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The potential of calcium silicate
hydrate as a carrier of ibuprofen

Ying-Jie Zhu & Tsun-Kong Sham’

"Department of Chemistry, University of Western Ontario, London, Ontario, Canada

Calcium silicate nanostructured materials are promising drug carriers owing
to their excellent biocompatibility, good bioactivity and high drug-loading
capacity. In recent years, studies have been carried out on the synthesis of
calcium silicate hydrate (CSH) nanostructured materials with desirable sizes
and morphologies and their applications in drug delivery, where very interest-
ing results and important insights have been documented. This editorial is not
intended to offer a comprehensive review on the research on CSH nanostruc-
tured materials as drug carriers; rather, it presents representative examples:
i) mesoporous microspheres; ii) ultrathin nanosheets; iii) iron oxide/CSH
core/shell nanocomposites; and iv) CSH/block copolymer nanocomposites,
and important results obtained in the study of CSH drug delivery systems for
ibuprofen (IBU) as a model drug. These results show that the nanostructured
CSH materials with specially designed architectures as IBU carriers have ultra-
high drug-loading capacity and sustainable drug release properties; thus, they
are promising drug carriers for IBU. In addition, a new drug release kinetics
has been found in the nanostructured CSH drug delivery systems. Most
recently, new insight has been gained by tracking the behavior of these
drug delivery systems on the molecular level using synchrotron-based X-ray
spectroscopy.

Keywords: calcium silicate, drug delivery, drug release kinetics, ibuprofen, nanostructured

materials, synchrotron spectroscopy
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Calcium silicates have many different forms with a suite of chemical compositions;
the most common forms are CaSiO3, Ca,SiOy4, Ca3SiOs, etc. Calcium silicates usu-
ally occur in hydrated form containing various percentages of water of crystalliza-
tion. Calcium silicate hydrate (CSH) possesses a remarkable level of structural
complexity with various Ca/Si ratios, and more than 30 crystalline CSH phases
are known. CSH materials prepared under ambient conditions exhibit structures
ranging from semicrystalline to nearly amorphous [1.2]. Despite research on CSH
materials for decades, the exact structures of various CSH phases are still under
debate due to their structural complexity and poor crystallinity.

The story of CSH mesoporous microspheres in drug delivery began with a report
of Zhu er al. 13); they prepared hierarchically nanostructured CSH mesoporous
microspheres (HNMS-CSH) by the self-assembly of nanosheets as building blocks
using the low-cost, surfactant-free sonochemical method. The CSH mesoporous
microspheres thus obtained are relatively uniform with the sizes of approximately
1 pm and the nanosheet building blocks have thicknesses of approximately
30 nm. The CSH mesoporous microspheres are composed of poorly crystallized
Ca38i,07-xH,0, where x ~ 6. Their performance with different weight ratios of
ibuprofen (IBU) to CSH carrier (2/100) is illustrated in Figure 1.

The average pore size of CSH mesoporous microspheres is 10.8 nm (Figure 1A),
with a BET specific surface area and a cumulative pore volume of 290 m” g™' and
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Figure 1. (A) N,-adsorption-desorption isotherms and pore size distribution curves of HNMS-CSH and their ibuprofen drug
delivery systems (IBU-HNMS-CSHn), where n/100 is the feeding weight ratio of IBU to HNMS-CSH; (B) TG curves of HNMS-CSH
and IBU-HNMS-CSHn; (C) IBU-release profiles of the IBU-HNMS-CSHn drug delivery systems in SBF and (D) the cumulative IBU-
release percentage versus natural logarithm of release time plots for IBU-HNMS-CSHn drug delivery systems (n = 200, 267 and

400).

CSH: Calcium silicate hydrate; HNMS-CSH: Nanostructured CSH mesoporous microspheres; IBU: Ibuprofen; SBF: Simulated body fluid; TG: Thermogravimetric.

Reprinted from [3]. Copyright 2010 WILEY-VCH.

1.20 cm® g’l, respectively (Table 1). The structural features of
HNMS-CSH are highly desirable for drug delivery because
they provide a large specific surface area, mesopores and inter-
connected nanochannels for drug loading and release. IBU
has been commonly chosen as a model drug for the research
on drug loading and release. IBU belongs to a class of drugs
called nonsteroidal anti-inflammatory drugs. IBU is used
for the management of mild to moderate pain, fever and
inflammation.

A series of drug delivery systems based on CSH mesoporous
microspheres, named IBU-HNMS-CSH7, where 7/100 is the
feeding weight ratio of IBU to HNMS-CSH, has been recently
investigated for IBU loading and release. For the experimental
procedure used for the IBU loading, please refer to (3. Upon
loading of the IBU into CSH mesoporous microspheres, the
peak of the pore size distribution curves decreases drastically
(the inset in Figure 1A), and this is accompanied by a significant

drop in specific surface area and pore volume. The drug-
loading capacities (the weight of loaded IBU in the carrier/
the weight of CSH carrier x 100%) and IBU-loading efficien-
cies are listed in Table 1. It is apparent from Table 1 that the
IBU drug-loading capacities in these drug delivery systems are
ultrahigh and that the IBU-HNMS-CSH,¢; system exhibits
the highest drug-loading capacity (229 wt%). To the best of
our knowledge, this is the highest drug-loading capacity for
IBU reported in the literature.

The drug release profiles of the IBU-HNMS-CSH#7 drug
delivery systems in simulated body fluid (SBF) are shown
in Figure 1C, where one can see that there are obvious differ-
ences in the drug release rates among different drug delivery
systems. For the IBU-HNMS-CSH,q drug delivery system,
approximately 75% of loaded IBU is released in approxi-
mately 480 h. For the IBU-HNMS-CSH,4, drug delivery

system, the drug release is nearly complete in approximately
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Table 1. The experimental results for the IBU-HNMS-CSHn drug delivery systems.

Drug delivery system Specific surface

Pore volume

Drug-loading Drug-loading

area (m2.g™") (em3.g™") capacity (wt%) efficiency (%)*
HNMS-CSH 290 1.20 - -
IBUHNMS-CSH09 30 0.17 172 86.0
IBUHNMS-CSH>g7 ~9 0.04 229 85.8
IBUHNMS-CSHa00 -9 0.04 190 475

*Drug-loading efficiency = the weight of loaded IBU in the carrier/the initial IBU weight in solution x 100%.
CSH: Calcium silicate hydrate; HNMS-CSH: Nanostructured CSH mesoporous microspheres; IBU: Ibuprofen.

372 h. These two systems show a sustained release of IBU
with a long period of drug release time, which can prolong
the therapeutic effect of the drug. On the other hand, the
drug delivery systems of IBU-HNMS-CSH,,, and
IBU-HNMS-CSH,¢, display relatively high drug release
rates at the early stage, with approximately 36 and 41% of
loaded IBU released, respectively, in the first 12 h. The rapid
drug release at the early stage is attributable to IBU molecules
adsorbed on the external surfaces and in the nanopores. This
relatively rapid drug release at the early stage is necessary for
achieving the desired level of the drug concentration required
for therapeutic treatment in a short period of time. However,
the IBU-HNMS-CSHoo system displays an initial rapid
drug release, by which approximately 43% of the loaded
drug is released in the first 6 h and the release is nearly com-
pleted in 36 h. This type of drug release profile can be utilized
when an immediate high dosage of the drug is required, for
instance, for an acute infection or inflammation. The chemi-
cal composition of the CSH drug carrier transforms to
hydroxyapatite after the drug release in SBF for 480 h, exhib-
iting good bioactivity of the CSH mesoporous microspheres.
The slow drug release at the later stage of IBU-HNMS-
CSH,o9 and IBU-HNMS-CSH,¢, is associated with the
formation of hydroxyapatite, which gradually coats the pore
channels. The IBU-HNMS-CSHy(( system initially displays
a relatively rapid drug release effect in which the loaded
drug is almost completely released before the pores are capped
by hydroxyapatite.

The kinetics of drug release from carriers can be usually
described using the Higuchi model (C = ko #''%) (4-6) with a
linear relationship between the cumulative amount of released
drug, C, and the square root of release time, 72, where £ is a
constant, and drug release is governed by a diffusion process.
However, Zhu ez al. 3] have found a new drug release kinetics
in the drug delivery systems of IBU-HNMS-CSH#n
(Figure 1D), in which, in contrast to the Higuchi model,
the cumulative amount of released drug (C) has a linear
relationship with the natural logarithm of release time (2):

C=keln(z),

where £ is a constant. For IBU-HNMS-CSH,,
IBU-HNMS-CSH,4; and IBU-HNMS-CSH ¢, 4 is deter-
mined to be 10.6, 16.9 and 28.6, respectively. The constant
k is an empirical constant, which relates to the drug release

rate. The bigger 4 value stands for the higher drug release
rate. This new drug release kinetics has also been found in
nanostructured calcium  phosphate-based drug delivery
systems [7-9].

Another work on ultrathin CSH nanosheets with a thick-
ness of approximately 2.8 nm and an ultrahigh specific surface
area is noteworthy [10]. The specific surface area of the CSH
ultrathin nanosheets can reach as high as 505 m* g, and to
the best of our knowledge, this is the highest value reported
for calcium silicate materials in the literature. This system
exhibits little cytotoxicity and becomes anhydrous upon heat
treatment. The highest IBU drug adsorption efficiency is
94 wt%, and the highest adsorption capacity for IBU is as
high as 220 wt%, which is similar to that of mesoporous
CSH microspheres. It has been found that the IBU adsorp-
tion on the CSH ultrathin nanosheets in the hexane system
is based on the chemical interaction between ~-COOH groups
from the IBU molecules and Ca®* cations from the CSH
nanocarrier [10].

Multifunctional drug delivery systems are increasingly pop-
ular in the medical diagnosis and therapy. The core/shell-
structured mesoporous nanocomposite consisting of magnetic
iron oxide nanoparticles as the core and CSH as the shell has
been recently synthesized using a two-liquid-phase system by
ultrasound irradiation, in which the hydrophobic phase is
composed of hydrophobic Fe;O4 nanoparticles and tetraethyl
orthosilicate, and the aqueous phase consists of Ca(NOj3),,
NaOH and water [11]. The hollow mesoporous nanocompo-
site consisting of magnetic iron oxide nanoparticles and
CSH is obtained by adding inert hydrophobic solvent isooc-
tane in the reaction system. The as-prepared nanocomposite
exhibits a superparamagnetic behavior with a high specific
surface area (474 m” g’l), high pore volume (2.75 cm?® g'l)
and high drug-loading capacity for IBU (103 wt%).

Amorphous CSH/block  copolymer monomethoxy-
(polyethyleneglycol)-poly  (lactide-co-glycolide) ~ (CSHP)
nanoparticles have been prepared in aqueous solution via a
facile co-precipitation route at room temperature [12]. The
IBU drug-loading capacity of the CSHP nanoparticles is
ultrahigh (~ 190 wt%), and the IBU loading efficiency
reaches as high as approximately 100%. The loaded IBU in
CSHP nanoparticles can be released in SBF for a long period
of time (about 300 h), during which the CSHP nanocarrier
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Figure 2. Comparison of drug-loaded CSH and CS nanocarriers with calcium acetate monohydrate; (A) Ca K-edge XANES total
electron yield of CSH and CS nanocarriers with IBU; and (B) first derivative of CSH mesoporous microspheres XANES before

and after IBU loading.
CSH: Calcium silicate hydrate; IBU: Ibuprofen.
Reprinted from [13]. Copyright 2013 Royal Society of Chemistry.

completely transforms to hydroxyapatite, exhibiting good
bioactivity.

X-ray absorption near-edge spectroscopy (XANES) is an
element and site-specific core-level absorption spectroscopic
technique, which allows for tracking the chemical environ-
ment of the absorbing atom. In XANES, X-ray with energies
in the vicinity and above the threshold excites the core elec-
tron to the unoccupied bound states, quasi-bound states and
the continuum and probes the local environment in terms
of bonding with neighboring atoms and local coordination
and symmetry; the excited electron brings back these informa-
tion in the form of a modulated absorption coefficient above
the monotonic atomic background. A recent XANES study of

CSH-IBU interaction clearly shows the interaction of Ca®* of
CSH with the carboxyl group of IBU and the effect on the
rest of the system, the Si and the O site, for example [13].
This technique has also been applied to track the behavior
of Fe30y particles in connection with drug delivery [14]. Using
a nano X-ray beam, an individual microsphere has been exam-
ined with spectromicroscopy. These techniques will play an
increasingly significant role in understanding the drug-carrier
interaction in the loading and unloading processes; hence, the
kinetics Guo X et al. (in preparation). Figure 2 shows the
Ca K-edge XANES where Ca**-IBU interaction is apparent
in the first derivative of the XANES. Synchrotron studies
already underway using a 30 nm X-ray beam confirm the
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CSH-IBU interaction on an individual microsphere and
the formation of hydroxyapatite. The activation energy for
the processes clearly lies in the IBU-CSH interaction in the
drug-loading process and IBU-CSH-SBF interaction in the
unloading process. However, more research is needed to clar-
ify the exact mechanism behind the new drug release kinetics.

Expert opinion

Several important factors influence the drug-loading and-
release properties of the drug carriers: these include chemical
composition, structure, size, morphology, porosity, etc.
Appropriate materials, high specific surface area, large pore
volume and well-defined microstructures with interconnected
nanoporous networks of the drug carriers are vital factors for
achieving high drug-loading capacities and favorable drug
release behaviors. CSH materials have promising applications
in many biomedical fields because of their excellent biocom-
patibility, good bioactivity, biodegradability, high drug-
loading capacity and favorable drug release behaviors, as
demonstrated in the examples described above. Although
high specific surface area and large pore volume of the drug
carrier are vital factors for high drug-loading capacity, the
intrinsic nature of carrier materials is crucial for high drug-
loading capacity. IBU molecules can form the linkage to
CSH carrier by the electrostatic interaction between Ca®*
cations and carboxyl groups under basic circumstances, and
the linkage will break under acidic conditions. Coincidentally,
CSH exhibits basicity with Ca®*-enriched surface. Therefore,
the chemical interaction between IBU molecules and the
CSH carrier is a vital factor for the extremely high drug-
loading capacity of the CSH-based drug carriers, apart from
high specific surface area and high pore volume.

The structural features of the as-prepared HNMS-CSH are
advantageous for ultrahigh drug-loading capacity (229 wt%)
and sustained drug release. The CSH-based nanostructured
IBU drug delivery systems have very long drug release times
(usually hundreds of hours), which can significantly prolong
the therapeutic effect of the drug. For IBU drug delivery
applications, calcium silicate nanostructured materials are
promising for the implantable local drug-delivery devices
that can reduce the inflammation and pain after the bone/
tooth repair surgeries, with the in situ combination of hard
tissue repair and drug delivery. The formulation that gives a
relatively fast drug release profile is suitable for the treatment
of an acute inflammation that needs a high drug dosage in a
short period of time. The formulation that gives a long-time
drug release profile is suitable for relieving the pain and
preventing inflammation in the recovery stage that needs a
long-term sustained drug dosage. Furthermore, the combined
use of the fast drug-release and long-term drug-release formu-
lations with proper ratios can meet different demands for the

The potential of CSH as a carrier of IBU

clinical hard tissue repair applications with drug delivery
function.

For the first time, a new drug release kinetics has been
found in the drug delivery systems of HNMS-CSH, in which
there is a linear relationship between the cumulative amount
of drug released and the natural logarithm of the release
time. Furthermore, CSH nanocarrier can entirely transform
to hydroxyapatite after drug release in SBF, implying its
good bioactivity. Currently, the detailed mechanisms for this
drug release kinetics are still not fully understood, and more
research is needed to clarify this issue. Preliminary experimen-
tal results obtained in the drug delivery systems based on
nanostructured CSH and calcium phosphate carriers where
this new drug release kinetics is applicable indicate that the
crystal phase transformation from the CSH or amorphous
calcium phosphate to hydroxyapatite occurs. We propose
that the combined effects of several factors such as the crystal
phase transformation, desorption of drug molecules from the
carrier and diffusion of drug molecules into solution are
responsible for this drug release kinetics.

The recent introduction of advanced photon techniques
using synchrotron radiation has greatly enhanced the charac-
terization capabilities in tracking drug-carrier interaction on
the molecular level, which in turn help identify the nature
of the interaction in both the drug-loading and the -unload-
ing process. These techniques will play an increasingly signif-
icant role in understanding the drug-carrier interaction in the
loading and unloading processes, hence the kinetics.
of CSH nanostructured
material-based drug delivery systems will mainly focus on
the design, synthesis and applications in drug delivery of the

Future research directions

nanostructured CSH drug carriers with well-defined chemical
composition, structure, size, morphology and porosity, and
CSH-based nanocomposites with biocompatible polymers,
multifunctional CSH-based nanostructured drug carriers
and, importantly, the mechanisms regarding the CSH-based
drug delivery systems, drug release kinetics and the interac-
tions between the drug and the carrier.
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