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Abstract. Our present work is concerned with the validation and quality testing efforts of
mesoporous silica - plant extracts composites, in order to sustain the standardization process of
plant-based pharmaceutical products. The synthesis of the silica support were performed by
using a TEOS based synthetic route and CTAB as a template, at room temperature and normal
pressure. The silica support was analyzed by advanced characterization methods (SEM, TEM,
BET, DLS and FT-IR), and loaded with Calendula officinalis and Salvia officinalis
standardized extracts. Further desorption studies were performed in order to prove the
sustained release properties of the final materials. Intermediate and final product identification
was performed by a FT-IR classification method, using the MID-range of the IR spectra, and
statistical representative samples from repetitive synthetic stages. The obtained results
recommend this analytical method as a fast and cost effective alternative to the classic
identification methods.

1. Introduction

Mesoporous materials have attracted great interest in current years because of the unusual mechanical,
electrical and optical properties as a consequence of bulk and surface properties on the overall
behaviour [1, 2, 9].

This type of materials are widely used in the industry for many applications, including adsorbtion,
gas separation, catalysis, biological and medical fields [13-16].

In 2001, the first reported mesoporous silica material as a drug delivery system was MCM-41
(mobile composition of matter no.41). Type MCM-41mesoporous silica materials are used as excellent
carriers for drug delivery [17-20], for both systemic delivery systems and implantable local-delivery
devices, due to the large surface area (800-1100 m?/g), arrangement and the adjustable size of
mesopores between 2-8 nm. [10-12] Also, drug diffusion kinetics can be controlled due to the
functionalization of silanol groups [3-5, 22]. These types of loaded materials have applicability in the
pharmaceutical industry due to the slow release of active principles, as demonstrated by previous
desorption studies. [18-20] MCM-41 has a loading capacity of up to 30 weight percent [25].
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The instrumental characterization of this material was achieved using microscopic methods as
Transmission electron microscopy (TEM) to determine pore structure, Scanning electron microscopy
(SEM) to determine particle morphology, spectroscopic method like Dynamic light scattering (DLS)
to determine hydrodynamic particle diameter, other analyses like Brunauer—Emmett-Teller (B.E.T.-
specific surface area (SSA) to determine pore volume and diameter and X-ray diffraction (XRD) to
determine crystalline structure and pore geometry [7].

Generally, pharmaceutical agents have a specific chemical structure and target a specific molecular
receptor. Naturopathic medicine is less specific and uses naturally occurring materials, such as plant
extracts and herbs. Based on its advantages — sensitivity, selectivity and speed, Fourier transform
infrared (FT-IR) can serve as an optimal tool for the analysis of plant extracts [21].

In this paper, we used a FT-IR classification method (MID-range of the IR spectra) in order process
validation and class identification. The techniques used in the pharmaceutical industry to facilitate the
identification of raw materials and intermediates for obtaining the finished product.

2. Materials and methods
2.1. Materials
For MCM-41 synthesis we used the following high purity reagents:

-Tetraethyl orthosilicate (TEOS, Sigma- Aldrich);

-Hexadecyltrimethylammonium bromide (CTAB, > 99% purity, Sigma- Aldrich);

-Sodium hydroxide ( > 98% purity, Sigma- Aldrich);

-Acetic acid ( 100% purity, Sigma- Aldrich);

-Commercial MCM-41 purchase from Glantreo (MCM-41).

The loading process of the MCM-41 materials was performed using 2 natural hydroethanolic
extracts (70% ethanol) of Calendula officinalis and Salvia officinalis [8]. The loading percentage was
28% (wiw).

2.2. Methods

2.2.1. MCM- 41 Synthesis. The mesoporous material was synthesized at room temperature by the sol-
gel method using CTAB (hexadecyltrimethylammonium bromide) template and TEQOS (tetraethyl
orthosilicate) silicon source; the dried product was calcinated at 550°C for 24 h to remove the
surfactant template and the calcined product was termed as MCM-41. [23] Loading was performed
gradually, by solvent evaporation using a rotary evaporator under vacuum in order to maximize pore
adsorption. For comparing the quality of MCM-41 obtained , we purchased commercial MCM-41 with
the following specification: surface area 1098 m’/g, pore volume 0.8 cm®/g , pore diameter 4 nm and
hexagonal pore geometry. This MCM-41 was loaded using the same method.

2.2.2 Characterisation MCM-41. SEM. Surface morphology was observed using the QUANTA
INSPECT F electronic scanning microscope (SEM) equipped with EDX solid angle 0.13 (beam) with
electron emission tunnel at 1.2 nm resolution.

HRTEM. High resolution images were collected by Tecnai™ G? F30 S-TWIN transmission
electron microscope (FEI, the Netherlands) equipped with STEM/HAADF detector, EDX (Energy
dispersive X-ray Analysis) and with an electron energy loss spectrometer EFTEM- EELS. The
microscope operates at an acceleration voltage of 300 kV (Schottky field emitter) with a TEM point
resolution of 2 A and a TEM line resolution of 1.02 A. The microscope was operated at an extracted
voltage of 4500V.

DLS. Hydrodynamic particle radius measurements were carried out by using Malvern Nano ZS
Zetasizer instrument. The measurement of size was perform with 0.3% suspensions of MCM-41 in
ultrapurified water Milli-Q, at 25°C, after 10 min sonication,at an angle of 173°. For size
determination, 5 measurements on each sample were carried out and the mean value was reported.

B.E.T. Nitrogen adsorption isotherms was measured at —196°C using Micromeritics apparatus
ASAP 2420 (USA 2012). Prior to the experiment the sample was outgassed at 200°C in a vacuum for
1h. Gas-volumetric analysis, specific surface area (SSA), pore volume and size were measured by N,
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adsorption-desorption isotherms. SSA was calculated using the Brunauer-Emmett-Teller (BET)
method.

UV-VIS. The desorbtion studies were performed using an on-flow system- Thermo Scientific
Evolution 220 UV-VIS Spectrophotometer and peristaltic pump. The desorbtion curves were carried
out in a 60 % ethanol/ 40 % ultrapurified water (Milli-Q system), at a spectral wavelenght A= 205 nm,
at 5 minutes intervals for 20 hours.

FT-IR. The MIR spectra of samples were recorded from 4000 to 600 cm * with a HATR-FTIR
diamond crystal infrared spectrometer (Spectrum BX 11, Perkin-Elmer). Approximately 5-10 mg of
sample were placed on the surface of the diamond crystal and measured directly. Intact MCM-41 and
MCM41-loaded were analyzed by gently pressing the adaxial sample side in the region of the central
lamina on to the HATR crystal. Background spectra was determinated and substracted from each
sample spectrum; 32 aquisition per sample were perfomed, with a spectral resolution of 8 cm ™. All
sample aquisitions were performed in duplicate.

Each FT-IR spectrum can express a unique “fingerprint”, which allows FT-IR spectroscopy to be
used for identification of unknown samples and classification of different samples [24].

3. Results and discussions
To show that our synthesized MCM-41 is similar to MCM-41, we compared the characteristics of both
materials using the instrumental methods mentioned.

From the DLS analysis we concluded that the particle average size of our synthesized MCM-41
(2623 nm) is very close to particle average size of MCM-41 (2375 nm). The polydispersity index of
synthesized MCM-41 (PdI=0.478) has a smaller value than the MCM-41 (PdI= 0.797); this shows that
our mesoporous material has a better particle size distribution, therefore the material
adsorbtion/desorbtion is conducted more efficiently.

Surface morphology analysis (SEM) reveals a heterogeneous structure (shape and size), with
intergranular spaces and randomly distributed agglomerations (Figure 1). After magnification one can
observe a porous ultrastructure in the 1 - 2 microns scale, given by the mesopore structure (better
emphasized in the HRTEM analysis).

Figure 1. SEM morphology of the synthesized MCM-
41.

In the image obtained by HRTEM (Figure 2) we can observe the hexagonal pore structure with
medium ordering and mesoporous dimensions of 2-4nm, characteristics allowing the classification of
the obtained material in the MCM-41category. This structure allows efficient loading, due to the high
pore diffusion rate of the loaded material as well as a higher diffusion accessibility in the desorption
processes.
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B.E.T. results for MCM-41-Syntesized- B.E.T. Surface Area: 1224.34 m?/g and BJH Adsorption
average pore diameter (4V/A): 2.44 nm. The results show that this material can be classified as MCM-
41.

From the FT-IR spectra (Figure 3), the specific bands for synthesized MCM-41 and MCM-41 are:
803 cm™, 1050 cm™, 1627 cm™ and 3375 cm™.

As proof of adsorption using Calendula officinalis hydroethanolic extract, the following FT- IR
spectra specific bands of MCM-41-Calendula were identified: 977 cm'1, 1409 cm™ and 2935 cm™.
Similarly, the FT-IR spectra of MCM-41-Salvia shows specific bands for hydroethanolic extract of
Salvia officinalis: 969 cm™, 1413 cm™, 1547 cm™, 1691 cm™ and 2930 cm™.
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Figure 3. FT-IR spectra of MCM-41-Salvia, MCM-41-Calendula, MCM-41 Synthesized and
MCM - 41.
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3.1. Classification method by Discriminant analysis

Discriminant analysis was performed with the TQ Analyst 7.2.0 Thermo Electron software, using the
following parameters: pathlength type: multiplicative signal correction (MSC), number of classes: 3
(salvia, calendula, MCM-41), 36 IR spectra, data format: first derivative, Savitzky-Golay filter, 23
data points, polynomial order 1 spectrum range: 1779.8 — 1287.7 cm™, baseline type: one point at 1800
cm™. For each class (class I: MCM-41 synthesized and MCM-41, class II: MCM-41-Calendula and
class 11I: MCM-41-Salvia), FT-IR spectra for 6 different batches were determined in duplicate.
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Figure 4. Calibration results for Salvia, Calendula and MCM-41 classes (by using 36 IR spectra),
and quantification results for a Salvia validation sample.

Each sample was classified based on Mahalanobis distance. The developed method for sample
classification is exemplified in Figure 4, where the Mahalanobis distance between classes is greater
than 10, and the distance between members of the same class is less than 1.2.

To verify the selectivity of the method, another 18 samples from different batches (MCM-41,
MCM-41-Calendula, MCM-41-Salvia) and 3 samples of MCM-41 loaded with other 3 plant extracts
were analyzed (results shown in Table 1).

From the 21 samples, 6 of them passed the distance to class MCM-41 with a value between 0.78-
0.99, 6 of them passed the distance to class MCM-41-Calendula with a value between 0.83-0.92, 6 of
them passed the distance to class MCM-41-Salvia with a value between 0.91-1.13 and the other 3
samples did not match any of the classes.
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Table 1. Results of sample tests.

Sample

Distance to

Distance to Class

Distance to Class

No. Name Class MCM-41 MCM-41-Calendula MCM-41-Salvia PASS/ FAIL
1 Test 1 22.45 0.83 22.91 PASS Calendula
2 Test 2 11.04 22.94 1.05 PASS Salvia
3 Test 3 0.99 22.68 10.72 PASS MCM-41
4 Test 4 22.45 0.83 22.91 PASS Calendula
5 Test 5 22.68 0.89 23.13 PASS Calendula
6 Test 6 22.7 0.81 23.26 PASS Calendula
7 Test 7 22.85 0.92 23.45 PASS Calendula
8 Test 8 22.57 0.87 23.12 PASS Calendula
9 Test 9 10.8 23.16 0.91 PASS Salvia
10 Test 10 11.32 23 1.02 PASS Salvia
11 Test 11 10.78 23.08 1.01 PASS Salvia
12 Test 12 11.02 22.82 1.1 PASS Salvia
13 Test 13 11.05 23.11 1.13 PASS Salvia
14 Test 14 0.99 22.68 10.72 PASS MCM-41
15 Test 15 0.96 22.96 10.92 PASS MCM-41
16 Test 16 0.78 22.37 11.16 PASS MCM-41
17 Test 17 0.9 22.55 10.8 PASS MCM-41
18 Test 18 0.87 22.82 11.18 PASS MCM-41
19 Test 19 81.09 80.35 80.61 FAIL
20 Test 20 31.73 19.35 29.33 FAIL
21 Test 21 22.01 9.17 29.85 FAIL

3.2. Desorption studies
The desorption study was performed with 60% ethanol/40% ultrapurified water Milli-Q system, at
35°C , under continuous stirring, undersolution recirculation. The determinations were performed, in
both cases, at a wavelength A= 205 nm. In the case of the desorption study for the materials loaded
with Salvia extract, a similar profile is observed for both samples, concluding that the two materials
show a slow release for 20 hours (Figure 5).
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Figure 5. Desorption study for MCM-41-Salvia-Synthesized and MCM-41-Salvia.
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In the case of the desorption study carried out on the two materials loaded with Calendula extract,
showed the same slow release , with the observation that MCM-41-Calendula, after 7 hours, the slow
release of the active principles stops, compared to MCM-41-Calendula-Synthesized where slow
release continues for up to 20 hours (Figure 6).
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Figure 6. Desorbtion study for MCM-41-Calendula-Synthesized and MCM-41-
Calendula.

4. Conclusions
We obtained a mesoporous material that is comparable, in regard to its characteristics, with the
purchase mesoporous material. Both types of MCM-41 were loaded with different total plant extracts.

Desorption curves were used to evaluate the slow release profiles, which is a very valuable
parameter for multiple applications in the pharmaceutical industry.

The required identification step for the product technical data sheet was performed using the FT-IR
classification method, demonstrating the statistical homogeneity of the experimental data. The FT-IR
classification method is a quick tool for sample classification, being able to discriminate between
various loading materials.
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