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Abstract:Photophysical properties of lamotrigine (LMT) were investigated at different pH values. Lamotrigine exhibited
a broad absorption band at 308 nm that was shifted to 268 nm at pH 2.0 due to protonation (HLMT+). Emission
spectra of LMT at different pH values showed a single band at 483 nm except for at pH 2.0, where a second band at
502 nm was observed due to the deprotonation from the singlet excited state. LMT pH profile was used to calculate
pKa of LMT in excited and ground states (p K a* = 4.50 and pKa = 5.90). Absorption spectra of LMT at different
pH values for LMT in the presence of #-CD showed an isosbestic point at 290 nm. A significant enhancement in the
emission intensity of LMT upon increasing S-CD (07 mmol Lfl) was reported. Benesi-Hildebrand analysis showed
that LMT/3-CD and HLMT+ /3-CD complexes have 1:1 stoichiometry, with K11 values ranging from 122 at pH 2.0
to 50 at pH 8.0. Thermodynamic parameters showed that complexation process is enthalpy driven (AH® = —23.1
kJ.mol ! at pH 2.0 and —24.1 kJ.mol ~! at pH 8.0). Molecular mechanical calculations by MM+ force field indicated
that LMT is preferentially included within the S-CD cavity through its diamino-1,2,4-triazine moiety.
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1. Introduction
Lamotrigine (LMT) (Figure 1) is 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine, used in the treatment of
complex partial and generalized tonic—clonic seizures. LMT acts by blocking voltage-gated sodium channels to

stabilize the presynaptic neuronal membrane and inhibit the presynaptic release of glutamate. =3
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Figure 1. Structural formula and protonation site of LMT.
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Cyclodextrins (CDs) are cyclic oligosaccharides containing six (a-CD), seven (5-CD), and eight (y-CD)
(a-1,4)-linked «-D-glucopyranose units. The truncated cone shape CDs have the primary hydroxyl groups at
the narrow rim and secondary hydroxyl groups at the wide rim, leaving a hydrophobic interior cavity that can
include suitably sized organic molecules.* The chemical and spectroscopic properties of guest molecules are
modified as a result of the inclusion within CD cavities due to variation in the microenvironment experienced
by the included guest. Upon inclusion within the CD cavity, a noticeable change is usually observed in the
spectrofluorimetric properties of the included molecules including fluorimetric intensity enhancement®~7 and
increase in the fluorescence lifetime. %9

Complexation of LMT with CDs was investigated only by some workers, as part of formulation studies,
where dissolution rates were improved through complexation and apparent complex formation constants were
evaluated through phase-solubility diagrams.'%!! To the best of our knowledge, no adequate fluorimetric
evaluation for LMT was found in the literature except for the LMT photodegradation study performed in
simulated sunlight by Young et al.'?> A spectrofluorimetric technique was utilized only as a sensitive analysis
technique for the determination of LMT in human plasma.'® Moreover, no adequate evaluation of the effect of
B-cyclodextrin (used as an excipient in drug formulations) on the fluorimetric properties of LMT was reported.
If B-cyclodextrin is used in any LMT formulation, the complex will exist at different pH values in the human
body (pH 1.5 in the stomach up to pH 8.5 in the duodenum end of the body); therefore, the goal of our study
was to evaluate the effect of S-cyclodextrin on the fluorimetric properties of LMT in a pH range similar to that
found in the human body (pH 2.0-8.0)

The present work investigated the effect of pH and 3-CD on the photophysical properties of LMT using
UV-absorption and steady-state fluorescence emission measurements. A detailed investigation of LMT/3-CD

complex formation was also conducted.

2. Results and discussion

2.1. Spectroscopic and photophysical properties of LMT

The absorption and emission spectroscopic behavior of LMT in buffered aqueous solutions at pH 2.0 (100%
protonated LMT; HLMT ); pH 4.0, 5.0, and 6.0 (partially protonated LMT); and pH 8.0 (neutral LMT) were
investigated at 298.0 K. Neutral LMT (at pH 8.0) was found to have a maximum absorption peak at about 308
nm, which shifted to about 268 nm upon protonation (at pH 2.0) (Figure 2), in good agreement with what was
reported elsewhere.'?14 This large UV-absorption shift of about 40 nm can be attributed to the protonation
of the most basic 4-N- position of the substituted 1,2,4-triazine ring moiety as shown in Figures 1 and 2. For
partially protonated LMT, the maximum absorption peak occurs at wavelengths between 268 nm and 308 nm
depending on the degree of protonation, i.e. pH value.

Fluorescence emission spectra have a maximum emission wavelength at 483 nm for neutral or partially
protonated LMT. The fluorescence spectrum of HLMT* (at pH 2.0) consists of two emission bands; the band
at the shorter wavelength of 380 nm corresponds to the acidic protonated form HLMT T, while that at 502
nm can be ascribed to the neutral form. As can be seen in the Scheme, this fluorescence behavior in aqueous
solutions results from the deprotonation that occurs in the excited singlet state of HLMT™ to give neutral
LMT and hydrated protons.®~!7 At pH 2.0, the maximum emission shifted to 502 nm with a slight increase in
fluorescence intensity (Figure 3), which indicates that the quenching process of the singlet excited state, after

deprotonation, is less efficient.
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Figure 2. Absorption spectra of 5.0 x 107° mol L™'  Figure 3. Fluorescence emission spectra of 5.0 x 107>

LMT in 0.10 mol L ~! phosphate buffer at pH 2.0 and pH  mol L ™! LMT in 0.10 mol L ~! phosphate buffer at pH
8.0. 2.0, pH 5.0, and pH 8.0. Aczcitation = 280 nm.

hv H>O
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Scheme. Deprotonation scheme for HLMT T excited singlet state.

Figure 4 shows the plot of £,,4, of LMT at different pH values, where the pH at the inflection point of
the sigmoidal curve equals the p K, value. The ground state acidity constant of HLMT+ LMT equilibrium
was determined to be 5.90 4 0.04, which is in good agreement with previously reported values.'4=16 The p K
value for the monocation-neutral equilibrium in the singlet excited state S; was determined using fluorescence
emission spectra at different pH values and found to be 4.50 £+ 0.07 (Figure 5). This increase in acidity (p K <

pK,) results from an intramolecular proton transfer in the excited state.!®:1?

2.2. Effect of -CD on the spectral properties of LMT

Absorption and fluorescence emission spectra were obtained for LMT in buffered aqueous solutions at different
[-CD concentrations at pH values 2.0, 4.0, 5.0, 6.0, and 8.0. Upon addition of 3-CD to aqueous solutions of
LMT, a slight blue shift of the UV absorption bands was observed for neutral LMT (306 nm at pH 8.0) and
for protonated LMT (265 nm at pH 2.0). An absorbance enhancement was noted for HLMT* solutions upon
complexation with 5-CD at pH 4.0 and 2.0, which can be attributed to change in polarity upon complexation due
to H-bonding of tetrazole moiety with peripheral hydroxyl groups of 3-CD.2%2! Absorption spectra obtained
for LMT at different pH values in the presence of 3-CD (i.e. 5 mmol L 1) showed an isosbestic point at 290
nm, indicating that two different species, HLMT *-8CD and LMT-SCD, exist at equilibrium (Figure 6). In
the absence of 3-CD, a less resolved isosbestic point was found at 287 nm, indicating equilibrium between
protonated and neutral LMT species at different pH values, in agreement with earlier reported isosbestic point

of LMT.12:14
Figure 7 shows that fluorescence emission intensity of LMT gradually increases with increasing 3-CD

concentration (0-7 mmol L 1) in pH 8.0 buffer solutions. The same fluorescence emission enhancement was
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Figure 4. A plot of Amax of absorption spectra of 5.0 x Figure 5. A plot of normalized peak area of fluorescence
107% mol L ™! LMT in 0.10 mol L. ~! phosphate buffer vs.  emission spectra of 5.0 x 107° mol L =} LMT in 0.10 mol
pH of the buffer solutions. L~! phosphate buffer vs. pH of the buffer solutions.

obtained for LMT/ 3-CD complexation in pH 4.0, 5.0, and 6.0 buffer solutions. When LMT is entrapped within
the hydrophobic rigid S-CD cavity, its molecular motions are constrained in this more viscous microenvironment,
protecting the excited state from nonradiative and quenching processes and enhancing fluorescence emission. 22:23
At pH 2.0, the fluorescence emission spectra show that the band at 502 nm, obtained for protonated LMT, is
shifted to 483 nm upon addition of 1 mmol L~! 3-CD and then fluorescence emission enhancement gradually
increases with increasing concentration of 5-CD as shown in Figure 8. This clearly indicates that inclusion of

HLMT™* within the 8-CD cavity prevents the deprotonation process in the excited state.
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Figure 6. Absorption spectra obtained for LMT in 0.10  Figure 7. A plot of fluorescence emission spectra of 5.0 x
mol L ~! phosphate buffer at pH 2.0, 4.0, 5.0, 6.0, and 8.0 10 7° mol L~ LMT vs. increasing 3-CD concentration
in the presence of 5 mmol L ~! 3-CD. An isosbestic point (0, 1, 2, 3, 4, 5, 6, and 7 mmol L") in 0.10 mol L~*
is seen at 290 nm. phosphate buffer solutions at pH 8. Aczcitation = 280 nm.
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The ground state acidity constant (pK,) was determined spectrophotometrically in the presence of (-
CD and found to be 5.0, indicating that LMT becomes more acidic in the S-CD cavity, due to H-bonding of
the diamino-1,2,4-triazine moiety with 3-CD hydroxyl groups. These results clearly indicate that the diamino-
1,2,4-triazine moiety is included within the F-CD cavity interacting through H-bonding with the peripheral
primary O(6)-H directed at the narrow rim of 5-CD, as H-bonding is usually restricted to these easily rotating
primary O(6)-H groups,2* while the 2,3-dichlorophenyl moiety stays at the wide rim of the hydrophobic cavity.

2.3. Evaluation of LMT/3-CD complex formation

The binding constant and the stoichiometry of the LMT/S-CD inclusion complex were obtained from the

Benesi—Hildebrand equation using fluorescence emission enhancements of LMT upon increasing 5-CD concen-

tration. Benesi-Hildebrand analysis for 1:1 and 1:2 stoichiometries gives Eqs. (1) and (2), respectively.?:25:26
L1 1 1 (1)
I-1, I'—1, (I'-1I,) K [3-CD)
11 N 1 1 (2)
I-1, TI'—-1, (I'-1,)Kp[3—-CD]?

where K1, and Ko represent the binding constants of the 1:1 and 1:2 complexes, respectively, where I is the
emission intensity of LMT solutions with particular 8-CD concentration, I, is the emission intensity of LMT
without 3-CD, and I’ is the emission intensity at the limit of the highest 3-CD concentration.

The Benesi-Hildebrand plots assuming 1:1 association (Figure 9) show good linear regressions at all pH
values (Table 1), but those for 1:2 associations are curved. Therefore, these results show that the LMT/5-CD
complex has a 1:1 stoichiometry for neutral and protonated LMT (the stoichiometric ratio was also confirmed
using Job plots at pH 2.0, 6.0, and 8.0 (Figure 10). As evident from Table 1, protonated and neutral LMT
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Figure 8. A plot of fluorescence emission spectra of 5.0 x Figure 9. Benesi-Hildebrand plots assuming 1:1 associa-
107 mol L™' LMT vs. increasing 8-CD concentration  tion of LMT/3-CD complexes obtained in 0.10 mol L ™!
(0,1, 2, 3, 4, 5, 6, and 7 mmol L") in 0.10 mol L~  phosphate buffer solutions at different pH values.

phosphate buffer solutions at pH 2.0. Aeczcitation = 280
nm.
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forms stable complex with -CD with complex association constants, K17, ranging from 122 at pH 2.0 to 50.8
at pH 8.0. Table 1 also shows a gradual decrease in complex association constants as pH increases, which

indicates that more favorable H-bonding interactions exist between protonated 1,2,4-triazine moiety of HLMT *+

and peripheral hydroxyl groups of 3-CD.
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Figure 10. Job plots corresponding to the 1:1 binary combination of LMT/8-CD complexes obtained at different pH

values.

Table 1. Association constants, K11, of LMT/3-CD complex, determined by Benesi-Hildebrand analysis, at different

pH values at 298.0 + 0.1 K*.

pH T/K Kll R2

2.0 | 298.0 | 122+ 6 | 0.980
4.0 | 298.0 | 72.3 =8 | 0.994
5.0 | 298.0 | 31.2 =4 | 0.939
6.0 | 298.0 | 55.6 == 8 | 0.936
8.0 | 298.0 | 50.8 &2 | 0.984

*+ Uncertainties were estimated from regression analysis for a 95% confidence level.
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2.4. Evaluation of thermodynamic results

The thermodynamic parameters (AH®, AS°, and AG®) for the formation of LMT/3-CD inclusion complex
were determined using the Benesi—Hildebrand K1 values of 8-CD with protonated and neutral LMT determined
at three different temperatures at pH 2.0 and pH 8.0. Gibbs and van’t Hoff equations were used to estimate

these thermodynamic parameters according to Egs. (3) and (4), using association constants in the dimensionless

mole fraction units, K7, .27

AG® = AH® — T AS° (3)
AH® AS°

InK? = o 4

St RT TR (4)

The linear plots of In K7 versus 1 /T (correlation coefficient = 0.979 at pH 2.0 and 0.999 at pH 8.0) were used
to give (AH®° = —Rx slope) and (AS° = Rx intercept), while AG® was obtained at each temperature using
(AG° = —RTIn K7,). These thermodynamic parameters are listed in Table 2. By careful inspection of the
thermodynamic data in Table 2, it is clear that K;; values decreased with the rise in temperature at pH 2.0 and
pH 8.0, which indicated that the complexation process between 3-CD and LMT or HLMT ™ was favorable at
lower temperature. The results also suggest that complex formation at pH 2.0 and pH 8.0 (AG®° = —21.9 kJ
mol ! for HLMT * /3-CD and ~19.7 kJ mol~! for LMT/3-CD) is largely driven by enthalpy (AH® = —23.1
kJ mol~! for HLMT*/3-CD and -24.1 kJ mol~! for LMT/B-CD), which is attributed to van der Waals
interactions, H-bonding between the guest and host, or due to release of water molecules from the cavity of
B-CD on complexation. Table 2 also shows that complex formation of LMT with 5-CD at pH 2.0 and 8.0
has negative entropy change (AS° = —14.9 J mol~! K~! for HLMT* /3-CD and 4.5 J mol~! K~! for
LMT/B-CD), which can be attributed to the limit of the 5-CD cavity to the translational and rotational

21,2227 Qur thermodynamic results are in good agreement with the

degrees of freedom of the guest molecule.
theoretically calculated thermodynamic parameters of LMT/3-CD gas-phase complexation obtained by Seridi

and Boufelfel. 28

Table 2. The association constants of LMT/3-CD complex (Ki1) and thermodynamic parameters for the binding of
LMT to 8-CD at pH 2.0 and pH 8.0%.

pH | T(K) | K11 BG (kJ mol™1) | BH (kJ mol™1) [ BS (J mol~! K1)
298.0 | 122 +£6 | 219 +£0.1
2.0 [ 303.0 | 982 £3 | 21.7+£0.1 -23.1+04 45+ 1.5

313.0 | 771 £6 | 21.8 £0.2
298.0 | 50.8 £ 2 | -19.7 £ 0.1
8.0 | 303.0 | 427 £ 3 | -19.6 £ 0.2 -24.1£0.1 -14.9 £ 0.7
3100 | 31.8 £1 | -19.5 £ 0.1

*+Uncertainties were estimated from regression analysis for a 95% confidence level.

2.5. Molecular modeling

Calculations by the MM + force field showed that LMT/ 3-CD complex formation is energetically favorable when
inclusion takes place from either the 2,3-dichlorophenyl moiety (Epindging = —20.65 kcal mol’l) or diamino-
1,2,4-triazine moiety ( Epinaing = —21.71 kcal mol ~1). Inspection of the binding energies shows that a slightly

more favorable lower energy complex geometry is attained when the diamino-1,2,4-triazine moiety is deeply
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included within the S-CD cavity, where it makes favorable H-bonding interactions with the primary O(6)-H
groups, in accordance with our spectrofluorimetric results (Figure 11). The more favorable inclusion of diamino-

1,2,4-triazine moiety of LMT within the 5-CD cavity was also reported elsewhere.?®

Figure 11. The 1:1 LMT/3-CD minimized complex geometry obtained for the inclusion of diamino-1,2,4-triazine
moiety within the 5-CD cavity.

3. Conclusions

According to our study, pH value and §-CD have dramatic effects on the spectral properties of LMT. Neutral
LMT was found to have a maximum UV-absorption band at 308 nm that is shifted to 268 nm upon protonation
at pH 2.0. The fluorescence emission spectra of LMT showed a band at 483 nm at all pH values and a second band
at 502 nm at pH 2.0 due to deprotonation of the singlet excited state. The p K of LMT was found more acidic
than p K, due to intramolecular proton transfer in the excited state. Absorption spectra obtained for LMT at
different pH values in the presence of 5-CD showed an isosbestic point at 290 nm, while fluorescence emission
spectra obtained at different pH values showed intensity enhancement with increasing §-CD concentrations.
Benesi—Hildebrand analysis showed that LMT forms 1:1 complex geometries with 5-CD in acidic and basic
aqueous solutions, while thermodynamic data showed that complex formation of LMT or HLMT* with 5-CD
is more favorable at low temperatures and largely driven by enthalpy. Moreover, spectrofluorimetric results
and molecular mechanical calculations indicated that LMT is preferentially included within the -CD cavity

through its diamino-1,2,4-triazine moiety.
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4. Experimental

4.1. Materials

Lamotrigine (99.6%) was provided by Pharma International Co. (Jordan) and used as received. -CD (101.0%)
was obtained from Wacker Chemie (Germany) and all other chemicals were Sigma-Aldrich analytical grade
reagents. Aqueous solutions were prepared using spectroscopic grade water purchased from Merck. Spectro-
scopic measurements were made in 0.10 mol L =% phosphate buffer solutions containing a fixed concentration of
LMT (5.0 x 10=° mol L~!) and varying concentrations (0-7 mmol L ~!) of 3-CD. To guarantee the exclusive
presence of neutral or cationic species (pKa 5.5-5.7),29:39 the pH values of the buffered solutions were adjusted
to 2.0, 4.0, 5.0, 6.0, and 8.0, respectively. Solutions were freshly prepared to avoid photodecomposition. Since
quenching by oxygen was unimportant, fluorescence emission measurements were made with nondegassed solu-
tions. For fluorescence emission measurements, the absorbance of the sample at the excitation wavelengths was
less than 0.1 to minimize inner filter effect and reabsorption phenomena. All the spectroscopic measurements

were followed at controlled temperature (within £0.1 K).

4.2. Instruments
The UV-Vis absorption spectra were recorded on a Specord, S-600 diode-array spectrophotometer interfaced
with an HP computer.

Emission spectra were collected using spectrofluorimeter from Edinburgh Analytical Instruments FL 900
S equipped with time correlated single photon counting on FL-900CD; the excitation was provided by an nF900
nanosecond flash lamp filled with Hy, at 0.4 bars and operating at 40 kHz with 6 kV applied across a 1-mm
electrode gap.

All pH measurements were made using pH meter benchtop model PL 500, with a stated accuracy of
+0.01.

4.3. Molecular modeling

Molecular mechanical calculations were performed in a vacuum with HyperChem software (Release 8.0 Hyper-
Chem for Windows, Hypercube, Inc. USA) employing an MM+ force field. Energy minimization was per-

formed using the Polak-Ribiere conjugate gradient algorithm with convergence criteria of 0.01 kcal.mol ~1-A.

31,32 while LMT structure was

The molecular geometry of 5-CD was obtained using X-ray diffraction data,
built up from standard bond lengths and bond angles, and the resulting structures were then minimized with
the MM+ force field. LMT was pushed through the S-CD cavity from the 2,3-dichlorophenyl moiety and
the diamino-1,2,4-triazine moiety as starting geometries and the energies of the complex optimal geometries,

complex, were calculated and compared with the energy for the separated LMT/SCD pair (E3-CD + ELMT)
to yield the binding energy, Ebinding, according to Eq. (1).33

Ebinding = Ecomplex — (E5-CD + ELMT). (1)
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