
pharmaceutics

Article

Controlling and Predicting the Dissolution Kinetics
of Thermally Oxidised Mesoporous Silicon Particles:
Towards Improved Drug Delivery

Feng Wang 1,†, Timothy J. Barnes 1 and Clive A. Prestidge 1,2,*
1 School of Pharmacy and Medical Sciences, University of South Australia, Adelaide, SA 5000, Australia;

frank.wang@monash.edu (F.W.); tim.barnes@unisa.edu.au (T.J.B.)
2 ARC Centre of Excellence in Convergent Bio-Nano Science and Technology, University of South Australia,

Adelaide, SA 5000, Australia
* Correspondence: clive.prestidge@unisa.edu.au; Tel.: +61-883-022-438
† Departed.

Received: 25 October 2019; Accepted: 25 November 2019; Published: 28 November 2019 ����������
�������

Abstract: Porous silicon (pSi) continues to receive considerable interest for use in applications ranging
from sensors, biological scaffolds, therapeutic delivery systems to theranostics. Critical to all of these
applications is pSi degradation and stabilization in biological media. Here we report on progress
towards the development of a mechanistic understanding for the dissolution behavior of native
(unoxidized) and thermally oxidized (200–600 ◦C) pSi microparticles. Fourier transform infrared
(FTIR) spectroscopy was used to characterize the pSi surface chemistry after thermal oxidation. PSi
dissolution was assessed using a USP method II apparatus by monitoring the production of orthosilicic
acid, and the influence of gastro-intestinal (GI) fluids were examined. Fitting pSi dissolution kinetics
with a sum of the exponential model demonstrated that the dissolution process strongly correlates
with the three surface hydride species and their relative reactivity, and was supported by the observed
FTIR spectral changes of pSi during dissolution. Finally, the presence of GI proteins was shown
to hamper pSi dissolution by adsorption to the pSi surface acting as a barrier preventing water
attack. These findings are significant in the optimal design of pSi particles for oral delivery and other
controlled drug delivery applications.

Keywords: porous silicon; drug delivery system; dissolution; oxidation; Fourier transform infrared
(FTIR); kinetics

1. Introduction

More than 20 years after the initial discovery of porous silicon (pSi) photoluminescence by
Professor Canham, and his subsequent work on the fabrication of bioactive pSi [1], there remains
significant ongoing interest in its biomedical applications, including therapeutic delivery, medical
imaging, and theranostics [2–13]. PSi possesses a highly tuneable porous nanostructured network
and can be fabricated into a variety of different forms, ranging from thin films [14], nanowires [15],
and micro- and nanoparticles [6,16–18]. PSi is typically produced via an electrochemical etching
process (e.g., see [19]); however, there are ongoing efforts to more efficiently produce pSi nanoparticles
(e.g., [20]). The surface chemistry of pSi also offers opportunities for extensive modification, e.g., thermal
oxidation [21–23], amination [24], and chemical modification [19,25,26].

Many biomedical applications of pSi are influenced and dependent on the balance between
dissolution/erosion versus oxidation of the silicon matrix that occurs in aqueous bio-relevant
environments. The Si–Si and Si–H bonds are intrinsically weaker than their oxidized analogues, Si–O–Si
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and Si–OH [27]. When native pSi is submerged in water, the initial reaction occurring is the oxidation
of the Si–H surface species by solvated OH, which subsequently acts as a nucleation substitute for
removal of the oxidized surface hydrides to form orthosilic acid, as described in Equations (1) and (2).
Once the surface Si–H has been removed a new layer of surface Si–H is formed, and the pSi erosion
cycle continues [28–30].

≡Si - SiH(s) + HOH→≡Si - SiOH(s) + H2(g) (1)

≡Si - SiOH(s) + HOH→≡Si - H(s) + Si(OH)4(aq) (2)

Previous pSi dissolution studies have typically involved direct visualization/monitoring of a
planar pSi wafer surface using techniques such as atomic force microscope (AFM), scanning electron
microscope (SEM) [1,31,32], photoluminescent and infrared spectroscopies [33,34]. However, these
approaches provide only qualitative or semi-quantitative topographic and/or pSi speciation information
to assess pSi degradation. Alternatively, orthosilicic acid, the soluble product of pSi degradation,
can be quantitatively measured using either a molybdenum blue assay [35] or inductively coupled
plasma atomic emission spectroscopy (ICP-AES), and hence accurate mass loss kinetics of pSi during
dissolution can be obtained. Using this approach, Anderson et al. investigated the dissolution of
pSi films with varied porosity (60–80%) and over a pH range 2 to 8; however, they did not elucidate
specific dissolution mechanisms in their analysis [36]. A number of studies have demonstrated
correlations between drug release kinetics and pSi degradation as well as the influence of the local
tissue environment [3,37–39].

We have previously reported on the use of thermally oxidized pSi microparticles for oral delivery
of poorly water-soluble non-steroidal anti-inflammatory drugs [5,40]. In this study, we quantitatively
investigate the dissolution kinetics of both native (unoxidised) and thermally oxidized (200 to 600 ◦C)
pSi microparticles in buffer solutions and simulated gastro-intestinal (GI) fluids, and use Fourier
transform infrared (FTIR) spectroscopy to determine surface chemical changes. The pSi dissolution
kinetics was fitted with a sum of exponentials mathematical model, which reflects the pSi surface
speciation. These findings give improved insight into pSi particle dissolution with specific reference to
its use in oral delivery.

2. Materials and Methods

2.1. Materials

PSi powder and wafer samples (p-type silicon) used in this investigation were supplied by
pSiMedica Ltd. (Malvern, UK) and showed a porosity of ~70%, a specific surface area (SSA) of
310.2 m2/g, and an average particle size of 49.4 µm (note: D10 23.2, D90 130.4 µm) as determined
by a laser diffraction (Malvern Mastersizer 2000 software, version 4.0, Malvern Mastersizer 2000,
Malvern Co, Malvern, UK). PSi thermal oxidation was performed in a clean oven by heating in air
at 40 K min−1 to a specific oxidation temperature in the range 473–873 K for 1 h, before convective
cooling to ambient temperature.

Tween 80 (Polysorbate 80) and sodium dodecyl sulfate (SDS) were purchased from Chem-Supply
Pty Ltd., Adelaide, Australia. Trizma® buffer solution pH 7.2 (1 M, tris(hydroxymethyl)aminomethane
HCl), pancreatin from porcine pancreas (activity equivalent to 8× USP specification) and pepsin
(lyophilized powder from porcine gastric mucosa, 800–2,500 units/mg protein), were purchased from
Sigma-Aldrich Australia Pty Ltd, Sydney, Australia. All the other chemicals were analytical grade
used as received. High purity water (Milli-Q®, <18 mΩ cm−1) was used throughout the experiments.

2.2. In Vitro pSi Dissolution

pSi dissolution was conducted with a VanKel™ (VK 6010) dissolution test station attached with
apparatus USP II (paddles, Edison, NJ, USA) at 37.0 ◦C (± 0.5). PSi particles (~50 mg, accurately
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weighed) were pre-wetted with 200 µL of ethanol and then transferred into 500 mL of 0.05 M Tris
buffer solution at pH 7.2 (or alternative dissolution medium as indicated). At predetermined time
points, aliquots of media (5 mL) were collected and filtered with a Millex® syringe filter (0.22 µm PTFE
membrane, Merck, Darmstadt, Germany). The aliquots were analyzed to determine the concentration
of silicic acid using a validated molybdenum blue spectroscopic assay (Varian Cary®50 UV-Vis
Spectrophotometer, Walnut Creek, CA, USA). For dissolution experiments performed in phosphate
buffer solution (pH 6.8), the samples were analyzed using ICP-AES (Horiba Jobin-Yvon ACTIVA
ICP-AES spectrometer, Longjumeau, France), since phosphate interferes with the molybdenum blue
assay. All the experiments were conducted in duplicate unless otherwise indicated.

2.3. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared transmission spectra of pSi particle samples were obtained with a Nicolet Magna-IR 750™
FTIR spectrometer equipped with a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) detector
(Madison, WI, USA). The particles were pressed into KBr discs and 256 scan spectra were recorded with
a 4 cm−1 resolution. Additionally, solid residues from the dissolution study were extracted, thoroughly
rinsed with Milli-Q water and then dried at 105 ◦C for 2 h in an oven prior to FTIR analysis.

2.4. Contact Angle Measurements

Water contact angle measurements were performed on pSi wafers using a static sessile drop
method (Optical Contact Angle system, OCA15EC, SCA 20 version 2 software). The wafers were either
unoxidized or thermally oxidized using equivalent conditions to those used for the pSi microparticles.

3. Results

3.1. Preparation and Characterisation of Thermally Oxidised pSi Microparticles

Thermal oxidation of pSi particles was carried out at 200, 300, 400, 500, and 600 ◦C for 1 h in a
clean furnace, open to the atmosphere. The surface area and porous nature of the thermally oxidized
pSi samples are presented in Table 1.

Table 1. Surface area and pores volume/size of pSi samples.

Oxidation
Temperature (◦C) Label BET-SSA (m2/g)

Mesopore Volume
(mL/g)

Mesopore
Diameter (nm)

unoxidized pSi pSi 325.7 0.77 10.1
200 OXpSi-200 312.5 0.74 10.1
300 OXpSi-300 - - -
400 OXpSi-400 247.7 0.61 9.6
500 OXpSi-500 - - -
600 OXpSi-600 243.8 0.48 9.3

Upon thermal oxidation of the pSi particles, there is a reduction in the surface area and mesopore
volume; this is due to the increased molecular volume of silicon oxidation products, causing constriction
of the mesoporous pathways within the pSi. The changing Si speciation upon thermal oxidation was
monitored using FTIR spectroscopy, with the IR spectra for both the native and thermally oxidized pSi
shown in Figure 1. For the native, unoxidized pSi, a composite band with triplet peaks at 2140, 2105,
and 2075 cm−1 was observed. These absorption bands were assigned to Si-Hx stretching modes (x = 3,
1, 2; from high frequency to low) [41,42], the higher intensity of the peak at 2075 cm−1 indicated that
dihydride (SiH2) was the more predominant surface species, in agreement with previous reports [43,44].
Upon thermal oxidation of the pSi at 200 ◦C, this band was observed to shift to a higher frequency,
which according to previous literature is attributed to pore propagation occurring only in the (100)
direction [45,46].



Pharmaceutics 2019, 11, 634 4 of 15

Pharmaceutics 2019, 11, x   10 of 17 

 

underwent oxidation, rather than the bulk Si. A new band at 860 cm−1 was observed with increasing 
oxidation temperature of the pSi, which was assigned as an oxidised O–SiHx deformation mode [48]. 
The sharp band at 905 cm−1 was attributed to a Si–H2 scissoring mode, while the broad band at 1030 
cm-1 was attributed to Si–O–Si asymmetric bending. The increased intensity of the 1030 cm−1 band 
and the decreased intensity of absorption (Si–H2 scissoring) implies that mild oxidation had occurred. 
This feature became more pronounced with increasing oxidation temperature (>300 °C). The presence 
of this band (1030 cm−1) in samples not exposed to high temperatures indicates that oxidation of the 
pSi sample was slowly occurring under ambient conditions. Finally, a band was observed at 2250 
cm−1, associated with the backbond oxidized Si–Hx, i.e., (Si–O–)Si–Hx.[42]. 

 

Figure 1. Infrared spectra of pSi particles treated at different temperatures. 

The spectra of the thermally oxidized pSi particles at 300 °C and above displayed more extensive 
evidence of oxidation characteristics. The bands at 660, 905, and 2075–2140 cm−1 disappeared; these 
bands were associated with Si–H2 wagging, scissoring, and Si–Hx stretching modes. The band at 2250 
and 2205 cm−1 due to the backbond oxidized Si–Hx stretching became more profound. These 
absorptions could be precisely assigned to OxSiHx groups with oxygen-saturated state , i.e., O3SiH 
(2250 cm−1), O2SiH2 (2200 cm−1), OSiH3 (2160 cm−1) according to the literature [27]. A broad band 
peaking at 1030 cm−1 became more intense with a growing protruded shoulder compared to that at 
200 °C, in agreement with previous observation [49]. The band at 612 cm−1 associated with bulk Si–Si 
decreased, indicating oxidation had started altering the Si–Si “skeleton” at 300 °C, something that has 
been referred to previously as a threshold temperature for silicon thermal oxidation [43,47]. The 
infrared spectrum obtained for OXpSi-400 was similar to that for OXpSi-300, except that the band at 
2250 cm−1 had increased in intensity.  

The pSi samples treated at 500–600 °C showed more significant oxidation features in their 
infrared spectra. For oxidation at >500 °C, a new absorption band appeared at 800–790 cm−1 due to 
the asymmetric and symmetric mode of Si–O, which is often observed with fully oxidized silicon; its 
intensity further increased with oxidation at 600 and 800 °C (data not shown). The single band at 2250 
cm−1 instead of the duplet and triplet peaks from pSi sample oxidized at 300–400 °C indicated that 
there was only SiH with fully oxidized Si–Si backbonds (i.e., Si–O–Si) on pSi surfaces. The 
phenomenon of Si–Si backbond oxidation can be explained by bond energy calculations, i.e., the bond 
strength of surface hydride (Si–H) increases with the increase of oxidation degree of its Si–Si 
backbond. Thus, the survival of the surface Si–H bond at 500 °C would be the one that has three 
oxidized backbonds, i.e., H–Si(O)3 [27]. Eventually, surface Si–H disappeared from pSi treated at 600 
°C as dehydrogenation takes place, in agreement with a previous observation from annealing a 
silicon wafer at this temperature [50]. 

Furthermore, there is a strong correlation between pSi surface chemistry and the water contact 
angle, as shown in Figure 2 where both the integrated IR absorbance and contact angle are plotted 
against pSi oxidation temperature. 

Figure 1. Infrared spectra of pSi particles treated at different temperatures.

In the finger print region (<1000 cm−1), a sharp absorption band at 615 cm−1 with a shoulder at
660 cm−1 was observed for native and 200 ◦C oxidized pSi samples, attributed to Si–Si crystal mode and
Si–H2 wagging modes, respectively [27,47], indicating that only the surface hydride species underwent
oxidation, rather than the bulk Si. A new band at 860 cm−1 was observed with increasing oxidation
temperature of the pSi, which was assigned as an oxidised O–SiHx deformation mode [48]. The sharp
band at 905 cm−1 was attributed to a Si–H2 scissoring mode, while the broad band at 1030 cm−1 was
attributed to Si–O–Si asymmetric bending. The increased intensity of the 1030 cm−1 band and the
decreased intensity of absorption (Si–H2 scissoring) implies that mild oxidation had occurred. This
feature became more pronounced with increasing oxidation temperature (>300 ◦C). The presence of
this band (1030 cm−1) in samples not exposed to high temperatures indicates that oxidation of the pSi
sample was slowly occurring under ambient conditions. Finally, a band was observed at 2250 cm−1,
associated with the backbond oxidized Si–Hx, i.e., (Si–O–)Si–Hx [42].

The spectra of the thermally oxidized pSi particles at 300 ◦C and above displayed more extensive
evidence of oxidation characteristics. The bands at 660, 905, and 2075–2140 cm−1 disappeared; these
bands were associated with Si–H2 wagging, scissoring, and Si–Hx stretching modes. The band at
2250 and 2205 cm−1 due to the backbond oxidized Si–Hx stretching became more profound. These
absorptions could be precisely assigned to OxSiHx groups with oxygen-saturated state, i.e., O3SiH
(2250 cm−1), O2SiH2 (2200 cm−1), OSiH3 (2160 cm−1) according to the literature [27]. A broad band
peaking at 1030 cm−1 became more intense with a growing protruded shoulder compared to that at
200 ◦C, in agreement with previous observation [49]. The band at 612 cm−1 associated with bulk Si–Si
decreased, indicating oxidation had started altering the Si–Si “skeleton” at 300 ◦C, something that
has been referred to previously as a threshold temperature for silicon thermal oxidation [43,47]. The
infrared spectrum obtained for OXpSi-400 was similar to that for OXpSi-300, except that the band at
2250 cm−1 had increased in intensity.

The pSi samples treated at 500–600 ◦C showed more significant oxidation features in their infrared
spectra. For oxidation at >500 ◦C, a new absorption band appeared at 800–790 cm−1 due to the
asymmetric and symmetric mode of Si–O, which is often observed with fully oxidized silicon; its
intensity further increased with oxidation at 600 and 800 ◦C (data not shown). The single band at
2250 cm−1 instead of the duplet and triplet peaks from pSi sample oxidized at 300–400 ◦C indicated
that there was only SiH with fully oxidized Si–Si backbonds (i.e., Si–O–Si) on pSi surfaces. The
phenomenon of Si–Si backbond oxidation can be explained by bond energy calculations, i.e., the
bond strength of surface hydride (Si–H) increases with the increase of oxidation degree of its Si–Si
backbond. Thus, the survival of the surface Si–H bond at 500 ◦C would be the one that has three
oxidized backbonds, i.e., H–Si(O)3 [27]. Eventually, surface Si–H disappeared from pSi treated at
600 ◦C as dehydrogenation takes place, in agreement with a previous observation from annealing a
silicon wafer at this temperature [50].
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Furthermore, there is a strong correlation between pSi surface chemistry and the water contact
angle, as shown in Figure 2 where both the integrated IR absorbance and contact angle are plotted
against pSi oxidation temperature.Pharmaceutics 2019, 11, x   10 of 17 
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Figure 2. Correlation of the water contact angle measured using the Sessile drop technique (♦) and the
integrated absorbance from the Si–Si bending and Si–H2 wagging modes at 615–660 cm−1 (�) for pSi
samples oxidized at 200–600 ◦C in comparison with unoxidized pSi.

In summary, the thermal oxidation of pSi particles in this study follows the backbond oxidation
phenomenon that has previously been observed with the oxidation of hydride passive silicon
wafers [27,47,51,52]. The infrared spectra of pSi samples treated below 400 ◦C indicate that the
Si–Si backbonds of the surface hydrides were only partially oxidized. The Si–Si backbonds were fully
oxidized at 500 ◦C, while at 600 ◦C, all the surface hydrides were diminished as dehydrogenation
occurred, and the bulk Si–Si bonds were also oxidized, as shown schematically in Figure 3.
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Figure 3. Schematic of pSi surface chemistry (only monohydride is depicted here) during thermal
oxidation at elevated temperature.

3.2. Dissolution of Unoxidized and Thermally Oxidised pSi

Dissolution profiles in Tris buffer solution at pH 7.2 for pSi particles of different levels of oxidation
are presented in Figure 4. Unoxidized/native pSi particles rapidly dissolve (see Figure 4a), with
approximately 52% w/w dissolved before the first sampling time point at 5 min. In comparison,
OXpSi-200 ◦C dissolved 37% of its initial mass in the first 10 min. The dissolution was accompanied
by bubbling hydrogen gas due to the hydrolysis of hydrogen passivated surfaces [31,34]. The fast
dissolution of the unoxidized pSi continued up to the first hour-time point when about 90% of the
initial mass was lost while the remaining 10% pSi particles dissolved markedly slower over 7 h; this
was likely due to oxidation that took place concurrently along with dissolution, which resulted in the
formation of Si–O bonds which are less reactive than Si–Si bonds.
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Figure 4. (a) Dissolution profiles of the unoxidized pSi (�) and oxidized at 200 ◦C pSi (♦), and (b) samples
oxidized at 300 (4), 400 (#), 500 (×), and 600 ◦C (+) (± s.d., n = 2).

Dissolution profiles for pSi particles oxidized at temperatures >300 ◦C are shown in Figure 4b
and are different from the unoxidized and OXpSi-200 samples. The more highly oxidized pSi samples
dissolved with an almost linear reduction in pSi mass observed over time. The dissolution profiles of
pSi particles oxidized at 300 and 400 ◦C were very similar, with approximately 65% mass reduction
after 72 h. In contrast, for pSi particles oxidized at higher oxidation temperatures (500 and 600 ◦C) a
reduction in the dissolution rate was observed, i.e., ~40% pSi remaining after 96 h. This is attributed to
differences in the relative reactivity of the pSi species present. Indeed, the distinct difference between
the dissolution behavior of the pSi oxidized at 200 versus 300 ◦C suggests a transition in the relative
fraction of reactive to passive Si species upon thermal oxidation, in agreement with the previous
observations [47].

In order to further elucidate the influence of pSi oxidation on the dissolution rate, a parallel
experiment was set up, where, at specified time points the dissolution was terminated, and the residual
pSi particles were collected and examined with FTIR. The infrared spectra (not shown), indicated that
once in contact with the aqueous medium, the pSi simultaneously undergoes both dissolution and
oxidation. The proposed mechanism for pSi oxidation in water is oxygen attack of the Si–Si backbond,
analogous to pSi oxidation in air [53], where the rate limiting step is oxygen diffusion within the
Si–Si lattice [44]. From Figure 5a, the observed decrease in absorbance due to Si–Si stretching modes
(at 615 cm-1) and Si–H2 wagging modes for pSi samples thermally oxidized at increased temperatures
correlates well with the extent (%) of pSi dissolution observed after 8 h. This highlights the critical
dependence of pSi dissolution on the availability of unoxidized surface hydride species. Similarly, in
Figure 5b, a linear (R2 = 0.99) relationship was observed between the integrated absorbance due to
Si–O stretching and dissolution time. This indicates that oxidation of the pSi particles in the dissolution
media follows zero order kinetics. Given that ~80% pSi dissolution was observed in the first 30 min,
i.e., when the extent of pSi oxidation remains relatively low, the pSi dissolution was not significantly
affected by the concurrent oxidation occurring.
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Figure 5. Correlation of pSi surface chemistry as determined with FTIR and dissolution behavior.
(a) Influence of pSi thermal oxidation temperature on the Si–Si stretching modes (615 cm−1) and
Si–H2 wagging modes (660 cm−1) (�) and dissolution of the pSi after 8 h (♦) and (b) correlating the
integrated absorbance due to Si–O symmetric/asymmetric stretching modes (1080 cm−1) (♦) with the %
pSi dissolution (�) as a function of dissolution time.

3.3. Influence of Simulated GI Fluids on pSi Dissolution

Dissolution kinetics of unoxidized pSi microparticles in simulated gastric fluid (SGF) with/without
pepsin are given in Figure 6. The dissolution was independent of pepsin addition during the first two
hours when 40 wt % of pSi dissolved, but reduced at longer times, i.e., 70 wt % of pSi dissolved at
7 h in the absence of pepsin and 50% dissolved in the presence of pepsin. pSi dissolution in SGF was
lower than in Tris buffer solution at pH 7.2, which was expected as the reaction was driven by the
nucleophilic attack mechanism of pSi dissolution. The reduced dissolution in the presence of pepsin is
considered to be a result of the pepsin protein adsorption on pSi surfaces. Pepsin, a proteolysis enzyme,
has a molecular weight ~35 kDa and pI = 1.0 [54]; thus, it is neutral in acidic SGF medium. Moreover,
the pSi particles undergo oxidation while in an aqueous medium, i.e., they have surface chemistry
akin to hydrophilic silica, possessing a small positive charge at pH 1.0. The pepsin molecule has an
estimated hydrodynamic radius of 1.8 nm [55] and, therefore, likely to penetrate the pSi mesoporous
network (pore ϕ ≈ 10 nm) in addition to adsorbing at the surface. It has previously been reported that
proteins such as albumin, papain, and insulin are able to interact with pSi, as well as being able to
penetrate into the porous network [56–58].
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Figure 6. Unoxidised pSi particle dissolution in simulated gastric fluids (SGF) in the presence of pepsin
(_) and absence of pepsin (♦).

Dissolution kinetics of unoxidized pSi microparticles in simulated intestinal fluid (SIF)
with/without pancreatin are given in Figure 7. In the absence of pancreatin, i.e., phosphate buffer
solution (0.05 M) at pH 6.8, pSi exhibited fast dissolution, which accounts for 64 wt % of its initial mass,
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compared to 90 wt % in Tris buffer solution at pH 7.2 in the first one hour. The difference between pSi
dissolution in these two buffer solutions is attributed to their specific components since their pH values
were similar. The primary amine moiety in tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3)
from Tris buffer might act as a catalyst to hydrolyze surface hydrides of pSi, such catalytic effects of
organic amines on pSi hydrolysis were observed previously [34].
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Figure 7. pSi dissolution in simulated intestinal fluids (SIF) in the presence (�) and absence (�) of
pancreatin (% ± s.d., n = 2).

In the presence of pancreatin, fast dissolution was observed in the first 2 h, with ~50% of the initial
mass dissolved; this was lower than that without pancreatin. Pancreatin is a mixture of the digestive
enzymes including trypsin (MW = 23.3 kDa, pI =10.1–10.5), amylase (MW = 50–55 kDa, pI = ~ 6) and
lipase (MW = 46 kDa, pI = 7.4) [59]. At neutral pH, trypsin is positively charged, therefore it can
undergo electrostatic interactions with the negatively charged unoxidised pSi surface. In contrast, the
amylase and lipase molecules are neutral, therefore will only be able to adsorb via weak interactions
such as van der Waals forces.

4. Discussion

pSi dissolution (as described in Equations (1) and (2)) occurs via a nucleophilic substitution
mechanism. Given that the dissolution media volume was far in excess of the sample mass, it can be
assumed that pSi dissolution follows pseudo-first order kinetics. However, this was shown not to be
the case since a plot of semi-log pSi % remaining versus time data was not linear (data not shown),
and more complex kinetics are apparent. The pSi surface is comprised of monohydrides, dihydrides,
and trihydrides, each with highly varied activities in aqueous solution. As reported in the literature,
the reaction of a vertical dihydride site is five times faster than a terrace monohydride, but two times
slower than a kink site (a distorted monohydride) [28]. In addition, dangling bonds might be formed
from breaking Si crystalline lattices due to grinding/milling processes. Dangling bonds possess a lower
activation barrier for reaction due to lone pair electrons, which are susceptible to water attack [60]. It is
assumed that each of the surface species reacted with water at different rates.

The presence of various reaction sites and the parallel oxidation processes result in more complex
dissolution kinetics. The total silicic acid is better described as a sum of silicic acid from each surface
species reacted with water. Thus, for the reaction of a surface species, with respect to silicic acid,

Ct = A∞
(
1− ekat

)
(3)

where k is the rate constant Ct, A∞ and B∞ are concentration of silicic acid at time, t and∞.

Ct = A∞
(
1− ekat

)
+ B∞

(
1− ekbt

)
(4)
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For the total silicic acid from sample;
C∞ = A∞ + B∞ (5)

Thus, Equation (3) can be combined with Equation (5) in a natural logarithmic form

ln
(

C∞−Ct
C∞

)
= ln
[

A∞
(A∞+B∞)

·e−k f t + A∞
(A∞+B∞)

·e−kst
]

= ln
(
P f ·e

−k f t + PS·e−kst
) (6)

where P indicates the relative fraction of fast (Pf) and slow (Ps) dissolving species, and Pf + Ps =1.
This multi-exponential (or the sum of exponential model) approach was used by Truesdale et al.

to describe biosilica dissolution data [61]. The model fit agreed well with the postulation that the total
surface of biosilica arose from two separate fractions, fast-dissolving and slow-dissolving. However,
in the current study, the best linear regression from fitting a simple exponential model to the full
dissolution data of unoxidized and oxidized at 200 ◦C suggested the pSi surface consisted of three
separate fractions, fast-, medium- and slow-dissolving surface species (reactive sites). The parameters
obtained from this data fit are summarized in Table 2. Therefore:

ln
(C∞ −Ct

C∞

)
= ln
(
P f ·e

−k f t + Pm·e−kmt + PS·e−kst
)

(7)

where Pf + Pm + Ps = 1. The left term in Equation (7) is equivalent to the ratio of the remaining pSi on
the assumptions that (a) pSi will be completely converted to silicic acid at infinity time, and (b) there is
no side reaction nor reverse reaction, and silicic acid is the only product. This is rational according to
the reaction mechanism described earlier since all surface hydrides react with water to form silicic acid,
a new layer of hydride would be reconstructed and ready to next cycle of reactions.

Table 2. Parameters from fitting multi-exponential equation to dissolution of unoxised and 200 ◦C
oxidized pSi particles.

Sample Unoxidized pSi OXpSi-200

Fast Medium Slow Fast Medium Slow

Rate constant k (h−1) 6.82 0.19 0.0475 2.05 0.463 0.00824
Fraction (P) 0.690 0.155 0.155 0.340 0.240 0.420
Time points 0–10 min 10–240 min 360 min–24 h 0–10 min 10–60 min 360 min–48 h

R2 1.0 * 0.9673 0.9944 1.0 * 0.9951 0.9217

* Denotes that only two data points are included.

As shown in Table 2, the fast fraction of dissolutions from both the pSi samples consists of only
two data points (from time zero to 10 min) when pSi dissolved extremely fast and accounted about 69%
and 24% of the samples’ dissolution (estimated from the intercept of linear regression), respectively.
The dissolved sample mass and rate constant from pSi are three times higher than from OXpSi-200.
The fractions of the medium and slow dissolution phases from the unoxidized pSi are equivalent,
i.e., 15.5% and these two fractions from pSi oxidized at 200 ◦C were about two times higher than the
fast one. In contrast, the remaining 31% of pSi dissolved slowly (slower than dissolution of the second
fraction from 200 ◦C). These regions of slow dissolution were likely due to oxidation of pSi that has
taken place concurrently during dissolution.

The third fraction from OXpSi-200 accounts for 44% of the sample mass, which dissolved with a
rate constant similar to those of pSi oxidized at 300 and 400 ◦C. The difference between dissolution
observed from OXpSi-200 and pSi clearly indicated changes in their physicochemical properties.
First, oxidation has eliminated the highly reactive dangling bonds and trihydrides (only one Si–Si
backbond attached), which contributes to the initial fast dissolution phase. This is in agreement with
the observation from the study of heat annealing of a silicon wafer, from which the number of dangling
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bonds decreased significantly at 200 ◦C [62], while the surface hydrides from a hydrogen passivated
silicon wafer were showed to be relatively stable [63]. Secondly, ~42% of OXpSi-200 has a similar
oxidation state to OXpSi-300 and OXpSi-400, confirming the impact of temperature to pSi oxidation.

The fits from the simulated data calculated from Equation (7) using the variables given in Table 2
are presented in Figure 8. For both the data sets, the simulation data did not fit precisely, i.e., the
predicted fraction of slow dissolution from pSi and the medium dissolution phase from OXpSi-200
deviated from the observed experimental data. A better fit with adjusted variables for pSi (dash line)
was achieved if km = 0.4 h−1, which is double the original value. Similarly, better fitting for the
OXpSi-200 data (dash line), was achieved with km = 0.92 h−1 and the fractions of medium and slow
reactions, Pm = 0.28 and Ps = 0.38. For pSi dissolution, including the 24 h point was the major attribute
to the underestimated rate constant (N.B. without 24 h point, ks = 0.107 h−1). After 8 h, ~90% of pSi
dissolved, generating a silicic acid concentration of ~3.2 mM, i.e., just above its saturated concentration
(2 mM at 40 ◦C ). The consequent polymerization of silicic acid could decrease the rate of pSi dissolution.
For OXpSi-200, the fraction of slow reaction included ~30% of the total sample mass of undissolved
pSi, which might cause overestimated dissolution.Pharmaceutics 2019, 11, x   10 of 17 
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Figure 8. Fitting of simulated data (solid lines) obtained with the sum of exponentials model
(Equation (7)) and with adjusted variables (dash lines) over the plots of ln(C∞−Ct)/C∞ versus time
from dissolutions of pSi (�) and OXpSi-200 (♦).

Dissolution kinetics of the pSi samples oxidized at ≥300 ◦C are presented in Figure 9, with all
data sets exhibiting good linearity from the semi-log concentration-time plots, confirming a simple
exponential model (fit and rate constant are shown in Table 3). This suggests that the thermally
oxidized (>300 ◦C) pSi possesses a more homogeneous surface, i.e., a uniformity of surface species or
reaction sites, as confirmed by FTIR.
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Figure 9. Plots of semi-log the remaining pSi % versus time and least square fittings to the data of
dissolution of pSi samples oxidized at above 300 ◦C. The parameters are given in Table 3.
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Table 3. The parameters obtained from applying least square to plot of logarithmic % remaining sample
versus time from dissolutions of pSi particles oxidized at ≥300 ◦C.

Sample Rate Constant (×10−3 h−1) t 1
2

(h) R2

OXpSi-300 9.300 74.5 0.9778
OXpSi-400 8.797 78.8 0.9967
OXpSi-500 4.153 166.9 0.9823
OXpSi-600 3.811 181.8 0.9951

A positive correlation between the dissolution rate constant and surface properties (IR absorption)
of pSi was demonstrated in Figure 10. The rate constant of dissolution decreased when oxidation
temperature increased, and this is consistent with decreasing intensities of Si–Hx and Si–Si. The IR
absorption band of Si–Hx disappeared at 300 ◦C while the intensity of Si–Si absorption decreased
dramatically from 200 to 300 ◦C. Furthermore, the IR absorbances due to the hydrides whose backbonds
were oxidized (OSi–Hx) increased sharply. From 300 ◦C, this band decreased gradually along with
the increase of temperature and eventually disappeared at 600 ◦C. From our surface characterization
studies we know that at 200 ◦C, there are surface hydrides in their intermediate oxidation states, i.e., Si
atoms bonded to one, two, or three oxygen atoms. At 300 ◦C, only the oxidized hydrides remained.
Breaking Si–O–Si bonds, in fact, share the same mechanism as breaking Si–Si bonds in pSi dissolution,
i.e., a nucleophilic substitute with OH- ions [64,65].
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dissolution. In the former case, expanded crystalline lattice results in reduced surface area and pore 
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5. Conclusions 

The dissolution kinetics of pSi microparticles can be extensively controlled by thermal oxidation 
(200–600 °C). Unoxidized pSi and OXpSi-200 dissolved fastest at pH 7.2, which was attributed to the 
presence of the different surface hydride groups which exhibit different reaction rates. Thermal 
oxidation has a significant impact on the pSi dissolution mechanism, and pSi oxidized at above 300 
°C following pseudo-first order dissolved kinetics, this is due to the rate-limiting step of breaking 
oxidized backbonds (Si–O–Si). We have successfully developed an exponential kinetic model to 
describe pSi dissolution, which accounts for the influence of Si speciation. Finally, we investigated 
the influence of simulated gastric and intestinal fluids on unoxidized pSi dissolution, and showed 
the presence of GI proteins reduces pSi dissolution; this is presumed do to surface adsorption to pSi 
and protection against water attack of the Si surface species. These findings provide insight into key 
considerations for future formulation optimization of specific pSi based biomaterials, particularly for 
their use in oral drug delivery. 
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Figure 10. A comparison of rate constants for dissolution and the integrated IR absorption intensity for
pSi samples that were oxidized at various temperatures. The temperature for native pSi was set at
25 ◦C as a symbolic temperature. Absorption at 615 cm−1 due to Si–Si (�, dot line), at 2025–2150 cm−1

due to Si–Hx (�, dash line) and at 2150–2325 cm−1 due to OSi–Hx (N, short dash line), and rate constant,
k, (corresponds to the right Y axis) (×, solid line). The values of rate constant for pSi and OXpSi-200
were from the fast dissolution phase.

Our dissolution data showed that the fast dissolution fraction of pSi oxidized at 200 ◦C, which
predominantly is due to surface hydrides (Si–SiHx) was ~1000 times faster than the dissolution of
pSi oxidized at 300 ◦C, which consists of oxidized hydrides (Si–O–SiHx). Dissolution of pSi samples
oxidised at ≥300 ◦C were similar, because all the surface hydrides were in various intermediate
oxidation states, to release a Si atom (in silicic acid form), i.e., breaking not only Si–Si bonds but
also breaking the newly forming Si–O–Si backbonds which becomes a rate-limiting step for the pSi
dissolution. Also, it is worthy of note that the formation of Si–O–Si bonds due to thermal oxidation can
cause geometric changes of the pSi lattice resulting in both negative and positive impacts to dissolution.
In the former case, expanded crystalline lattice results in reduced surface area and pore volume [66];
while in the latter, strain and deformation of lattice would be in favor of dissolution [67].
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5. Conclusions

The dissolution kinetics of pSi microparticles can be extensively controlled by thermal oxidation
(200–600 ◦C). Unoxidized pSi and OXpSi-200 dissolved fastest at pH 7.2, which was attributed to
the presence of the different surface hydride groups which exhibit different reaction rates. Thermal
oxidation has a significant impact on the pSi dissolution mechanism, and pSi oxidized at above 300 ◦C
following pseudo-first order dissolved kinetics, this is due to the rate-limiting step of breaking oxidized
backbonds (Si–O–Si). We have successfully developed an exponential kinetic model to describe pSi
dissolution, which accounts for the influence of Si speciation. Finally, we investigated the influence
of simulated gastric and intestinal fluids on unoxidized pSi dissolution, and showed the presence of
GI proteins reduces pSi dissolution; this is presumed do to surface adsorption to pSi and protection
against water attack of the Si surface species. These findings provide insight into key considerations
for future formulation optimization of specific pSi based biomaterials, particularly for their use in oral
drug delivery.
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