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Porous silicon has found increased attention as a drug delivery system due to its unique 

features such as high drug payloads, surface area and biodegradation. In this study 

supercritical fluid (SCF) assisted drying of ultrahigh porosity (> 90%) silicon particles and flakes 

was shown to result in much higher mesopore volumes (~ 4.66 cm3/g) and surface areas (~ 

680 m2/g) than with air-drying. The loading and physical state of the model drug (S)-(+)-

Ibuprofen in SCF dried matrices was quantified and assessed using thermogravimetric 

analysis, differential scanning calorimetry, UV-Vis spectrophotometry, gravimetric analysis, 

gas adsorption and electron microscopy. Internal drug payloads of up to 72% were achieved 

which was substantially higher than values published for both conventionally dried porous 

silicon (17-51%) and other mesoporous materials (7-45%). In-vitro degradability kinetics of 

SCF-dried matrices in simulated media was also found to be faster than air-dried controls. The 

in-vitro release studies provided improved but sustained drug dissolution at both pH 2.0 and 

pH 7.4  

Keywords: Porous silicon, Ibuprofen, Supercritical fluid, Controlled release, degradable.

1 Introduction

Mesoporous materials are receiving increasing attention for drug delivery due to their 

biocompatibility and controlled morphology (e.g., pore size and surface area) [1-3]. 

Moreover, the ability to tune the delivery of therapeutic levels of drug substances by 

restricted diffusion, matrix biodegradation, or combination of both make these materials 

highly attractive in the development of controlled release formulations.



Drug loading level in mesoporous materials is one of the most important key parameters 

to achieve required release and drug concentration in the blood after administration. 

Reservoir systems for drug delivery typically achieve higher payloads than matrix systems but 

can suffer from “dose dumping”. Matrix systems that are mesoporous and biodegradable can 

minimise such risks and provide controlled delivery of the drugs entrapped within. One of the 

limitations of using mesoporous materials in drug delivery is the inadequate drug loading 

which is largely dependent on the type of particles along with pore sizes and volumes. There 

are several studies where porous materials such as silica nanoparticles (MCM-41, SBA-13) 

[4,5], anodised silicon (pSi) [6] or carbon [7] with pore volumes ranging from 0.5 – 2.2 cm3/g 

have been used successfully for drug loadings varying from 10 – 40%. 

This variability in drug loading level usually corresponds to the properties of a given 

matrix such as the pore volume and/or porosity but high porosity doesn’t always result into 

improved drug loading. For example, silica aerogels can have extremely high pore volumes 

(e.g. 2-10 cm3/g) but drug loading levels have generally remained limited to 10-40 wt% due 

to issues related to their mechanical integrity upon exposure to a liquid during the drug 

entrapment procedure [8]. This issue can be addressed by the application of SCFs but the 

relatively low solubility of pharmaceuticals in common solvents such as supercritical carbon 

dioxide (scCO2) can be a limiting factor in achieving the desire drug loading into a mesoporous 

matrix [5, 9]. 

Mesoporous materials such as aerogels have gained significant interest especially as 

drug delivery systems due to their unique properties such as the high specific area and the 

increased drug loading capabilities [10]. In addition, the drug encapsulation in the porous 

network facilitates the transformation of the drug into a stable amorphous state and results 

in increased dissolution rates of water insoluble active pharmaceutical ingredients (APIs). As 

silicon aerogels come in contact with gastrointestinal fluids the penetration of the liquids 

causes the destruction of the porous network due to the created sizable capillary forces. 

Trucillo et al by using supercritical CO2 entrapped ampicillin loaded liposomes in alginate 

aerogels with the aim to create a meta – carrier [11]. The authors found that the nanoporous 

structure of alginate gels was well preserved by CO2 drying while the ampicillin release rates 

from the meta – carriers were doubled compared to liposome nanoparticles. In general CO2 

has been successfully used for processing of liposome drug delivery systems [12-14]. The CO2 

absorption was used to encapsulated anti - inflammatory active substances (NSAIDs) in maize 



starch (MSA) and calcium alginate aerogels (CAA) respectively [15]. The biopolymer aerogels 

were found to possess different effect on the drug dissolution rates with MSA featuring faster 

release rates while CAA facilitated a controlled release manner for the NSAIDs.

A scCO2 – foamed aerogel comprising of silk fibroin as cell adhesion promoter and poly(e-

caprolactone) as biopolymeric matrix loaded with dexamethasone (DX) or the salt (DS) for 

bone regeneration was recently reported [16,17] The drug form showed differences in the 

release rates while the scaffolds fulfilled the required properties such as porosity, pore size 

distribution and interconnectivity which are required for bone repair.  In vivo animal trials 

revealed the importance of the drug selection in promoting bone regeneration where several 

formulations presented increased number of ossification foci.  There are several studies 

where aerogels have been used for drug loading applications [18 – 20], cosmetics [21], 

catalysis [22], sound absorption and many other applications [23 – 28]. Similarly, scCO2 has 

been employed in producing cyclodextrin complexes with BCS II drug for solubility 

improvement [29-31]. For example, Benznidazole complexation in -cyclodextrin resulted in 

significantly higher drug dissolution in comparison to the drug alone. The application of scCO2 

in performing solvent-free encapsulation is also very common e.g. ketamine-loaded porous 

silicon particles led to sustained drug release after encapsulation in poly(lactic-co-glycolic 

acid) [32]. 

In this regard, the use of aerocrystals with high porosity is of great interest [33, 34]. 

Aerocrystals (crystalline matrices of greater than 85% porosity) have similar surface areas and 

pore volumes to the more common amorphous “aerogels” but markedly different 

morphologies and mechanical properties. This can result in differing drug loading levels 

achievable, particularly if the mechanical strength of the matrix differs appreciably. However, 

conventional drying methods usually result in collapsed pores and lower porosity than 

expected. Novel methods such as scCO2 assisted drying can overcome issues associated to 

conventional methods as it is benign and has excellent miscibility with commonly used organic 

solvent which can allow efficient drying of aerocrystals without compromising the resultant 

porosity [35]. 

This work discusses the scCO2 drying of aerocrystals and its effect on the resultant porosity 

and surface area when compared to the oven-dried samples. Furthermore, we investigated 

the drug loading capacity of the aerocrystals with the highest surface area and the dissolution 



rates of ibuprofen as model active substance. The drug loading was performed by the melt-

intrusion method to achieve quick and uniform drug loading into the porous aerocrystals [36]. 

2 Materials and Methods

2.1 Materials

3-aminopropyltriethoxysilane (APTES), 3-aminopropyltriethoxysilane (APDMES) and (S)-(+)-

Ibuprofen (IBU) were purchased from Sigma Aldrich, UK. Liquid carbon dioxide with 99.9% 

purity was supplied from BOC Ltd., UK. All other solvents and buffers also obtained from 

Sigma Aldrich, UK and were research-grade chemicals.

2.2 Methods  

2.2.1 Manufacturing

Porous silicon aerocrystal layers were prepared according to the method described by 

Canham et al [33]. Briefly, aerocrystals synthesis was performed on 150 mm diameter p-type 

wafers (resistivity range 0.005-0.02 cm) by electrochemical anodisation in hydrofluoric 

acid/methanol-based electrolyte mixture to obtain 200 µm silicon layers of high porosity (> 

85%). Each layer was partially detached from the wafer immediately after anodisation via high 

current density pulse and transferred to methanol bath. The layer fragments were kept wet 

throughout detachment and transfer to methanol was done immediately to avoid air-drying 

which can result in the collapse of highly porous structures. The wet fragments were rinsed 

several times using fresh methanol to minimise residual hydrofluoric acid and were stored 

thereafter in absolute ethanol until scCO2 drying.

2.2.1 Supercritical carbon dioxide drying of aerocrystals

scCO2 drying was carried out using a Quorum Technologies Ltd K850 dryer. 1 g of aerocrystal 

was transferred directly from ethanol storage to the drying chamber. As the first step, drying 

chamber was continuously flushed with liquid CO2 to replace ethanol in pores with CO2. Each 

flushing step comprised of stirring for 4 min, with a static 1 min soak followed by partially 

emptying the chamber and replenishing it with fresh CO2. The presence of ethanol in the CO2 

stream was determined visually at the chamber outlet, as evinced by the presence of a damp 



patch on filter paper. This first step was repeated 10 times to remove majority of ethanol 

from aerocrystals. The temperature of the high-pressure vessel was then increased to 32 °C 

for scCO2 drying to commence at 1100 psi in the second step. Equivalent air-dried samples 

(dried at room temperature on removal from the ethanol storage) were used as controls.

2.2.2 Surface Passivation

The internal surface area of as-anodised porous silicon is terminated with chemically reactive, 

hydrophobic Si-Hx bonds (x=1,2,3). To obtain a low-reactivity internal surface, each scCO2 

dried sample was thermally oxidised at 600 °C for 16 h in a mixture of oxygen and nitrogen 

(1:99), which also rendered them hydrophilic.

2.2.3 Porosity, Surface Area and Pore Volume Measurements

The gravimetric porosity was calculated using the weight of the porous silicon, along with the 

density of bulk silicon and the total weight loss due to anodisation. Nitrogen gas 

adsorption/desorption [36] was carried out using a Micromeritics Tristar 3000. The samples 

were degassed under flowing nitrogen at 90 °C for 1 h before analysis. Computational analysis 

of the isotherms yielded absolute values for surface area (based on the Brunauer-Emmett-

Teller (BET) method), pore volume (based on the Barrett-Joyner-Halenda (BJH) adsorption 

method, with P/Po chosen to represent the maximum available pore volume) and average 

pore diameter (from single-point adsorption). From the pore volume, the average porosity 

was calculated and compared with the gravimetric value.

Thermoporometry, was also used to confirm the pore volume and pore diameter of 

aerocrystals. The technique determines pore size based on the melting or crystallization point 

depression of a liquid confined within pores. 3-5 mg of sample was hermetically sealed into 

aluminium pans for the differential scanning calorimeter (DSC) analysis. The temperature 

shifts was measured using DSC for cyclohexane exothermic freezing and endothermic melting 

within the temperature range of -45°C to 10 °C, at a heating rate of 0.5 °C/min under N2 gas 

purge of 60 mL/min. 



2.3 Ibuprofen Loading

Drug loading was performed only on the scCO2-dried aerocrystals. Dried aerocrystals were 

gently hand-milled using pestle and mortar prior to IBU loading by the melt-intrusion method 

[36]. Briefly, 1.4 g of IBU was melted on a hot plate at 70 °C and then 0.5 g of aerocrystals of 

preferred aerocrystals was slowly added under constant stirring to ensure a homogeneous 

mix of the drug within the porous particles. The drug adsorption in melt-intrusion method 

occurs as a result of strong capillary action generated within the mesopores. The formulation 

was allowed to cool to room temperature and gently ground using mortar and pestle to 

separate agglomerated particles and stored at room temperature in a sealed vial. The drug 

loading was determined after 6 weeks of storage to ensure complete drug recrystallization 

before the analysis.

The presence of drug was also studied using cross-sectional SEM/EDX analysis. Individual 

aerocrystal flakes were immersed in molten IBU for 10 min at 50 °C to facilitate drug ingress 

into the porous material. Both sides of the flakes were wiped carefully with a filter paper after 

the removal from the melt followed by methanol-soaked swabs to remove the surface 

adsorbed ibuprofen.

2.4 Drug Payload Evaluation

2.4.1 Theoretical maximum payload based on porosity

The maximum theoretical drug payload was calculated based on the crystalline density of the 

model drug (ρdrug = 1.093 g/cm3) and accessible pore volume of porous silicon (VpSi) as shown 

below:

  (Eq 1)𝑷𝒂𝒚𝒍𝒐𝒂𝒅 = [
𝑽𝒑𝑺𝒊 × 𝝆𝒅𝒓𝒖𝒈

𝟏 + 𝑽𝒑𝑺𝒊 × 𝝆𝒅𝒓𝒖𝒈
] × 𝟏𝟎𝟎

The theoretical payloads were compared with the experimental data generated by N2 

adsorption, TGA, UV spectroscopy, and HPLC.



2.4.2 Payload via N2 Adsorption Data

The drug loading (%w/w) via N2 adsorption data was calculated from BJH pore volume of 

empty and loaded ) aercrystal particles using the following equation:𝑉𝑙𝑜𝑎𝑑𝑒𝑑

(Eq 2)𝐷𝐿 = [(𝑽𝒑𝑺𝒊 ― 𝑽𝒍𝒐𝒂𝒅𝒆𝒅) × 𝝆𝒅𝒓𝒖𝒈

𝟏 + 𝑽𝒑𝑺𝒊 × 𝝆𝒅𝒓𝒖𝒈 ]       

2.4.3 Payload via Thermal Analysis

Thermogravimetric analysis (TGA) was carried out by heating the formulation at 10 °C/min to 

500°C under a constant flow of N2 (50 mL/min) and the weight loss was monitored. For DSC, 

the 3-5 mg of sample was loaded into a hermetically sealed aluminium pan and heated from 

-80 to 70 °C at a heating rate of 10 °C/min under N2 flow (60 mL/min). The instrument was 

calibrated for the melting point and heat of fusion (Tm [°C] and ΔHm [mJ mg−1]) of Indium 

(156.6°C and 28.4mJ mg−1).

2.4.4 Payload via UV-Vis Spectroscopy

An accurately weighed quantity (10 mg) IBU-loaded aerocrystals were dispersed in 10 mL of 

methanol, stirred at 500-700 rpm for 30 min, followed by sonication for 15 min to recover the 

drug from the aerocrystal matrix. The methanol solution was then diluted in 900 mL of 

phosphate buffer (pH 7.4) and analysed using a Shimadzu UV-160 (Shimadzu, Japan) at 214 

nm to determine the IBU content in the media.

2.5 Qualitative Analysis of Loaded Drug 

2.5.1 X-Ray Diffraction (XRD)

XRD was used to determine the solid state of the pure active substance, physical mixtures and 

extracted materials, using a Bruker D8 Advance in 2Ɵ mode. A Cu anode at 40 kV and 40 Ma, 

parallel beam Goebel mirror, 0.2 mm exit slit, LynxEye Position Sensitive Detector with 3° 

opening (LynxIris at 6.5 mm) and sample rotation at 15 rpm were used for the analysis. Each 

sample was scanned from 2 to 40° 2Ɵ with a step size of 0.02° 2Ɵ and a counting time of 0.1 

seconds per step.



2.5.2 Plan-View Scanning Electron Microscopy (SEM)

The SEM micrographs of powders were obtained using Hitachi SU8030 electron microscope 

(Hitachi, Tokyo, Japan. The samples were placed on a double-sided carbon adhesive tabs and 

coated with an ultrathin layer of carbon to minimize charging. The surface morphology of the 

loaded porous silicon was evaluated using a nominal magnification of 1000 (area = 0.012 

mm2) and higher magnifications were used to probe the morphology of any surface deposits. 

The accelerating voltage of the incident electron beam was set at 8 kV. This value was selected 

in order to minimize sample damage by the beam while maintaining adequate excitation.

2.5.3 Atomic Force Microscopy (AFM)
AFM analysis was performed on tapping mode using an easyscan 2 microscope (Nanosurf, 

Switzerland) and Tap 190Al-G cantilevers (BudgetSensors, Sofia, Bulgaria). The drive 

amplitude and the relative set point were chosen in a way that the intermittent force between 

the oscillated tip and the substrate would be minimum. The analysis of the images was 

performed using Nanosurf Eeasyscan software (Image Metrology, Hørsholm, Denmark). 

Statistical analysis was performed by using R statistics.

2.5.4 Cross-Sectional SEM/EDX 

The internal spatial distribution of loaded drug was evaluated with a Hitachi 4800 Mk2 HRSEM 

(Hitachi, Tokyo, Japan). Aerocrystal flakes were freshly cleaved prior to analysis and the 

spectra were collected at 5 - 6 kV and processed using INCA software. Reference EDX spectra 

of pure drug available in powder form were also acquired to assess their stability under 

electron beam irradiation.

2.6 In-vitro degradability 

The in-vitro degradability of aerocrystal flakes was determined by holding them in open 

platinum meshes in Tris buffer (50 mM) at pH 7.4 and 37 oC. Approximately 10 mg (±1.0 mg) 

of sample was suspended in TRIS buffer and 1.5 mL of sample was withdrawn at each time 

point. Sink conditions were maintained throughout the analysis and silicic acid generation was 

monitored by the molybedate blue assay over a period of 20 days [37]. The samples were 

stored at 4 ºC till the time of analysis.



2.7 Drug Release Study

A USP type II Erweka DT 720 dissolution apparatus (Erweka, Hessen, Germany) was used to 

monitor the in-vitro dissolution profiles of IBU using the rotating basket method. 

Approximately 100 mg of drug-loaded aerocrystals was placed in each vessel containing 900 

mL of dissolution media (phosphate buffer at pH 7.2 and 0.1 N HCl at pH 2). The dissolution 

media was equilibrated at 37 ± 0.5 °C at 100 rpm prior to introducing the drug containing 

flakes in the vessels. Samples were withdrawn at predetermined time intervals (10, 20, 30, 

40, 50, 60, 80, 100 and 120 min) using a peristaltic pump attached to the dissolution apparatus 

and the drug release was quantified using a Shimadzu UV-160 spectrophotometer (Shimadzu, 

Tokyo, Japan) at 214 nm. 

3 Results and Discussion

The electrochemical anodisation results in highly porous silicon wafer but conventional drying 

processes result in collapsing of the pores due to associated capillary forces during the solvent 

evaporation. Hence, silicon wafers were dried using scCO2 to preserve the porous structures 

and specific surface area that can facilitate high drug loading in the matrix. The drying process 

in scCO2 is governed by its effective mixing with the solvent in the pores followed by the 

gradual removal of the EtOH from the network. Initially, only convective mass transfer takes 

place due to the excess of EtOH in and around the wafers. The drying thereafter becomes 

diffusion controlled as the scCO2 content in the pores increases until the complete removal 

of EtOH is achieved. Moreover, scCO2 drying ensures that integrity of the network is not 

compromising during the drying process due to the lack of capillary forces responsible for 

collapsing the pores in conventional drying. Table 1 shows the nitrogen adsorption data for 

various air-dried and scCO2-dried aerocrystals.

Table 1: Nitrogen gas adsorption and porosity data comparing air-dried and scCO2-dried 

aerocrystals.



Sample
BET Surface Area

(m2/g)

Pore 

Volume 

(cm3/g)

Average Pore 

Diameter 

(nm)

aPorosity 

(%)

bPorosity 

(%)

S1 476/491 2.28/3.01 19.3/24.6 84.2/87.5 88.8

S2 441/514 2.32/3.03 21.1/24.3 84.4/87.6 88.8

S3 483/525 2.32/3.15 18.8/23.9 84.4/88.0 89.8

S4 484/536 2.29/3.41 18.6/24.3 84.2/88.8 90.7

S5 498/534 2.32/3.40 18.2/27.0 84.3/88.8 92.1

S6 560/587 2.18/3.11 15.4/26.1 83.5/87.8 90.5

S7 459/536 2.36/3.31 20.3/24.6 84.6/88.5 89.3

S8 543/573 2.39/3.81 17.8/26.5 84.8/89.9 91.3

S9 562/591 1.38/3.68 9.6/28.0 76.3/89.5 92.3

S10 562/583 1.82/3.12 12.5/22.6 80.9/87.9 90.9

S11 585/592 1.34/3.05 8.9/23.5 75.7/87.6 93.0

S12 630 4.66 29.5 91.6 95.2

S13 681 3.96 23.0 90.2 96.7

*(italicised data: air-dried equivalent; a porosity from pore volume; b gravimetric porosity as 

calculated using aerocrystal weight, bulk silicon density and weight loss due to anodisation); 

the best two scCO2-dried samples (S12 and S13) are included for reference.

The gas adsorption and gravimetric data (Table 1) confirm the advantage of scCO2 drying over 

air-drying with respect to higher specific surface area, pore volume, total porosity and 

average pore size. The specific surface area of air-dried and scCO2- dried samples ranged from 

440-590 m2/g and 630-680 m2/g, respectively. Similarly, gravimetric pore volume of scCO2-

dried samples was as high as 97% in comparison to around 89-93% of air-dried samples. The 

average pore sizes of scCO2-dried samples were also larger (23-30 nm) than the samples 

obtained after air-drying (write the number once we know why we have two -three numbers 

for each sample). Consistently higher specific surface area, pore volume, porosity and average 

pore size obtained from scCO2-dried aerocrystals clearly indicate that the air-dried samples 

have been significantly compromised by the collapse of the porous network. The scCO2-dried 

samples resulted in the porosities very close to the gravimetric values (Table 1), which 

suggested that there was no loss of porous network during or due to the drying process.



3.1 Drug Loading Studies

The drug loading in this work was performed via melt-intrusion process that involves 

displacement of air from the pores followed by complete and uniform pore filling by the 

melted drug [36]. This is a very simple and quick process to obtain desired drug loading into 

the porous flakes and, also does not lead to collapsed pores. The excess drug present on the 

surface can then be easily removed by simply wiping the surface off with a chosen solvent 

after the completion of drug loading process. The SEM micrographs presented in Fig. 1 of drug 

loaded aerocrystal flakes confirmed the absence of significant levels of drug on the surface of 

the nanostructure. 

2.0 m

10.0 m

Fig. 1: a) SEM micrographs of ibuprofen melt loaded aerocrystal flakes and b) Schematic 

illustration of nanostructured porous silicon filled with (S)-(+)-ibuprofen

The surface area and pore volume values of pre- and post-loaded aerocrystals is presented in 

Table 2. The thermal oxidation of samples results in the reduction of surface area, pore 

volume and pore sizes as shown in table 2. Sample S6 (Table 1) was chosen for drug loading 

studies which had a surface area of 587 m2/g, that reduced to 415 m2/g after thermal 

oxidation. There were similar reductions in the pore volume and average pore diameter 

values from the pre-oxidation values. Such a decrease is likely to be attributed to the 



expansion of the structure due to SiO2 formation and/or significant expansion of the structure 

leading to obstruction of the pore openings. 

The surface area and pore volume of aerocrystals reduced from 420 to 5.3 m2/g and from 

2.28 to 0.036 cm3/g, respectively after ibuprofen loading. Reduction in the surface area and 

pore volume is a clear evidence of drug loading in the pores. However, unchanged pore 

diameter values could be due to the incomplete filling of the pores that may give access to N2 

adsorption during analysis as shown schematically in Fig. 1.

Table 2: Nitrogen gas adsorption data of thermally oxidised porous silicon and (S)-(+) 

Ibuprofen loaded aerocrystals.

Sample
BET Surface Area 

(m2/g)

Pore Volume 

(cm3/g)

Average Pore 

Diameter (nm)

Aerocrystals 420 2.28 25.9

IBU loaded aerocrystals 5.30 0.036 27.2

Fig. 2 presents the topographic and phase images of silicon aerocrystals with and without 

loaded IBU. The topographic AFM image demonstrates the roughness of the surface which is 

also is presented in the SEM results. Surface roughness were identified in the root mean 

square (RMS) value and was estimated to be 132.26 (±62) nm for the IBU loaded samples, and 

30.43 (±18.13) nm for silica flakes. Moreover, a post-hoc Tukey test was applied (Fig. 3), where 

the mean RMS of drug loaded aerocrystals was found to be significantly different to the pure 

silica (p=0.005). 

 

Also, the mean RMS of the pure silica powder and the flakes were not statistically different. 

The high RMS value of the IBU loaded aerocrystals was attributed to the drug loading process.. 

Furthermore, AFM also confirmed the homogeneous distribution of IBU in porous network 

and the absence  of phase separation or evidence of crystalline material in any of the samples.



Fig 2: AFM of topographic and phase images of a) pSi powder, b) pSi flakes, cb) IBU loaded 
aerocrystal flakes.

Table 3 compares the IBU loading obtained using four experimental techniques and calculated 

value assuming complete pore filling with the drug of known density. The drug loading 

estimated via N2 adsorption and UV methods were very close to the theoretical drug loading 

value of 71.2 wt%. A slightly higher IBU loading of 74.6 wt% was obtained with the TGA 

method due to the decomposition of both drug inside (IBUin) and outside the pores (IBUout).

Table 3: Drug payloads determined from different analytical methods.

(a)

(c)



Theoretical 

Payload 

(%w/w)

N2 

Adsorption 

(%w/w)

TGA 

(%w/w)
UV 

(%w/w)

DSCa

(%Crystallineout)

Drug in 

pores

(%IBUin)c

71.2 70.1 74.6 71.9 0.70b 73.9
a Unloaded crystallised drug outside the pores
b %Crystallineout= ∆Hbulk x 100 / ∆Hstd
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Fig. 3: TGA overlays for reference standard (S)-(+)-Ibuprofen and loaded (S)-(+)-Ibuprofen 

formulation

The physical state of the drug loaded in the pores was determined using DSC [38], which can 

differentiate between drug entrapped within mesopores and adsorbed to the outer surfaces. 

It is known that the drug confined in pores results in lower melting point than the drug present 

on the surface. The thermograms presented in Figure 4 showed two endothermic peaks 

corresponding to IBU confined in the pores at 29.4 °C the drug present outside 52.4 °C that 

matched with the melting temperature of standard IBU (52.5 °C). 



Fig. 4: Overlay DSC trace of standard reference IBU and loaded pSi.

The amount of drug, crystallinity and the relative quantities both inside and outside the 

mesopores were evaluated by DSC (Table 3). The Gibbs-Thomson equation describes the 

relationship between pore diameter and melting temperature depression, based on the fact 

that a depression in melting temperature is seen when a drug is confined in pores, where 

melting temperature depression inversely related to pore sizes [38]. This has also been 

observed in previous studies where the melting endotherm appears to shift to lower 

temperatures and presents lower enthalpy values [3, 39]. The amount of drug present outside 

was calculated from the ratio of the heat of fusion of bulk IBU (0.6151 J/g) and standard. The 

crystallinity values obtained were subtracted by the total drug load determined by TGA 

(Figure 3) to work out the drug present in the pores. The amount of the crystalline drug on 

the surface of the aerocrystals was calculated to be 7 mg/g.

3.2 Physical Characterisation of Loaded Drug

3.2.1 XRD

The physical state of the drug was also determined by XRD analysis. As shown in Figure 5 the 

bulk IBU presented high intensity peaks at 6.8o, 7.7o, 12.2o, 13.1o, 13.1o, 16.5o, 18.0o, 19.0o, 

19.8o and 21.4o 2θ values while the drug loaded samples showed identical peaks with a 

significant reduced intensity. This was attributed to the small crystalline fraction on the silicon 

surface as previously determined by the DSC analysis. Furthermore, the pore loading is likely 



to be responsible for the decrease in the peak intensities of the characteristic porous silicon 

peaks between 2o and 8o due to an increased electron density in the pores. 

Fig. 5: Overlay XRD spectra of standard reference (S)-(+)-Ibuprofen and loaded (S)-(+)-

Ibuprofen formulation

Both DSC and XRD suggest that the ibuprofen present in the pores of aerocrystals are 

crystalline in nature. This can be explained by the pore sizes of the adsorbent, the average 

pore size of aerocrystals used in the present study is 26 nm that can be particularly large for 

a comparatively small molecule such as ibuprofen. It has been previously stated that pore 

sizes 20 times or higher than the molecular radius can lead to crystallisation of the dug 

confined in pores [40]. The molecular dimensions of ibuprofen are approximately 1.3 X 0.6 

nm that suggests 26 nm pore sizes to be sufficient large for drug to recrystallise upon 

solidification [41]. Similar observations were made for fenofibrate (molecular radius - ~1.27 

nm), where it remained amorphous on the substrates with pores less than 20 nm but became 

crystalline when pore sizes increased above 20 nm [42]. 

3.2.2 EDX

Fig. 6 shows the SEM image of the cross-section of IBU-loaded sample, which, after oxidation, 

had a surface area of 415 m2/g, pore volume of 2.52 cm3/g and average pore diameter of 25.9 

nm – again all reduced from the pre-oxidation values (Table 1).  It was possible to detect the 

presence and distribution of the elemental carbon expected from IBU loading by fracturing 

the sample to reveal a freshly exposed surface in the cross-section. Five specific areas (25 x 

25 µm) along the depth of the sample were probed by the electron beam to give an energy-



dispersive X-ray (EDX) analysis representation of the elements present in the layer. The EDX 

mapping is shown in Figure 7 and confirms a uniform distribution of carbon throughout the 

layer. The additional peaks are associated with elemental silicon (from the oxidised porous 

silicon) and oxygen (from the oxidised porous silicon and IBU).

Fig. 6: Cross-sectional SEM image and EDX sampling points of a IBU-loaded aerocrystals 

Fig. 7: Cross-sectional EDX spectra showing ‘C’ and ‘O’ after loading with (S)-(+)-Ibuprofen



3.3 In-vitro degradability

The in-vitro degradation of scCO2-dried and air-dried aerocrystals is presented in Figure 8. 

scCO2-dried flakes undergo significantly faster dissolution than air-dried equivalent that can 

be attribute to the their higher surface areas and pore volumes. Complete in-vitro dissolution 

of flakes was observed within 3 weeks, in contrast to air-dried controls that had only 

undergone about 20% dissolution over the same period.
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Fig. 8: In-vitro degradation of air-dried and scCO2- dried porous silicon flakes in Tris buffer at 

pH 7.4 and 37oC (n=3)

3.4 Drug release from aerocrystals

In-vitro release of loaded IBU in pH 7.4 media undergoes an initial burst (Figure 9a) achieving 

about 65% release in 2 hours, that was much higher to the standard IBU dissolution of 15% at 

the same time (Figure 9a). The pKa of IBU is ~5.2 and its solubility in aqueous medium is 

strongly pH dependent. At acidic pH below or close to its pKa, the drug displays low aqueous 

solubility due to protonation of -COOH group which is evident from IBU dissolution as 

presented in Figure 9b. However, the IBU confined in the mesopores is less pH dependant 

thereby releasing faster from the matrix. This could be attributed to the formation drug nano-

crystals formed in the pores that possess large surface area which aids to faster dissolution. 

The crystalline nature of the drug into the pores along with possibility of hydrogen bonding 

between the carbonyl group of IBU, and silanol groups on silica could be a reason behind the 



incomplete release of the drug in the first two hours. It is possible that continuous and 

complete drug release could be obtained if this study is performed for longer.  
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Fig. 9a: The release of IBU from porous aerocrystals and reference IBU in phosphate buffer 

pH 7.4 at 37 oC.
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Fig. 9b: Overlay plot of release of (S)-(+)-Ibuprofen from porous silicon microparticles and 

dissolution of reference (S)-(+)-Ibuprofen in phosphate buffer pH 2.0 at 37oC

Various dissolution models were applied to the release data (Table 4). Baker-Lonsdale [43] 

and Higuchi analysis [44] showed comparable least square regression values. Hence, it can be 

suggested that the drug release primarily occurs by counter-diffusion of media into the pores 



of the aerocrystals, and release of drugs along with the solvent from the pores into the release 

media. These dissolution models clearly highlight the fact that IBU release is mainly due to 

the diffusion and not matrix erosion. 

Table 4: Dissolution rate constants and determination coefficients of IBU release from 

aerocrystals.

Dissolution models pH 7.4 pH 2

Baker and Lonsdale k (hr-1)

R2

1.2x10-3 ± 1.0x10-4

0.8905

5x10-4 ± 1.8x10-5

0.9891

Zero order k0 (hr-1)

R2

0.755 ± 5.3x10-2

0.3910

0.546 ± 3.2x10-2

0.4809

First order k1 (hr-1)

R2

1.4x10-2 ± 1.6x10-3

0.8072

8.0x10-3 ± 1.3x10-3

0.7568

Higuchi kH (hr-1/2)

R2

7.02 ± 0.40

0.8587

5.04 ± 0.16

0.9715

Hixson– Crowell kHC (h-1/3)

R2

4.0x10-3 ± 5.0x10-4

0.7148

2.4x10-3 ± 2.0x10-4

0.6811

Peppas kP (hr-n)

R2

n

10.57 ± 4.13

0.8775

0.403 ± 0.09

7.60 ± 0.73

0.9912

0.400 ± 0.02

Drugs falling under BCS class-II such as IBU have poor aqueous solubility. Various approaches 

have been utilised to improve the solubility of such drugs, one of which is to increase the 

specific surface area of the bulk active drug. To achieve adequate dissolution, smaller drug 

particles with higher equilibrium solubility are important. Melt loading of IBU in 

nanostructured pores leads to the formation of drug nanocrystals possessing high specific 

surface area. As shown in Fig. 9a, b the nanocrystalline form of the drug has greater solubility 

compared to reference IBU.

Another way to improve dissolution is to formulate amorphous forms of a drug molecule.  

Since there is no crystal lattice structure (no long-range order), the energy barrier to 



dissolution is much reduced in amorphous solid forms. Classical nucleation theory suggests 

that crystal growth is favoured when nucleus of certain size rcrt surpasses a maximum free 

energy change ∆GCryst. The nuclei size smaller than rcrt will remain amorphous and not lead to 

crystallisation. Depending on the type of dissolution required, aerocrystal mesopores could 

be fine-tuned in such a way that these pores alter the dissolution of drug (e.g., by preventing 

or by assisting a drug molecule to reach rcrt level and hence by attaining a stable amorphous 

or nanocrystalline form within the pores). Analysing the dissolution data (Figure 9a & 9b), it 

is clear that pH dependency of the dissolution was reduced when IBU was loaded into the 

aerocrystals. It can be concluded that with poorly dissolving drugs, the loading into the 

mesoporous aerocrystals can clearly improve dissolution whilst also exhibiting very high 

payloads.

4. Conclusions

An important feature that a drug carrier should possess is the capability to carry a high drug 

payload. Supercritical drying of highly porous silicon aerocrystals has been shown to preserve 

very high surface areas and pore volumes compared to air-drying. The latter is crucial for 

maximising the internal payload of small drug molecules in mesoporous particles. We believe 

the drug loading achieved here is the highest internal payload reported to date for any 

complete mesoporous matrix-based delivery system, surpassed only by reservoir systems. 

Internal IBU loading exceeding 70 wt% was quantified by four different techniques and 

showed good agreement with theoretical predictions. It is also crucial for the drug carrier 

matrix to degrade, and high surface area achieved with scCO2-drying promoted better 

wettability of the matrix thereby increasing the rate of degradation.

In conclusion, silicon-based mesoporous aerocrystals are not only medically degradable but 

have tuneable surface and pore properties capable of carrying very high drug payloads of 

poorly soluble drugs.
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