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Abstract:

Encapsulation of molecules into mesoporous silica carriers continues to attract considerable interest in
the area of drug delivery and crystal engineering. Here, MCM-41, SBA-15 and MCF silica matrices were used to
encapsulate fluconazole (FLU), a pharmaceutically relevant molecule with known conformational flexibility, using
the melting method. The composites have been characterized using 'H, *3C and '°F NMR spectroscopy, nitrogen
adsorption, PXRD and thermal analysis (DSC, TGA). Drug loading up to 50 wt.% allowed us to probe the
crystallization process and detecting different local environments of confined FLU molecules. °F NMR
spectroscopy enabled us to detect the gradual pore filling of silica with FLU and differentiate the amorphous
domains and surface species. The use of the complementary structural and thermal techniques enabled to
monitor crystallization of the metastable FLU form Il in MCF. Using 'H and *°F NMR spectroscopy we observed
pore-size dependent reversible dehydration/hydration behaviour in the MCM and SBA composites. As water
content has considerable importance in understanding of physicochemical stability and shelf-life of
pharmaceutical formulations, experimental evidence of the effect of APl-water-carrier interactions on the API
adsorption mechanism on silica surface is highlighted.

1. Introduction:

Confined crystallization using mesoporous silicas is recognized as an effective crystal engineering tool
for controlling polymorphism and understanding of nucleation processes (Beiner et al., 2007; Ha et al., 2004;
Nartowski et al., 2018, 2015; Zhang et al., 2020). During nucleation molecular clusters aggregate into more stable
structures upon attaining the critical nuclei size comparable to mesopores diameters — both on a nanometer
scale. Therefore, adjustment of pore diameter of mesoporous materials can be used to control the crystallization
outcome, as the critical nuclei sizes can vary between polymorphs. Furthermore, the large surface area of the
encapsulating host may affect the outcome through heterogenous nucleation at the pore walls (Ha et al., 2004).
Several investigations regarding polymorph selectivity for model drugs have been carried out with the aid of
nanoscale confinement using materials such as silicas or controlled pore glass (CPG). The work of Cheng et al.
confirms the dependence of glass transition, cold-crystallization and melting of nifedipine on the confinement
size. Depression of the glass transition temperature was observed for the CPG-confined nifedipine and a new
polymorph was found in the 50-198 nm size pores (Cheng and McKenna, 2019). Moreover, the polymorphic
transformation pathways have been found pore-size dependent and different from the “in bulk” conversion into
form Ill, as described by Zhang et al. for polymorph-rich flufenamic acid (proceeding from the highly unstable
form VIII which was stabilized by the nanoconfinement) (Zhang et al., 2020). Our previous works described
control and stabilization of metastable forms of two highly flexible molecules — form V of indomethacin using



MCF (mesostructured cellular foams) and CPG (Nartowski et al., 2015), and form V of tolbutamide in MCM-41
(Nartowski et al.,, 2018). Ha et al. using anthranilic acid and 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile (ROY) investigated the effect of critical nucleus size constraints on crystal nucleation.
According to this study, the stabilization of metastable forms in the glass and polymer matrices was possible due
to the large critical nuclei size of the stable forms (Ha et al., 2004). However, Beiner et al. applied
nanoconfinement to stabilize not only a transient form Il of acetaminophen, but also the most stable polymorph
I. The authors attributed this phenomenon to the crystallization conditions, also pointing out a possible kinetic
origin of the stabilization of the metastable form and interfacial effects on the crystallization kinetics (Beiner et
al., 2007). Among the crystallization conditions affecting the end nanoconfined product Cao et al. named solvent
properties, as they proposed conducting the process under solvent vapour. The crystallization of the metastable
form of vortioxetine hydrobromide — form a — was preferred when using solvent vapours with large molecular
volume such as methyl acetate, s-butanol, or n-propanol; possibly due to a significant spatial confinement effect
(Caoetal., 2022).

A comprehensive understanding of confined crystallization processes requires the application of
complementary characterisation methods such as powder X-ray diffraction (PXRD) and differential scanning
calorimetry (DSC) to analyse the structure and thermal properties of the encapsulated nanocrystals. The
incorporated species exhibit lack of or decreased long-range ordering as compared with bulk, noticeable as peak
broadening and lower intensity of the reflections in diffractograms or melting point decrease (Ha et al., 2009).
Solid-state NMR spectroscopy, highly sensitive to changes in local environment, aids in phase identification and
analysis of molecular behaviour of the guest molecules and the guest-guest/guest-host interactions. Trzeciak et
al. used various solid-state NMR methods to distinguish between mobile and rigid species of model
pharmaceuticals (ibuprofen, flurbiprofen, and ketoprofen) loaded into MCM-41 via diffusion supported loading
(DiSupLo) method (Trzeciak et al., 2020). Skorupska et al. investigated formation of confined cocrystals in the
thermal solvent-free loading method as well using complex NMR analysis to investigate the behaviour of
naproxen/picolinamide cocrystal as it has been found to separate when loaded into MCM-41 materials and
embedded into SBA-15 (Skorupska et al., 2016). Nanoconfinement of praziquantel (PZQ) and its cocrystal with
glutaric acid using a combination of NMR and other complimentary techniques was documented for SBA-15
where PZQ was found to be amorphous and the PZQ/glutaric acid cocrystal was found in a crystalline form. These
findings have been associated with larger crystal lattice of PZQ over its cocrystal and stronger PZQ/GLU
intermolecular interactions (Salas-Zufiiga et al., 2022). *H-13C and 'H-?°Si HETCOR experiments carried out by
Azais et al. enabled monitoring of the encapsulated ibuprofen molecules mobility and characterization of the
interaction between the loaded drug and the silica matrix (Azais et al., 2006). Careful design of the NMR
experimental protocols, as shown by Azais et al., is crucial in order to efficiently characterize properties of
investigated mesoporous materials, such as the proximity between the encapsulated drugs (ibuprofen, benzoic
acid, and lauric acid) and the pore surface (Azais et al., 2009).

In this work we used fluconazole (FLU) as a model drug for the examination of nanoconfined phase
behaviour. As a highly flexible molecule with significant conformational freedom, FLU is known as a prolific
polymorph and solvate former (Nowak et al., 2022). Furthermore, FLU is a representative of fluorinated
compounds which continue to attract considerable attention due to the modification of their lipophilicity,
membrane permeability and, in consequence, bioavailability (Yerien et al., 2016). The presence of fluorine atoms
facilitates a complex NMR analysis to further probe the local environment of the confined molecules. As shown
in our previous work, °F solid-state NMR spectroscopy allows for monitoring confined crystallization within
nanopores using flufenamic acid (Nartowski et al., 2016). Using 1°F NMR and *H-1°F HOESY MAS measurements,
Skorupska et al. demonstrated the structure and molecular dynamics of a benzoic acid cocrystal with fluorinated
benzoic acid encapsulated in MCM-41 and SBA-15 (Skorupska et al., 2015).

In this work we stabilised FLU in amorphous state for over 5 years using MCM-41 and SBA-15 while
controlled formation and 5 years shelf stability was achieved for metastable FLU form Il confined in MCF
materials. Two different temperatures in 'H-13C CP/MAS experiments were used to probe changes in local
mobility of confined species that undergo vitrification below 273 K. Using °F NMR spectroscopy we were able to
identify FLU in three different molecular environments: crystalline, amorphous, and surface species, which
corroborates our previous findings on flufenamic acid (Nartowski et al., 2016). As 14 out of 50 molecules
approved by the Food and Drug Administration in 2021 for clinical use contained halogenated moieties, the
investigation of the drug/host interactions using °F solid state NMR spectroscopy provides valuable insight into
control over the complex processes that govern crystallization in nanoconfinement (Benedetto Tiz et al., 2022).



The interactions of water with pharmaceutical formulations and the effect of moisture/water content
on the properties of pharmaceuticals have been investigated widely (Veronica et al., 2022). Exposure to moisture
greatly affects the stability of drugs through hydrolysis or other water-mediated reactions even in solid dosage
forms (Badawy et al., 2016; Hasegawa et al., 1975; Paszun and Stanisz, 2013). Moisture has also been
documented to induce polymorphic transformation or hydrate formation in APIs, which in turn may result in
changes in biopharmaceutical properties (Ando et al., 1992; Kato et al., 2006; Krueger et al., 2014; Otsuka et al.,
1999; Paisana et al., 2016). The interest for investigating the effect of water on formulation components also
stems from the documented enhanced molecular mobility, increased nucleation probability and subsequent
crystallization/phase separation of APls and polymers as a result of water uptake regarding e.g. solid dispersions
(Konno and Taylor, 2008; Mehta et al., 2016; Ohtake and Shalaev, 2013). The presence of water might also
influence the adsorption and migration of the drug in mesoporous silica carriers as well as their release profile
as investigated by Mellaerts et al. using itraconazole and Nile red encapsulated into SBA-15 materials with co-
adsorbed water (Mellaerts et al., 2011).

The aim of this work was to gain a molecular level understanding of fluconazole deposition and its
crystallization in MCM-41, SBA-15 and MCF silica matrices. These findings are of pharmaceutical importance, as
drug distribution inside nanocarriers and crystallization outcome can affect key parameters of drug formulation
such as release profile, bioavailability or stability. In addition, the combined application of 'H and °F MAS NMR
spectroscopy enabled us to identify for the first time the reversible effect of hydration and dehydration on the
distribution of confined phases (amorphous and surface species).

2. Materials and methods
2.1 Materials

Fluconazole (FLU) was a kind gift from pharmaceutical company PPF Hasco-Lek S.A. (Wroclaw, Poland). Pluronic
P-123, n-hexadecyltrimethylammonium bromide (CTAB), 1,3,5-trimethylbenzene, tetraethoxysilane (TEQS),
ammonia (37% wt.), sodium chloride, concentrated hydrochloric acid, methanol and ethanol were purchased
from Sigma-Aldrich and were used without further purification.

2.2. Mesoporous materials synthesis:

MCF particles were synthesised using method elaborated by Han et al. (Han et al., 2007). 8 g of Pluronic P-123
was dissolved in 150 mL of 1.5 M HCI solution in a polypropylene bottle at room temperature. 8 g of 1,3,5-
trimethylbenzene was added to the solution and then the bottle was placed in a water bath which was heated
t0 40 °C, constant stirring was applied for two hours. Then, 18.4 mL of TEOS was added dropwise and the contents
were stirred for 5 minutes. The obtained solution was aged at 40 °C for 20 minutes without stirring, followed by
the addition of 92 mg of NH,F and then further aging at 100 °C for 24 hours. The obtained product was filtered
and then rinsed with water and ethanol (EtOH). The material was dried in the oven at 40 °C for 24 hours. The last
stage of the synthesis was calcination at 900 °C for 10 hours in air atmosphere.

SBA-15 porous host was synthesised using procedure published by Zhao et al. (Zhao et al., 1998) with the addition
of NaCl in order to obtain a material with higher hydrothermal stability as described by Li et al. and Ryoo et al.
(Li et al., 2007; Ryoo and Jun, 1997). 4 g of Pluronic P-123 and 11 g of NaCl were dissolved in 125 mL of 2 M HCI
solution in a polypropylene bottle at room temperature. Then, 8.46 mL of TEOS was added and the contents
were stirred at 40 °C for 20 hours. The solution was placed in an oven at 90 °C for 24 hours. The product was
filtered, rinsed with water, and then left to dry. The calcination process was carried out at 500 °C for 8 hours in
air.

MCM-41 particles were synthesised using method reported by Griin et al. (Griin et al., 1999). 5 g of CTAB was
dissolved in 28.7 mL of water. A mixture of 120 g of EtOH and 97.7 g of 10 % ammonia was added to the CTAB
solution. The obtained solution was stirred for 15 minutes. Then, 9.4 g of TEOS was added followed by 24 hours
of stirring at 40 °C. The formed precipitate was filtered, rinsed with methanol and water, and dried in an oven at
90 °C overnight. The calcination process was carried out at 500 °C for 5 hours in air atmosphere.

2.3. Loading fluconazole into the mesoporous materials: The loading process was carried out using a sand bath
equipped with an external temperature sensor. Each sample was transferred into a crucible and then placed in



the sand heated up to 150 °C, ca. 10 °C above the melting point of fluconazole (141 °C). The drug/material mixture
was kept in the described conditions for 10 minutes with constant stirring using a spatula. This procedure was
applied to prepare all mixtures of MCF, SBA and MCM with fluconazole in different material to drug ratios: 50-
50, 60-40, 70-30, 75-25, 80-20 and 85-15 (wt.%).

2.4. Powder X-ray diffraction: Powder X-ray diffraction patterns were recorded employing a D2 Phaser
diffractometer (Bruker) with Cu Ko radiation (1.5418 A) and a LynxEye detector. Each composite was weighed in
an amount corresponding to approx. 25 mg of the neat silica material enabling for quasi quantitative assessment
of the silica reflections assessed in the low angle setup. To characterize the structure of the incorporated
fluconazole all samples were measured in the range of 26 5-36° with 0.02° increment and 2 s irradiation time per
step. Low angle diffraction patterns for the MCM and SBA materials (loaded and not-loaded) were recorded in
the range of 26 0.65-8° with 0.02° increment and 1 s irradiation time per step.

2.5. Differential scanning calorimetry: A DSC 214 Polyma calorimeter (Netzsch) was used to record the DSC
thermograms. 5-6 mg of the samples were weighed and then placed in standard 100 pl aluminium pans with
pierced lids and an empty pan with a pierced lid used as the reference. The heating range for all the samples was
0-150 °C with a heating rate of 5 K/min and the nitrogen flow of 50 mL/min.

2.6. Thermogravimetric analysis: TGA measurements were performed using TG 209 F1 Libra Thermobalance
(Netzsch). The sample weight of the loaded materials was 8-9 mg. The materials were placed in aluminium oxide
crucibles and heated from 25 to 800 °C. The heating rate was 10 K/min for up to 300 °C, then 20 K/min for up to
800 °C. Upon reaching 800 °C, the temperature was kept constant for 5 additional minutes of the measurement.
Nitrogen flow applied during the measurements was 50 mL/min; for the isothermal conditions an additional air
flow of 25 mL/min was added.

2.7. Gas sorption analysis: Adsorption-desorption isotherms of nitrogen were obtained using a Nova 2200e
Surface Area and Pore Size Analyzer (Quantachrome, Hook) at -196 °C. All samples were outgassed prior to the
analysis under a high vacuum at 40 °C for 12 hours. The pore size distribution analysis was performed using the
Barrett—Joyner—Halenda (BJH) algorithm using the Broekhoff-de Boer method for the estimation of adsorbed
statistical film thickness. The BET specific surface area was calculated using molecular area of nitrogen of
0.162 nm? over a relative pressure range from p/p,=0.05 to 0.20 assuming a monolayer coverage of the material
surface. For all three hosts, the size of the pores was calculated from the adsorption branch of the isotherms.
The size of the interconnecting pores windows of the MCF host was calculated from the desorption branch of
the isotherm (Han et al., 2007; Lukens, et al., 1999).

2.8. Solid-state NMR: Solid-state NMR experiments were acquired using a Bruker AVANCE Il solid-state NMR
spectrometer equipped with a triple resonance probe operating at 400.23 MHz for 'H, 376.57 MHz for 1°F and
100.64 MHz for 13C (9.4 T). Materials were packed to 4 mm zirconia rotors and spun at 10 kHz MAS rate. All host-
guest composites were analysed with single pulse *H, 1°F and 'H-13C cross-polarization/magic angle spinning
(CP/MAS) solid-state NMR experiments (*H 1t/2 pulse length 3.5 ps, °F /2 pulse length 3.6 ps). 'H-13C CP/MAS
spectra were acquired using RAMP CP pulse sequence with contact time of 2 ms and SPINAL64 decoupling during
acquisition. The Hartmann-Hahn conditions were set with hexamethylbenzene (HMB). The 13C chemical shifts
were recorded with respect to TMS and 1°F chemical shifts were recorded with respect to CFCl; setting PTFE peak
to -122 ppm. During measurements 16 increments were acquired with a maximum time delay of 20 s. Spectra
were recorded at 25 °C and -40 °C. The data were fitted using Bruker Topspin 3.1 software. Further *H and °F
analysis of FLU loaded composites was performed using a Bruker NEO spectrometer equipped with 1.3 mm triple
resonance probe operating at 850.22 MHz for 'H and 799.94 MHz for *°F (20 T) at the UK National high-field solid-
state NMR facility at Warwick. Materials were packed to 1.3 mm zirconia rotors and spun at an MAS rate of
60 kHz. All composites were analysed using single pulse 'H and '°F experiments. 16 scans were acquired using a
recycle delay of 20 s at 25 °C.

2.9. Theoretical monolayer loading capacity (MLC): The theoretical MLC for FLU-silica composites was calculated
using the equation proposed by Azais et al. (Azais et al., 2006):

SSA x 10%0 x MW

X
m S.x N,




where SSA is the specific surface area of silica particles (m? g), MW is the molecular weight of adsorbate
(g mol), S, is the contact surface area of individual adsorbate molecule (A2) and N, is Avogadro constant. The
dimensions of FLU molecules were calculated using the Olex2 v1.5 software (Dolomanov et al., 2009) and the
largest wall surface of the molecular bounding box was adopted as the S,.

3. Results and discussion
3.1. Loading efficiency of silica hosts

The starting form of FLU used for loading was identified as the polymorphic form I. This is the most
stable form of FLU with melting point at ca. 141 °C. The drug was loaded into MCM-41, SBA-15, and MCF silicas
with the pore diameter of ca. 3.2, 7.5 or 24 nm, respectively, using the melting method. Changes in pore diameter
and total pore volume according to the drug load were determined using nitrogen adsorption-desorption
analysis. A decrease in pore diameter and total pore volume followed the increase of drug load for all materials
(ESI Fig. S1, Table 1). Low-angle PXRD patterns measured for the loaded materials show a gradual attenuation of
the d[100] reflections for MCM and SBA (ESI Fig. S2A and S3A) confirming drug encapsulation into the materials
pores.

Table 1. Drug content in the MCM-41, SBA-15 and MCF hosts and structural parameters of the host after
loading.

FLU (g/8) | Viotai[cm®/g] | dpore [NM] | Sger [M?/g]

MCM-41 N/A 0.697 3.18 983.8
MCM-FLU 85-15 | 0.129 0.406 3.06 689.3
MCM-FLU 80-20 | 0.193 0.320 2.82 566.7
MCM-FLU 75-25 | 0.226 0.218 2.58 384.3
MCM-FLU 70-30 | 0.280 0.138 2.58 148.6
MCM-FLU 60-40 | 0.370 0.066 1.22 36.4

MCM-FLU 50-50 | 0.433 0.055 N/A 22.1

SBA-15 N/A 1.118 7.50 514.1
SBA-FLU 85-15 | 0.126 0.589 6.38 327.4
SBA-FLU 80-20 | 0.170 0.414 5.87 267.3
SBA-FLU 75-25 | 0.212 0.348 5.56 231.2




SBA-FLU 70-30 0.255 0.299 5.21 195.7
SBA-FLU 60-40 0.363 0.155 4.91 86.8

SBA-FLU 50-50 0.449 0.064 4.91 15.9

MCF N/A 1.867 24.04 337.7
MCF-FLU 85-15 | 0.133 1.083 24.06 236.0
MCF-FLU 80-20 | 0.190 0.990 24.21 229.6
MCF-FLU 75-25 | 0.233 0.884 24.09 190.8
MCF-FLU 70-30 | 0.254 0.842 23.83 190.9
MCF-FLU 60-40 | 0.406 0.716 24.24 169.3
MCF-FLU 50-50 | 0.489 0.362 24.21 73.06

3.2. Stabilisation of amorphous FLU in MCM-41 and SBA-15

Thermal behaviour of FLU in bulk state was investigated previously by Desai and Dharwadkar as well as
by our group for amorphous solid dispersions. Amorphous FLU crystallizes just after one hour into FLU form Il or
the FLU hydrate depending on the humidity (Desai et al., 2002; Nowak et al., 2019). Mesoporous MCM-41 and
SBA-15 carriers inhibited the crystallization of FLU leading to the stabilization of the amorphous phase for at least
5 years regardless of the drug content within the pores. Combined results from the PXRD measurements and
DSC analysis indicated the confinement of the drug molecules in the mesoporous carrier (leading either to a
stable amorphous phase or to confined crystals) or crystallization outside the pores. Careful evaluation of
thermograms should be carried out as a melting point depression can be observed for pore-confined molecules
according to the Gibbs-Thomson equation (Ha et al., 2009; Hamilton et al., 2012; Knight et al., 2019). The melting
point of the drug outside the pores has a similar value to that of the bulk crystals. Amorphization or decrease of
long-range ordering due to formation of nano-sized crystals can be observed for the confined molecules as
broadening of the PXRD reflexes (Ha et al., 2004). For the MCM-FLU composites with material-drug ratio up to
70-30 PXRD patterns show a “halo” characteristic for amorphous solids. MCM-FLU 60-40 exhibits low intensity
reflections and the MCM-FLU 50-50 pattern shows peaks at 7.8, 15.6 and 16.2 26, which could be assigned to
FLU polymorph II. (ESI Fig. S2B) However, the DSC thermogram (ESI Fig. S2C) for the MCM-FLU 60-40 does not
show any thermal events related to the melting of FLU. An endothermic event starting at 132.5 °C for MCM-FLU
50-50, which is close to the temperature of the bulk melting (135.6 °C), confirms the crystallization of FLU outside
the pores. PXRD patterns (ESI Fig. S3B) recorded for SBA-FLU show FLU amorphization for samples up to 60-40
ratio and crystallization of the drug outside the pores for the SBA-FLU 50-50. This is corroborated by a small
endothermic event at ca. 136 °C that might be assigned to the melting of FLU deposited on the outer surface of
the particles. No thermal events related to FLU melting occurred for the rest of the materials (ESI Fig. S3C). TGA
measurements (ESI Fig. S2D and S3D) follow the gradual increase of the drug content. Calculated first derivatives
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(DTG) (ESI Fig. S4) for the MCM-FLU 50-50 and 60-40 and the SBA-FLU 50-50 showed the FLU decomposition
onset at ca. 150 °C, i.e. a temperature similar to the thermal degradation of a neat FLU, indicating that part of
the drug is not confined within the pores. The decomposition of FLU confined within MCM-41 and SBA-15
materials loaded with lower drug content started at a higher temperature (at ca. 190 or 175 °C respectively)
which confirms FLU encapsulation.

1H-13C CP/MAS NMR spectra of FLU polymorphs supported by CASTEP calculations were described in
detail in our previous work (Nowak et al., 2022). Based on previously calculated isotropic chemical shifts for FLU
polymorphs in bulk state, four spectral regions can be depicted (Fig. 1 and ESI Fig S6). First region at 50-80 ppm
was assigned to the propylene backbone (C7, C8, C9). Two regions were assigned to the difluorobenzene ring at
100-135 ppm (C2, C3, C4, C6) and at 155-165 ppm for the carbons bound to fluorine atoms (C1, C5). The fourth
region at 140-145 ppm was assigned to the carbons located in the triazole rings (C10, C11, C12, C13). The NMR
spectra of MCM-FLU and SBA-FLU composites were recorded at 25 and -40 °C. The decrease of the acquisition
temperature to -40 °C resulted in an increased signal-to-noise ratio across all investigated materials and drug
loadings (compare Fig. 1 and ESI Fig S6). These data indicated that at RT the FLU molecules are in highly dynamic
state reducing the efficiency of polarization transfer during *H-13C CP/MAS experiments. In contrast, once the
confined FLU molecules have undergone vitrification, it allowed us to identify their dynamic state. Based on the
observed widening of 13C resonances, total drug amorphization took place in all MCM-41 and SBA-15 materials
except for the MCM-FLU 50-50, where peaks characteristic for FLU form Il loaded outside the pores of the hosts
were detected, in agreement with the PXRD results.
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Figure 1. Molecular structure of fluconazole with carbon and nitrogen atom labelling (A); *H-3C CP/MAS NMR
(9.4 T) spectra with different host/drug ratios recorded at -40 °C for MCM-41 (B), SBA-15 (C) and MCF (D).

3.3. Crystallization of FLU in MCF

Nitrogen adsorption-desorption measurements show a decrease in total pore volume with an increasing
drug content (Table 1). Depending on the drug content PXRD diffractograms exhibit the drug either in its
amorphous state (up to MCF-FLU 70-30) or in the crystalline form (ESI Fig. S5A). The beginning of FLU
crystallization can be observed for MCF 60-40 as low intensity reflexes are emerging from the baseline. The PXRD
pattern of MCF-FLU 50-50 shows an increased content of the crystalline form and broadening of the reflexes
indicates the appearance of submicron crystals. DSC measurements (ESI Fig. S5B) also point to drug crystallization
in the MCF-FLU 60-40 and 50-50 materials which is observed as endothermic events at 115.8 and 119.2 °C,
respectively. This is expected for confined nanocrystals (Jiang and Ward, 2014). Lack of any thermal event at
temperature above 130 °C confirms the total drug encapsulation. As confirmed by TGA and DTG results (ESI Fig.
S5C and ESI Fig. S4), drug degradation onset temperature for the MCF-FLU materials was shifted towards higher
temperatures as compared to the degradation temperature of neat FLU. Despite the smallest pore area among
the investigated materials, only MCF was able to fully load FLU inside the pores. This is in agreement with



previous reports where, despite an increase in surface area, loading efficiency decreased with decreasing pore
diameter. This is due to the spatial constraint imposed by small diameter of pores (Andersson et al., 2004;
Bavnhgj et al., 2019; Horcajada et al., 2004).

The NMR spectra for the MCF-FLU materials were recorded at -40 and 25 °C (Fig. 1 and ESI Fig. S6). The
spectra are in agreement with the PXRD and thermal measurements. MCF-FLU materials up to the 70-30
silica/FLU ratio contained amorphous FLU (as expressed by the peak broadening), while MCF-FLU 60-40 and 50-
50 exhibit peaks closely resembling FLU form Il with evident peak splitting in MCF-FLU 50-50 due to crystallization
of FLU form Il with two conformationally distinct molecules in the asymmetric unit (Z'=2). It is important to note
that this polymorph is a metastable form of FLU (Nowak et al., 2022).

3.4. Probing of FLU crystallization using °F NMR spectroscopy

Our previous work allowed us to obtain detailed insight into the mechanism of confined crystallization
of flufenamic acid using a combination of 1°F NMR spectroscopy and nitrogen adsorption analysis as the drug
was found in three dynamically different environment as highly mobile surface species, confined amorphous
state or confined crystals (Nartowski et al., 2016). Here, this approach was used to monitor the crystallization
process of FLU. The °F NMR spectra (20 T) (ESI Fig. S7) of bulk FLU form | (Z’=1) and Il (Z’=2) show a considerable
difference between these forms. Although FLU contains two fluorine atoms attached on benzene ring, only one
peak can be observed at -122.8 ppm for FLU form I. The spectrum of form Il with two molecules in asymmetric
unit exhibits four distinct peaks at -118.7,-120.2, -121.6 and -123.4 ppm. FLU-loaded silica scaffolds of different
porosity exhibited gradual increase of °F MAS NMR signal intensity with increasing content of FLU inside the
pores (Fig. 2, ESI Fig. S9). In the MCM-41 and SBA-15 materials characterized as amorphous by PXRD, two peaks
were observed in the °F MAS NMR spectra (-121.8 and -126.9 ppm) confirming the presence of FLU species in
two distinct environments. The peak at -121.8 ppm can be assigned to the amorphous FLU as its chemical shift
corresponds to that of neat amorphous FLU (ESI Fig. S7A). The intensity of this peak increases in line with the
drug load and indicates that the drug deposition inside the pores occurs gradually, in agreement with the N,
adsorption data. The intensity of the peak at -126.9 ppm is the highest for the respective drug/host ratios: MCM-
FLU 75-25, SBA-FLU 70-30 and MCF-FLU 80-20 (ESI Fig. S8, S10-11). Similar behaviour was observed for flufenamic
acid incorporated into mesoporous silica (Nartowski et al., 2016), where gradual saturation of silica surface phase
was confirmed by °F NMR. In contrast, for MCF hosts characterized by a lower surface area compared with SBA-
15 or MCM-41 silicas, only slight changes in the intensity of the peak at -126.9 ppm are observed for the FLU
loaded materials up to 30 wt.% drug content. As silicas pore surface area decreases with increasing pore
diameter, the decrease in surface phase contribution is expected, especially for the MCF host. The determined
intensities of the individual deconvoluted °F peaks attributed to the crystalline phase, in pore amorphous phase
and disordered surface phase were summed and the population of each phase was calculated. The amount of
FLU allowed to fill the surface, referred to as the monolayer loading capacity (MLC) (Azais et al., 2006; Dening
and Taylor, 2018), has been calculated. Experimental MLC was calculated as follows: (i) for a given system (e.g.
SBA-FLU), the sample with the largest FLU population assigned to the surface phase was selected based on the
deconvoluted °F MAS NMR spectra (e.g. SBA-FLU 70-30); (ii) the mass of fluconazole corresponding to the
surface phase was calculated from the percentage of surface phase population (e.g. 37 %) relative to the total
amount of FLU loaded in the selected sample (e.g. 0.255 g); (iii) the ratio of the mass of fluconazole corresponding
to the surface phase (e.g. 0.094 g) to the mass of pure silica in the given sample (e.g. 0.745 g) was calculated. The
experimental MLCs were determined to be 0.149, 0.126 and 0.091 (g/g) for MCM-41, SBA-15, and MCF
respectively, which is in line with the expected decrease in surface phase contribution. According to the °F NMR
spectra, simultaneous growth of both the amorphous and surface phase, even for low drug loads, with gradual
saturation of the surface is evident in the studied systems (especially in MCM and SBA). We observed this
behaviour in other materials e.g. flufenamic acid loaded in porous silicas, where both amorphous and surface
phases were located in the pore space (Nartowski et al., 2016). In addition, the theoretical MLC was calculated
(ESI Fig. S12, ESI Table S1) for MCM-41 (0.405-0.448 g/g), SBA-15 (0.212-0.234 g/g), and MCF (0.139-0.154 g/g).
Experimental MLC values were found to be lower than theoretical MLCs. However, the proposed model for
theoretical MLC calculation is somewhat simplified and assumes that the entire surface is available for the
adsorbate. This may not be accurate for mesoporous materials, as theoretical MLC calculations utilise nitrogen
adsorption data (it is important to note that FLU molecules are larger than N,). These calculations also do not
take into account the true density of the molecules being incorporated or the loading method used (Bavnhgj et
al., 2019; Vranikova et al., 2020).
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Figure 2. Deconvoluted °F MAS NMR (20 T) spectra of FLU-loaded MCM (A), SBA (B) and MCF (C) materials with
different drug loads. Black lines — experimental; green lines — cumulative; blue - amorphous; orange — surface.
Filled AUC — crystalline: blue, green, magenta and cyan — FLU form Il; grey — additional crystalline phase.

Along with PXRD and DSC measurements, °F NMR spectroscopy allows for observation of the FLU
crystallization process. Crystalline FLU form Il has two molecules in the asymmetric unit (Z’=2) and its four
fluorine atoms do not exhibit magnetic equivalence, hence we observe four distinct peaks in the *F NMR
spectrum. Emerging peaks corresponding to FLU form Il (ESI Fig. S7B) can be observed in the MCM-FLU 50-50
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and SBA-FLU 50-50 spectra at -119.0, -120.2, -121.5 and -123.9 ppm. An additional peak is observed at -
117.0 ppm corresponding to the FLU hydrate (ESI Fig. S7A). First signs of crystallization can also be detected at
the 40 wt.% drug loading by a minor peak arm elevation in the -116 to -122 ppm region in comparison to the
MCM-FLU and SBA-FLU 70-30 spectrum. For the MCF FLU-loaded materials, the °F MAS NMR spectra exhibit
crystallization signs starting with the emerging peak at-123.9 ppm for the MCF-FLU 70-30 material. The materials
loaded with 40 and 50 wt.% of FLU show distinct peaks characteristic of FLU form Il as corroborated by the PXRD
data. Ca. 3-5% of crystalline FLU was found in MCM and SBA hosts while ca. 20% of FLU form Il was found in MCF
composites as quantified by *°F peaks deconvolution. The increase of the crystalline component is followed by
the decreased intensity of the peak corresponding to the FLU surface species. The content of the crystalline phase
in the MCM-FLU 60-40 material is estimated at only 3.4%. Considering the possible close contact of the crystalline
species with the non-crystalline phase that exhibits an increased mobility during heating, the crystalline phase
might dissolve, rather than melt, over the course of the DSC measurement and would not exhibit a visible melting
point.

19F solid-state MAS NMR spectra were recorded using two different field strengths: 20T (at 25 °C)
and 9.4 T (at 25 and -40 °C). Figures S8, S10 and S11 display gradual changes of deconvoluted peak intensity
assigned to surface, amorphous and crystalline domains with increasing FLU loadings. Calculation of relative
populations of components with different levels of ordering enabled us to observe the temperature-dependent
changes of phase contributions as indicated by the increase (ca. 10%) of amorphous phase content at -40 °C and
simultaneous decrease of the surface species contribution in the MCF-FLU materials. For the MCM-FLU
composites these changes are more pronounced, with a maximum difference up to 20% for MCM-FLU 70-30. For
the SBA composites such evident changes were not observed (maximum difference of ca. 7% for SBA-FLU 70-
30).

3.5. Understanding of phase transformations of confined pharmaceuticals upon storage

The °F NMR spectra also showed differences between fresh and stored samples of the loaded silicas
(Fig. 3). The water content in the FLU materials with 25 wt.% drug loading was found to be 0.55, 0.41 or 0.10
wt.% for the MCM, SBA and MCF composites, respectively (ESI Fig. S13). The materials were dried under
controlled conditions to investigate the effect of humidity on FLU organisation in the pores. The phase
distribution of FLU species was found to depend on the hydration level of the materials.

Additionally, *H NMR spectra of the FLU composites were recorded. In accordance to Malec et al. we
could distinguish specific regions in the H solution-state NMR spectra that can be assigned to the FLU triazole
rings (Hb, Ha), the difluorobenzene rings (Hc+e, Hd) and the propylene backbone (Hf) (Fig. 1A) (Malec et al.,
2023). These designated regions are in agreement with isotropic chemical shifts for three polymorphic forms of
FLU (form I, Il and 1V) calculated using CASTEP. These forms show different molecular conformations (ESI Fig.
S14, ESI Table S2). For the MCM-FLU composites stored at 50-60% RH (the RH condition in the lab) the amorphous
phase (78%) is more populated than surface species (22%) based on °F NMR spectra. After oven drying at 75 °C
for 30 min (water removal) an inversion of the phase distribution was observed with the amorphous phase
content of 49 % and the surface species content of 51 %, which may be explained by an increase in the surface
area available for FLU molecules, as it is no longer occupied by water molecules. Afterward, the materials were
exposed to atmospheric humidity and the phase contribution reversed again, reaching the contribution of phases
at 66 and 34% for amorphous and surface phases, respectively. According to a previous study (Skorupska et al.,
2014), the exposure of MCM with incorporated ibuprofen (IBU) to elevated humidity leads to penetration of the
water molecules deep into the material pores and even partial expulsion of IBU from the pores. 'H and 13C
CP/MAS NMR measurements performed in another study confirmed changes in the molecular mobility of IBU
incorporated in MCM-41 depending on the presence of water, also noting the reversibility dependent on drying
or exposure of the materials to atmospheric humidity (Gackowski et al., 2021). The possibility of water diffusion
into the pores with the incorporated drug further supports the possibility of changes in the distribution of FLU
phases in silica materials. Additionally, according to the differences observed in the *H-3C CP/MAS NMR spectra
recorded at different temperatures (Fig. 1, ESI Fig. S6), FLU molecules inside the pores are not in a static state,
even at RT (Azais et al., 2006; Babonneau et al., 2004), which allows for the changes in a phase contribution. The
increase in temperature during the drying of the materials further affects the mobility of the molecules by
facilitating the redistribution of FLU species from the amorphous to the surface phase. Changes in the *H NMR
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spectra of dried MCM composites were also observed as peak broadening which was found to be reversible upon
material rehydration. Similar observations were made for the SBA-FLU materials as the relative populations of
amorphous and surface species content, based on the °F NMR spectra, changed from initial values of 45% and
55%, respectively, to 29% and 71% upon drying of the samples. Rehydration of these materials resulted in the
expected reversal of the phase contribution with the amorphous phase content of 37% and the surface species
content of 63%. The 'H NMR spectrum recorded for the dried SBA-FLU composites exhibits similar peak
broadening as in the MCM composites. However, the spectrum recorded for the rehydrated SBA material shows
only minor changes in peak width, indicating that a longer contact time with water may be required to fully
redistribute the phases. For the MCF-FLU materials the contribution of the amorphous and surface species
(initially 82 and 18%, respectively) based on the H and °F NMR spectra did not exhibit significant differences
upon oven drying at 75 °C for neither 30 nor 120 minutes. This is not unexpected, as water content in MCF-
composites is much lower than that of MCM-41 and SBA-15, so competition between water and FLU for the
available surface was not observed.

These hydration/dehydration dependent changes in phase distribution of encapsulated drug species
might stem from the forces that govern the drug/host, drug/water and water/host interactions. According to
Delle Piane et al., the exposed silanol functional groups located on the silica pore surface exhibit high affinity for
water (Delle Piane et al., 2014b, 2014a). This is further supported by experimental studies using NMR
spectroscopy, where various local environments of water incorporated in silica matrices are detected, including
a phase with high affinity for the silica surface (Griinberg et al., 2004; Pajzderska et al., 2014). Therefore, a
competition adsorption of water and drug species is likely to take place at the silica surface. Dehydration of the
composites may increase the access to pore surface for FLU molecules. This, in turn, will allow for higher
population of FLU surface species observed in the °F NMR spectra for oven dried MCM and SBA materials
(Gackowski et al., 2021).
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Figure 3. IH MAS NMR (20 T) spectra (left) and 1°F MAS NMR (20 T) spectra (right) of MCM, SBA and MCF FLU-
loaded materials recorded during hydration/dehydration studies. Phase content of amorphous (blue) and surface
(orange) species is marked as percentages of the AUC.

4. Conclusions

Mesoporous silica can be used as platforms for directed crystallization. In our work MCM-41, SBA-15
and MCF silica matrices were used to encapsulate fluconazole using the melting method. Using structural and
thermal analysis we have confirmed that amorphous FLU can be stabilized by nanoconfinement in MCM and SBA
silicas while crystallization of fluconazole form Il was confirmed inside the MCF pores. The application of high-
field 1°F solid state NMR spectroscopy for monitoring the local environment of nanoconfined FLU has been
demonstrated in this work. Three different domains of FLU molecules have been identified and quantified:
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surface, amorphous and crystalline (Scheme 1B-D). Pore size dependent specific changes in phase contribution
were found for the MCM and SBA composites. As these materials are characterized by higher pore surface area
than MCF, a gradual increase in contribution of the FLU amorphous and surface species is observed in line with
the drug to silica ratio. The surface saturation for MCF matrices was found to occur at lower drug loadings due
to MCF lower pore surface area compared with other composites used in this study. 1°F solid-state NMR
spectroscopy allowed for detection of encapsulated crystalline FLU species inside the mesopores of MCF. At 30
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Scheme 1. The effect of hydration level on FLU phase distribution (°F MAS NMR) in MCM-FLU 75-25 (A).
Schematic representation of FLU phases inside mesoporous materials based on N, adsorption data and °F
NMR analysis (B, C and D).
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wt.% drug content first signs of FLU crystallization can be observed in the *F NMR spectrum, while for the 40
and 50 wt.% drug loads all four peaks assigned to FLU form Il are identified.

To the best of our knowledge, the effect of pore size on the hydration/dehydration processes on phase
behaviour of silica encapsulated FLU monitored by °F solid-state NMR is described here for the first time
(Scheme 1A). For MCM-41 and SBA-15 based composites, reversible changes in the population of different FLU
domains were observed due to the possible competition adsorption with water molecules. With the emerging
role of halogenated new chemical entities as pharmaceutical agents (Benedetto Tiz et al., 2022), this work further
highlights the application of 1°F solid-state NMR spectroscopy to monitor the nucleation of nanoconfined guest
molecules and probe the complex interactions of drugs with pharmaceutically relevant carriers. The engineering
of mesoporous silica hosts coupled with the experimental evidence of humidity influence on the different drug
environments in nanoconfinement calls for further studies investigating the impact of storing conditions on the
stability of novel pharmaceutical formulations based on this type of composites.
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