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ABSTRACT The effect of adsorption and confinement on ibuprofen were studied by immersion loading
the molecules into mesoporous silicon (PSi) microparticles. The PSi microparticles were modified into
thermally oxidized (TOPSi) and thermally hydrocarbonized (THCPSi), in order to evaluate the effects of
the loading solvent and surface chemistry on the obtainable drug payloads. The payloads, location, and
the molecular state of the adsorbed drug were evaluated using thermal analysis. The results showed that
after ~800 mg/cm3 (Warug/ Vpores) 0f drug had adsorbed into the mesopores, depending on the solvent used
in the immersion, the drug began to rapidly recrystallize on the external surface of the particles. Moderate
concentrations, however, enabled payloads of 800-850 mg/cm’ without excessive surface crystallization,
and thus, there was no need for rinsing the samples to remove the external crystallized portion. The
results showed that the confined ibuprofen forms nanocrystals inside the mesopores after ca. 200 mg/cm’
payloads were obtained, accounting for half of the adsorbed drug amount. The presence of both
crystalline and non-crystalline phase was further characterized with variable temperature solid-state
nuclear magnetic resonance (NMR) measurements. The interactions between the drug molecules and the
pore walls of TOPSi and THCPSi were observed with Fourier transform infrared (FTIR) and '"H NMR
spectroscopies, and confirmed the hydrogen bonding between the silanol groups of TOPSi and the
adsorbed ibuprofen, but having only limited effect on the overall state of the confined drug. /n vitro drug
permeation studies in Caco-2 and Caco-2/HT29 co-cultures showed the adsorption into hydrophilic or
hydrophobic PSi microparticles had no significant effects on the ibuprofen permeation, whether the drug

was partially nanocrystalline or completely in liquid-like state.



1 Introduction

Recent years have shown a growing interest for new methods in drug delivery to enhance the aqueous
solubility and permeability of different therapeutic molecules in response to the continuous trend of new
drug candidates toward larger and increasingly insoluble entities."” Poor dissolution characteristics can
lead to insufficient and unpredictable bioavailability, making especially oral drug delivery difficult.’
Proposed solutions are sought often with crystal engineering, which provides a powerful set of tools to
address the poor solubility through, e.g. polymorph selection, size reduction and amorphization.*”

Another possible solution is the application of mesoporous materials as drug carriers. These materials
present remarkable versatility in their applications, especially in the cases of porous silicas and porous
silicon (PSi), ranging from catalysis to sensors, and energy storage.”® A broad overlap is seen in drug
delivery, as both the materials have been shown to be effective in enhancing the solubility and
permeability of poorly water-soluble drugs and in addition in providing protection and controlled release
properties to larger and well soluble molecules, such as peptides and proteins.” ' The use of mesoporous
carriers in drug delivery, however, requires broad understanding on how the carrier material affects the
properties of the adsorbed payload.

A common factor for the mesoporous materials is the high available surface area, often in excess of
several hundreds of m*/g. The presence of grafted or native functional groups, provide multiple sites of
interaction for the adsorbed molecules through e.g. hydrogen bonding.”*** Adsorption of molecules
inside the mesopores can be used to exert control over the solid-state properties of the adsorbate. Physical
confinement inside pores having diameter of 10-20x the size of the adsorbed molecules, has been shown
to allow control over specific polymorph nucleation within the mesopores or the complete suppression of
crystallization, rendering the adsorbate amorphous.”>*® As the adsorbed molecules reside in either
nanocrystalline or non-crystalline state, their thermodynamic properties are considerably different from
bulk crystals, which can significantly enhance the aqueous solubility of the drug.

Depending on the surface chemistry of the adsorbent, the confined drug molecules often have liquid-

like behavior, even at room temperature.”** Strong interactions with the surface, however, could limit the



confinement effects, and leave the molecules in more solid-like rigid state.”’ Dielectric relaxation
spectroscopy and solid-state nuclear magnetic resonance (NMR) results on mesoconfined ibuprofen have
suggested that the combination of confinement and adsorbent surface interactions can lead to the presence
of two groups of molecules with differing mobilities, depending on their location within the pore.*'**

The present work compares the behavior of ibuprofen adsorbed inside PSi microparticles. PSi was
selected as the carrier since its branching, mesoporous structure with rough walls differs from the ordered
silica-type materials and due to its silicon hydride terminated initial surface, that enables simple gas phase
surface modifications.”** Here, the PSi microparticles were stabilized into either hydrophilic thermally
oxidized PSi (TOPSi) or hydrophobic thermally hydrocarbonized PSi (THCPSi). The two surface
modifications allow the observation on how the presence or absence of hydrogen bonding capable silanol
groups affect both the adsorption and confinement of ibuprofen. Three different solvents with solution
concentrations ranging from low to nearly saturated were used. These are used to show that the selection
of solvent and solution drug concentration can be used to control the drug adsorption process to obtain
both a high confined drug payload, while keeping the excess drug from crystallizing on the outside of the
carrier material low. The effect of the surface chemistry was also studied with regards to the molecular
dynamics of the adsorbed ibuprofen, using thermal analysis and variable temperature solid-state NMR, as
the selected pore size enabled the presence of nanocrystalline and amorphous-like phase concurrently
inside the mesopores.'”” The effects of the PSi surface chemistry and the presence of nanocrystalline
ibuprofen were studied with in vitro permeation experiments using cell lines for simulating the conditions

of the gastrointestinal tract.



2  Experimental

2.1 Fabrication of PSi Microparticles
The PSi microparticles were fabricated as described in detail in the Supporting information. The
microparticles between 25—75 um were selected for the study and passivated into thermally oxidized PSi

(TOPSi) and thermally hydrocarbonized PSi (THCPSI).

2.2 Drug Loading

The microparticles were loaded with ibuprofen (Orion Corp., Finland) using an immersion method.
Different amounts of the drug were dissolved into ethanol (EtOH; 99.5 %, Altia Corp., Finland),
chloroform (CHF; Merck GmbH, Germany) and tetrahydrofuran (THF; BDH Prolabo, USA). PSi
microparticles were added with a ratio of 50 mg of PSi per 1 mL of added solvent. The loading process
was done at room temperature using a gentle magnetic stirring. The loaded particles were removed from
the solution by vacuum filtration after which they were dried at 65 °C for 20 h and, finally, stored in a

silica desiccator at room temperature.

2.3 Characterization

2.3.1 Structural Properties

The structural characteristics of the PSi microparticles were determined with N, sorption at —196°C
using TriStar 3000 (Micromeritics Inc., USA). The specific surface area (SSA) was calculated using the
Brunauer-Emmet-Teller (BET) theory, while the pore volume was determined from the total adsorbed
amount at a relative pressure p/p, = 0.97. Pore size distribution was calculated from the isotherm
adsorption branch using the Barrett-Joyner-Halenda (BJH) theory. Scanning electron microscope (SEM)
images of the PSi microparticles and of the porous layer cross-section were taken with Zeiss Sigma VP
field-emission SEM (Carl Zeiss AG, Germany).

The water contact angle (WCA) of the two surface chemistries was estimated by placing a 5 pL. droplet

on a mesoporous PSi film, followed by taking a photograph of the sessile drop with a digital SLR camera



(Nikon D500), and analyzing the image with Geogebra 4.2. The PSi films used for the WCA estimation

were collected prior to the ball milling and passivated using the same parameters as the microparticles.

2.3.2  Thermal Analysis

The total payload of the drug in the samples was determined with thermogravimetry (TG) using TGA-7
(PerkinElmer, USA) by placing ca. 4—6 mg of sample on platinum crucible and using a temperature ramp
from room temperature to 800 °C at 40 °C/min under a constant N, flush of 200 mL/min. The weight loss
observed for empty THCPSI particles and TOPSi particles was subtracted from the respective results. The
drug payload is reported as W/ Vpores I mg/cmS, i.e. the amount of drug vs. the available pore volume of
the corresponding sample.

The physical state of the drug in the samples was characterized with differential scanning calorimetry
(DSC) using Pyris Diamond DSC (PerkinElmer). The temperature and enthalpy scale was calibrated
using an indium reference. Approximately 2—4 mg of sample was crimped into Al pans with holes and
heated twice from 10 to 100 °C at 10 °C/min, with the latter run used as a sample baseline. The furnaces
were flushed with N, at 40 mL/min. The DSC samples were stored for at least 2 months to allow possible
recrystallization processes to proceed near completion.”® Both the TG and DSC measurements were

carried out at least in duplicates.

2.3.3 FTIR Spectroscopy

The infrared spectra of the PSi samples were determined using a Mattson Galaxy 6020 spectrometer
(USA) equipped with a PA301 photoacoustic detector (Gasera Ltd., Finland). The FTIR mirror velocity
was set to 0.6 cm/s and He was used as the detector chamber gas. The spectra were obtained averaging 32

scans.

2.3.4 NMR Spectroscopy
Variable temperature solid-state 'H and >C NMR spectra were measured using a Bruker Avance 400

spectrometer with a 4 mm MAS (magic angle spinning) probe. The temperature calibration for the



measurements was done by observing the 27pp chemical shifts of Pb(NO;;)z.36 The detailed measurement

protocols and pulse sequences are described in the Supporting Information.

2.4  Permeability Studies
The permeability studies were carried out on Caco-2 cells and on Caco-2/HT29 cocultures. The amount
of released ibuprofen was determined with high performance liquid chromatography using Agilent 1260

HPLC. The culturing and HPLC protocols are explained in detail in the Supporting information.

3 Results and Discussion

3.1 Structural Characterization of PSi

The fabricated PSi microparticles were sieved into 25—75 um size range due to its suitability for further
formulation processing,”’ and passivated into either THCPSi or TOPSi, in order to prevent adverse
reactions with the solvents or the solute.”> The porous structure of the surface passivated materials is
shown in Figure la, where the isotherm in both the cases displayed hysteresis loop, typical for
mesoporous materials. The SSA of THCPSi and TOPSi, were 270 £ 14 m*/g and 238 + 2 m’/g,
respectively. Similar differences were observed in the total pore volumes, showing 1.01 + 0.02 cm’/g and
0.81 + 0.01 cm’/g for THCPSi and TOPSi, respectively. SEM images of the PSi layer cross-section and
the microparticles are presented in Figure S1 (Supporting information).

The pore size distributions shown in Figure 1b indicated that the materials have a relatively narrow
pore size distribution with an approximate average pore diameter of 10 nm, which compared to the size of
an ibuprofen molecule (1.1x0.6 nm) is large enough to enable the drug to enter the pores without causing
any size exclusion effects for either monomer or dimer forms of the drug.” Despite the slight difference in
the SSA and total pore volume, the pore morphology can be considered similar between the two surface
modifications, retaining its native fir-tree like structure, and allowing easy comparison of adsorption and

confinement behavior of ibuprofen in THCPSi and TOPSi.
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Figure 1. a) N, sorption isotherms and b) pore size distributions of THCPSi and TOPSi calculated from
the isotherm adsorption branch using the BJH theory. The isotherms have been vertically shifted for

clarity.

The chemical structure of the pore walls was studied with photoacoustic FTIR spectroscopy. Thermal
oxidation at 300 °C replaces most of the native silicon hydrides with different Si—O structures. The
TOPSi spectra shown in Figure 2 presents several features, such as broad bands centered around 1050 cm
"and 1150 cm™, related to the surface Si-O-Si stretching modes, and another band at 2270 cm” related to
the back-bond oxidized O;-Si-H stretch.”® A distinct feature also present in the spectra is a clear shoulder
on the broad moisture related band at 3740 cm™, which can be assigned to O-H stretching vibrations of
silanols (SiOH), providing possible groups for interaction with the adsorbate drug molecules.

The surface chemistry of THCPSi differs considerably from the more silica-like TOPSi. The
hydrophobic nature of the initial PSi is retained, as the silicon hydrides are replaced with different
hydrocarbon species using C,H, as the hydrocarbon source. FTIR confirms the presence of different
hydrocarbon structures through multiple absorbance peaks. In the high wavenumber region, the spectra
are dominated by the strong symmetric and asymmetric stretching vibration bands related to C-H, groups
between 2850-2970 cm™, with an adjacent band at 3055 cm™ that can be assigned to the =C-H stretching

of vinyl groups. At lower wavenumbers, the different bending vibrations related to CH, and CH; can be



found between 1350-1470 cm™'. Also present is a C=O stretching at 1715 cm™, which can be assigned to
surface acyloxy groups. The lack of reactive or strongly polar surface groups makes THCPSi an ideal
comparison partner to the partially silanol terminated TOPSi, as the possible interactions with the pore
walls are very limited. The chemical stability of the THCPSi can also prevent possible unwanted reactions

with the solvent molecules that could lead to surface oxidation.*’
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Figure 2. Photoacoustic FTIR spectra of TOPSi and THCPSi. The spectra have been vertically shifted for

clarity.

3.2 Adsorption and Confinement of Ibuprofen

Particle immersion method was selected for the drug loading as it is easily controllable and allows
facile sample preparation and handling. The main drawback of the method is the considerably larger
consumption of the drug compared to, e.g., incipient wetness method, where the volume of the drug
solution is comparable to the total pore volume of the adsorbent particles and to more advanced methods
such as rotary evaporator or fluid bed -based loading.***' Another low drug consumption approach is the
melt method, where the drug is heated above its melting point allowing adsorption into the pores to take
place. ** For the loading tests, ibuprofen was dissolved into EtOH, THF or CHF, representing a polar
protic, polar aprotic, and a nonpolar solvent, respectively. The properties of the solvents and the visually
observed saturation solubilities of ibuprofen are listed in Table S1 (Supporting information). The

selection of the solvents was made to allow evaluation of possible competitive adsorption between the



solvent and the solute with the pore surfaces, which could lead to differences in the drug payload. The
immersion duration for the adsorption process was 2 h, as it was confirmed to be sufficient for obtaining a
similar drug payload as longer immersions, by testing the three solvents and both particle types (Figure
S2).

The microparticles of both surface chemistries were loaded using the same drug-particle ratios as
permitted by the saturation solubilities across the three solvents, enabling the comparison in the efficiency
of the loading and the effect of the selected surface chemistry. The total payload of adsorbed drug in the
samples was determined with TG analysis. As this does not separate whether the drug has been confined
into the mesopores or recrystallized onto the outer surfaces of the microparticles, DSC measurements
were also carried out on each sample. Since crystalline ibuprofen melts at ca. 77 °C (Figure S3), its
presence on the loaded samples can readily be observed from the respective thermograms of the loaded
samples.”** The amount of drug corresponding to the detected enthalpy of fusion was then subtracted
from the total amount of ibuprofen, yielding the actual confined pore payload.

Figure 3 presents the obtained total drug amounts with the actual confined payloads normalized to the
available pore volumes of the respective particle types. The results showed each solvent to be suitable for
achieving high drug payloads, as the maximum ibuprofen amounts reached well over 1300 mg/cm® with
THCPSi and ca. 1500 mg/cm’ with TOPSi. When taking into account the external crystallization of
ibuprofen, the amount of drug actually residing inside the mesopores was considerably lower, reaching a
maximum of 800-850 mg/cm’ with either surface chemistry as the loading solution concentration reached
400 mg/mL, corresponding to 8:1 (w/w) drug—PSi ratio. As the true density of ibuprofen is 1.11 g/cm’,*
the obtained confined payloads were ~75% from the theoretical maximum.

At higher concentrations, the amount of ibuprofen recrystallizing onto the particle external surfaces
progressively increased. Surprisingly, the amount of confined ibuprofen appears to reduce at the highest
concentrations of CHF and THF, indicating that some of the recrystallized drug may have originated due
to the nucleation occurring during loading process on the particle external surfaces, hindering further

ibuprofen diffusion into the mesopores. Despite the rapidly increasing recrystallized portion at higher
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solution concentrations, high confined payload levels appeared to be reachable without causing excessive

surface recrystallization of the drug. Optimally selecting the loading solution drug—PSi ratio also avoids

the need for a rinsing step which can cause unwanted drug release.***
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Figure 3. Adsorption of ibuprofen into TOPSi and THCPSi from a) EtOH, b) CHF, and c¢) THF. The
open symbols show the total amount of ibuprofen adsorbed on the sample and the solid symbols the

amount of drug confined into the pores. The solid lines were drawn to guide the eye.

Earlier studies have shown the selection of the loading solvent to have a considerable effect on the
adsorption outcome.***”* With ibuprofen, solvents with lower dielectric constant appeared more

preferable than solvents with a higher value providing higher drug payloads.*” Comparing directly the
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results, it could be seen that the intake of ibuprofen into the TOPSi or THCPSI particles was practically
similar with all the solvents. The differences between solvents, however, were notable as would have
been expected due to the differences in the solvent properties. Adsorption from the solvents with lower
permittivity, CHF and THF, appeared to be more effective into TOPSi than from EtOH, as the difference
between payloads, before the surface crystallization takes place, increased to ca. 130 mg/cm?® with THF
and 170 mg/cm3 using CHF. With THCPSI, the differences between the solvents were smaller, as THF
and CHF showed only ca. 110 mg/cm? higher drug payload, before the surface crystallization onset.

The slightly lower adsorption efficiency of ibuprofen into TOPSi using EtOH may be related to the
possible intermolecular interactions between the drug and the solvent, and between the solvent and the
partially silanol terminated TOPSi surface. The possible hydrogen bonding between EtOH and the pore
surface may compete at lower ibuprofen concentrations with the drug adsorption. Hydrogen bonding of
EtOH with drug monomers can also occur, and it has been shown to affect the recrystallization kinetics of
ibuprofen.*®

Interestingly, the DSC results from the EtOH based loadings presented in Figure 4 show broad
endotherms well below the bulk melting temperature of ibuprofen beginning to appear at fairly low drug
payloads of ca. 200 mg/cm®, in both THCPSi and TOPSi. This may indicate that after the initial
adsorption has taken place, the effect of the pore walls to the outcome is reduced, and solvent-drug
interactions take precedence during the process. The formation of small crystallites with notable melting
point depression according to the Gibbs-Thomson equation within the mesopores appeared very similar
with all the solvents as these results were also seen with the loadings made from THF and CHF solutions,
as shown in Figure S4.* The broad nature of the endotherms indicates the presence of various sizes of
crystallites in mesoconfinement, with THCPSi showing a more distinct separation into two peaks at the
higher drug payloads. Earlier studies conducted with ibuprofen confined into PSi of various pore sizes
indicated that a pseudoliquid d-layer is formed between the pore walls and the crystallites nucleated
within the core region.®> Also shown, was that the reduction of the crystal sizes did not appear to

significantly reduce the enthalpy of fusion of the mesoconfined ibuprofen crystallites. The enthalpies of
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the broad ibuprofen endotherms within the pores would then correspond 50-60 % of the actual pore
payload, after the drug amount had reached over 300 mg/cm’. This shows the high tendency of ibuprofen
to crystallize even as the dimensions of the pores compared to the drug molecule itself are roughly only
10x its size. Similar size differences with PSi or silica pores using the drugs griseofulvin and
indomethacin, however, did not cause any crystallization, indicating the sensitivity of the system to the

used drug molecule.”*’
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Figure 4. Heat flow curves of a) THCPSi and b) TOPSi samples loaded with ibuprofen from EtOH

solutions.

3.3 Spectroscopic Analysis of Confined Ibuprofen

The slight differences in adsorption efficiency prompted further analysis on the ibuprofen loaded
TOPSi and THCPSi samples. The presence of two phases of adsorbed ibuprofen, crystalline and non-
crystalline, according to the DSC results, also warranted additional information on the molecular
dynamics of the drug inside the confined matrix. FTIR and variable temperature NMR spectroscopy were
employed to determine possible interactions between the adsorbed molecules and the pore walls.

A key difference between TOPSi and THCPSi is their surface chemistry. Oxidized PSi provides a
hydrophilic and polar surface where silanol groups are present, whereas the hydrocarbonized PSi appears

more nonpolar, providing few or no chemical groups capable of functioning as, e.g., hydrogen bond
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acceptors or donors. Ibuprofen, containing a carboxylic acid group, can function both as an acceptor or
donor for multiple hydrogen bonds, tending also to be present in its dimeric form.

The FTIR spectrum of crystalline ibuprofen is shown in Figure S5. It exhibits a fingerprint region
comprising of multiple absorbance bands, along with a distinct band assigned to the C=0 stretching of the
carboxylic acid at 1705 cm™. After the adsorption of ibuprofen into PSi, despite the differences in the
payloads between the solvents, the IR spectra appear quite similar. Figure 5 presents the carbonyl region
FTIR spectra of samples loaded from several different concentrations of ibuprofen in EtOH (carbonyl
region spectra of samples loaded from CHF and THF along with the full IR spectra, are shown in Figures
S6 and S7). With both TOPSi and THCPSI, the spectra show the initial buildup of ibuprofen within the
pores, when the immersion was done with 1:2 and 1:1 drug—PSi ratios and, as the pores were nearly filled
with the drug, without excessive surface crystallization taking place (4:1 and 10:1 drug—PSi ratios). As
the confined ibuprofen payload increases, the C=0 stretch becomes more distinguishable. The main peak
appears consistently at 1710 cm™, but seems to have a broadened toward higher wavenumbers at lower
payloads. This slight shift indicates that hydrogen bonding between the ibuprofen dimers is weaker or
broken up due to the presence of non-crystalline drug.>® With THCPSi, the contribution from the acyloxy
group emphasizes the main peak that can be assigned for the dimerized form of ibuprofen, hindering the
interpretation of the stretching band. Partially, the presence of the non-crystalline ibuprofen in the pores
leads to the widening of the band, but in the case of TOPSI, the effect of the silanol groups cannot be
discounted.

With the samples containing only low amounts of ibuprofen, much of the features of the TOPSi spectra
can still be easily resolved. Comparison of the silanol peak absorbance to the back-bond oxidized hydride
stretching at 2260 cm™ provided an effective point of reference, as the hydride group can be assumed not
to take part in the possible hydrogen bonding between the pore walls and adsorbed ibuprofen molecules.
The ratio of v(SiO-H) and v(OsSi—H) decreased from 0.53 of pristine TOPSi to 0.37 and 0.25,
corresponding to payloads of 45 mg/cm® and 95 mg/cm? of ibuprofen obtained with 1:2 and 1:1 drug—PSi

ratios, respectively. This suggests that the reduction in the peak absorbance was not due to the increasing
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amount of ibuprofen masking the spectral features, the ratio of v(O3Si—H) and v(Si—O-Si) bands appeared
to remain constant. This result indicates that the surface silanols actively take part in breaking up the
ibuprofen dimers and can provide an attractive surface site for adsorption. Similar results have been
confirmed computationally with ordered mesoporous silica,>*>> showing the similarity of TOPSi and

silica materials.
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Figure 5. Photoacoustic FTIR spectra of the carbonyl stretching region of a) TOPSi and b) THCPSi

microparticles loaded using ibuprofen-EtOH solutions.

Further confirmation of the ibuprofen-silanol interaction was sought with 'H MAS NMR measurements
at different sample temperatures. For the NMR measurements, we opted to use only the samples loaded
with EtOH solution at 10:1 drug—PSi ratio (750 mg/cm’ and 830 mg/cm’ confined drug payloads for
TOPSi and THCPSI, respectively), as the selected parameters provided a high payload of drug with only
low ibuprofen surface recrystallization. At room temperature and at low MAS rates, the '"H MAS spectra
of samples with both the surface chemistries showed a broad baseline hump, typical for solid materials
superimposed with several broad peaks due to the presence of a more mobile phase, causing averaging of
the '"H-"H dipolar couplings, as shown in Figure S8. With a higher MAS rate, the actual temperature of
the samples was increased to 55 °C, partially melting some of the confined drug. However, the peak
separation was enhanced considerably due to the increased mobility of the molecules and the further

suppression of the anisotropic broadening. The transverse relaxation time 7, determined from the proton
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resonance at ~1.3 ppm also showed a large difference in drug mobility, as the 7, values ranged from 0.13
ms for crystalline ibuprofen to 6.3 and 7.4 ms for the non-crystalline drug within TOPSi and THCPSi
pores, being comparable to values published earlier with similarly sized MCM-41.%

The differences between the TOPSi and THCPSi become evident in Figure 6. The contribution of the
ibuprofen OH-group to the 'H spectra can be seen in TOPSi as a very broad band around 9.4 ppm, while
with THCPSi, the OH-related resonance peak is at considerably higher frequency at 12.3 ppm. These
values show that when confined inside TOPSi, the more polar surface with silanol groups can disrupt
some of the ibuprofen intermolecular hydrogen bonds in the liquid-like layer near the pore walls, through
forming hydrogen bonds with free monomers. In addition, THCPSi does not provide similar sites for
interaction as was evident from the FTIR spectra. The ibuprofen molecules in the liquid phase retain their
strong hydrogen bonds typical for cyclic dimers. However, the pore wall based hydrogen bonding does
not extend the disruption very far, thus being unable to affect markedly the ibuprofen recrystallization in

the core region of the pores.
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Figure 6. 'H MAS NMR spectra of bulk crystalline ibuprofen with ibuprofen-loaded TOPSi and THCPSi

obtained using a MAS rate vyas = 14 kHz, with an effective sample temperature of 55 °C.

The samples were also studied using *C CP-MAS and direct MAS measurements. For solid materials,
cross-polarization (CP), where the spin polarization of 'H is transferred to °C through 'H-"°C dipolar
coupling, is used to enhance the spectra. Conversely, if the molecular motion is high enough, the fast
tumbling of the molecules is enough to average out the dipolar coupling, making CP-MAS detection of
such molecules ineffective. Direct °C MAS experiment using short recycle delay between scans with
weak 'H decoupling power, however, can detect the mobile phase while attenuating the crystalline phase
contribution due to saturation and line-broadening effects. Thus, it is possible to almost selectively

measure the "C spectra of the solid and the more mobile drug phase with CP-MAS and MAS
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measurements, respectively. Similar progression as in the DSC endotherms was also observable in the
two NMR spectra when increasing the sample temperature until the all the confined drug had been
molten.

The CP-MAS and MAS spectra of ibuprofen loaded TOPSi and THCPSi are presented in Figure 7 and
Figure 8, while Figure S9 shows the CP-MAS spectra of crystalline ibuprofen with the resonance peak
assignments. According to the DSC results, the confined ibuprofen is ca. 50% nanocrystalline, with the
remaining molecules either in the pseudoliquid d-layer or in disordered state within the pores. The same
presence of the two distinct populations of drug molecules was seen in the NMR spectra. At the initial
measurement temperature, clear CP-MAS spectra were obtained with broadened features, resembling
closely the bulk crystalline form of the drug. As with the "H MAS spectra, the carboxylic acid moieties
could be observed to be participating in cyclic dimers, as the C1 carbon resonance peak is located at 183.0
ppm, similarly to the bulk crystalline ibuprofen. The corresponding MAS spectra taken consequently
presented also multiple clear peaks, albeit weak, due to the lower mobility of the ibuprofen molecules.
The ibuprofen C1 carbon resonance in TOPSi was shown to be more shielded as it resides at 180.1 ppm,
indicating that some of the dimers are cleaved and the monomers could be hydrogen bonded to the
surface silanols, while the corresponding resonance in THCPSi could be found at 180.7 ppm. The liquid-
like behavior was also seen in the isobutyl chain resonance peak, as C13 carbon could now rotate freely
becoming equivalent with the C12 carbon, causing the peak at 25.0 ppm in the CP-MAS spectra to
weaken, with both the carbons contributing to the resonance peak at 21.8 ppm in the MAS spectra.

Increasing temperature showed the diminishing of the CP-MAS resonances with the reduction of the
nanocrystalline phase, while in turn the MAS spectra becomes consistently stronger. As features in the
CP-MAS spectra became practically indistinguishable after 63 °C, the corresponding liquid phase spectra
showed little changes aside resonance intensity. The C1 carbon resonance appeared to be deshielded

slightly as the resonance was shifted to 181.0 ppm with both surface chemistries.
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Figure 7. a) °C CP-MAS and b) ?C MAS NMR spectra of ibuprofen confined in TOPSi. The variable

temperature spectra were obtained using MAS rates of vyas = 10 kHz, except for the highest temperature

where vyias= 12 kHz.
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Figure 8. a) °C CP-MAS and b) °C MAS NMR spectra of ibuprofen confined in THCPSi. The variable

temperature spectra were obtained using MAS rates of vyas = 12 kHz, except for the lowest temperature

where vyias= 10 kHz.
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3.4  Permeation Studies

The enhanced solubility of ibuprofen released from mesoporous materials has been well established
using either porous silicon or silica.'™*® While ibuprofen is classified having good permeability according
to the Biopharmaceutical Classification System (BCS, Class II), possible effects caused by the
hydrophobic THCPSi surface chemistry, with a WCA of 110° compared to 25° of TOPSi, and the
presence of a nanocrystalline phase in the loaded particle types provided interest for permeation testing.
The permeability tests were done using two model cell lines that simulate the conditions in the small
intestine, where the systemic absorption of orally administered drug mainly takes place. Cell lines Caco-2
and co-culture of Caco-2/HT29 were selected to mimic intestinal conditions in vitro. The main difference
in the two cell lines is the added mucus layer formed on the co-culture due to the addition of HT29 goblet
cells to the model.”’

The samples utilized in the permeation experiments were the same as used in the NMR measurements,
exhibiting both high confined drug payload with a minimal amount of ibuprofen recrystallized on the
particle external surfaces (10:1 drug—PSi ratio, EtOH solution). In order to contrast the ibuprofen
permeation profiles with and without the presence of nanocrystalline drug within the pores, comparison
samples were heated for 10 min at 75 °C prior to the permeability experiments. As ibuprofen
recrystallization within the pores is slow, the immediate use of the microparticles provided a completely
non-crystalline comparison. The permeation rates of the PSi microparticle samples and crystalline
ibuprofen reference in Figure 9 showed only little difference between the samples when using the Caco-
2/HT29 co-culture monolayers. As ibuprofen is a well permeable drug, its adsorption into microparticles
was not expected to change its behavior drastically. The complete liquefaction of ibuprofen from the
mesopores neither has a significant effect on the permeation outcome, even though both the liquefied
samples showed slightly faster permeation. Similar results for the microparticles were obtained with plain
Caco-2 line, as shown in Figure S10. With both the cell lines, the wetting of the particles also appeared

very efficient, as the hydrophobic THCPSi behaved very comparably to its hydrophilic counterpart.

20



100~

90+
80 l
X
< 704 } *
c _—
2 604 /iiégs
S 50 4 I/ l//“
Q40 l o —
> V1
S 301 l S | A AL —*— TO—he_at
a Y s —e— TOPSI

20+ it /A/ Ibuprofen, cryst.

. /i
104 ¥ /I —a— THC-heat
0 -“{:4 T T T T T T._ -rlHCPS|| T
0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 9. Permeation of TOPSi and THCPSi loaded and crystalline ibuprofen across Caco-2/HT29
monolayers at the apical and basolateral pH 7.4. The heated samples were placed in an oven at 75 °C for

10 min prior to the experiment in order to melt the nanocrystalline ibuprofen inside the mesopores.

4  Conclusions

The differences in molecular dynamics caused by the change of porous carrier or its properties
emphasize the need for careful analysis in every individual case, as the drug behavior is not always fully
predictable. Here, we have shown that immersion loading can easily be used to find suitable parameters to
maximize the confined payload, while keeping the amount of external recrystallization very low,
preventing the need for cumbersome rinsing steps after the loading. The overall influence of silanol
groups and the polar nature of the TOPSi pore wall chemistry appeared to be quite limited on the
ibuprofen adsorption and confinement. Even moderate drug payloads showed the tendency of the drug to
form nanocrystalline structure within the pores. This confirms the fact that the extent of interactions does
not affect beyond the initial layers adjacent to the pore walls, and at the core region the ibuprofen
molecules are associated in dimer structures in both TOPSi and THCPSi. As PSi allows easy surface
chemistry modification into either hydrophilic or hydrophobic directions, this prompts further

investigations using drug molecules with tendency to form polymorphs to determine if the pore structure
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and controlled interactions between the pore walls and the adsorbed molecules could further be exploited

in crystal engineering for polymorph selection and stabilization.
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