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The intercalation of protonated pilocarpine (Pilo™) into model LAPONITE® (Lap) is here investigated in order
to address its conformational properties upon entrapment. Pilo is an alkaloid available as a drug for the
treatment of glaucoma and xerostomia, and clays are potential candidates for drug delivery. Therefore,
the physico-chemical characterization of the Pilo-Lap material is here studied through chemical
elementary analysis, X-ray diffraction, mass spectrometry coupled to thermogravimetric analysis (TGA-
MS), solid state 3C nuclear magnetic resonance (NMR) and Raman spectroscopy. The experimental
spectroscopic data are confronted with performed calculations which confirmed the presence of
pilocarpine, while the XRD data also show the immobilization of Pilo™ into the clay. TGA-MS analyses
indicated a significant modification in the thermal decomposition profile of the organic species after
intercalation. A DTG peak associated with the release of carbon dioxide and water molecules is observed
at 315 °C for PiloHCl and at 378 °C for Pilo-Lap. Supported by the theoretical calculations, the

experimental XRD, vibrational and NMR spectra suggest that pilocarpine may undergo geometrical
Received 17th February 2017 h the int ati A ch teristic fi int b d ibrati Lch
Accepted 18th April 2017 changes upon the intercalation process. A characteristic fingerprint was observed as a vibrational change
in the band at 768 cm™* for PiloHCl (assigned mainly to the lactone ring breathing vibrational mode) and

DOI: 10.1039/c7ra02017a a band at 782 cm™! for Pilo-Lap (assigned mainly to the imidazole ring bending in the plane) in the

Open Access Article. Published on 23 May 2017. Downloaded on 6/28/2026 9:28:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances Raman spectra.

Introduction

Pilocarpine (Pilo) is a well-known alkaloid produced by the
pharmaceutical industry for the control of intraocular pressure
associated with glaucoma." In order to reduce the symptom, the
drug increases the contraction of smooth muscle and relaxes
the iris sphincter muscle of animal organisms.” Furthermore,
the alkaloid can stimulate cholinergic receptors, as for example
in the induction of salivary glands. Oral administration of
pilocarpine can stimulate the production of saliva after 15
minutes and it is maintained for up to three hours.** These
experimental findings suggest the possibility of treating
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xerostomia disease (dry mouth) through administration of the
alkaloid.” Pilocarpine stability in solution relies on the envi-
ronment since it is chemically stable at pH values between 4 and
6;° in alkaline medium, it can change to isopilocarpine, and
below pH 4 the ester group can be hydrolyzed, forming pilo-
carpic acid.®” Since cellular receptors have a high biological and
chemical specificity, these structural changes affect the phar-
maceutical effects.?

According to single crystal X-ray diffraction (XRD) studies,
pilocarpine can adopt different geometrical arrangements if
associated with trichlorogermanate(u) or chloride anions in the
protonated form (Pilo")** or if coordinated to copper(m),
PiloCuCl,, or cobalt(u), PiloCoCl,."* Hence, it is possible to
distinguish the two most common geometrical arrangements:
planar, for copper and cobalt complexes; distorted, for tri-
chlorogermanate(r) and chloride salts. Fig. 1 shows the 2D
structure of the cationic pilocarpine (Pilo"), where 6; and 6,
indicate the geometrical differences between the two forms.
Bento et al.* characterized the vibrational properties of the
distorted pilocarpine hydrochloride (PiloHCI) using both the
Fourier transformed infrared (FT-IR) technique and Density
Functional Theoretical (DFT) simulations of the distorted form
of the cationic species in vacuum conditions (Pilo" distorted).
To the best of our knowledge, the spectroscopic properties of

This journal is © The Royal Society of Chemistry 2017
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Fig.1 The 2D structure of pilocarpine in the cationic form (Pilo*). The
main differences between the distorted and planar forms are related to
the 6, = t(4a-3a-1c-2b) and 6, = 7(2a—3a—1c-2b) torsion angles.

cationic pilocarpine in the planar form (Pilo" planar) have not
yet been investigated, or an inspection made of the possible
characteristics caused by the different conformers.

Recently, geometrical changes caused by the complexation of
epiisopiloturine, a similar alkaloid, with metal ions have been
reported.” Epiisopiloturine has the same structure as pilocar-
pine, aside from an extra phenyl radical attached in the
carboxylate acid group, resulting in a sequence of three rings:
imidazole, carboxylate and phenyl. Leite et al.** characterized
the epiisopiloturine structure, showing a -7 stacking between
the imidazole and the phenyl group. On the other hand, in 2016
Ferreira et al.®® showed the XRD results for epiisopiloturine
complexed with Cu** and Zn**, indicating geometric distortions
and the absence of the m—-m stacking.

A promising way of preserving the chemical properties of
drugs such as pilocarpine can be achieved by using drug
carriers. Clay minerals have low cost purification and are well
accepted in the human body, which makes them good candi-
dates for controlled administration.”>"” Recently, successful
biomedical applications of pharmaceutical species intercalated
into clays, e.g., anti-microbial activity, wound treatment,
regenerative medicine, biosensors and medical devices,*'®
have been reported. LAPONITE® (Lap) has shown high poten-
tial use in health care due to its chemical controlled composi-
tion since it is a synthetic clay." There are several applications
using Lap as, for example, functionalization with fluorophore
amines for the design of biosensors,* as part of a hydrogel with
polyacrylamide for potential biomedical applications* and as
a model for delivery systems based on nanocomposites.?***
LAPONITE® has also been used in the regenerative medicine
field, since the dissociation products are non-toxic and it has an
important role in tissue engineering. The biocompatibility of
Lap has been observed and also incorporation of the layered
material did not alter the adhesion properties of human
mesenchymal stem cells, hMSCs.”* Since Lap does not have
paramagnetic or luminescence impurities that affect the NMR
precision or Raman description, it can be inspected by these
techniques.

Nevertheless, inorganic layered material like clays, or layered
double hydroxides, may induce conformational changes on the
guest species during the intercalation process, affecting the
conformation as, for example, in the case of polymers,***”
tetracyclines,” proteins® and DNA.*

This journal is © The Royal Society of Chemistry 2017
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The investigation of the intercalation of pilocarpine into the
synthetic LAPONITE® clay mineral is addressed in this work.
Thermogravimetric analysis coupled to mass spectrometry
(TGA-MS), XRD patterns, elementary analysis, FT-Raman spec-
troscopy and solid state NMR data were combined with theo-
retical simulations in the framework of the DFT to inspect
possible geometrical modifications after the intercalation.

Materials and methods

LAPONITE® RD (abbreviated Na-Lap), Nay'[(SigMgs sLio.3)
0,0(0H),]>”~, with a cation-exchange capacity (CEC) of 5 x
10 % eq. g ', was obtained from Laporte Inorg. Pilocarpine was
extracted from the leaves of Jaborandi (Pilocarpus jaborandi) and
purified by Vegeflora Extracdo do Nordeste LTDA (Fig. S1, ESIT).
Pilocarpine hydrochloride 99% (molar mass = 243.76 ¢ mol ),
C11H16N,0,-HCI, was provided by Biotec-UFPI, and the high
performance liquid chromatography technique (HPLC) was
used to confirm the purity. The details of these results are
shown in the ESI (Fig. S2).T These two reagents were used as
received.

Preparation of Pilo-Lap material

A dispersion containing 200 mL of deionized water and 2 g of
LAPONITE® was stirred for 2 hours at room temperature. After
this period, the mixture was kept without stirring for 1 hour.
The agitation was restarted and 2 mmol of dissolved pilocarpine
hydrochloride was added into the dispersion, i.e., twice the CEC
of Lap. The final pH value was 5.9. The system was stirred for 4
days, and then left to rest for 2 days. The hybrid material was
separated by lyophilization and maintained in a desiccator at
reduced pressure with silica gel. The obtained material presents
5.1% of C, 2.3% of H, 1.1% of N and 4.0% of H,O.

Physical measurements

X-ray diffraction (XRD) patterns of powdered samples were
recorded on a Rigaku diffractometer, model Miniflex, using
CuK,, radiation (1.541 A, 30 kV, 15 mA, scan step of 0.03°) and
a Ni filter. Elemental chemical analysis (C, H, and N) was per-
formed in a PerkinElmer model 2400 analyzer at the Instituto de
Quimica (Universidade de Sdo Paulo - USP). Mass coupled
thermal analyses (thermogravimetric analysis and mass spec-
trometry, TGA-MS) were recorded on a Netzsch thermoanalyser
model TGA/DSC (Differential Scanning Calorimetry) 490 PC
Luxx coupled to an Aéolos 403 C mass spectrometer, using an
aluminum crucible, under synthetic air flow of 50 mL min~"
and a heating rate of 10 °C min . Solid State Nuclear Magnetic
Resonance (NMR) data was obtained in a Bruker Advance II+
NMR spectrometer 300 MHz for "H and 75 MHz for '*C. The
signals were acquired at room temperature using (CP/MAS) 4
ms of contact time for cross-polarization (CP), ppm sequence
for 'H decoupling and 1 s of recycle delay and magic angle
spinning (MAS) at 10 kHz in a 4 mm diameter zirconia rotor.
The FIDs were processed using an exponential window function
with 30 Hz of line broadening. The *C chemical shifts were

RSC Adv., 2017, 7, 27290-27298 | 27291


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02017a

Open Access Article. Published on 23 May 2017. Downloaded on 6/28/2026 9:28:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

calibrated using adamantine and TMS (tetramethylsilane) as
references.

Fourier transform Raman (FT-Raman) spectra were recorded
in an FT-Raman Bruker FRS-100/S spectrometer using 1064 nm
excitation radiation (Nd:YAG laser Coherent Compass 1064-500
N) and a Ge detector. Spectral range of 3500-50 cm™ ", resolu-
tion of 4 cm™ !, 1024 scans and intensity of 80 mW. Fourier
transform infrared (FT-IR) spectra of samples diluted in KBr
were recorded in an FT-IR ABB Bomem - MB Series, MB 102,
model SZM4400G, with a coupled diffuse reflectance accessory
(pike Technologies, Inc.). Spectral range of 4000-400 cm ',
resolution of 4 cm™ ! and same intensity of 80 mW.

Computational methods

The cationic pilocarpine (Pilo") structures were extracted from
X-ray crystallographic data.'®' Two possible conformations
were adopted to carry out the simulation: the planar (Pilo®
planar) and distorted (Pilo” distorted) forms. The systems were
investigated using the Kohn-Sham?®' scheme for the Density
Functional Theory (DFT)** as implemented in the computa-
tional Gaussian 09 code.*® In order to investigate the environ-
mental effects, the Pilo" structures were simulated in aqueous
medium. The Polarizable Continuum Model (PCM) was
employed to describe the solvent® using a dielectric constant of
78.35. This method creates the solute cavity via a set of over-
lapping spheres, being one of the most frequently used
continuum solvation methods. This setup considering a posi-
tive charge and a continuum solvent is a tentative way to model
the interaction with the clay that can be understood as elec-
trostatic due to the absence of chemical modifications of the
molecule in the current intercalation process. The basis set 6-
311G(d,p) and the exchange correlation functional B3LYP*
were used to obtain the electronic structure, the vibrational
spectra and the geometrical properties of the Pilo" forms. In
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order to simulate the ">*C NMR chemical shifts, the aug-cc-PVDZ
basis set was employed instead, in vacuum, including two
diffuse functions for the description of heavy atoms. Moreover,
the TMS reference was also calculated using the same improved
basis set; the Gauge Including Atomic Orbitals (GIAO) method*®
was used for the NMR analysis. This theoretical setup was
successfully applied to the investigation of similar systems
composed primarily of carbon, oxygen, nitrogen and
hydrogen.>”"* In all cases, the geometry of the Pilo" was relaxed
until the forces reached a local stationary minimum in the
potential energy surface. This assures the correct description of
the vibrational properties, which are related to the second
derivative of the energy with respect to the Cartesian nuclear
coordinates.

Results and discussion

According to the chemical analysis and the water content, ob-
tained by thermal analysis, the chemical formula of Pilo-Lap is
(C11H15N,0,)0.13Nag 5,[(Mgs sLig 3)Sig020(OH),]- 1.8H,0.  The
amount of pilocarpine is 3.44 wt% or 16.5 mmol/100 g, and this
alkaloid is neutralizing 33% of the clay negative charge.

The TG and DSC curves of Lap, Fig. S3 (ESI), reveal that the
synthetic clay presents two thermal events. The first one
concerns the release of water molecules (6.7% of mass loss) and
occurs in the 30 to 230 °C temperature range while the second
event (620 to 830 °C) is the collapse of the layer structure by the
layer dehydroxylation process.*” As can be seen by the endo-
thermic event (DSC curve) in Fig. S4 (ESI),t pilocarpine hydro-
chloride melts at 207 °C. A DTG peak is observed at 315 °C and
the MS curve shows that it is decomposed, releasing CO, (m/z =
44) and H,0 (m/z = 18). When intercalated into Lap, Fig. 2, the
decomposition of the alkaloid into the volatile products is
initiated at about 250 °C and the DTG curve shows a peak at
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(A) TG-DSC (solid line) and DTG (dashed line) and (B) MS (—) curves of Pilo-Lap.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Pilocarpine cation (Pilo*) representation of the distorted (left) and planar (right) conformers. The vectors illustrate the pilocarpine
dimensions. Color code: carbon — gray, oxygen — red, nitrogen — blue and hydrogen — white.

378 °C. The modifications observed in the thermal profile of
Pilo after intercalation are significant compared to the pilo-
carpine hydrochloride results, reinforcing the influence of the
confinement between clay layers on the guest properties.

The two possible geometric conformations of Pilo", shown in
Fig. 3, were investigated within the DFT framework. The main
geometric parameters obtained from XRD and the optimized
DFT results are summarized in Table 1. The Pilo" distorted
calculation started from the XRD results of PiloHCI" and the
Pilo" planar calculation started from the XRD results of
PiloCoCl,."* The geometric changes between PiloHCl and
PiloCoCl, are mostly related to the torsion angles. The other
calculated distances are in general in very good agreement (less

Table 1 Bond lengths (A), bond angles (degrees), and torsion angles
(degrees) comparison between the XRD results for PiloHCL*
PiloCoCl, (ref. 11) and DFT calculations (simulated in aqueous
medium), with the 6-311G(d,p) basis set. The atom index is calculated
according to Fig. 1

PiloHCI Pilo" distorted PiloCoCl, Pilo" planar

Bond length

la-2a 1.51 1.53 1.50 1.53
la=0 1.21 1.19 1.21 1.19
1a-O 1.35 1.37 1.35 1.37
2a-2d 1.54 1.55 1.51 1.55
3a-1c 1.52 1.55 1.54 1.53
3a-4a 1.53 1.54 1.53 1.54
4a-0O 1.45 1.44 1.46 1.43
1b-N 1.33 1.33 1.34 1.33
1b-N* 1.33 1.33 1.32 1.33
2b-N 1.38 1.40 1.39 1.40
2b=3b 1.36 1.37 1.35 1.37
3b-N* 1.38 1.38 1.38 1.38
4b-N 1.46 1.47 1.46 1.47
1c-2b 1.49 1.49 1.49 1.50
1d-2d 1.53 1.53 1.54 1.53
Bond angle

3a-1c-2b 113.37 115.90 111.73 114.02
Torsion angle

0, = t(4a-3a-1c-2b) 168.46 171.95 74.46 70.18
0, = 7(2a-3a-1c-2b)  74.53 59.93 186.82 188.75

This journal is © The Royal Society of Chemistry 2017

than 5% average difference) with the experimental results. The
total energy results show that the Pilo" planar structure is the
most stable, with 10.50 k] mol " difference to the Pilo* distorted
conformation. This is a typical energy barrier for torsion
angles.*>** Although PiloHCI displays the distorted form in the
crystal, it is known that the role of the chemical environment
is crucial in establishing its conformation.'***

Under the synthesis condition (pH = 5.9) pilocarpine is in
the cationic form (Pilo"), which makes the intercalation into the
cationic clay favorable and can preserve its structure, since the
synthesis prevents the transformation of the alkaloid. However,
clays are well known to induce conformational changes in
intercalated species.”*** Therefore, the conformation of
protonated pilocarpine was evaluated after the entrapment
between the LAPONITE® layers. The X-ray diffraction pattern of
Pilo-Lap, Fig. 4, shows the typical** XRD profile of LAPONITE®,
Table 2. Nevertheless, the 001 reflection in the low-angle 26
region, assigned to the interlayer space of the layered material,
shows a dependence on the interlayer content. This reflection
reveals a discrete increase from 14.0 A in Na-Lap to 14.6 A in
Pilo-Lap. Subtracting the 9.6 A value of the thickness of the clay
layer, the interlayer space occupied by the organic cation is ca. 5

- Pilo-Lap
- Lap

IZOO cps

\\/MNJL

—_— -
10 20 30 40 50 60 70
26 (degrees)

Intensity (arbit. unit)

Fig. 4 XRD patterns of powdered Lap (red line) and Pilo-Lap (black
line).
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Table 2 Interplanar distances (dj) and 26 (1 = 1.54 A) of Lap and Pilo-
Lap samples obtained from XRD data

Lap Pilo-Lap

26 d (&) 26 d (&) hkl

3.15 14.0 3.02 14.6 (001)

19.95 4.45 19.65 4.51 (110, 020)
27.93 3.19 26.55 3.35 (004)

35.01 2.56 34.68 2.58 (130, 200)
53.37 1.71 53.40 1.71 (150, 240, 310)
60.81 1.52 60.81 1.52 (060, 330)

A. Considering the dimensions of the Pilo" conformers shown
in Fig. 3, the Pilo" distorted conformation (6.6 A, 5.5 A and 6.2
A) can be ruled out, since it cannot fit into the Lap interlayer
space. On the other hand, the Pilo" planar conformation has
one of its dimensions smaller than 5 A, which fits in the
interlayer region. Therefore, from only the XRD analysis, an
arrangement matching the planar conformation is suggested.

Since PiloCoCl, was not measured in the present study and
only XRD results are available in the literature, no analysis of
this system will be performed in the following.

3C CPMAS NMR spectra of PiloHCI and Pilo-Lap, Fig. 5, were
performed in order to examine intermolecular and guest-host
interactions. The experimental data is also shown in Table 3,

Pilo-Lap
PiloHCI

Pilo" planar
Pilo™ distorted

View Article Online
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and the chemical shifts were assigned according to the theo-
retical DFT values. The data are in an overall very good agree-
ment with the literature,” which is reproduced in the second
column of Table 3 for easy reference, where a difference
between the 1b/3b carbons can be noticed and it seems that
they were interchanged in Gaggelli et al’s*® tentative
attribution.

The overall agreement between the PiloHCI and Pilo-Lap **C
NMR results confirms the presence and integrity of pilocarpine
after the intercalation, which is the main concern regarding its
pharmacological activity. Moreover, a systematic tendency to
increasing values can be noticed when comparing the PiloHCl
and Pilo-Lap results shown in Table 3, with the only exception
being the almost degenerated carbon 1b. The same tendency to
increasing values can also be noticed when comparing the Pilo*
distorted and Pilo" planar results, with the exception of the
signals 4b and 2b. Nevertheless, these differences are beyond
the expected precision of the chemical shifts presented in
Table 3.

The chemical shifts of the 1d/4b and 1c/2d atoms are in
accordance with the expected CH; and CH, in the literature.*>*¢
On the other hand, a region strained by the entrapment of Pilo"
into the clay is the one involving the 1a, 2a and 4a carbons of the
lactone ring: for example, atom 1a presents 179.84 ppm in
PiloHCI and 182.15 ppm in Pilo-Lap. This deshielding is prob-
ably due to the fact that the lactone and the negatively charged

0,=1(4a-3a-1c-2b) 200 180 160 140 120 100 80 60 40 20 O
0,= t(2a-3a-1c-2b) Chemical shift (ppm)
A) B)
)
I
| B ) iy & i |
| \ | I o
f I | |
i I I I Y W
— ,_f/‘ ‘;‘>7 R — “7/’/‘ A i P S TS Sy oy J NS .*,VAJz v/ ) TS
(3a) (2a) (1c, 2d)
] | AR
180 180 170 160 1% 140 130 120 110 80 EA 50 50 W A 2 o

Chemical shift (ppm)

©

Chemical shift (ppm)

D)

Fig. 5 (A) 2D structure of Pilo* with the torsion angles 6, and 6., (B) :*C CPMAS NMR spectra of Pilo-Lap (black line), PiloHCl (red line), and
calculated spectra for Pilo* planar (blue ticks) and Pilo* distorted (magenta ticks); detailed inspection of spectra: (C) 190-110 ppm and (D) 80—

10 ppm.
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Table 3 Solid-state 1*C CPMAS chemical shift (ppm) for PiloHCL, Pilo-Lap®

Carbon atom Pilo from Gaggelli et al.*® PiloHCI Pilo-Lap Pilo" distorted Pilo" planar
1d 11.40 11.14 12.94 12.19 13.19
2d 17.90 18.65 20.16 24.81 29.45
1c 20.70 22.18 24.06 28.15 29.79
4b 33.30 34.10 34.53 35.91 34.56
3a 36.20 36.34 37.28 40.58 45.77
2a 44.60 42.26 45.58 46.25 50.29
4a 71.30 70.43 73.10 68.37 71.53
3b 135.40 115.64 118.38 117.97 121.26
1b 132.70 135.40 134.48 132.62 133.41
2b 116.90 135.40 136.3 141.68 140.86
la 182.40 179.84 182.15 173.94 174.05
“ Results.

Lap layers induce the electron delocalization of this group in
order to maximize the interaction between the drug and the Lap
layers. The intercalation process also affects the carbons of the
imidazole ring. Carbon 3b was shifted from 115.64 ppm
(PiloHCI) to 118.38 ppm (Pilo-Lap), which indicates the electron
delocalization of the positively charged N on the aromatic ring
being influenced by the negatively charged host layers. Since the
species is in a charged state, the DFT results may not precisely
match all chemical shifts.

In summary, the >C NMR data indicate a systematic trend of
increasing values going from one to the other conformer here
analyzed (Pilo" distorted and Pilo" planar) as well as in the
experimental results (PiloHCI and Pilo-Lap).

The detailed vibrational assignments from 400 to 3200 cm ™
of the Pilo" distorted in the framework of DFT, but in vacuum
conditions, have already been performed by Bento et al.," as
well as FT-IR and Raman measurements. Although different
basis sets and environmental conditions (vacuum vs. water)
have been used, a general good agreement between the

1

Table 4 Vibrational FT-Raman of PiloHC|, Pilo-Lap, Pilo* distorted and
letters label the carbons and are shown in Fig. 5)

presently obtained and Bento et al. results was observed. In
order to evaluate the influence of the chemical environment on
the vibrational spectra, the theoretical cationic pilocarpine
dispositions were simulated in different situations, as dis-
cussed in the ESI (Fig. S5).f Therefore, in the following
discussion only the analysis of the spectra in the 600 to 1300
em~ ' region for the Pilo" distorted and Pilo* planar in water
(PCM), which has been shown to be relevant for the present
conformational comparison (PiloHCl and Pilo-Lap), will be
addressed.

Table 4 and Fig. 6 present the vibrational FT-Raman data of
PiloHCI and Pilo-Lap, as well the calculated Pilo” planar and
Pilo" distorted with the corresponding theoretical band attri-
butions. No scaling factor was applied to the calculated wave-
numbers, since the correction of the anharmonic contribution
is usually relevant only at high values (above 1300 cm™').*® The
Lap FT-Raman spectrum is also shown in Fig. 6 and the FT-IR
spectra are shown in Fig. S6 (ESI).T The 950-1150 cm ™" region
in the Pilo-Lap spectrum is dominated by silicate Lap which

Pilo* planar also showing the tentative attribution (the numbers and

pPilo" pilo"

PiloHCl  distorted” Pilo-Lap  planar

(em™) (em™) Tentative attribution distorted” (em™) (em™!)  Tentative attribution® planar

768 762 w(1d), r(2d), breathing (lactone)” 782 787 In-plane bending (imidazole), sc(1c, 2b, 3a)

850 851 w(1d), t(2d), r(1c), C-H in-plane bending 840 845 In-plane bending (lactone), t(2d), r(1c)
(imidazole and lactone)

862 863 C-H and N-H in-plane bending (imidazole) 870 860 C-H and N-H in-plane bending (imidazole)

918 897 t(2d), C-H in-plane bending (lactone) 896 889 r(1c), w(1d, 2d), breathing (lactone)

940w 935 Out-of-plane bending (imidazole), 940 947 r(1c), w(1d), C-H in-plane bending (lactone)
w(1d, 2d, 4b), r(1c)

1032 1041 v,5(0O-4a-3a), y(1d=2d) 1037 1036 y(O-4a), C-H in-plane bending (lactone)

1081 1086 Out-of-plane bending (imidazole), w(4b) 1087 1084 w(4b), t(2d), r(1c), »(2a-3a; 1a-O; 1b-N)

1102 1103 v(2a-2d; 1a-0) + w(1d) 1106 1102 w(1d, 4b); »(1c-2b), t(2d)

1120 1123 w(1d, 4b), t(1c), vs(1b-N-3b) 1148 1121 w(1d, 4b), t(2d), C-H in-plane bending (lactone),

v(1b-N-3b), t(1c)
1281 1278 w(1c, 1d), t(2d), C-H in-plane bending (lactone) 1274 1271 t(1c, 1d, 2d), C-H in-plane bending (lactone)

“ Selected values obtained through DFT using functional/basis set B3LYP/6-311G(d,p).  Main groups involved in the vibration. © » = stretching, v, =
symmetric stretching, v, = antisymmetric stretching, w = wagging, r = rocking, t = twisting.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Experimental FT-Raman spectra obtained for Lap (black line),
Pilo-Lap (green line) and PiloHCL (red line). Theoretical spectra ob-
tained for Pilo™ planar (blue line) and Pilo* distorted (pink line). Inset:
zoom of the region between 700 and 900 cm™; the Lap line has been
omitted.

masks the Pilo bands; the strong signals at 684 (Lap) and 682
(Pilo-Lap) cm ™" are characteristic of the distorted tetrahedral
SiO, unit in Czy symmetry of the clay structure.*” Hence, our
discussion will focus on the bands in the region 700-950 cm ™.

As can be noticed from Table 4, a fingerprint difference
between both calculated pilocarpine conformations is in the
band located at 762 (Pilo® distorted) and 787 cm ' (Pilo"
planar). The band at 762 cm ™', that corresponds to 768 cm ™~ * for
PiloHCl, is assigned mainly to the breathing mode of the
lactone group, whereas the band at 787 cm ™', related to 782
em™ ! for Pilo-Lap, involves the out-of-plane and in-plane
bending of the imidazole and lactone groups. These modes
are illustrated in Fig. 7. Another difference between the calcu-
lated forms is that the band at 935 cm ' (Pilo" distorted)
corresponds to the out-of-plane bending of the imidazole group,
whereas that at 947 cm ™' (Pilo" planar) is the in-plane bending
of the lactone. Nevertheless, both frequencies correspond to the
same 940 cm ™' value in the experimental spectra (PiloHCI and
Pilo-Lap) and therefore are not suitable for fingerprinting the
theoretical and experimental relation.

In summary, the main target of the present study is the
conformational changes upon intercalation in protonated

View Article Online
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pilocarpine and, to accomplish this task, the Raman spectra of
Pilo" in distorted and planar conformations, starting from crys-
tallography data, were simulated. The theoretical results have
shown that not only did some characteristic vibrational frequen-
cies change but also their vibrational assignments: on the one
hand, Pilo" distorted shows lactone ring activity and on the other
hand, Pilo" planar shows imidazole ring activity. The band used as
a marker to differentiate both conformers and to correlate them
with the experimental ones is the band at 762 cm™" for Pilo"
distorted and 787 cm™* for Pilo" planar. These bands were asso-
ciated with PiloHCl at 768 cm ™" and with Pilo-Lap at 782 cm ™. In
order to further inspect the correlation between the two theoret-
ical conformers and the experimental results, presented in Table
4, they are plotted in Fig. S7 (ESI).t Good linear correlations
between the experimental and the calculated frequencies were
obtained in all cases (Fig. S7A-Dt). The differences between
theoretical and experimental frequencies are in accordance with
this type of correlation in the literature.*>*** Although the coef-
ficients of determination (R) are similar, differing by 107>, the
best linear correlations between experimental and calculated
frequencies were obtained by associating PiloHCI with Pilo" dis-
torted (Fig. S7AT) and Pilo-Lap with Pilo" planar (Fig. S7D). Most
important is the fact that the characteristic first point of the curves
in Fig. S7Bf (768 cm™ " pilocarpine with 787 cm™" Pilo" planar)
and Fig. S7Ct (782 cm ™" Pilo-Lap with 762 cm ™" Pilo" distorted)
are slightly outside the straight correlation, whereas these points
match very well in Fig. S7A and D.{ However, it should be noticed
that discrepancies in the experimental Pilo-Lap and theoretical
frequency correlations can also be addressed by the fact that the
simulations are performed only for the organic species, ie., the
clay framework is not considered. The results presented here also
suggest that Pilo” changes to the planar form during the inter-
calation process.

Assuming this correspondence, the influence of the interca-
lation process on the vibrational modes can be further inspected
as shifts: (a) from 850 in PiloHCI to 840 cm™ " in Pilo-Lap that
correspond respectively to 851 cm ™' (Pilo" distorted), assigned
mainly to the C-H in-plane bending of the imidazole and lactone
groups, and 845 cm ™' (Pilo" planar), assigned to the in-plane
bending of the lactone group; (b) from 862 in PiloHCI to 870
cm ' in Pilo-Lap that corresponds to 863 cm " (Pilo" distorted)
and 860 em™" (Pilo" planar), having the same vibrational mode
assigned to the C-H and N-H in-plane bending of the imidazole
group; (c) although with a weak signal, from 918 cm ™" in PiloHCI
to 896 cm™ ' in Pilo-Lap, corresponding to 897 cm ' (Pilo"

Pilo* distorted (762 cm™)

TH3

breathing

Pilo™ planar (787 cm™)

THs
@)

H3C\ H2
CH,
>
sc
O
o in plane bending H

Fig. 7 Schematic representation of the vibrational modes of Pilo* distorted at 762 cm ™ and Pilo* planar at 787 cm ™.
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distorted), attributed to the C-H in-plane bending (lactone) and
889 cm ™" (Pilo* planar), attributed to the breathing of the lactone
ring. Although, as was mentioned above, the 950-1150 cm ™"
region is dominated by the Lap bands, a shift from 1120 in
PiloHCI to 1148 cm ! in Pilo-Lap could also be due to the inter-
calation process, corresponding respectively to: 1123 cm ™" (Pilo*
distorted) and 1121 ecm ' (Pilo" planar), attributed to the 1c
twisting, 1d and 4b wagging and the symmetric stretching of the
1b-N-3b bonds; additionally, Pilo" planar displays the torsion of
2d and in-plane bending of the lactone group.

Conclusions

Structural and spectroscopic properties of pilocarpine interca-
lated into LAPONITE®, presented as a model carrier, were
examined and confronted with theoretical simulations per-
formed in the framework of the Density Functional Theory. The
results indicated that the chemical structure of the molecule is
maintained, while some interesting aspects regarding confor-
mations were observed, as addressed below. To the best of our
knowledge, we did not find any results regarding drug release
and we also did not perform these tests, while we agree that this
is a very interesting topic.

The XRD data have shown a successful Pilo" intercalation
process, by ion exchange, into the synthetic Lap. In addition,
TGA-MS results demonstrated a modification in the thermal
profile after intercalation between the layers due to changes in
the Pilo environment.

3C NMR results confirm the integrity of the organic species
after intercalation into Lap. Although no significant signature
chemical shift change was detected, a clear tendency towards
larger values could be observed upon intercalation (from
PiloHCI to Pilo-Lap) which could also be related to the two
theoretical conformational models, Pilo* distorted and Pilo*
planar, studied here.

The theoretical fingerprints that demonstrated the distinc-
tion between the conformations related to the Raman activity
are the band modifications 762/787 cm ™" for Pilo" distorted and
planar, respectively; these bands were associated with 768/782
cm ! for PiloHCI and Pilo-Lap.

These results suggest that Pilo” may assume a conformation
between the LAPONITE® layers (Pilo" planar) different from that
observed in the precursor PiloHCI (Pilo" distorted). Nevertheless,
since many vibrational modes are superposed, it cannot be ruled
out that a mixture of both forms is present after the intercala-
tion. Given the theoretical energy barrier of 10.50 k] mol ™"
between the two conformers investigated here, it is possible to
further infer that further conformations may also be present.

As shown here, imposed by the entrapment, Pilo" can have at
least two different conformations; attention to this aspect
should be given in the development of drug delivery applica-
tions using clays as carriers.
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