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Multilayer Microcapsules with Tailored e
Structures and Properties as Delivery

Carriers for Drugs and Growth Factors
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Abstract Multilayer microcapsules fabricated via the layer-by-layer (LbL) assem-
bly method with tailored structures and functionalities are promising candidates as
carriers of drugs, growth factors, and other bioactive agents in biomedicine. The
capsules loaded with growth factors also can be integrated with scaffolds to form
bioactive scaffolds for regenerative medicine. This chapter discusses first the recent
progress of the fabrication of LbL microcapsules including manipulation of their
properties by chemical cross-linking, microcapsules based on new driving forces,
microcapsules with subcompartments, and microcapsules which can transform their
shape. Their potential applications as drug delivery carriers, emphasizing on the new
encapsulation methods, the fabrication of nanoparticles and nanocapsules, the trig-
gered release of encapsulated substances, and the deformation and recovery behavior
of microcapsules, are demonstrated. Finally, the loading of growth factors into
multilayer capsules and their incorporation into scaffolds are introduced.

Keywords Layer-by-layer - Polyelectrolytes - Microcapsules - Drug carriers -
Growth factors - Loading and release - Scaffolds

4.1 Introductions

Hollow capsules are of great interest due to their potential applications and funda-
mental importance as new colloidal structures in areas such as medicine, catalysis,
cosmetics, as well as biotechnology [1]. One of the promising methods which can
fabricate hollow capsules with tailored structures and functions is the layer-by-layer
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Fig. 4.1 The initial steps (a-d) involve step-wise film formation by repeated exposure of the
colloids to polyelectrolytes of alternating charge. After the desired number of polyelectrolyte layers
are deposited, the core is removed (e) to obtain a suspension of polyelectrolyte hollow shells (f).

(LbL) assembly [2, 3] of multilayer films onto colloidal particles, followed by core
removal (Fig. 4.1) [4, 5]. Through this method, the capsules with well-controlled size
and shape, finely tuned wall thickness, and variable wall compositions have been
obtained [6]. The LbL microcapsules with integrated multifunctionality have high
capacity for loading of a wide range of substances and sensitive response to diverse
stimuli and thus are highly attractive for the biorelated applications [7-9]. At the
beginning, the studies of LbL multilayer capsules are mainly focused on the fabri-
cation and basic physicochemical properties [6]. However, the past decade has
witnessed a rapid increase of researches concerning their functionalization and
applications, particularly in the biomedical fields such as drug delivery [10]. In
this chapter, we first focus on the recent progress of the LbL microcapsules in our lab
with respect to manipulation of their properties by chemical cross-linking and
fabrication of the microcapsules based on new driving forces, the capsules with
subcompartments, and the capsules which can transform their shape. Then, we will
discuss the potential applications of LbL capsules as drug delivery carriers, empha-
sizing on the new encapsulation methods developed in our lab, the surface modifi-
cation of smaller particles, as well as the deformation and recovery behavior of
microcapsules passing through a model capillary vessel. Finally, the loading of
growth factors into multilayer capsules and their incorporation into scaffolds are
discussed.
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4.2 Multilayer Microcapsules with Tailored Structures,
Properties, and Functions

4.2.1 Cross-Linking to Tailor the Properties of Microcapsules

The electrostatic interaction is first used for the fabrication of LbL microcapsules.
Although it is generally strong enough to hold the integrity of the microcapsules, in
some cases cross-linking is still necessary for the capsules to survive through harsh
conditions such as high ionic strength, extreme pH, and strong polar organic solvent
[11, 12]. Moreover, cross-linking also can effectively manipulate the permeability
and mechanical strength of the capsules [11, 13]. For the multilayer films and
capsules based on hydrogen bonding, further stabilization is also required for
biomedical applications since most of them will be disassembled at physiological
conditions [14, 15]. Many methods have been developed to cross-link the multilayer
films and capsules, such as carbodiimide chemistry [16—18], UV irradiation [13], as
well as thermal cross-linking [19]. More recently, disulfide [20, 21] and click
chemistry [22-28] have also been proved effective for cross-linking the hydrogen-
bonded multilayers and microcapsules.

The above mentioned techniques are exclusively based on a reaction between the
functional groups of the two components in the multilayers. We demonstrated that
the multilayer microcapsules assembled from poly(allylamine hydrochloride) (PAH)
and poly(styrene sulfonate) (PSS) could be considerably stabilized by cross-linking
of only the PAH component with glutaraldehyde (GA) [29]. After cross-linking, the
capsule wall was apparently thicker and with higher folds. The capsules were quite
stable in 0.1 M NaOH even after 24 h. The elasticity modulus (680 MPa) of the
capsule walls was doubled compared with that of the control. Furthermore, the
permeability of the capsule walls was also greatly reduced after cross-linking. We
further applied this method to the poly(ethylenimine) (PEI) and poly(acrylic acid)
(PAA) weak polyelectrolyte microcapsules [30]. The cross-linked microcapsules can
maintain their macroscopic topology at extreme low or high pH while reorganizing
their localized microstructure to enable selective permeation or rejection of macro-
molecules at lower (<pH 4) and higher pH (>pH 6), respectively. Thus, it is possible
to produce capsules that are dual-pH responsive and stable over a broad pH range.

4.2.2 Capsules Directly Assembled Based on Nonelectrostatic
Interactions

Different driving forces can endow the microcapsules with different physicochem-
ical structures, stimuli response, and thereby their functionality and applicability. At
the beginning, the electrostatic interaction was the first driving forces for the LbL
assembly [4, 5, 31]; thus, the building blocks were mainly charged species. Then
hydrogen bonding has been employed for the assembly of microcapsules. Recently,
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Fig. 4.2 Schematic illustration of the process of direct covalent LbL assembly on a silica particle
and fabrication of a hollow capsule by etching out the template core. The blue lines represent
PGMA, the red lines represent PAH, and the green dots represent the covalent linkage between
layers. (Reprinted with permission from Ref. [33]. Copyright 2007 by Wiley-VCH)

the multilayer hollow microcapsules based on other nonelectrostatic interactions
such as covalent bonding, host—guest interaction, and bio-specific interactions have
been fabricated, which show unique properties.

Covalent LbL-assembled microcapsule is stable enough to withstand the long-
time etching of strong polar organic solvent [32]. We recently fabricated a new
structure of microcapsules with high modulus and high stability through the covalent
LbL assembly (Fig. 4.2) [33]. Aminosilanized SiO, microparticles were used as
templates. Poly(glycidyl methacrylate) (PGMA) and PAH were alternately
immobilized onto the particle surfaces through a coupling reaction between the
epoxides and the amines. Thus, a highly cross-linked structure was produced in
this process. The templates were removed by HF etching, resulting in hollow
microcapsules. The microcapsules are stable in extreme pHs and elevated tempera-
ture. Using the method of osmotic-induced invagination [34, 35], the elastic modulus
of the microcapsule walls without any treatments was found to be as high as
910 MPa, which is quite stable even under acid and base treatment.

The reaction between amine and aldehyde is fast and efficient in aqueous solution
at room temperature; based on this reaction, single polyelectrolyte component
multilayers and microcapsules can be fabricated through direct covalent assembly
of PAH with GA [36]. The structure and the cutoff molecular weight of the capsule
walls are dependent on the molecular weight of used polymers [37]. This method can
be applied not only on biomacromolecules with amine groups such as polypeptides
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and proteins but also on polysaccharides, because GA also can readily react with
hydroxyl groups at very mild conditions.

However, the main drawback of the abovementioned methods is that the obtained
capsules may largely lose their stimuli-responsive properties due to the uncontrol-
lable covalent reactions [36, 37]. One solution to this problem is to carefully control
the content of reactive groups in polymer chains, leading to a controllable reaction
degree and a number of functional groups [38]. Bovine serum albumin (BSA) is a
kind of biocompatible and biodegradable natural protein. It has a high content of
aspartic and glutamic acids, lysine, and arginine [39, 40]. Only the amine groups of
lysine can be cross-linked by GA [41], while the other amino acids with free
carboxylic groups still exist, which can induce the pH response of the resultant
capsules. We recently demonstrated that [42] BSA hollow capsules could be
obtained by covalent assembly of BSA and GA on a template followed by core
removal. The capsules possessed reversible pH-responsive permeability, which can
be used to encapsulate macromolecules.

Host—guest interaction is another type of driving forces frequently employed in
supramolecular chemistry. It is known that the host—guest interaction is readily
mediated by the host and guest molecules with respect to their matching degree
and concentration. If charge interaction is further introduced, multiresponsive micro-
capsules can thus be expected. According to this design, multilayer microcapsules
were fabricated by using the interaction between fB-cyclodextrin (B-CD) and ferro-
cene grafted to a weak polyelectrolyte PAH, which can further introduce charge
interaction into the capsule walls (Fig. 4.3) [43]. The microcapsules that consist of
PAH-g-p-CD and PAH-g-ferrocene indeed show multiresponsiveness to environ-
mental stimuli. For example, they swell and shrink at low and high pH, respectively.
Incubation in a salt or f-CD solution can also mediate their swelling and shrinking
behaviors. With these smart features, the microcapsules can serve as reservoirs for
drugs, DNAs, enzymes, and so on.

The specific interactions between complementary DNA bases are stable enough
under physiological conditions in nature, which can be used for the assembly of
multilayer films and capsules [44]. Moreover, carbohydrate—protein interaction,
which is a combination of multiple hydrogen bonding and hydrophobic interactions
and participates in a wide variety of biological events [45—47], is also quite stable at
physiological conditions. Therefore, this interaction can be used to assemble micro-
capsules which simultaneously possess good stability and responsiveness to external
stimulus due to its noncovalent nature. Concanavalin A (Con A) can specifically
bind to polysaccharides such as dextran and glycogen [48-50]; thus, it can be
utilized to fabricate thin films with them through lectin—carbohydrate interactions
[51-53]. These films can respond to glucose [50, 53]. Recently, the hollow capsules
assembled by Con A and glycogen through LbL method were also obtained. They
are stable at physiological pH range due to the relatively strong multiple hydrogen
bonding but still can respond to glucose [54]. The sequential multilayer film growth
proceeds successfully on both planar and curved substrates when the Con A mole-
cules adopt confirmation of tetramers or more complicated aggregates. The obtained
capsules show layer-number-dependent shell shrinkage, distortion, and
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Fig. 4.3 Fabrication process and structure characterization of host-guest microcapsules. (a) LbL
assembly of same polyelectrolyte on carbonate particles to obtain hollow microcapsules using host—
guest interaction. The chemical structure of PAH-g-p-CD, PAH-g-ferrocene, and B-CD/ferrocene
inclusive are shown in the second row. (b) The thickness of the PAH-g-p-CD/PAH-g-ferrocene
multilayers assembled on silicon wafer as a function of layer no. (¢) SEM, (d) SFM, and (e) TEM
images of the prepared (PAH-g-B-CD/PAH-g-ferrocene)3 microcapsules, respectively; bar is 5 pm.
Inset in (c) is a higher magnification image of one capsule; bar is 2 pm. (Reprinted with permission
from Ref. [43]. Copyright 2008, American Chemical Society)

densification. The capsules are stable in a pH range of 6-9 and show specific
responses to glucose, mannose, fructose, and dextran. Triggered by these stimuli,
the preloaded cargoes in the capsules can be released.

4.2.3 Capsules with Subcompartments

The multicompartmental micro- and nanostructures can be loaded with multiple
cargoes and mimic the structure of cells; thus, they have received tremendous
attention recently [55-58]. Hollow capsules with subcompartments are ideal models
which resemble the structure of cells. By combining of other techniques, diverse
LbL capsules with different subcompartments have been obtained [59]. The
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subcompartments can be incorporated through two different ways: wall decoration
and interior loading.

Kreft et al. first reported the LbL microcapsules with a shell-in-shell structure for
integrated and spatially confined enzymatic reactions [60]. De Geest et al. reported
the assembly of multilayers on big hydrogel particles (hundreds of microns) in which
tens of hollow LbL microcapsules or microparticles are loaded [57, 61]. Recently,
Caruso group incorporated intact liposomes into LbL capsule walls or inside cap-
sules to prepare “capsosomes,” which can be then employed as enzymatic reactors
and delivery vehicles for hydrophobic cargoes [62—66].

Alternatively, polymeric micelles also can be incorporated into the walls or
interiors of LbL capsules as the subcompartments. The micelles possess advantages
of sustained release of hydrophobic substances. In particular, polymeric micelles
possess a unique core/shell structure and relatively good stability [67]. Thus, the
micelle-incorporated microcapsules combine the advantages of both micro- and
nanostructures. Polymeric micelles can be loaded into the shell through alternating
assembly of poly(styrene-b-acrylic acid) (PS-b-PAA) micelles and oppositely
charged polyelectrolyte on templates [68]. After core removal, the as-prepared
microcapsules show extraordinary stability in concentrated HCI (37%) and 0.1 M
NaOH. This extraordinary stability against highly acidic or alkaline conditions is
possibly due to the hydrophobic interaction between PS cores of the micelles and
hydrogen bonding of the PAA chains in adjacent layers and PAH chains. The
incorporation of polymeric micelles in LbL capsule interiors has been presented
by Li et al. [69] as well as Tong et al. [70]. In the latter method [70], LbL assembly
was conducted on CaCO; microparticles predoped with PS-b-PAA micelles,
resulting in encapsulation of micelles after core removal. The micelles inside the
capsules can form a chain and network-like structure with more micelles near the
capsule walls. Hydrophobic drugs as such can be loaded into the hydrophobic cores
of micelles, while the negatively charged PAA corona of the micelles can result in
spontaneous deposition [71-75] of water-soluble and positively charged drugs. The
apparent concentrations of hydrophobic and water soluble are much higher than that
of the feeding values. Therefore, capsules with this synergetic feature show their
great promise in loading of drugs with different physicochemical properties.

4.2.4 Shape Transformation of Capsules

The smart capsule systems are of high attraction due to their ability to respond to the
alteration of environment conditions. LbL-assembled capsules can change their
structure and properties intelligently in response to various stimuli. But most of
the intelligence of the hollow structures results from controllable swelling and
shrinking, accompanying with permeability change [76]. Less concern is paid to
shape transformation of the hollow structures, which is only observed in vesicles and
hollow silica spheres previously [77-83]. Recently, single-component
microcapsules were fabricated in our lab by an in situ reaction of reactive
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Fig. 4.4 TEM images showing the process of nanotube protruding from the PAH-Py microcap-
sules incubated in pH 0 HCI for O(a), 24(b), 48(c), 96(d), and 144 h(e), respectively. (f) Optical
images (inset, a higher magnification) showing the protruded nanotubes from the PAH-Py micro-
capsules incubated in pH 0 HCI for 30 h. SEM images of a microcapsule with nanotubes after
treatment in pH O HCl for (g) 30 h and (h) 72 h, respectively. (i) SEM image of a microcapsule with
nanorods after treatment in pH 2 HCl for 1 h. (Reprinted with permission from Ref. [85]. Copyright
2011, American Chemical Society)

hydrophobic low-molecular-weight molecules with corresponding PE-doped CaCO5
microparticles, followed by core removal [84, 85].

The first example is the capsules made of ferrocenecarboxaldehyde (Fc-CHO)
and PAH-doped CaCOj3; microparticles [84]. This single-component microcapsule is
stabilized by hydrophobic aggregation of Fc moieties. Due to the redox properties of
Fc, the PAH-Fc microcapsules can reversibly swell and shrink in response to
oxidation and reduction. At the same time, the permeability also can be changed
reversibly. PAH-pyrene (Py) microcapsules also can be fabricated through the
reaction of pyrenecarboxaldehyde with the doped PAH [85]. When this kind of
capsules is incubated in acidic solution, one-dimensional nanotubes (1D-NTs) or
nanorods (1D-NRs) are protruded from the microcapsules. The 1D-NTs keep grow-
ing with incubation time and eventually form a network. Meanwhile, the microcap-
sules are degraded gradually and disappear completely after 144 h (Fig. 4.4). The
micelles assembled from PAH-Py polymers treated at similar conditions also can be
transformed into one-dimensional structures. The one-dimensional nanotubes are
formed by 1-pyrenecarboxaldehyde with ordered n—x stacking and exhibit a helical
structure and anisotropic property. The final nanostructures are determined by the
different hydrolysis rate of Schiff base at different pH values. The linear PAH also
can guide the building-up process especially for the nanotubes. Through this mech-
anism, hollow capsules budded with nanotubes or nanorods mimicking the cellular
protrusion of filopodia are successfully fabricated by controlling the incubation time
in solutions with different pH (Fig. 4.4).
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By chemical cross-linking and surface modification, 1D-NR growth state from
the PAH-Py microcapsules can be well controlled [86]. The 1D-NRs also can grow
in the LbL-assembled capsules in a controllable manner [87]. For this purpose,
PSS/PAH multilayers were assembled on the surface of CaCO3 (PAH-Py) micro-
particles, yielding PAH-Py and (PSS/PAH)n double-shell capsules. By incubation of
the obtained capsules in pH 2 solution, the 1D-NRs grow within the PSS/PAH
multilayer capsules in three dimensions. The fluorescence emission intensity of Py
NRs inside the capsules can be tuned by a charge-transfer pair. This novel composite
structure with PAH-Py NRs inside PE multilayer microcapsules provides a creative
strategy for in situ nanomaterials fabrication, illuminating the trend for controllable
properties and functions of smart nanodevices. The modulation of the protrusion of
NRs also can be achieved by addition of small molecules such as 1-pyrenesulfonic
acid sodium salt (PySO;Na) [88], demonstrating the tunable properties of such kind
of nanostructures.

Inspired by the above results, PAH-Py NRs consisting of a Py-CHO core and
PAH shell can be prepared by surface grafting of PAH onto Py-CHO NRs [89]. After
coated with PAH, The NRs become more curved and flexible as a result of partial
loss of Py-CHO from the NRs. The PAH-Py NRs with a hydrophilic and charged
PAH layer can be suspended stably in water for at least 3 months. Because of the
charge attraction and coordination effect of amino groups, Au NPs can be either
adsorbed or in situ synthesized on the PAH-Py NR surface. The initial fluorescence
emission of Py is largely remained due to the excellent isolation effect of PAH,
which avoids direct contact between Py and the Au NPs. Using the similar process,
other hybrid organic—inorganic functional nanomaterials with controlled physico-
chemical structures can be synthesized, such as tetraphenylethylene (TPE)
nanoparticles [90]. TPE-substituted poly(allylamine hydrochloride) (PAH-g-TPE)
was synthesized by a Schiff base reaction between PAH and TPE-CHO. The PAH-g-
TPE forms micelles in water at pH 6, which are further transformed into pure
TPE-CHO nanoparticles (NPs) with a diameter of ~300 nm after incubation in a
solution of low pH value. In contrast, only amorphous precipitates are obtained when
TPE-CHO methanol solution is incubated in water. The aggregation-induced emis-
sion feature of the TPE molecule is completely retained in the TPE NPs, which can
be internalized into cells and show blue fluorescence. Formation mechanism of the
TPE NPs is proposed by taking into account the guidance effect of linear and
charged PAH molecules and the propeller-stacking manner between the TPE-CHO
molecules.

4.3 Microcapsules as Drug Delivery Carriers

The LbL-assembled capsules with tailored structures and functions are versatile
platforms for encapsulation, storage, and delivery of diverse substances. Thus, the
LbL-assembled capsules are ideal advanced drug carriers for the delivery of diverse
drugs and growth factors. There are already several excellent reviews which
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summarized the very recent progress in this field [21, 91-99]. The following sections
will mainly focus on the recent advances in this field.

4.3.1 Controlled Loading of Low-Molecular-Weight Drugs

Many applications of the multilayer capsules must face a challenge of efficient
loading of the desired substances. This is particularly difficult for loading of low-
molecular-weight and water-soluble substances because small molecules can freely
diffuse through the capsule walls [100]. We developed the “spontaneous deposition”
method, which is based on a mechanism of high affinity of the preloaded substances
in the capsules with the cargoes that will be loaded. Gao et al. first found that
positively charged molecules such as dextran labeled with tetramethylrhodamine
isothiocyanate (TRITC-dextran) could deposit into the aged “hollow” microcapsules
templated on melamine formaldehyde (MF) particles with a large amount [71]. The
strong fluorescence emitted from the interior of capsules could prove the existence of
considerable high concentration of dextran in the capsule interiors (the so-called
spontaneous deposition) (Fig. 4.5a). Many other water-soluble substances with
positive charges such as polyelectrolytes [71], proteins [71], enzymes [72], and
low-molecular-weight dyes and anticancer drugs (Fig. 4.5b, c) [73] can be sponta-
neously deposited with a large quantity. Moreover, the deposition still occurs even if
the molecules have very few positive charges such as the TRITC-dextran (Fig. 4.5a),
which gets positive charges from a few pendent TRITC groups. The driving force for
this phenomenon is the electrostatic interaction between the negatively charged
complex (PSS/MF) within the capsule interior and the loaded molecules. The
PSS/MF complex is formed by the dissociated PSS from the very initial layer and
the positively charged MF degradation product.

The spontaneously deposited low-molecular-weight drugs in the LbL microcap-
sules templated on MF colloidal particles can be released in a sustained manner
[73, 74]. The amount of the loaded drugs can be controlled through changing the
feeding concentration of the drugs, temperature, as well as salt concentration. This
tailorable deposition behavior is crucial for control release applications. The loaded
drugs can be released in a sustained manner. The release profile can be tuned by
changing the interaction between the drugs and the PSS/MF complex. The presence
of anticancer drug-loaded capsules can effectively kill HL-60 cells, a kind of human
leukemia cell [73].

For better control of the spontaneous deposition property, the capsules can be
preloaded with charged polyelectrolyte using a polyelectrolyte-doped template
[75, 101-104]. At higher drug feeding concentration and higher salt concentration,
large amount of daunorubicin (DNR) and DOX can be loaded [75, 103]. The drug
concentration within the microcapsules is hundreds of times higher than the feeding
concentration. The drug can be released from the capsules through a diffusion-
controlled release mechanism at the initial stage (4 h). The in vitro experiments
demonstrate that the encapsulated drug can effectively induce the apoptosis of
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Fig. 4.5 (a) Fluorescence intensity averaged from inside the circles as a function of incubation
time. TRITC-dextran (M, ~65 kDa) and preformed MF-(PSS/PAH)5 capsules were used. (b) TEM
images of daunorubicin (DNR) deposited MF-(PSS/PAH)5 capsules. (¢) DNR and rhodamine B
(RdB) concentrations in the capsule interior as a function of temperature. MF-(PSS/PAH)4
(PSS/PDADMAC)5 capsules were used for DNR with a feeding concentration of 30 mg/ml and
MF-(PSS/PAH)5 capsules for RdB, 80 mg/ml. The numbers in the figure represent the concentra-
tion ratios of capsule interior and bulk. PDADMAC poly(diallyldimethylammonium chloride).
(Reprinted with permission from Ref. [73]. Copyright 2005 by Wiley-VCH)

HepG2 tumor cells. The encapsulated DOX also has better efficacy than that of the
free drug in terms of tumor inhibition in a 4-week in vivo culture period [104].
Nonetheless, challenge is still remained to better maintain the drugs inside the
capsules and then control their release profile. Previous studies demonstrate that poly
(diallyldimethylammonium chloride) (PDADMAC)/PSS capsules with PSS as the
outmost layer can shrink dramatically at elevated temperature [105, 106], resulting
in a thicker and denser capsule wall. So dextran (Mw from 10 to 70 kDa) can be
effectively encapsulated with a slightly higher concentration than the feeding value
[107]. The loading of water-soluble small molecular drugs also can be achieved
using this method [108]. In our recent work [109], spontaneous deposition and heat-
induced shrinkage were combined to fabricate a drug carrier system, showing a high
drug loading efficiency and more controllable release profile. Through this strategy,
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photosensitizers also can be encapsulated, and most of them are stably retained for a
long time and protected by capsule wall against reductive enzyme [110].

Encapsulation of low-molecular-weight drugs through the attractions between the
drugs and the preloaded substances in the multilayer capsules also can be applied to
different systems via specific interactions besides the electrostatic interactions. For
example, Sukhorukov and coworkers reported that low-molecular-weight doxycy-
cline could be encapsulated in LbL. microcapsules via attraction to dextran sulfate
(DS) in the microcapsule core because doxycycline molecules can penetrate the
shells and react with DS to form a complex within the microcapsule [111]. The
specific and sustained activity of doxycycline is well maintained. If the capsules are
further coated with a lipid layer, the release and sustained activity of encapsulated
drug can be enhanced because its leakage is greatly prohibited. This method could
provide a long-term delivery system of low-molecular-weight drugs from multilayer
capsules. Kharlampieva and coworkers reported a facile method for the efficient
encapsulation of a wide range of hydrophilic substances with molecular weight less
than 1000 and different charges [112]. The capsules are fabricated via LbL assembly
of poly(methacrylic acid) (PMAA) and poly(N-vinylpyrrolidone) (PVPON) on silica
templates. After cross-linking of the PMAA multilayers, PVOPN is entrapped in the
shell to form an interpenetrated network. The capsules show reversible variation in
diameter upon pH changes, and thus encapsulation of low-molecular-weight sub-
stances could be achieved at pH = 7.5 followed by sealing the capsule wall with
high-molecular-weight DS at pH = 5.5. It is interesting that the negatively charged
molecules can be entrapped within the capsule cavity, while the positively charged
molecules are encapsulated within the negatively charged capsule shell. This
approach allows the simultaneous loading of different low-molecular-weight sub-
stances at different positions in the capsules; thus, the capsules can deliver multiple
drugs. Furthermore, the pH-responsiveness of the capsule also can achieve the
controlled release of the drugs.

Normal LbL assembled microcapsules fail to encapsulate low-molecular-weight
drugs because of the semipermeable nature of the shell. Sukhorukov and coworkers
reported a new method to fabricate poly-L-arginine hydrochloride (PARG)/DS/silica
(Si0,) composite capsules [113]. The inorganic SiO, layer is in situ formed to seal
the capsules; thus, low-molecular-weight drug can be effectively encapsulated
inside. The cell experiments demonstrate that the PARG/DS/silica capsules can be
degraded into fragments and the release of encapsulated molecules is achieved in a
relatively short time (2 h), while the capsules with a similar structure using
nonbiodegradable polyelectrolytes remain intact even after 3 days.

4.3.2 LbL Assembly on Nanoparticles

Most of the LbL capsules have a diameter of a few micrometers, which are too large
for intravenous injection. One possible solution is to assemble multilayers on
particles with a smaller size. De Koker et al. have reviewed the progress of LbL
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Fig. 4.6 Schematic illustration to show the preparation process of BSA nanoparticles coated with
PAH/PSS multilayers and coupled with aptamer AS1411. (Reprinted with permission from Ref.
[119]. Copyright 2012 by RSC)

assembly on ultrasmall (sub-100 nm) particles, which are mainly gold NPs [98]. In
our lab, surface modification of biodegradable and nontoxic polyester, poly(lactide-
co-glycolide) (PLGA) NPs with a size around 200-300 nm using LbL assembly
have been extensively investigated. PLGA is one of the commonly used polymers
for drug delivery [114, 115]. These particles with such a size can be injected into the
blood vessel and may accumulate in cancerous tissues through the well-known
enhanced permeability and retention (EPR) effect. Modification of NP surface
with targeting molecules can enhance the drug concentration in the targeted organs
or tissues and reduce the dosage and toxic side effects. In order to effectively
immobilize the ligands, the NPs should possess enough number of active groups
and are stable enough for following reactions. The LbL assembly can endow the NPs
with uniform surface charge density, numerous active groups, and excellent stability
in various mediums. For example, PAA/PEI and chitosan (CS)/alginate (CS/ALG)
can be used to build multilayers on the PLGA NPs for further immobilization of PEG
and folic acid aiming at long-time circulation and targeting [116, 117]. The surface
charge and the thickness of the assembled multilayers can greatly influence the
release profile of loaded dyes [118]. The surface with negative charges or PEG also
can reduce protein adsorption, whereas surface modified with folic acid can enhance
the NP uptake by human hepatoma cells.

The multilayers also can be assembled on the NPs before drug loading, and then
different drugs can be loaded into the preformed multilayer-coated particles for
different applications. In our recent work [119], BSA NPs with a size about
200 nm were coated with PAH/PSS multilayers, onto which a layer of PAH-g-
PEG-COOH was further adsorbed. By carbodiimide chemistry, aptamer-AS1411
molecules were immobilized (Fig. 4.6). Aptamer-AS1411 can target to
overexpressed nucleolin on cancer cell membrane [120, 121]. The PEGylated
multilayer-coated BSA NPs have enhanced colloidal stability even in serum-
containing medium [122]. DOX can be effectively loaded into the preformed BSA
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NPs through electrostatic interaction between negative charges in BSA and positive
charges in DOX. The encapsulation efficiency (98.6%) and loading percentage (9%)
are both very high. The loaded drugs can be released faster at pH 5.5 than at pH 7.4.
In vitro cell culture demonstrates that the as-prepared BSA NPs can specifically bind
to liver cancer cells, leading to higher cellular uptake and cytotoxicity.

Except of the solid nanosize templates, the multilayers also can be assembled on
emulsion droplets. For example, Szczepanowicz and coworkers reported the prepa-
ration of nanoparticles via direct coating on the emulsion droplets with polyelectro-
lyte multilayer shells [123]. The oil cores containing paclitaxel can be first stabilized
by docusate sodium salt/poly-L-lysine surface complex (AOT/PLL) and are further
coated in multilayers formed by the LbL assembly of poly-L-glutamic acid (PGA)
and PLL up to five or six layers. Their surfaces can be further modified through the
assembly of the pegylated polyelectrolyte, resulting in prolonged persistence of the
nanocarriers in the circulation. The obtained nanoparticles can be stabilized in cell
culture medium and the encapsulated hydrophobic anticancer drug can be released to
kill cancer cells. Due to the dynamic nature of the emulsion droplets and the
surfactants, the emulsion-based templates generally have relatively limited colloidal
stability and broad size distribution. Cheng and coworkers used crystallized
miniemulsion droplets as templates for the fabrication of multilayer nanocapsules
[124]. Compared with normal emulsions, the miniemulsions are kinetically more
stable and the crystallization of the inside oil phase can result in their higher colloidal
stability due to the surface-anchored surfactant molecules. Polyelectrolytes with
opposite charges can be alternatively assembled on this kind of templates and the
crystallized oil phase can be dissolved by using proper organic solvent, resulting in
hollow nanocapsules with well-defined structures and controlled size.

In order to obtain hollow nanocapsules, the nanosize templates should be
removed under mild conditions. For example, Cui and coworkers reported the LbL
assembly of multilayers on Cu,O nanoparticles [125]. Cu,O particles are cheap and
can be easily fabricated. After the assembly of multilayers, they can be removed in
Na,S,0; solution at neutral pH. During this process, no toxic reagents are needed.
Furthermore, Cu,O nanoparticles with tunable morphologies and sizes can be
synthesized via tuning the preparation conditions. Thus, the nanocapsules with
different shapes could be obtained by using Cu,O nanoparticles with different
shapes as templates. In addition, the capsule shape significantly influences their
interaction with cells. The association of cubic capsules to HeLa cells are signifi-
cantly increased compared with their tetradecahedral and spherical counterparts.
This kind of nanocapsules with tunable morphologies can provide an ideal model
system for the investigation of bio—nano interactions.

Although the LbL method have been proved to be a versatile approach for the
preparation of multilayer nanocapsules with engineered structure and properties by
using diverse building blocks and templates, the fabrication of nanocapsules through
this method at large scale is still challenging and time-consuming. The traditional
LbL assembly process needs several washing and centrifugation steps before each
assembly of polyelectrolyte layer, resulting in a very long preparation time and
accumulated particle loss after multiple centrifugation steps. In order to solve this
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problem, Elizarova and coworkers reported a continuous method to the preparation
of nanosize multilayer capsules using calcium phosphate nanoparticles as templates
[126]. This method uses a tubular flow type reactor which can fabricate tens of
milligrams of nanocapsules in 1 h. In the fabrication process, the template
nanoparticles and polyelectrolyte solution are first mixed in the tubing to form the
first layer on the templates. Then the modified nanoparticles pass into the next
segment of tubing, where they meet the second polyelectrolyte with opposite
charges. After mixing, the second layer is assembled on the particles. These steps
can be continuously repeated until the required number of layers is assembled. The
key point for the successful fabrication of nanocapsules via this method is to avoid
the presence of any excess polyelectrolyte in the tubing, otherwise severe coagula-
tion may happen. Thus, the careful control of the added amount of polyelectrolyte in
the tubing is critical. The results demonstrate that slightly under dosing the amount
of added polyelectrolyte can ensure the negligible free polyelectrolyte in solution.
During the alternative assembly steps, the typical charge reversal can be observed
and the relatively strong surface charges can make the particles stable during the
fabrication process. Finally, after the required number of layers are assembled, the
calcium phosphate templates can be facilely removed by incubation in mild acidic
solution to obtain the hollow nanocapsules.

4.3.3 Capsules Squeeze Through a Confined Capillary

Compared with their nanometer-sized counterparts, the LbL microcapsules can be
fabricated in an easier way [127]. However, microcapsules are difficult for intrave-
nous injection. But in human blood, the circulation cells have a size of several
microns. One example is red blood cell (RBC), which has extreme reversible
deformability under physiological flow, so that it can easily pass through the smallest
blood capillary vessel (~3 pm). One can imagine that if the capsules have proper
shape and flexibility, they may easily squeeze through narrow capillary as natural
RBC. This kind of capsules may have great potential applications as drug carriers.
The deformability of polymeric microparticles (mainly hydrogel microparticles)
with different shapes and sizes through a narrow constriction has been studied
under flow conditions. For example, RBC-mimicking particles, which are flexible
enough to flow through narrow glass capillaries and able to recover to discoidal
shape, have been successfully fabricated [128]. Hayashi et al. demonstrated that
3.5 pm biconcave disk-shaped particles fabricated by electrospraying of cellulose
derivative polymers can maintain RBC-like shape after filtrated through a membrane
with a pore size of 1 pm [129]. Haghgooie et al. synthesized PEG hydrogel particles
with different shapes including disks, rings, crosses, and S-shapes and demonstrated
the modes of particles’ passage through poly(dimethyl siloxane) (PDMS) channels
[130]. However, little is known about the deformation behaviors of multilayer
microcapsules with a size similar to RBC under flow in a smaller microchannel
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Fig. 4.7 Scheme drawing to show the structure of the microchannel device by (a) fop view and (b)
side view. CLSM images of the 6.8 pm (c) and 8.6 pm (d) (PAH/PSS)5 microcapsules after being
squeezed through the microchannel with a height of 5.7 pm. The former can recover its original
spherical shape (c), while the latter keeps its deformed shape (d). (Adapted with permission from
Ref. [133]. Copyright 2012, American Chemical Society)

[131], although the static deformation behaviors have been systematically studied
under the press of a colloidal probe [132] or osmotic pressure [34, 35].

Recently, the deformability of multilayer microcapsules under flow in a confined
microchannel was studied in our lab (Fig. 4.7) [133]. The influences of capsule size,
wall thickness, cross-linking, and the filling of PSS inside on the deformation and
recovery behaviors of the capsules were systematically investigated. The recovery
ability of capsules is dependent on the deformation extent but not mechanical
strength. The squeezed hollow microcapsules can recover their original spherical
shape when the deformation extent is smaller than 16%, whereas permanent physical
deformation takes place at a larger deformation extent such as 34%. In a sharp
contrast, all the intact capsules prefilled with PSS can recover their original shape
even when the deformation extent is as large as 47%. The spontaneously loaded dyes
can be well maintained after the deformation and recovery process. It is the first time
to disclose the alteration of drug amount in multilayer microcapsules after flowing
through a constriction.

Furthermore, the RBC-like multilayer microcapsules also have been successfully
fabricated by templating on Ca(OH), particles with an RBC-like shape through
covalent LbL method. The capsules can preserve their RBC-like morphology well
in water after template removal. When the RBC-like capsules (6.7 pm) are trapped in
a microcapillary with a smaller size (5 pm), they deform only in the areas in contact
with the capillary wall. After they are forced to pass through, 90% of the RBC-like
capsules recover their original discoidal shape. By assembling additional hemoglo-
bin layers on the RBC-like capsules, they can be endowed with oxygen-binding and
release capacity [134].
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Yet, this is only the first step toward the fabrication of RBC-mimicking multilayer
capsules. Nonetheless, the current results are important not only for understanding of
capsule properties but also for their practical applications as drug delivery carriers.
For example, the capsules for injection application should have a smaller size, soft
wall structure, and RBC-like shape, while those for embolization should have a stiff
wall which can clog the blood vessels with higher efficiency.

4.3.4 Anisotropic Capsules Interact with Cells

As drug carriers, multilayer capsules should interact with different cells and may be
internalized, which is of practical important for delivery of cargoes into cells. Thus,
their interactions with cells draw much attention recently. It is well known that the
physicochemical properties of colloidal particles can strongly influence their inter-
actions with biological systems [135, 136]. Especially, the small differences on their
physicochemical characteristics may strongly influence the interactions between
particles and cells and further affect their cellular uptake, intracellular distribution,
and ultimate cellular fate [137]. Recently, the shape of particles has been found to
play a crucial role in the interactions between cells and particles and is regarded as a
new important parameter for designing materials to realize specific biological
functions [138, 139]. Smith and coworkers [140] demonstrated that the polystyrene
particles with three shapes (spheres, prolate ellipsoids, and oblate ellipsoids) could
manipulate different attachment and internalization of macrophages. Mitragotri and
coworkers [141] found that compared with rods, the spherical polystyrene particles
with identical total volumes exhibited significant perinuclear accumulation. When
ovalbumin is used as a model antigen conjugated to particle surfaces, the regulation
of immune response could be achieved by changing sizes and shapes of
nanoparticles [142]. Moreover, in a model microvascular network, elongated parti-
cles exhibited higher adhesion and binding probability than spheres [143, 144]. In an
in vivo experiment, the hydrogel microparticles mimicking the shape of red blood
cells could possess the increased blood circulation and enhanced adhesion
ability [145].

Polyelectrolyte multilayer microcapsules with tailored structures and properties
have gained much interest in biomedical field especially for drug loading and release
[10, 91-99]. However, researches about the interactions between anisotropic
polyelectrolyte microcapsules and cells are rare [146, 147], and the mechanism of
shape-induced difference in interactions between capsules and cells needs further
investigation. For example, Caruso and coworkers [146] reported the fabrication of
rod-shaped hydrogel capsules with tunable aspect ratios by a templating method.
With increasing of the aspect ratios, slower and less cellular internalization of
capsules was observed. Kharlampieva and coworkers [147] obtained polymer cap-
sules with hemispherical geometry by drying poly(N-vinyl pyrrolidone)/tannic acid
(PVPON/TA)n multilayer capsules and found that compared with their spherical and
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cubic counterparts, the hemispherical capsules are taken up in a greater extent.
However, the mechanism behind is not very clear.

More recently, bowl-like microcapsules were fabricated by osmotic-induced
invagination of microcapsule in concentrated PSS solution [148]. Both the bowl-
like and spherical capsules maintained their colloidal stability and shape in cell
culture medium up to 7 days. The bowl-like microcapsules could be internalized
with a faster rate and higher number by SMCs and macrophages than their spherical
counterparts. Preferential attachment onto the cell membrane from the bend side and
easier enwrapping by cell membranes are likely the major reasons enabling the
uptake of the bowl-like capsules in priority than their spherical counterparts. Such
results may help people to understand the role of capsule shape in the interaction
with cells and provide useful guidance for further design of more efficient carriers.

4.3.5 Triggered Release of Encapsulated Substances from
the Capsules

Although encapsulation of active substances into multilayer capsules can protect
them from the influence of the environment, the encapsulated substances should be
released in a triggered way at desired positions. Among various triggers, the remote
stimuli-light and ultrasound (US) have the advantages of high temporal and spatial
resolution and controllable power without direct contact. Thus in the following part,
we will focus on these two methods.

The LbL method can integrate light-responsive building blocks into the shells of
multilayer capsules. For example, Zapotoczny and coworkers incorporated a rela-
tively small amount of multiwalled carbon nanotubes (MWCNTs) into the shells of
multilayer capsules, leading to an almost 20-fold increase of the apparent elastic
modulus of the obtained capsules [149]. Due to their absorption in the near-infrared
region and specific arrangement of MWCNTs in the shells, the capsules can show a
light-triggered enhancement of permeability in a reversible, nondestructive manner.
Using this feature, durability and facile encapsulation/release of desired substances
into/from microcapsules can be achieved, which is crucial for their practical
applications.

US imaging has the advantages of low cost, fast real-time visualization, deep
penetration in tissues, and noninvasiveness. More important, the US can trigger drug
release via inertial cavitation-caused mechanical damage to the capsules, and also
can achieve spatiotemporal controllable drug release. Compared with light, the
penetration depth in tissues is much higher. By choosing proper functional building
blocks during the assembly of multilayer capsules, the capsules can be endowed with
US-sensitive properties. For example, integration of metal and metal oxide
nanoparticles in multilayer capsules can improve their US sensitivity because of
the increased shell density [150]. Fe;O, nanoparticles-modified capsules can be
broken into pieces after 60 s sonication at an energy density of 377 W/cm?
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[151]. ZnO nanoparticles-modified capsules also can be totally ruptured by US after
9 s at an energy density of 30 W/cm? [152]. However, the higher-power US used in
these studies may result in tissue damage and other side effects. Kharlampieva and
coworkers reported high US imaging contrast and low-power diagnostic or high-
power therapeutic US-triggered drug release from hydrogen-bonded TA and
PVPON multilayer capsules [153]. The capsules possess good and long-term US
imaging contrast. Upon low-power diagnostic US irradiation, the encapsulated drug
can be gradually released, while its fast release can be achieved via high-power
therapeutic US irradiation. Furthermore, the US imaging contrast of capsules can be
regulated by changing the number of layers, and the type and molecular weight of
used polymers.

The integration of functional building blocks into the shells of multilayer capsules
not only can increase the US sensitivity but also can endow the capsules with other
specific functionalities. For example, Sukhorukov and coworkers developed an
method to the in situ fabrication and assembly of fluorescent carbon dots (CDs)
into the shells of multilayer capsules [154]. CDs are synthesized in situ in capsule
shells by carbonization of dextran molecules via hydrothermal treatment. The
obtained nanocomposite capsules have luminescence which can be used for imag-
ing. The heat treatment also can encapsulate low-molecular-weight drug into the
capsules. The in situ formation of CDs in capsule shells endows with US respon-
siveness; thus, the loaded drug can be released upon US treatment. The shells of
multilayer capsules also can be functionalized with radionuclide for imaging via
positron emission tomography (PET) [155]. The capsules are prepared via LbL
assembly of TA and deferoxamine (DFO)-functionalized PVPON. DFO can chelate
the 89Zr radionuclide. The in vivo PET imaging can track the capsules in vivo and
reveal their biodistribution. The encapsulated hydrophilic anticancer drug can be
released upon the irradiation of therapeutic US to the Zr-functionalized capsules.
Similarly, multilayer capsules with iron oxide nanoparticles-incorporated shells also
possess magnetic resonance imaging (MRI) and US-triggered drug release abilities
and thus can achieve real-time tracking and targeted delivery in vivo [156]. Such
kinds of capsules with imaging ability as well as US-triggered drug release should
have broad applications in the biomedical field.

In order to better control the release of encapsulated substances, the multilayer
capsules which can respond to multistimuli have been developed. For example, iron
oxide and graphene oxide (GO) are assembled with polysaccharides through the LbL.
method to form the shells of multilayer capsules. The capsules can be loaded with
drugs through pH control, while the iron oxide and GO empower the capsules with
magnetic and light responsiveness. Thus, the alternative magnetic field and near-
infrared laser can trigger the release of drugs on demand [157]. Sukhorukov and
coworkers also designed triple-responsive inorganic—organic hybrid microcapsules
for the controlled release of encapsulated drugs [158]. The UV light and US
responses are endowed by the in situ deposited TiO, and SiO, nanostructures in
the capsule shells through a sol-gel process. This process also can reduce the
permeability of the capsules, leading to the encapsulation of low-molecular-weight
drugs. The enzymatic response is achieved by using biodegradable polypeptides and
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polysaccharides for the fabrication of capsules. Upon employing different stimuli,
the encapsulated drug can be released according to different mechanisms at desired
times. This work demonstrates that the multilayer capsules are ideal platforms for the
design of multimodal-responsive drug carriers.

4.4 Microcapsules as Growth Factor Carriers and Their
Incorporation into Scaffold

Spatial- and temporal-controlled delivery of growth factors is crucial for the efficient
repair upon tissue injury or failure in tissue engineering. But delivery of growth
factors to the site of tissue regeneration is challenging since these proteins have short
half-lives, high molecular weight, and slow tissue penetration. Thus, the generally
used strategy to enhance in vivo efficacy of growth factors is the use of growth
factor-loaded delivery systems, which release growth factors in a controlled way.
Due to the tailored structures, multiple functionalities, as well as controlled perme-
ability, the multilayer capsules are promising candidates as growth factor carriers.
Several methods have been successfully developed to load different growth
factors into multilayer capsules. Akashi and coworkers first developed biodegrad-
able multilayer capsules to encapsulate basic fibroblast growth factor (bFGF) as a
cytokine release carrier [159]. The multilayer capsules were fabricated via the layer-
by-layer (LbL) assembly of chitosan and dextran sulfate. The bFGF was encapsu-
lated into the capsules by reversibly controlling the capsule permeability. At
pH < 8.0, the capsule shell was nonpermeable for macromolecules. However,
FITC-dextran with a molecular weight as high as 250 kDa could easily penetrate
the capsules at pH > 8.0. Using the pH-controlled reversible shell permeability,
bFGF was successfully encapsulated into the capsules. Release of the encapsulated
bFGF was sustained over 70 h. Due to the local and sustained release of bFGF,
mouse 1929 fibroblast cells proliferated well for 2 weeks. Antipina and coworker
used a coprecipitation-based layer-by-layer encapsulation method to load bFGF into
the microcapsules [160]. In this method, bFGF was first protected by heparin and
bovine serum albumin and then coprecipitated into CaCO; microparticles. Low
cytotoxic and biodegradable polyelectrolytes dextran sulfate and poly-L-arginine
were used for capsule shell assembly on the CaCO5; microparticles. The encapsula-
tion efficiency was greatly influenced by the shell thickness. Under optimized
conditions, a maximum encapsulation efficiency of 42% could be achieved. The
controlled release of FGF2 from the microcapsules was helpful to enhance the
proliferation of 1929 cells. De Geest and coworkers introduced a postloading
approach by engineering the capsules in such a way that they acted as growth
factor-binding “microsponges” [161]. In this method, CaCO5; microparticles doped
with heparin were first fabricated by a coprecipitation method. Subsequently, these
microparticles were coated with heparin/poly-L-arginine multilayers, followed by
decomposition of the CaCOj core. In this way, hollow capsules were obtained with
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heparin both as membrane component and being suspended in their hollow void.
Heparin is well known to have a high affinity for several growth factors. Therefore,
the engineered microcapsules with high heparin content will enhance their growth
factor-binding capacity. Transforming growth factor-beta 1 (TGF-beta 1) could be
loaded and released from such kind of heparin-engineered microcapsules without
affecting its biological activity. The growth factor-loaded multilayer capsules could
be easily incorporated within a gelatin tissue engineering scaffold without affecting
the properties of this scaffold.

Benkirane-Jessel and coworkers first demonstrated that a hydrogel scaffold
incorporated with the growth factor-loaded multilayer capsules could induce bone
formation in vivo [162]. In this research, bone morphogenetic proteins (BMP,) and
TGF-beta 1 were assembled into the shell of biodegradable multilayer microcap-
sules. The stem cells were differentiated into bone cells when cocultured with
growth factor-loaded multilayer capsules. More importantly, when such kind of
capsules were integrated with alginate gel and implanted into mice, inducing bone
formation in vivo was observed. The in vivo results demonstrate the promising
application potential of multilayer microcapsules as growth factor carriers in the field
of tissue engineering and regenerative medicine.

4.5 Conclusions and Outlooks

The LbL assembly technique is a highly versatile and powerful platform for the
fabrication of capsules with tailored structures and functions. They have already
shown their great promise of applications in many areas, especially in the field of
controlled release. Recently, much attention has been paid on the multilayer capsules
assembled by new driving forces and those with highly sophisticated structures for
biomedical applications, such as drug and growth factor carriers, as highlighted in
this chapter.

Although the significant advances have been made in this area, there are still
some key obstacles which should be overcome. First, for the real practical applica-
tions of multilayer capsules, rapid, scalable, and efficient new preparation methods
should be developed. One recent example is the microcapsule preparation technique
utilizing a fluidized bed for the LbL assembly of polymers [163]. The properties of
obtained microcapsules are in close agreement with conventionally prepared LbL
capsules. The technique provides a new way to rapidly generate microcapsules,
while being also amenable to scale-up and mass production. Furthermore, a fully
flow-based technique using tangential flow filtration (TFF) for LbL assembly on
particles was developed [164]. Multilayered particles and capsules with size ranging
from micrometers to submicrometers can be assembled on different templates using
diverse polymers. The well-controlled, integrated, and automatable nature of the
TFF LbL system provides significant progress of the practical applications of LbL.
systems. Second, the in vivo behaviors of LbL capsules such as degradation and
toxicity are largely unexplored. For intravenous injection, the LbL capsules are
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required to circulate in the bloodstream and have good hemocompatibility. Several
recent researches have shown that coating of blood-compatible multilayers on the
ultrasmall (~20 nm) [165, 166] and submicron (~500 nm) [167] particles is
beneficial to obtain injectable capsule drug delivery systems. Therefore, particles
with a submicron size are attractive for preparation of LbL capsules, which may
accumulate in cancerous tissues through EPR effect.

The LbL capsules with tailed structures and functions can be loaded with both
drugs and imaging agents within a single system to form theranostic carriers, which
can selectively accumulate in diseased tissues and simultaneously report their
biochemical and morphological characteristics. At the same time, the synergistic
carriers which carry chemo-, radio-, and gene therapeutics can enhance the treatment
efficacy [168, 169].

For successful tissue regeneration, it is extremely important to provide cells with
a local environment using biomaterials which enable them to proliferate and differ-
entiate efficiently and correctly, resulting in cell-induced tissue regeneration. For this
purpose, capsules or spheres can be integrated into different scaffolds to provide for
prolonged, site-specific delivery of loaded growth factors, drugs, as well as other
bioactive species. The capsules should be well designed with properly controlled
release profile as well as surface properties, so that they can act as an integral part of
the porous three-dimensional scaffolds, and their incorporation does not significantly
affect the scaffold properties but can release their cargoes to meet the needs of cells.

The researches and applications of LbL multilayer capsules are highly
multidisciplinary. With the efforts afforded by the experts from fields of chemistry,
materials science, mechanical engineering, biology, and so on, the abovementioned
obstacles will be overcome sooner or later, and more achievements in this field can
be expected in the future.
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