robustness

The robustness was investigated analyzing changes
that may occur in the laboratory routine, due to small
differences in the calibration or programming of
the equipment by the user, by the influence of the
factors: (i) pH of water (6.9 + 0.2), (ii) scanning speed
(60 = 20 nm min™"), and (iif) sonication time in solution
preparation (30 = 5 min) on the spectrophotometric
response for LAM and NIC assay. Robustness was
analyzed by Plackett-Burman method, because an
experimental design is preferred since the response results
from a combination of factors, representing more globally
the practical situation in the laboratory. The designs were
constructed as described by Plackett and Burman,* the
first line for the designs with N = 12, N being the number
of experiments and (+) and (-) the levels of the factors.
After determination of the number of real factors to be
examined, the remaining columns in the design were
defined as dummy factors, an imaginary factor for which
the change from one level to the other has no physical
meaning, used for estimating the standard error. The
results were evaluated by #-test, and an effect is considered
significant at a given a level if 7_,cyiued > Feritical-

Application of the method

The analysis of cocrystals (20 pg mL™") from three different
lots was performed in triplicate. The average was obtained,
and the result of the derivative absorbance was applied in the
linearity equation to evaluate the concentrations of LAM and
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NIC in the cocrystal. Subsequently, molar stoichiometry was
calculated by the relation with the respective molar masses
(LAM = 256.91 g mol™") and (NIC = 122.12 g mol™). The
results obtained by the FODS method were statistically
(Student’s z-test) compared with those obtained by a
previously validated HPLC method (Shimadzu, CTO-20A,
Kyoto, Japan). Shortly, the HPLC method for LAM consisted
of a Luna® C18 150 x 4.6 mm column, mobile phase
composed of 0.01 M methanol:phosphate buffer, pH 3.5
(40:60, v/v), flow rate 1.0 mL min~', detection wavelength
of 279 nm, injection volume 10 pL, temperature 30 °C, and
run time of 6.5 min. For quantification of NIC, the mobile
phase was modified to 0.01 M methanol:phosphate buffer
pH 3.5 (15:85, v/v); wavelength of 261 nm, and the run time
was changed to 4.5 min.

The determination of eutectic constant (K,,) was
performed to predict cocrystal solubility and stability. In
10 mL of water, 1 g of cocrystal was added and kept under
stirring at 110 rpm at room temperature (25 °C). After 48 h,
aliquots were removed and API and coformer concentration
values in the eutectic point were determined and applied to
the K,, equation (equation 3).”

K, - [coformer], 3)
[APT],,

Results and Discussion
Method development

Water was selected as the solvent for all stages of sample
preparation, because it is the best solvent considering the
toxicological risks, the requirement of special residue
storage, and the cost. The overlay of the zero-order UV
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spectra of LAM and NIC is shown in Figure 2a and shows
maximum absorption wavelengths in water at 302.6 and
262.2 nm, respectively. However, it was impossible to
determine the two compounds simultaneously by direct
absorbance measurements due to the significant overlap
between the two spectra.

Derivative spectrophotometry can be a suitable
technique for overcoming this situation, as it allows
simultaneous measurement of both elements and prevents
interference with each other." Figure 2b shows that the
zero-crossing points were 244.4 nm for NIC and 271.6 nm
for LAM and no mutual interference was observed. Thus,
these wavelengths were selected for determination of the
compounds.

Method validation

Selectivity studies showed that the components did
not show cross-interference during the analysis. LAM
and NIC showed zero absorbance at 271.6 and 244.4 nm,
respectively.

Linearity shows the ability of the method to provide
results that are directly proportional to the concentration
of the analyte in the sample. Linearity was within the
suitable range for the instrument, as can be seen by
the zero-order (Figure 3a) and the first-order spectra
(Figure 3b) that contained increasing amounts of a mixture
of LAM and NIC. The calibration curve indicated good
linearity, with correlation coefficients of r> = 0.9999
(y = 0.000990x — 0.000151) for LAM and r* = 0.9999
(y =0.001529x — 0.000015) for NIC. Moreover, ANOVA
(0.=0.05) was performed to determine if the linear method
had the best fit and the results showed significant linear
regression (P < 0.05) and no deviation from linearity

244.4 2716 (b)

0.00 )<f
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—NIC
— LAM
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Figure 2. (a) Zero-order spectra of lamotrigine and nicotinamide in water, with a bandwidth of 2 nm and a scanning speed of 60 nm min~', compared
to a reagent blank; (b) first-order derivative spectra of lamotrigine and nicotinamide, derived mathematically by software of the equipment, operation

“Deriv 17, filter size 9, and interval 4.
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Figure 3. (a) Zero-order spectra of the analytical curves of lamotrigine and nicotinamide in water, with a bandwidth of 2 nm and a scanning speed of
60 nm min~', compared to a reagent blank; (b) first-order derivative spectra of the analytical curves of lamotrigine and nicotinamide derived mathematically

by software of the equipment, operation “Deriv 17, filter size 9, and interval 4.

for LAM (F cuaed = 0.26 < Fiea = 3.71) or for NIC
(F uontaed = 1.21 < F e = 3.71).

Precision refers to the closeness of agreement between
the varied measurements obtained from multiple sampling
of the same sample under the prescribed conditions.?
For reproducibility (n = 6), the RSD value obtained
was 1.88% (mean assay value = 100.22%) for LAM
and 0.90% (mean assay value = 100.72%) for NIC. The
RSD values obtained for inter-day precision were 0.56%
(mean assay value = 101.23%) for LAM and 1.23%
(mean assay value = 100.31%) for NIC. The RSD values
obtained for inter-analyst precision were 0.90% (mean
assay value = 100.56%) for LAM and 0.77% (mean assay
value = 100.31%) for NIC. The variability of the results was
low, with RSD values observed within the acceptable range
(< 2%), which confirmed the precision of the proposed
method.

The accuracy of a method is expressed in terms of the
closeness of agreement between the value that is accepted
as areference-point and the result obtained by the proposed
method.” The results were expressed as the percentage of

the LAM and NIC reference substances recovered from the
sample and are shown in Table 1. The mean recovery data,
which comprises the three levels added, were within 98.87
and 100.34%, which confirms that the method is accurate
within the desired range.

The LOD of an analytical procedure is the lowest
amount of an analyte in a sample which can be detected,
and the LOQ is the lowest amount of an analyte in a sample
which can be quantitatively determined.” These parameters
are not an essential requirement in the method validation
applied for the drug assay, although it is useful to show
the sensitivity of the method and that the analysis is being
conducted with a suitable range of concentrations. The
results for LOD and LOQ were 0.24 and 0.80 pg mL"! for
LAM and 0.024 and 0.080 pg mL™! for NIC, respectively.
These values showed that the proposed method presented
good sensitivity in theory, however, to ensure the linearity
of the method, the experimental values must be within the
linearity curve, that is, at least 2.5 pg mL™".

Robustness is a measure of the ability of the method
to be unaffected by small and deliberate variations in its

Table 1. Experimental values obtained in the recovery test for LAM and NIC by using the first-order derivative spectrophotometric method. The standard
concentration refers to pure samples of LAM and NIC, while the sample concentration refers to cocrystal

Sample concentration /  Standard concentration ~ Mean concentration

Mean standard

Analyte (ug mL™) added / (ug mL™") found® / (ug mL™") recovered® / (ug mL™") Accuracy + RSD*/ %
LAM 6.64 2 8.65 2.01 100.34 £ 1.27
LAM 6.64 4 10.62 3.97 99.24 +0.25
LAM 6.64 6 12.61 5.96 99.33 £0.90
NIC 441 4 8.37 3.95 98.87 £ 0.67
NIC 441 6 10.35 5.94 98.98 £ 0.77
NIC 441 8 12.36 7.95 99.38 £ 0.48

*Average of three determinations. RSD: relative standard deviation; LAM: lamotrigine; NIC: nicotinamide.
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parameters, an indicator of the method reliability during
use.” The factors studied were chosen based on small
and deliberate changes that may affect the methodology,
such as: pH change may affect the absorbance spectra,”
sonication time can interfere in sample preparation and
scanning speed can generate different spectra resolutions.

The factors were examined in a Plackett-Burman
experimental design, selected as a function of the number
of factors under investigation. This design allows to screen
a relatively large number of factors in a relatively small
number of experiments.?’ The results are demonstrated
in Table 2 and the method was considered robust since
the assay was between 98.82 and 101.90% for LAM and
between 98.52 and 102.28% for NIC. Statistical analysis
using #-test showed that no significant factor was revealed
for all analyses, since the calculated ¢ values were lower
than the critical ¢ values (o = 0.05).

Application of the method

The assay for three different batches of
cocrystals (Table 3) showed a mean concentration of
12.66 £ 0.51 ug mL~" for LAM, indicating a presence of
0.05 moles in each sample. The mean concentration of NIC
was observed to be 6.63 + 0.15 ug mL!, also indicating

Development of a First-Order Derivative UV Spectrophotometric Method
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the presence of 0.05 mol. Approximately 66% of the
cocrystal composition coincided with LAM, while 33% of
the composition showed NIC, which is justified by the fact
that the molar mass of LAM is approximately twice that
of NIC. Hence the, the cocrystal stoichiometry was noted
to be 1:1, drug:coformer.

The proposed FODS method was compared to a
validated HPLC method (Table 3). Statistical analysis
indicated that the results were similar and showed no
significant differences between the methodologies
(P < 0.05) (Fgeuaea = 0.0023 < F e = 2.306 for NIC
and F,oypeq = 0.46 X 107 < F 00 = 2.306 for LAM). The
results showed that FODS method was suitable for the
simultaneous determination of LAM and NIC in cocrystals.
A disadvantage of the HPLC was that two methods were
necessary for LAM and NIC assay because drug and
coformer present distinct characteristics, such as polarity
and pK,.** These differences require the analyst to develop
two different methods or work with solvent gradient, which,
in both cases, will be more expensive, time consuming and
not environmentally friendly compared to derivative UV
spectrophotometric methods.

The simultaneous quantification of LAM and
NIC would not be possible based on a maximum
wavelength determination of each substance (classical

Table 2. Plackett-Burman experimental design with the obtained response to each experiment and the effects of the investigated factors

Experiment va:ter Dummy Dummy Sorgrcx?;ion Dummy Dummy Dummy Dummy Scst;I;r;iélg Dummy Dummy LAI:;SEly ! le

1 + + - + + + - - - + - 100.90 98.60
2 - + + - + + + - - - + 101.75 99.09
3 + — + + — + + + — - - 101.83 98.52
4 - + - + + - + + + - - 101.90  99.15
5 — — + - + + - + + + - 99.51 100.10
6 — — - + - + + - + + + 99.51 100.10
7 + - - - + - + + - + + 98.87 10236
8 + + - - - + - + + - + 100.90  98.60
9 + + + - - - + - + + - 98.82  102.28
10 - + + + - - - + - + + 99.46 100.05
11 + - + + + - - - + - + 98.82  102.28
12 _ - - - - - - - - - - 101.90  99.15
E(LAM)/ % -0.65 0.44 —-0.63 0.11 -0.11 0.77 0.20 0.13 -0.87 -167 093  -0.65 0.44

E (NIC) / % 0.83 -0.42 0.73 -0.48 0.48 -1.70 0.45 -0.45 0.79 1.12 0.78 0.83 -0.42
teae (LAM) -0.83 -0.14 1.12

t e (NIC) 0.95 0.55 —-0.90

t, 2.306

crit

Assay: quantitative determination of lamotrigine and nicotinamide; LAM: lamotrigine; NIC: nicotinamide; (+) high factor level: for pH 7.1, scanning
speed: 80 nm min~, sonication time: 35 min; (—) low factor level: for pH 6.7, scanning speed: 40 nm min™', sonication time: 25 min; E: calculated effects

for quantitative determination.
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Table 3. Assay of the cocrystals by the FODS method and comparison with HPLC methodology
Analyte Concentration® / (ug mL™") Molarity* / mol Mean = RSD*/ %

FODS HPLC FODS HPLC FODS HPLC
LAM cocrystal, lot 1 12.60 12.37 0.05 0.05 62.9 +0.56 61.8+0.14
LAM cocrystal, lot 2 12.67 12.49 0.05 0.05 63.3+0.39 62.4 +0.30
LAM cocrystal, lot 3 12.73 12.43 0.05 0.05 63.6 +0.08 62.2+0.24
NIC cocrystal, lot 1 6.64 6.56 0.05 0.05 332+0.11 32.7+0.33
NIC cocrystal, lot 2 6.62 6.57 0.05 0.05 33.1+0.15 328 £0.44
NIC cocrystal, lot 3 6.63 6.43 0.05 0.05 33.1+0.20 322+0.53

*Average of three determinations. RSD: relative standard deviation; FODS: first-order derivative spectrophotometric; HPLC: high performance liquid

chromatography; LAM: lamotrigine; NIC: nicotinamide.

UV determination) because LAM has an overlapping
spectrum with the coformer NIC. So, the development of
this methodology is essential for the quantification of the
components in cocrystal by UV spectrophotometry.

The stoichiometry information of the cocrystal is
necessary to associate this value with the eutectic constant
(K.,), an important indicator of the stability and solubility of
the cocrystal. K, values > 1 or K, > 0.5, for cocrystals 1:1
and 2:1, respectively, indicate thermodynamic instability of
the cocrystal, but greater solubility in relation to the API,
while K., values < 1 or < 0.5 for cocrystals 1:1 and 2:1,
respectively, indicate higher thermodynamic stability and
lower solubility of the cocrystal in relation to the APL?!

The K., was calculated according to equation 3 and a
value of 186 was obtained, by dividing 269.85 (coformer
concentration at eutectic point) by 1.45 (API concentration
at eutectic point). This result indicates that the cocrystal is
more soluble and less stable than API. The reason that the
value is much higher than 1 is related to the advantage of
cocrystal solubility over the drug, the higher the K, value,
the greater this advantage.’!

Additionally, in cocrystals initial development it is usual
to perform a screening with several coformers in order to
evaluate which one increases the solubility of the API. The
FODS method is an easy methodology that quantifies the
components of the cocrystals, supporting the choice of the
coformer for further studies.

Conclusions

Assays for multiple compound samples, such as
cocrystals, are usually carried out by chromatographic
methods, such as HPLC. In this study, a first-order
derivative spectrophotometric method was successfully
developed and validated for the simultaneous determination
of LAM and NIC in cocrystals, with benefits from both
economic and ecological point of view. The method
proved to be selective, linear, precise, accurate, sensitive,

robust, and similar to the HPLC method, showing no
significant differences. The analysis of the LAM-NIC
cocrystals showed a 1:1 stoichiometry, and the K,
calculation evidenced that cocrystal is more soluble and
could be less stable than the LAM drug, demonstrating
the applicability of derivative spectrophotometric methods
in cocrystal studies.
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