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Design and pharmaceutical applications of porous
particles

Miaomiao Zhou,?® Lan Shen,? Xiao Lin, £2*? Yanlong Hong® and Yi Feng*®

Porous particles (PPs) are a novel kind of carrier with a large surface area, high porosity, stable uniform porous
structure, tunable pore sizes with narrow distribution, and well defined surface properties. There are many
methods for preparing PPs, mainly including using porogens or templating agents to form pores, self-
forming pores by particle matrices without any pore-forming agents, and chemical synthesis. In this review,
reports on various PPs are collected, which are applied in various fields of medicine for many purposes, such
as improvement of dissolution of poorly soluble drugs, development of novel drug delivery systems, and
improvement of the functional properties of drug-loaded particles. In general, these functions of PPs are
closely related to their fundamental particle and pore properties, such as morphology, size, surface property,
surface area, and porosity. The reasonable application of PPs has markedly facilitated the development of
pharmaceutics and the number of published reports has increased progressively from year to year. However,
there remains a serious deficiency of summarization and systematic analysis of these reports. Therefore, this
review aims to provide a comprehensive and relevant overview on the design and pharmaceutical

rsc.li/rsc-advances

1. Introduction

Nowadays, it is difficult for many newly developed active phar-
maceutical ingredients (APIs) to obtain the desired efficacy or be
produced in desired dosage forms mainly due to their poor
physicochemical, micromeritic, physicomechanical, and/or
pharmacokinetic properties. To solve this, scientists have
devoted their efforts to investigate a variety of new carriers,
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applications of PPs, which can serve as an informative reference for interested readers.

dosage forms, and drug delivery systems.™* As part of the effort,
porous particles (PPs) based on old pharmaceutical materials
emerged and have been developed as a novel carrier to improve
drug delivery, dissolution, tableting, and so on.>”

PPs are low-density solids with open or closed pore struc-
tures that provide a large exposed surface area.® Originated in
the twentieth century, they have been used in various fields, and
especially in the pharmaceutical field significant results have
been achieved. According to pore diameter, PPs are classified
into three categories: macroporous (pore diameter > 50 nm),
mesoporous (2-50 nm), and microporous (<2 nm).” The pore
diameter can be tailored by the preparation conditions, which
plays a vital role in the properties of PPs.'" Compared to
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common particles, PPs possess several distinct features, such as
large surface area, high porosity, uniform and tunable pore
structure, and well defined inner and outer surface properties,
which render them more suitable for being used as drug
carriers."” Generally, drugs are loaded into the pores and on the
surfaces of PPs to improve their dissolution and achieve sus-
tained or targeted release thanks to the distinct structure of PPs.

It is reported that particle engineering involves the operation
at three solid state levels, i.e., crystal, particle, and bulk levels.*®
PPs mainly belong to the particle level's operation, which
involves individual particle properties (e.g. size, shape, surface
area, and porosity). Moreover, the particle level can cause
changes in the bulk level, which involves properties like tab-
letability, flowability, etc.'*** Namely, PPs can be used to
improve fundamental properties and functional properties of
particles simultaneously. PPs with excellent fundamental
properties, such as large surface area and high porosity, can
achieve markedly improved functional properties like adsorb-
ability and compactability, which are essential for effective drug
loading and property improvement.

Investigations on applications of PPs have been the hot focus
of multiple pharmaceutical fields (including drug delivery,
particle engineering, treatment of diseases, and separation)***°
and have provided encouraging opportunities to solve scientific
problems once considered intractable. Similarly, the prepara-
tions of PPs have also attracted scientists' interests.?*?* The
reasonable application of PPs has markedly facilitated the
development of pharmaceutics and the number of published
reports has increased progressively from year to year, resulting
in an increasing understanding of PPs. However, there remains
a serious deficiency of summarization and systemic analysis of
these reports. Therefore, this review aims to provide a compre-
hensive and relevant overview on the design and pharmaceu-
tical applications of PPs, which can be served as an informative
reference for relevant readers.

2. Design of porous particles

Porous particles (PPs) are usually made from certain parent
particles by adding some ingredients followed by removing
them or using certain techniques to form pores. In more details,
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the methods for preparing PPs are summarized and discussed
as follows.

Firstly, the most common method is the use of porogens or
templating agents within particles in the first step, followed by
removing them in the second step to produce pores (Fig. 1). In
fact, the pore forming mechanism of porogens and templates is
different. In terms of porogens, they mainly form pores by
producing gas or volatilization during the preparation process.
For example, Bae et al.>* manufactured porous poly(lactic-co-
glycolic acid) microsphere by utilizing hydrogen peroxide (HP)
as porogen. An enzymatic reaction between HP and catalase
formed oxygen bubbles which naturally developed many
internal pores within microsphere. In the preparation of porous
microspheres (PMSs), the physicochemical properties of poro-
gens seem to have a great influence on the size distribution and
porous features of microspheres.> In another study, Al-Khat-
tawi et al®* fabricated porous mannitol using ammonium
bicarbonate (NH,HCOj3) as porogen by spray drying. It is re-
ported that NH,;HCO; sublimes above 50 °C and is removed
directly during spray drying which leaves voids in particles
because of the evolution of H,0f7, NH;t, and CO,t1.>%?¢
Camphor was also applied as porogen to produce porous
granules, which depended on its sublimation by exposure to
vacuum.” Besides the above, the commonly studied subliming
agents also include menthol and thymol.*® As for templating
agents, they need to be washed using solvent or removed by heat
treatment (including calcination) in the second step where
differs from porogens. In some cases, sulfuric acid can also be
used for removing a copolymer template.” There are many
kinds of templates, including (i) ethanol-soluble food-grade
acids®* and carbohydrate sugars,® (ii) polystyrene*>** and
other polymers,*?** and (iii) inorganic salts.** Moreover, there
exists a special templating agent, namely, emulsion, a two-
phase system consisting of continuous phase and dispersed
phase. Polymerization of the continuous phase of the emulsion
followed by removing the dispersed phase using ethanol leads
to the formation of pores.”” Generally, porous lactose or
mannitol tends to be fabricated using templates. Although
using porogens or templates is applicable to the preparation of
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Fig. 1 The preparation of porous particles by using porogen or tem-
plating agent.
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most PPs, there are still shortcomings. Either porogens or
templating agents must be removed in the second processing
step and thus require a relatively tedious process. So, it's more
difficulty to carry out in large scale and has potential detri-
mental effects in clinic if they are not completely removed.*” In
addition, the removing process must not have any meaningful
effects on the other components of PPs.

In comparison with the above facts, the second method does
not use porogens or templates anymore (Fig. 2). Wei et al.**
utilized amphiphilic mPEG-based polymers with different
hydrophobic segments as microspheres matrix to prepare PMSs
with narrow size distribution based on a double emulsion-
premix membrane emulsification technique. This process can
self-form the pores without any porogens or templates. The
mechanisms of the pores-forming process possibly go as
follows: (i) water molecules were absorbed by hydrophilic PEG
segments and then evaporated, forming the pores on the
microsphere surface, (ii) local explosion of microspheres
occurred due to fast evaporation of solvent used as oil phase in
emulsion, which played a critical role in determining the
porous structure of microspheres.®® Results showed that the
property of the hydrophobic segment had an important impact
on structure characteristics of pores, which can be used to
prepare different PMSs. This method involves in amphiphilic
polymers which can be employed as permanent geometric
porous matrix, so it is applicable to the preparation of PMSs.
Nevertheless, theoretical and experimental studies on this
method are still deficient, and thus, it is less used so far.

The third method is to prepare PPs by synthesis, which
mainly involves in Si-related PPs. For instance, the basic
method to produce porous silicon is electrochemical dissolu-
tion of Si in HF based solutions obtained by monitoring either
the anodic current (galvanostatic) or voltage (potentiostatic).>
Generally, constant current can control the porosity and thick-
ness better. Mesoporous silica nanoparticles (MS-NPs) are
usually synthesized by reacting a self-assembling silica TEOS
(tetraethyl ortho-silicate) or sodium silicate and a surfactant
(usually quaternary ammonium salt) micelle.>® And then the
surfactant, which acts as a structure directing agent, is removed
by calcination or extraction, causing a porous silicate network.
The combination between the negatively charged silicate and
the positively charged surfactant micelles contributes to an
ordered structure of MS-NPs. Furthermore, porous calcium
silicate hydrate (CSH) was fabricated based on reactivity-
enhanced SiO, (i.e. silica/polyethylene glycol (PEG2000)
composites) as the source silica material at a low hydrothermal
temperature of 110 °C.*° The pore formation mechanism of CSH

Fig. 2 The preparation of porous particles by using amphiphilic
polymers as particle matrix.
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was believed to be ascribed to that cavitation, which resulted
from sonication, enabled PEG2000 (via intercalation on silica)
to break apart Si-O-Si bonds and, thus, enhanced SiO, reac-
tivity at a low hydrothermal temperature.

Besides the above three methods, there are also some
specific ways to manufacture certain PPs. For example, porous
calcium carbonate can be created by re-precipitation of inor-
ganic mixed salts (e.g, calcium phosphate and calcium
carbonate) under controlled conditions.* Enzymatic reaction
between raw starches and starch hydrolyzing enzymes (e.g,
amylase or amyloglucosidase) at sub-gelatinization tempera-
tures offers an attractive alternative for producing porous
starch.*” In addition, PPs can be even manufactured only via
adopting specific preparation conditions such as spray freeze
drying or vacuum freeze drying.*>**

In general, each approach has its applicability, advantages,
and disadvantages, so researchers should choose the most
appropriate method to prepare the corresponding PPs accord-
ing to their own purposes.

3. Types of porous particles (PPs)
(Table 1)

3.1. Porous silicon (PSiN)

PSIN is a extensively studied biomaterial fabricated by the
electrochemical dissolution of Si in HF-based solutions.*
Intriguingly, its essential properties, such as pore size, surface
area, and particle size, can be regulated in the preparation
process, which make it a very multifunctional material used in
medical filed.*® Different from most PPs, PSiN can enhance the
antimicrobial effect of drugs. In addition, it can also be used for
oral drug delivery, especially for cancer therapy.

PSIN shows excellent in vivo stability, nonimmunogenic
profiles, and low cytotoxicity, which makes it ideal for oral drug
delivery.** The loading and release behaviors of five model
drugs (antipyrine, ibuprofen, griseofulvin, ranitidine and furo-
semide) incorporated into PSiN microparticles were studied.*”
In the process of loading, besides factors affecting the stability
of the particles, surface properties would affect compound
affinity towards the particles.*” In addition, the loading solution
and the chemical nature of the drug seemed to be vital to the
loading process. On the other hand, the drug release rate of
drug-loaded PSiN microparticles depended on the drug's own
dissolution behavior. Namely, the PSiN microparticles caused
a delayed release when the plain drug had a high dissolution
rate. In contrast, the release rate of poorly dissolving drugs
loaded into the PSiN microparticles was clearly improved.*”

Modified PSiN nanoparticles play an important role in
cancer therapy. They can be used for controlled and targeted
anti-cancer drug delivery, which implies that carriers can be
triggered to release the drug once it has reached its target. For
example, PSiN nanoparticles grafted with a temperature
responsive (TR) polymer could be triggered externally by
infrared (IR) or radiofrequency (RF) radiation.*® Inhibition of
tumor growth and a prolongation of the survival time of
animals were obtained after using this carrier system in

This journal is © The Royal Society of Chemistry 2017
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Table 1 Key information of various porous particles for pharmaceutical applications?
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Types

Key properties

Preparations

Functions and applications

Porous silicon

Porous silica

Mesoporous
silica
nanoparticles

Porous calcium

silicate

Porous mannitol

Porous lactose

Porous starch

Porous chitosan

The porosity and pore size
can be tuned

Sylysia 350: pore size,
21.0 nm; pore volume, 1.6
mLg™*

Superficially porous silica
(particle diameter ~ 30 pm)
with a thin shell of porous
silica (1-2 um)

Pore size, 2-50 nm

Porous structure,
assembled petal-like flakes

Florite RE: pore sizes,
particularly 12 pm and
0.15 pm

The porosity and pore size
can be tuned

The porosity and pore size
can be tuned

Honeycomb structure; pore
size, ~1 pum; total volume,
~50% of starch

This journal is © The Royal Society of Chemistry 2017

The electrochemical
dissolution of Si into HF
based solutions

Using emulsions as
template

Reacting a self-assembling
silica tetraethyl ortho-
silicate or sodium silicate
and a surfactant micelle

Using reactivity-enhanced
SiO, as the silica materials
at a low hydrothermal
temperature

Spray drying of mannitol
solutions containing
templating agents or
porogen

Spray drying of lactose
solutions containing
templating agents

A freezing-solvent
exchange technique or
enzyme treatment

Microemulsion combined
with thermally induced
phase separation
technique

Dissolution: time for 80% ibuprofen release, | 3-fold;*”
release amount of furosemide, 1 14-fold (at 1 h)*’
Sustained release: release amount of ranitidine, |
~1.28+old (at 30 min)"’; release time of peptide (YY3-
36), 1 3-fold”"

Improved pharmacological activity of ghrelin
antagonist: | food intake for a longer period, 1 blood
pressure more slowly”®

Cancer therapy: 1 efficacy, | side effects”®*®
Antimicrobial effect of drugs: 1°

Dissolution: release amount of tanshinone 1A%, 1 ~4-
fold at maximum (at 180 min), AUC 54 1, 1 1.97-fold;”
release amount of indomethacin®?, 1 ~25% (at 10
min)®%; release amount of carvedilol, 1 ~5.7-fold (at 2
h)55

Tabletability: tablet tensile strength of erythritol®, 1
from 0 to ~2.7-4.5 MPa;'° tablet tensile strength of
indomethacin®, 1 ~1.5-fold;>® flowability of dry
powders, 1°*

Sustained release: release time of chlorhexidine
diacetate, more than 1 week;"® release time of
methylene blue?, 1 ~5-fold"

Mucosal and systemic immune responses: 1°

Using for separating biomolecules*®

Dissolution: release amount of aceclofenac, 1T ~2 times
(at 2 h), AUCy_g 1, T 189% (ref. 20)

Achievement of controlled and sustained ibuprofen
release®

Targeted TAT peptide release'®

Cancer therapy: 1 efficacy, | side effects'’

Immune responses, 17

Dissolution: time for 80% meloxicam release, | 29.8-
fold (meloxicam/FLR, 1 : 1), | 344.9-fold (meloxicam/
FLR, 1 : 3);® solubility of TAS-301, 1 ~20-fold,

AUCq 15 1, 1 1.8-4.6-fold, Cpax, T 2.3-5.1-fold”>
Sustained release: release time of gentamicin,

more than 5 days'®

Antibacterial effect of drugs, 1'°

Dissolution: 80% acetaminophen was released within
the first 5 min;”® 80% nifedipine and indomethacin
were released within the first 15 min (ref. 6)
Tabletability: tablet crushing strength of
indomethacin®, 1 175% (compaction force: 100 MPa)
and 1 100% (compaction force: 300 MPa);® tablet
hardness of PM, 1 46.6-148.3%, tablet disintegration
time of PM, | 50-77% (compared to parent mannitol)**
Pulmonary delivery: release amount of hydrophobic
cyclosporine A, 1 ~9-fold (at 20 min)”®

Dissolution: 85% acetaminophen was released within
7 min (ref. 82)

Tabletability: tablet crushing strength of
acetaminophen, 1 ~15-fold (compaction force: 100
MPa) and ~4-fold (compaction force: 400 MPa)*
Dissolution: carbamazepine, from insoluble in water to
dissolved completely within 20 min;*° time for 80%
lovastatin release®, | ~3-fold, AUCy g 1, T 1.77-fold
(compared to the pure drug) and 1.48-fold®*

Stability of drug: retention rates, 1 15-50% (compared
to lutein)®

Hemostatic effect’: hemostatic time, | 1.5-fold; blood
loss, | 9.8-fold®*
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Table 1 (Contd.)

Types Key properties Preparations Functions and applications

Porous — Non-solvent induced phase Achievement of sustained/controlled release of
microspheres separation, or double proteins, peptides, etc.>"7%°

emulsion-premix
membrane emulsification
technique combined with
a solvent evaporation
method without any
porogens, or solvent
evaporation method using

porogen

Porous ceramics Comprised of a three- Unavailable
dimensional array of

hollow polygons

Functionalized Size, 5-15 mm; a specific
calcium lamellar surface area, 40—
carbonate 80 m? g~ '; porosity, ~70%

Re-precipitation of calcium
phosphate incorporating
calcium carbonate under

Achievement of sustained drug release®®

Tabletability: tablet tensile strength, 1 ~10-fold
(compaction force: ~400 MPa) (compared to CC 330)"

controlled conditions

“ Drug-loaded porous particles were compared with the corresponding physical mixture. ? Drug-loaded porous particles were compared with the
corresponding non-porous particles. ¢ Drug-loaded porous particles were compared with the corresponding commercial product. ¢ Unlabelled
data indicated that they were compared with the pure drug. Data in the italic form indicated that they were estimated from the figure in the
published paper. Sylysia 350, a type of porous silica; Florite RE, a type of porous calcium silicate; TAS-301, 3-bis(4-methoxyphenyl)methylene-2-
indolinone; CC 330, ground calcium carbonate; AUC, area under the concentration-time curve; Cp,.x, maximum plasma concentration.

combination with radiation. Both IR and RF radiations well
triggered the release of drug. The conformation of the TR
polymer implanted on the surface of PSiN nanoparticles
changed in response to the heating induced by radiation, which
allowed the loaded drug to escape from the PSiN pores and,
thus, achieved controlled and targeted drug release. High effi-
cacy of such nanoparticles against malignant cells were
observed both in vitro and in vivo.*® In another study, Xia et al.*®
fabricated photothermal nanocarriers, ie., polyaniline/PSiN
hybrid nanocomposites (P/PSiN-NPs), for combined chemo-
photothermal therapy of cancer. These biodegradable and
non-toxic PSiN-based nanocomposites could be completely
cleared in mouse body after intravenous injection. Doxorubicin
hydrochloride (DOX), a model anticancer drug, was loaded into
P/PSiN-NPs efficiently. Most importantly, the combination of
chemotherapy and photothermal therapy based on DOX-loaded
P/PSiN-NPs showed a synergistic inhibition effect on both the
growth of tumors in vivo and the proliferation of cancer cells in
vitro.* As a whole, these PSiN-based composite carriers are
promising for cancer treatments in clinic.

Peptides have great potential in the treatment of severe
illnesses. However, an effective delivery system, such as ther-
mally hydrocarbonized mesoporous silicon microparticles
(THC-PSiNs), is necessary to prolong their action after admin-
istration. p-lys-GHRP6 (ghrelin antagonist, GhA), used as
a model peptide, was loaded into THC-PSiNs.*® Food intake and
blood pressure are two distinct parameters used to examine the
pharmacological activity of GhA. Results showed that GhA-
loaded THC-PSiNs inhibited food intake of mice and rats for
a longer period and increased their blood pressure more slowly
than a control GhA solution, thus exhibiting a stronger

39494 | RSC Adv., 2017, 7, 39490-39501

pharmacological activity. Cytokines are a part of the immune
system whose appearance relates to infections and inflamma-
tory conditions. Since plain THC-PSiNs do not increase cytokine
activity, they are believed to be a suitable carrier for drug
delivery.*® Besides, a sustained and tailorable release system for
peptide YY3-36 using PSiN was also achieved.”

As mentioned above, PSiN has a unique characteristic, i.e., it
can enhance the antimicrobial effect of drugs. Vale et al.** re-
ported that the loading of ethionamide (ETH), a drug used to
treat Mycobacterium tuberculosis, into PSiN enhanced the
permeability and solubility of ETH, as well as its metabolism
process. Then, carboxylic acid functionalized thermally hydro-
carbonized porous silicon nanoparticles conjugated with ETH
were synthesized, which exhibited much better antimicrobial
effect than free ETH.> It is supposed that the essence of the
synergy between the nanoparticles and ETH is owing to the
weakening of the bacterial cell wall, which enhances conjugate
penetration.

3.2. Porous silica (PSi)

PSi has large specific surface area and high porosity due to its
porous structure. It was reported that PSi could be synthesized
using emulsions as template.?” Sylysia 350, a common type of
PSi, with pore size at 21.0 nm and pore volume at 1.6 mL g%,
has many silanol groups on its surface and can be applied as
a pharmaceutical excipient for oral administration because of
its good biocompatibility, stability, and nontoxicity.”** In
addition, it has an excellent capacity to improve the powder
properties and the dissolution of drugs. Therefore, PSi is widely
used as a carrier to enhance various properties of drugs in
pharmaceutical field.

This journal is © The Royal Society of Chemistry 2017
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Solid dispersion (SD) is commonly used for improving the
dissolution rate of poorly water-soluble drugs. Recently, there
are many literatures reported that PSi combined with the SD
technology (PSi-SD) achieved preferable solubilization of
drugs.”**** For example, Yan et al.” reported that tanshinone IIA
(tanIIA) in PSi-SD with different ratios (1:2 to 1 :8) showed
significantly improved dissolution rates (~4-fold at maximum)
compared to pure tanlIA and corresponding physical mixtures.
Besides, the AUC,_,4 1, of tanlIA from PSi-SD increased by 1.97
times compared with pure tanIIA, demonstrating that its oral
bioavailability was improved by SD with PSi. Takeuchi et al.>*
prepared the SDs of indomethacin with non-porous Si or PSi.
The latter showed faster drug dissolution rate. When the latter
achieved complete drug dissolution, the former only released
80% of the drug. Similar results were also reported in other
literatures.”**> The mechanisms of improved drug dissolution
are generally analyzed as follows. The amorphous state of a drug
is conducive to the increase of its dissolution. Generally,
amorphous drugs in SDs are unstable and tend to crystal-
lisation.*® However, this process could be prevented by forming
hydrogen bonds between the carbonyl groups of the drug and
the silanol groups existed on the surface of PSi. Meanwhile, the
formation of hydrogen bonds could improve the wettability of
the drug and further increase drug dissolution rates.”*” On the
other hand, the enhancement of dissolution seems to be
negatively affected by drug loading.>®

PSi can improve the tableting properties of powders. It can
combine with an active pharmaceutical ingredient to form
composite particles (CPs) with improved tabletability. For
example, CPs were formed by embedding erythritol in PSi pores
with different ratios (erythritol/PSi: 1:1, 2:1, and 3:1) and
then were applied for the preparation of orally disintegrating
tablets via direct tableting." The CPs showed excellent com-
pactability because of the strong binding property between PSi
and erythritol. In comparison, the parent erythritol powder had
poor compactability and caused problems during tableting.
Compacts could not be produced using the physical mixtures
between erythritol and PSi due to capping, while the CPs could
be compacted successfully and the tablets formed showed
excellent tensile strength (~2.7-4.5 MPa)." This phenomenon
should be attributed to both an increased number of contact
sites between CPs and an enhanced interparticulate bonding
force. Similarly, in another report, CPs of indomethacin and PSi
also showed enhanced tabletability compared to the corre-
sponding physical mixture.”® What's more, PSi can also be
exploited for improving flowability of dry powders during the
tableting process, which makes dosages more accurate.>

Sustained and controlled drug release can be obtained by
using PSi as carrier. Chlorhexidine diacetate was incorporated
into the pores of PSi.*° This drug loaded-PSi sustained a slow
release of chlorhexidine over more than 1 week. The release of
chlorhexidine was controlled by configurational diffusion in the
PSi pores and could be tuned by adjusting the particle size and
pore diameter of PSi. In addition, Jang et al.* investigated the
release behaviors of methylene blue (MB) after it was introduced
into PSi. The release of MB from PSi was maintained for more
than 16 days, which was more sustained (approximately five

This journal is © The Royal Society of Chemistry 2017
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times) than that from MB loaded-nonporous silica." With the
pore volume of PSi increasing, the release rate of MB also
increased. Because of a large number of pores in PSi, drugs tend
to be adsorbed not on the surface but in the interior of PSi and,
thus, obtain a controlled and sustained release, which can
prolong its half-life and avoid multiple dosing.

Intriguingly, PSi can be even used as an oral vaccine
immunological adjuvant to enhance mucosal and systemic
immune responses. PSi incorporated with a model antigen,
bovine serum albumin (BSA), has the capacity to produce
a sustained-release vaccine delivery system.® Results showed
that the PSi/BSA formulation by oral immunization produced
a stimulated humoral and mucosal response comparable to that
induced by parenteral administration with BSA emulsified in
Freund's Complete Adjuvant. The immunity greatly relied on
the architecture of PSi, which was related to the uptake and
release profile of the antigen as well as the uptake by M cells (a
portal of the mucosal immune system).” There are several
advantages for the application of PSi as an oral vaccine immune
adjuvant. Firstly, because of the high surface area and large pore
volume of PSi, it can load a large amount of antigens. Secondly,
PSi can provide slow release of antigens and thus create
a “depot” effect. Thirdly, its stable and rigid framework can
provide suitable protection against the effects of gastric acid
and proteases in the alimentary tract. Fourthly, when antigens
are loaded into the silica pores using phosphate buffered
solution instead of organic solvent, they generally maintain
their full activity.” These aspects prove that PSi is an excellent
candidate for oral vaccine delivery.

Generally, PSi refers to fully porous silica whose pores extend
from the surface to the core of particles. But there are still
superficially porous silica (SPSi) which consists of a non-porous
silica core surrounded by a thin shell of porous silica (typically
of 1-2 um thickness), with overall particle size being
~30 pm.*»** Such particles are usually used as a stationary
phase for chromatography to separate biomolecules. Those
with pore diameter of ~100 A can be used for separating small
molecules and those with 160-200 A pore diameter are available
for separating peptides and small proteins.'® The thin porous
shell provides excellent mass transfer (kinetics) for large
molecules, leading to superior separation efficiency compared
to conventional PSi.'"®® So, SPSi has become popular as
a stationary phase for chromatography over the last decade.

3.3. Mesoporous silica nanoparticles (MS-NPs)

MS-NPs are a kind of porous nanoparticles which have tunable
pore size in the mesopore range (2-50 nm).** They are synthe-
sized by reacting a self-assembling silica tetraethyl ortho-silicate
or sodium silicate and a surfactant (usually quaternary ammo-
nium salts) micelle.*® Generally, MS-NPs can be classified as:
M41S type MS-NPs family (the first MSN reported in the early
1990s), organically modified silica (ORMOSIL) nanoparticles,
and hollow type MS-NPs.'”** They are mostly applied for drug
delivery and, most importantly, for cancer therapy.

MS-NPs as drug delivery carriers offer several distinct
advantages: (i) MS-NPs with large internal surface area and pore
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volume can be used as drug delivery carriers for a large range of
drugs; (ii) MS-NPs exhibit biodegradation and low cytotoxicity;
(iii) a tunable porous structure can help tailor drug loading and
release kinetics; (iv) MS-NPs with a highly hydrophobic and
rigid matrix structure can be uniformly dispersed in water and
avoid variations due to heat, pH, mechanical stress, and
hydrolysis-induced breakdown; (v) an easily modified surface
enables MS-NPs to offer targeted and controlled drug
delivery.”***® Qu et al.® investigated the release profiles of
ibuprofen loaded into MS-NPs. The results showed that the
drug-loading amount and drug release profiles were directly
correlated to the specific surface area, pore volume, pore
geometry, and morphologies of MS-NPs. With increasing the
specific surface area of MS-NPs, the drug-loading amount also
increased and a smaller spherical particle size led to a faster
drug release rate.*® It was also found that loaded ibuprofen was
in an amorphous state and was present both on the surface and
within the core of MS-NPs, which should also contribute to the
enhanced dissolution.®*

MS-NPs have been increasingly popular as drug carriers
owing to the promising in vivo results related to cancer therapy.
MS-NPs now play an important role in cancer diagnosis and
therapy because of their tunable pore size, high drug loading
capacity, biodegradation, and nontoxicity. For example, in early
cancer detection and diagnosis, MS-NPs can be used as imaging
contrast agents, which displays encouraging results; MS-based
chips with inert properties and specific pore size can act as
a filter in protein mass spectrometry for recognizing cancer
biomarkers; and the combination of silica nanoparticles with
fluorescent materials can be used for optical imaging.”” These
MSN-based approaches exhibit better efficacies than those
commonly used with several limitations. As for cancer therapy,
MS-NPs have been commonly used as anti-cancer drug delivery
carriers, including passive delivery systems, active delivery
systems, and controlled-release drug delivery systems."” In
general, MS-NPs can not only improve efficacy but also reduce
side effects of anticancer drugs. They can also deliver gene and
achieve molecular targeted therapy. Particularly, MS-NPs can be
used to achieve significant anti-cancer efficacy by co-delivering
several drugs, meanwhile, avoiding cancer multidrug resis-
tance, which is a major cause of therapy failure in cancer
patients.”

MS-NPs also have the ability to enhance the dissolution of
drugs. For example, aceclofenac was loaded into MS-NPs.?° The
dissolution efficiency of the drug from MS-NPs was ~2 times
higher than that of the plain drug or the marketed tablets.
Correspondingly, the drug-loaded MS-NPs achieved a signifi-
cant improvement of 189% in oral bioavailability (AUCy_g 1)
than the plain drug in rats.>® So, the efficacy of aceclofenac was
remarkably improved due to the enhanced bioavailability.

MS-NPs can also be used as a potential vaccine adjuvant.
Oliveira et al.”* evaluated the function of MS-NPs in the
prevention of Schistosoma mansoni. Compared to conventional
adjuvants, MS-NPs triggered stronger immune response, which
is believed to be related to some distinct characteristics of MS-
NPs, such as spherical morphology, high surface area, high
volume of large pores, stability, and biocompatibility.”
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3.4. Porous calcium silicate (PCS)

PCS, which has both a highly porous structure of assembled
petal-like flakes and a large individual pore volume, can be
synthesized at a low hydrothermal temperature, using
reactivity-enhanced SiO, as the raw material.*>”*> Florite RE
(FLR) is a type of PCS that possesses many intraparticle and
interparticle pores (sizes being approximately 12 and 0.15 pum,
respectively) on its surface.”” FLR has been widely used in
pharmaceutical field to improve dissolution, mechanical prop-
erties, and delivery of drugs.

Firstly, FLR has the ability of adsorption and hence is able to
improve the dissolution of drugs. Meloxicam, a poorly water
soluble drug, was adsorbed on FLR in 2 proportions (meloxicam/
FLR, 1:1 and 1: 3). The results showed that the time required
for 80% drug dissolution of the 2 proportions displayed 29.8- and
344.9-fold reduction, respectively, compared with the plain drug,
clearly demonstrating significantly improved drug dissolution
caused by FLR.? Improvement in dissolution rate may be owing to
(i) large surface area of FLR for adsorption, which reduced the
chances of agglomeration of drug particles; (ii) a reduction in
crystal size of drug; and (iii) the possible improvement in the
wettability of drug because of FLR's dispersibility.*”* The result of
increased drug dissolution caused by PCS was also found in other
studies.” Furthermore, FLR could even improve the solubility of
drugs. Kinoshita et al.”? studied the dissolution characteristics of
3-bis(4-methoxyphenyl) methylene-2-indolinone (TAS-301) after it
was melt-adsorbed on FLR. It was found that not only the
dissolution of melt-adsorbed products was improved, but also
the solubility was approximately 20-fold greater than that of pure
drug.” Correspondingly, the oral bioavailability of TAS-301 melt-
adsorbed on FLR was also markedly enhanced, which could be
demonstrated by the evidence of increased AUC, 1, 1, (1.8-4.6-
fold) and Cpax (2.3-5.1-fold) compared with pure drug in any
feeding conditions.

PCS can also be applied for drug delivery to achieve sus-
tained drug release. Gentamicin was loaded on calcium silicate
(GENT-CS) and mesoporous calcium silicate (GENT-MCS),
respectively.*® The release curves of both were investigated. On
the first day, the burst release of both groups was visible.
However, the drug release rate decreased significantly for
GENT-CS. In contrast, the drug released from GENT-MCS on the
fifth day was about 2-fold than that on the first day, indicating
that the sustained-release profile could be obtained by GENT-
MCS.* The result is believed to attribute to the presence of
mesopores that seem to provide a higher surface area for GENT
adsorption.®

In addition, MCS itself has an antibacterial effect. The GENT-
MCS group also showed a better antibacterial activity against
a S. aureus strain than the GENT-CS group when the culture
period of bacteria was 12 hours or longer.*® The reason for the
antibacterial effect of MCS may be the appearance of an alkaline
microenvironment and an increased pH value due to the release
of calcium ions of MCS, which has certain inhibition effect on
bacterial growth.'® Therefore, MCS can be applied as carries for
antibacterial agents to achieve synergistic and preferable anti-
bacterial effects.

This journal is © The Royal Society of Chemistry 2017
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Though PCS exhibits many benefits in pharmaceutical field,
shortcomings still exist. The most prominent drawback of PCS
is its low density, which limits its bulk volume and can make it
easily become airborne during manufacturing. Additionally,
low-density PCS may blend nonuniformly with other materials
due to marked differences in density.” So, novel techniques
should be adopted to improve the bulk density of PCS.

3.5. Porous mannitol (PM)

PM is commonly produced through the spray drying of
mannitol solutions containing templating agents or poro-
gens.”>’® Mannitol has been widely used as a pharmaceutical
excipient because of its prominent advantages, such as good
taste and mouth feel, high compactibility, low hygroscopicity,
chemical inertness towards both API and other excipients, etc.”
For the same reason, the application of PM also becomes
increasingly popular in pharmacy.

PM can improve the dissolution behavior of poorly water-
soluble drugs and make the drug content uniform by nano-
confinement of drugs inside it. For example, acetaminophen
was nano-confined into PM. The results showed an improved
dissolution rate and blending uniformity of acetaminophen.
80% of the drug loaded in PM was released within the first
5 min.”® Similar results are also found in the experiment on
nano-confinement of nifedipine and indomethacin into PM.*
Solubilization mechanisms of PM are similar to other PPs. The
improved blending uniformity of drug is attributed to nano-
confinement of drug inside PM, which not only results in the
reduction of drug particle size but also guarantees the highly
homogenous dispersion of drug particles.

PM can improve mechanical properties of tablets. The
tabletability of drug-loaded PM was much better than that of
the physical mixture of non-porous mannitol and indo-
methacin.® With increasing compaction pressure from
100 MPa to 300 MPa, the crushing strength of tablets with the
physical mixture increased only from 20 N to 45 N, while that
with the drug-loaded PM increased from 55 N to 90 N.° This
result is believed to be related to the much higher porosity
and larger surface area of drug-loaded PM than those of the
physical mixture. Besides, Al-khattawi e¢ al.?* prepared orally
disintegrating tablets using spray dried PM. Results showed
that compared with pure mannitol, PM could make tablet
hardness increased by about 150%. On the other hand, PM
could make tablet disintegration time dropped by 77%
from 135 s (pure mannitol) to 31.6 s.?> For PM, the higher
hardness of orally disintegrating tablets was mainly attrib-
uted to changed particle densification mechanism that
enhanced bonding between particles, and the faster disinte-
gration time was ascribed to axial elastic recovery and highly
porosity.**

PM can also be used as a carrier for pulmonary drug delivery.
For example, hydrophobic cyclosporine A (CsA)-loaded PM
nanoparticles exhibited good aerosol performance. Moreover,
delivering them to the lungs not only achieved an improved
drug dissolution profile but also reduced the side effects asso-
ciated with the systemic exposure of CsA.”
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3.6. Porous lactose (PL)

PL is commonly produced using the templating approach
through spray drying.**®**®*' Lactose is usually applied in oral
dosage formulations because of its unique properties, such as
water solubility, availability, high physical and chemical
stability in crystalline form, and cost effectiveness.®” Besides
these properties, PL displays some additional advantages in
pharmaceutical field.

Like PM, PL can improve the dissolution rate of poorly water-
soluble drugs and make drug dosage uniform. For example,
85% of acetaminophen that loaded in PL could be released
within the only first 5 min.*> Moreover, the tabletability of
acetaminophen-loaded PL was also much better than that of the
physical mixture of non-porous lactose and acetaminophen,
which was demonstrated by the 15 times and 4 times increased
crushing strength of tablets produced at 100 and 300 MPa,
respectively.*

3.7. Porous starch (PS)

PS is a biodegradable porous biomaterial derived from natural
starch. PS possesses abundant micro-sized pores from the
surface of starch granules extending to the center, resulting in
a large specific surface area. The diameter of pores is about 1
um, and the total volume of pores is about half that of starch. PS
exhibits distinctive advantages such as tunable pore size, good
biocompatibility, stable pore structure, and high pore
volume.*** Currently, a freezing-solvent exchange technique
and enzyme treatment have been mostly used to prepare porous
starch."***° Generally, the pore structure of PS can be manip-
ulated by altering the solvent ratio or the enzyme type and its
level under different preparation conditions.’®'* PS is wildly
used to enhance drug dissolution, adsorb drugs, and improve
drug stability in the field of medicine.

First, PS can be used as a novel carrier for dissolution
enhancement of poorly soluble drugs. Carbamazepine (CBZ),
which is practically insoluble in water, was loaded into PS.*° The
drug release from CBZ-loaded PS showed to be complete within
only 20 min. The significantly improved dissolution is believed
to be due to (a) high surface area of drug; (b) geometric
confinement of CBZ within the pores of PS and, thus, the
reduction of the CBZ particle size; and (c) improved wettability
and decreased crystallinity of drug, both of which originally
make CBZ insoluble.® Moreover, the improved dissolution rate
of CBZ from CBZ-loaded PS made CBZ readily available for
absorption and, thus, led to an enhanced in vivo anticonvulsant
activity as compared to neat CBZ. Similarly, the dissolution of
another poorly water soluble drug, lovastatin, was also
improved when a biodegradable porous starch foam (BPSF) was
used as a carrier.** In vitro drug release studies showed that the
drug-loaded BPSF system exhibited ~3 times faster release rate
than the current commercial product. Besides, the oral
bioavailability value of the developed system was about 1.77-
and 1.48-fold higher than those of the pure lovastatin and the
commercial capsules, respectively.*

Second, PS has excellent adsorption property because of its
honeycomb structure and large specific surface area. Zhang
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et al.® observed the micrographs of native corn starch and corn
PS. They found that native corn starch had the relatively smooth
surface while the surface of corn PS became rough.*® Moreover,
large internal cavities and many pores exist in the starch gran-
ules of corn PS, resulting in a large specific surface area. Thus,
PS can be wildly used as adsorbents in medicine in terms of its
excellent adsorption property compared to native starch.

Third, PS can be used as shell material to improve stability
and water-solubility of compounds. Lutein microcapsules were
well prepared by using a combined shell material consisting of
gelatin and porous starch.” Results showed that when lutein
was embedded in this shell material, its solubility increased and
became directly dissolved in water. Further, the stability of
lutein loaded in microcapsules against heat, light, pH, and
oxygen was also remarkably improved and its retention rates
were enhanced by ~15-50% than that of free lutein.”* This is
believed to be due to the proper properties of PS in terms of
film-formation, honeycomb structure, water-solubility, high
adsorbability, and a tendency to form a network upon drying.
These properties improve the adsorbability and adhesive
property of the shell material, making all drug well dispersed
and encapsulated.”

3.8. Porous chitosan (PC)

PC, fabricated by a microemulsion and thermally induced
phase separation technique, has some special applications in
medicinal field.”> PC is possibly the most hopeful hemostats
because of its greatly effective blood clotting potential, inex-
pensiveness, biodegradability, easy storage and long shelf-life,
antibacterial activity, stimulatory effect on tissue regeneration,
and the abundance of naturally-occurred chitin.®* For example,
the hemostatic function of PC with regard to hemostatic time,
formation of blood clot, and blood loss had been shown to be
improved both in vitro and in vivo compared with the conven-
tional chitosan particles. PC made the hemostatic time and
blood loss decreased by 1.5- and 9.8-fold, respectively, in the rat
liver laceration model.?” The blood clotting mechanism of PC is
attributed to the electrostatic interaction between negatively
charged red blood cells (RBC) and positively charged chitosan,
as well as adhesion/aggregation of platelets to form a soft RBC-
platelet plug; the clotting factors released from activated
platelets can induce coagulation cascade to produce fibrils,
reinforcing the RBC-platelet plug to form a robust clot.”>*

3.9. Others

Besides the above, there are some other PPs, such as porous
calcium carbonate, functionalized calcium carbonate, and
porous ceramics, which are also applied in various pharmaceu-
tical aspects.****¢ (Table 1) In addition, porous microspheres
(PMSs) have attracted great interest for medical application.
There are many methods for preparation of PMSs, including non-
solvent induced phase separation, double emulsion-premix
membrane emulsification technique combined with a solvent
evaporation method without any porogens, solvent evaporation
method using porogen, and so on.**”** Various preparation
methods make PMSs versatile as carriers for small molecules,
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macromolecules, and drug delivery systems. For example, PMSs
containing salmon calcitonin can obtain sustained release and
overcome some release problems.* PMSs can control the delivery
of human serum albumin, efficiently lowering the burst release
and achieving a sustained protein release i vitro.”” Besides, when
aspirin was loaded into PMSs fabricated by chitosan modified
halloysite nanotubes, the loading capacity (42.4 wt%) of such
PMSs was around 20 times higher than that of the pristine hal-
loysite (2.1 wt%) and controlled drug release was also obtained.”®

4. Pharmaceutical applications of
porous particles

Owing to a broad range of useful properties, such as regular and
tunable pores, large surface area, high porosity, and excellent
adsorbability, PPs have been applied in pharmaceutics for
various purposes including development of novel drug delivery
systems, enhancement of dissolution of poorly soluble drugs,
improvement of the micromeritic characteristics of particles,
and so on.>®'*'>?* The corresponding application of each PP
had been collected in Table 1. Next, a brief summarization was
presented from the perspective of each application of PPs.

Firstly, PPs have been used for drug delivery, which is the
most major application of PPs. Almost all of the PPs can be used
as carriers to deliver drugs for certain purpose(s). The carriers
for drug delivery are required to possess some specific phar-
maceutical properties. For example, they should be able to
combine drugs effectively; they should have certain trans-
membrane transport capacity that helps deliver the drug to the
body and target organs; they should be able to release drugs at
a controlled and sustained rate after getting to target sites; they
must be inert for drugs and bodies, and should be non-toxic,
biodegradable, etc. In general, many PPs possess almost all of
these properties. Because of their large surface area, high
porosity, and tunable pores, they often have prominent
adsorption capacity. Thus, they can load drug effectively and
control or target drug release as expected. PPs-based drug
delivery systems mainly include gastrointestinal drug delivery
systems, intravenous drug delivery systems, and pulmonary
delivery systems, which are capable to deliver small molecule
drugs, macromolecule drugs (mainly proteins and poly-
peptides), and other substances.****”>*” Most importantly, they,
such as MS-NPs and PSiN,"** can deliver the anti-cancer drug
effectively for enhancing the curative efficacy and reducing the
side effects. In addition, some PPs even deliver gene and
improve the antibacterial activity when delivering the antibac-
terial drug.'®'*> Overall, PPs play an important role in drug
delivery, which necessitates further studies in future.

Secondly, PPs can significantly improve the dissolution of
many drugs due to their structural characteristics. For example,
when a drug is loaded into the pores of PPs, it tends to keep in
an amorphous state.” Nano-confinement can also happen when
the pore size of PPs is nano-scaled.”® Moreover, large surface
area, high porosity, and suitable pore size of PPs can facilitate
water infiltration into the inner of PPs and thus increase the
contact area between dissolution media and drug.®*

This journal is © The Royal Society of Chemistry 2017
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Thirdly, the applications of PPs also involve in tableting. For
PPs, both interparticle and intraparticle contact points can be
significantly increased during compaction, which increases the
bonding force between and within particles and thus make the
particles bond together firmly.'* High porosity and large surface
area also provide strong adhesion sites for components of
a tablet formulation, resulting in less segregation within the
powder mixtures. Therefore, PPs are often used for direct
powder compaction thanks to their markedly improved micro-
meritic and physicomechanical characteristics. What's more,
PPs can facilitate the rapid disintegration of tablets owing to
rapid permeation of water through capillary action into their
porous structure.”>*** This together with their excellent com-
pactibility makes them especially suitable for the preparation of
orally disintegrating tablets.

Besides, several PPs possess some special functions. For
instance, SPSi can be used as a stationary phase for chroma-
tography to separate biomolecule;*®* MS-NPs and PSi are used
as immunological adjuvants due to their function of enhancing
immunological reaction;>”* and PC has the hemostatic function
and can be used as a hemostat.®” These unique applications are
also mainly attributed to the structural characteristics of these
PPs. In a word, the importance of PPs in pharmaceutics has
become increasingly apparent and further studies are worth
being carried out to boost and extend the practical applications
of such particles.

5. Conclusion

PPs have been applied as novel carriers in pharmaceutical field
by more and more researchers. There are many methods for
preparing PPs, mainly including using porogens or templating
agents to form pores, self-forming pores by particle matrices
without any pore-forming agents, and chemical synthesis. In
this review, various reported PPs are collected, which are
applied in various fields of medicine for many purposes, mainly
including improvement of dissolution of poorly soluble drugs,
development of novel drug delivery systems (e.g., sustained/
controlled drug delivery systems and targeted drug delivery
systems), and improvement of functional properties of drug-
loaded particles (e.g., tabletability, disintegration time, and
flowability). In addition, individual PPs also have some special
applications, such as molecule separation, vaccine adjuvant,
hemostat, etc.

In general, these functions of PPs are closely related to their
fundamental particle and pore properties, such as morphology,
size, surface property, surface area, and porosity. As carriers to
deliver drugs, PPs with large internal surface area can not only
obtain high drug loadings, but also control the sustained or
targeted drug release by adjusting pore structure and surface
property. Moreover, the porous structure of PPs can maintain
the amorphous state of drugs, improve drug’ wettability, avoid
aggregation of drug particles, and, in some cases, even achieve
nano-confinement of drugs, all of which help to enhance the
dissolution of drugs and, thus, improve their oral bioavail-
ability. As for tableting, it is amazing that PPs can improve the
tensile strength of tablets and decrease the disintegration time
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of tablets simultaneously, which is often unachievable by
ordinary particles. For ordinary particles, the improvement in
compactibility is often accompanied by the decrease in disin-
tegration ability; however, the porous nature of PPs not only
significantly increases bonding points during compaction, but
also facilitates permeation of water by capillary action during
disintegration. As a whole, unique fundamental properties of
PPs make them versatile, superior, and promising in many
pharmaceutical aspects.

So far, most reported researches on PPs were still in the
experimental stage. Therefore, more attention should be paid to
the scaleup of production and application of PPs in future. It is
also short of extensive and in-depth investigation on the rela-
tionship between the pore parameters (including size and size
distribution, morphology, surface property, and porosity) and
functional properties of PPs. Understanding of this relationship
will help the design of PPs for certain application, stabilization
of functionality of PPs, and control of application quality of PPs
by means of the quality by design principles. In addition, the
APIs that have been applied to PPs are almost chemical drugs at
present. In fact, Chinese drugs and herbal extracts also have
such an urgent need to utilize PPs as carriers. In general, there
will be two ways for the application of PPs in traditional Chinese
medicine (TCM). One is to load TCM into excipient-based PPs,
just like the reports in this review. This way should be per-
formed easily; however, its applicability will be very limited in
terms of both the high dose and the multicomponent nature of
most TCM. The other way, which is much more applicable for
TCM, is to directly develop porous TCM particles. Such TCM-
based PPs could be used for direct tableting, making tablets
with high TCM doses possible. They could also be used to
improve the disintegration of TCM tablets and the dissolution
of TCM, two common problems suffered by many TCM prepa-
rations currently. With significant progresses in all of these
aspects, the future of PPs is bound to be brighter.
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