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Abstract

Three-dimensional porous scaffolds play a pivotal role in tissue engineering and regenerative
medicine by functioning as biomimetic substrates to manipulate cellular behaviors. While many
techniques have been developed to fabricate porous scaffolds, most of them rely on stochastic
processes that typically result in scaffolds with pores uncontrolled in terms of size, structure, and
interconnectivity, greatly limiting their use in tissue regeneration. Inverse opal scaffolds, in
contrast, possess uniform pores inheriting from the template comprised of a closely packed lattice
of monodispersed microspheres. The key parameters of such scaffolds, including architecture,
pore structure, porosity, and interconnectivity, can all be made uniform across the same sample
and among different samples. In conjunction with a tight control over pore sizes, inverse opal
scaffolds have found widespread use in biomedical applications. In this review, we provide a
detailed discussion on this new class of advanced materials. After a brief introduction to their
history and fabrication, we highlight the unique advantages of inverse opal scaffolds over their
non-uniform counterparts. We then showcase their broad applications in tissue engineering and
regenerative medicine, followed by a summary and perspective on future directions.

Keywords
inverse opals; porous scaffolds; biomaterials; tissue engineering; regenerative medicine

1. Introduction

Tissue engineering and regenerative medicine seek to generate tissue substitutes via
biomimetic approaches through a combination of cells, biomolecules, and advanced
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materials.[*] The materials, typically referred to as scaffolds, serve as biomimetic matrices
for cells to reside in and respond to, ultimately facilitating the formation of tissues.[2:3-5]
Ideally, a scaffold should be engineered to possess a set of parameters and an amenable
microenvironment for cells to interact with. For example, three-dimensionality is required
for engineering most types of tissues where multiple layers of complex patterns are
present.[%:7] The mechanical strength should match that of the target tissue, which is
particularly important for stem cells as their differentiation is sensitive to substrate
stiffness.[8] Adhesion molecules also need to be incorporated into or coated onto the surface
of a scaffold to improve their interactions with cells.[°:10] Growth factors or nucleic acids
may be encapsulated into the scaffold and released in a controlled manner to promote tissue
development and maturation via biochemical cues.[1911] The last but not least, the scaffold
should be biocompatible and biodegradable so it will be absorbed at a rate proportional to
that of tissue regeneration for the achievement of a complete integration with the host.[12]

Among different types of three-dimensional (3D) scaffolds, those with properly sized,
interconnected pores are highly preferred as they would provide the seeded cells with a
sufficient surface area to adhere to, together with a well-connected space for the cells to
proliferate and migrate during the regeneration of tissues.[34:7] The interconnectivity also
ensures the efficient diffusion of oxygen, nutrients, and waste products, which is critical to
maintaining high viability for the tissue, particularly at the early stage when vasculogenesis/
angiogenesis has not taken place. To this end, biomedical researchers have developed a
number of methods for producing 3D porous scaffolds from a variety of biomaterials. Salt-
leaching and gas-foaming represent two most commonly used methods for the fabrication of
porous scaffolds.[13.14] In these approaches, the porogens, either in the solid (e.g., NaCl
crystals) or gas (e.g., CO,) form, are embedded in the scaffolding material and removed later
to generate pores. Depending on the size of the porogen, it is possible to modulate the size of
the pores in the resultant scaffold. Similarly, lyophilization provides another simple way to
generate 3D scaffolds with a porous structure.[1415] However, these methods offer limited
controllability toward the architecture and physical properties of the scaffolds as the
resultant pores are typically stochastic in size and poorly defined in spatial arrangements.
The polydispersity in pore size would further reduce the interconnectivity between the
cavities. Even worse, the disordered structure is barely reproducible across different batches,
greatly limiting their applications in tissue engineering.

Recently, the technological advancements in 3D printing have demonstrated an improved
capability in producing scaffolds with well-defined structures that are highly reproducible
across batches.[”/16] As an example, fused deposition modeling (FDM) can build 3D
scaffolds based on the extrusion of a melted biomaterial in a spatially defined pattern,[17]
whereas stereolithography (SLA) can readily create hydrogel matrices or polymer scaffolds
with defined structures through photopolymerization.[8] Although these approaches are
useful in the fabrication of 3D scaffolds, not every laboratory possesses such sophisticated
instruments due to the relatively high costs. To address this dilemma, inverse opal scaffolds
have emerged as a class of enabling scaffolds that are accessible to any laboratory capable of
processing conventional materials. Originating from the concept of salt-leaching or gas-
foaming but with an unprecedented control, inverse opal scaffolds are fabricated by
templating against cubic close packed (ccp) lattices of monodispersed microspheres.[5:19-24]
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Owing to the monodispersity of the microspheres, the resulting scaffolds possess uniform
pores and interconnecting windows across each sample, together with excellent
reproducibility in their physical properties across different batches.[>2%] With the use of
inverse opals, finally we can achieve a quantitative analysis and understanding of the tissue
regeneration process. To this end, inverse opal scaffolds are ideal biomimetic substrates.
Their highly tunable and precisely controlled properties will allow people to quantify the
diffusion of biomacromolecules, distribution of cells, and differentiation of progenitor/stem
cells. It is envisioned that this new class of advanced materials will cause paradigm shift in
studying tissue engineering and regenerative medicine.

In this review article, we start by introducing the general history of inverse opals and their
evolution into inverse opal scaffolds for biomedical applications, followed by a discussion
on the fabrication and precise engineering of their properties. Next, we highlight their
unique advantages by comparing the inverse opal scaffolds with their counterparts
possessing non-uniform pores from the aspects related to the diffusion of
biomacromolecules, as well as cell distribution and differentiation. We then move on to
showecase the various applications of inverse opal scaffolds in tissue engineering and
regenerative medicine reported over the past decade. Finally, we conclude this article by
offering some perspectives on the challenges and future directions, including the commercial
potential of these scaffolds.

2. Inverse Opal Scaffolds

2.1. A Brief Note on the History

Inverse opals, or inverted colloidal crystals, refer to a class of porous structures that possess
an ordered array of uniform pores with dimensions on the nano- and micrometer scale.[26]
They were initially developed in 1997 by Velev and co-workers, who packed polystyrene
(PS) latex beads of 200-1000 nm in size into a ccp lattice (one size of beads for each lattice)
and then replicated the structure through /n situ gelation of silica from a precursor in the
void spaces among the beads and selective removal of the template by calcination in air
(Figure 1A).[27] Immediately following this work, a variety of inverse opals made from
many different types of materials were reported. For example, the same group demonstrated
the fabrication of an inverse opal made of Au by calcining colloidal crystals of PS beads
infiltrated with Au nanoparticles.[28] By templating with PS beads and removing the
template with toluene, our group fabricated polyurethane inverse opals (Figure 1B).[29:30]
Stein and co-workers, on the other hand, reported the fabrication of inverse opals made of
metal oxides and metals (Figure 1C) by infiltrating the void spaces among PS beads with
nickel oxalate, followed by its conversion to NiO and Ni through calcination in air and under
hydrogen gas, respectively.[31] Meanwhile, John and collaborators demonstrated the
fabrication of photonic crystals with complete photonic bandgaps by growing silicon in the
voids of a silica-based opal v7a chemical vapor deposition, followed by etching the template
with HF (Figure 1D).[32 Such porous structures have been applied to a wide variety of
applications in areas ranging from catalysist33 to energy storage,[34] gas sorption,[3°]
sensing, 361 and photonics,[37] among others.[38]
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Biomedical engineers appreciate the advantages of these well-defined porous structures as
well. Replacing the backbones with biocompatible materials, the resulting porous structures
provide a new class of scaffolds for engineering tissue substitutes. The first demonstrations
were reported by the Ma group and the Ratner group, both in the early 2000s. The Ma group
developed poly(L-lactic acid) (PLLA) inverse opal scaffolds using wax particles as the
template (Figure 2A),[191 while poly(2-hydroxyethyl methacrylate) (PHEMA\) inverse opal
scaffolds were fabricated by the Ratner group through the selective removal of poly(methyl
methacrylate) (PMMA) beads (Figure 2B).[203%1 Many other types of inverse opal scaffolds
quickly ensued, including, for example, silica inverse opal scaffolds from the Kotov group
(2004, Figure 2C),[21] poly(ethylene glycol) (PEG) inverse opal scaffolds from the Irvine
group (2005, Figure 2D),[22] chitosan inverse opal scaffolds from our group (2009, Figure
2E),[23]1 and hydroxyapatite (HAp) inverse opal scaffolds from the Weng group (2011,
Figure 2F).[40 1t is important to point out that, to make these scaffolds suitable for
biomedical applications, the pore sizes have to be pushed up to a length scale of tens to
hundreds of micrometers to allow the seeded cells to spread, migrate, and function.

2.2. Precise Engineering of the Properties

As discussed above, the well-defined architecture and the uniform pore sizes of an inverse
opal scaffold are inherited from the template. To this end, the use of monodispersed particles
is of great importance because it determines the structural homogeneity of the resulting
scaffolds. However, it is not always straightforward to obtain the templating microspheres
with uniform sizes that are large enough to enable the subsequent biomedical applications. It
is well known that spherical particles with uniform diameters in the range of 0.05-2 um can
be readily produced using techniques such as dispersion polymerization for PS beads, 411 or
the Stober process for silica beads.[42] Although these colloidal particles have found
widespread use in producing inverse opals for many diversified applications, they are less
suitable for biomedical applications as the pores produced in the scaffolds are too small for
cells to penetrate through.[?] On the other hand, while microspheres with sizes on the scale
of millimeters (e.g., glass beads) are easily obtained, the pores in the resulting scaffolds are
too large to present a 3D microenvironment. Due to such a limitation, the microspheres
initially used for fabricating inverse opal scaffolds with pores ranging from tens to hundreds
of micrometers were typically obtained by repeatedly sieving commercial microspheres with
a broad distribution in size.[194344] |n most cases, the sieved microspheres could not reach
perfect monodispersity, thus partially diminishing the advantages of using these structures
over the conventional scaffolds with irregular pores.

To address this issue, our group developed a simple technique based on the use of a custom
made fluidic device to fabricate microspheres with uniform sizes and low coefficient of
variance (Figure 3A).14548] The fluidic device was constructed by inserting a syringe needle
into a glass capillary to inject the inner discontinuous phase, while the outer continuous
phase was introduced viaa poly(vinyl chloride) (PVC) tube connected to the capillary. At a
proper flow rate for each phase, the uniform liquid droplets could pinch off from the tip of
the needle under the shear force exerted by the continuous phase. These droplets are further
transferred through the capillary into the collection phase.l4”l Using such a simple fluidic
device, uniform microspheres made of biocompatible materials that are either hydrophilic or
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hydrophobic have been produced. For example, hydrophilic microspheres made of materials
such as gelatin (Figure 3B),[48:49] chitosan,[5% or alginate, were fabricated using an aqueous
solution of such a material as the discontinuous phase with oil (e.g., toluene supplemented
with surfactant Span-80®) serving as the continuous phase. Alternatively, microspheres
made of hydrophobic materials including poly(lactic-co-glycolic acid) (PLGA),[5% poly(e-
caprolactone) (PCL, Figure 3C),[4%1 pS,[51] or fatty acids,[>°] were also fabricated by
introducing the molten polymer or its solution in an organic solvent into an aqueous
continuous phase containing a surfactant such as poly(vinyl alcohol) (PVA). The size of
these microspheres could be conveniently adjusted in the range of 10-1000 pm using a set of
parameters, including the sizes of the needle and the glass capillary, the concentration of the
material in the inner discontinuous phase, and the relative flow rates of the two phases.[45:46]
Inverse opal scaffolds obtained by templating against the lattices assembled from these
monodispersed microspheres thus possess uniform pore sizes, which are well-suited for
applications in tissue engineering and regenerative medicine.

The typical fabrication process of an inverse opal scaffold is illustrated in Figure 4A-C. The
three-step procedure starts from the assembly of the monodispersed microspheres into a ccp
lattice, followed by thermal annealing[?1-2352-56] and, in some cases, mechanical
compression!“%] or chemical fusion,[5”] to induce necking between adjacent microspheres
(Figure 4A). Subsequently, a solution of the scaffolding material (which should not swell or
dissolve the microspheres) is infiltrated into the void space of the lattice v7a capillary action.
The material is then cross-linked (e.g., hydrogels),[22:51.58-60] sg|-gelled (e.g., silica),[?]
dehydrated/freeze-dried,[46:48.61] or sintered[®"] to fix the structure of the scaffolding
material (Figure 4B). Finally, the templating microspheres are selectively removed by
dissolution[22:23.59.62] or calcination[21:57] (Figure 4C).

Two examples are illustrated in Figure 4D-F and G-I, for the fabrication of a hydrophobic
scaffold made of PLGA and a hydrophilic scaffold made of chitosan, respectively. To
fabricate the PLGA scaffold, gelatin microspheres are produced using the fluidic device and
assembled into a lattice, followed by thermally annealing at an elevated temperature of 65—
100 °C for 1-3 h to induce necking between adjacent microspheres (Figure 4D). Then a
PLGA solution (typically, 10-30 wt.% in 1,4-dioxane) is infiltrated into the interstitial space
and immediately freeze-dried for at least 12 h to allow complete removal of the solvent
(Figure 4E). In the last step, the construct is wetted with ethanol prior to immersion in a
heated water bath (40-45 °C) under gentle stirring for 3-4 h until the gelatin microspheres
are completely dissolved, leaving behind the porous scaffold (Figure 4F). On the other hand,
the chitosan inverse opal scaffold can be fabricated by templating against PCL microspheres.
Similarly, PCL microspheres are first packed into a ccp lattice and heated at 45 °C for 0.5-3
h (Figure 4G). Following infiltration with a chitosan solution of 0.5-2 wt.% in 200-mM
acetic acid, the construct then undergoes freeze-drying to remove the aqueous components
(Figure 4H). Finally, the PCL microspheres are leached out by immersing the sample in
dichloromethane for at least 5 h (Figure 4l). It is clear that both scaffolds possess well-
defined architecture with uniform pores inherited from the templating microspheres.

Based on the unique architecture of an inverse opal scaffold, we have recently defined three
types of pore sizes to better describe its property: /) the size of pores in the bulk, /i) the size
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of pores on the surface, and /7/) the size of windows connecting adjacent pores in the bulk
(Figure 4C).[561] Specifically, the pore size refers to the size of the spherical cavities inside
the bulk of a scaffold, which possess essentially the same dimensions as the microspheres
used as the templating lattice. The surface pore size refers to the size of the circular openings
on the surface of a scaffold. These surface pores are typically formed from the residual
solution in the meniscus among three adjacent microspheres following the infiltration of the
scaffolding material. The window size refers to the size of the circular windows connecting
adjacent pores, which ensures the high interconnectivity throughout the entire volume of the
scaffold. It is worth noting that the unique architecture of the inverse opal scaffolds renders
them a high porosity of approximately 74%, irrespective of the pore sizes.[?]

To make the inverse opal scaffolds suitable for different biomedical applications, methods
have been developed to adjust and control all these three size parameters.[63] Taking the
PLGA inverse opal scaffolds as an example, the pore size of the scaffolds could be precisely
controlled by changing the size of the templating gelatin microspheres (Figure 5A). Since
the annealing conditions (70 °C for 1 h) and infiltration solution (20 wt.% PLGA in 1,4-
dioxane) were kept the same, all the scaffolds had the same ratios of surface pore size to
pore size (80%) and window size to pore size (20-25%). Besides, the surface pore size and
the window size could be separately tuned as well. Under the same annealing period of 3 h
and 18 wt.% PLGA solution in 1,4-dioxane as the infiltration agent, the window size
increased from 13% to 23% and 35% of the pore size (190 um) when the gelatin lattices
were heated at 65, 80, and 100 °C, respectively (Figure 5B). The surface pore size decreased
as the concentration of the infiltrating PLGA solution increased from 10 to 30 wt.% (Figure
5C). At 10 wt.%, the surface pore size essentially coincided with the pore size since the
polymer solution was not sufficiently viscous to stay on the surface of the lattice after filling.
The surface pore sizes were approximately 85% (162 pm) and 38% (73 um) of the pore size
(190 um) at the PLGA concentrations of 18 and 25 wt.%, respectively. However, if the
viscosity of the PLGA solution was excessively high (> 30 wt.%), the surface of the scaffold
would become completely sealed by the polymer.

Recently, another interesting technique has been developed by Lin and colleagues to
fabricate hydrogel inverse opal scaffolds using an array of uniform gas bubbles as the
template.[6455] |n a typical procedure, monodispersed gas bubbles were continuously
extruded from a microfluidic device into a bath of hydrogel prepolymer solution (e.g.,
alginate or gelatin). After assembling the gas bubbles into a ccp lattice, the bath was cross-
linked to achieve a solid hydrogel block encapsulating the enclosed array of gas bubbles.
Subsequently, a mild vacuum was applied to the block to mechanically break the thin
hydrogel junctions among adjacent bubbles, thereby creating an interconnected structure
resembling the inverse opal scaffolds. Such a fabrication technique enables dynamic control
over the dimensions of the resulting scaffolds by modulating the assembly of the
microbubbles. The avoidance of harsh conditions to remove the templates, on the other hand,
provides the possibility of direct encapsulation of bioactive molecules and/or cells inside the
scaffolds during the fabrication process.
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2.3. Additional Functionalization of the Scaffolds

Similar to the conventional scaffolds, inverse opal scaffolds can be conveniently
functionalized to possess different topological, biochemical, and mechanical properties.
Such functionalization can be done both in the backbone of a scaffold and/or in the porous
space. For example, our group demonstrated a method to impregnate HAp nanoparticles into
the backbone of an inverse opal scaffold by infiltrating a suspension of the nanoparticles in
PLGA solution during the fabrication process.[48] The inclusion of HAp nanoparticles did
not compromise the structural uniformity of the resultant scaffolds. Compared to the pristine
scaffold made of pure PLGA with a smooth surface (Figure 6A,B), the presence of HAp
nanoparticles on the surface of a composite scaffold greatly increased its roughness and
osteoconductivity (Figure 6C,D).[48.66-69]1 Subsequent soaking of the scaffold in a simulated
body fluid induced the deposition of extra layers of apatite on the surface (Figure 6E,F),
further improving the osteoconductivity as well as the osteoinductivity of the scaffold.[69-71]
As expected, the compressive modulus of the scaffolds significantly increased from 196.2

+ 23.8 kPa for the PLGA scaffold to 1744.7 + 68.6 kPa for the HAp-PLGA scaffold and
1952.8 + 54.1 kPa for the apatite-coated HAp-PLGA scaffold.[48]

Besides inorganic materials, methods have also been developed to functionalize the inverse
opal scaffolds with a broad spectrum of small molecules, peptides, and growth factors. Pun
and co-workers demonstrated the capability to encapsulate deoxyribonucleic acids (DNAS)
into a fibrin inverse opal scaffold for gene delivery.[72] Polyplexes were formed by mixing
DNAs and polyethylenimine (PEI), which were subsequently homogenized with the
fibrinogen/thrombin and infiltrated into the voids of the template. The templating PMMA
microspheres were then removed by acetone after the fibrin gel had formed. Alternatively,
surface coating of the polyplexes could be achieved by dipping the fibrin scaffold into a
polyplex solution. Using a layer-by-layer (LBL) approach, Kotov and co-workers
successfully modified the surface of a polyacrylamide (PAAM) inverse opal scaffold through
sequential deposition of five bilayers of negatively charged clay nanoparticles and positively
charged poly(diallyl dimethylammonium chloride) (PDDA).[73-75] Delta-like 1 (DL-1) notch
ligand was subsequently deposited onto the surface of the scaffold v/a electrostatic
interactions with the underlying LBL coating. On the other hand, Kuo and co-workers
covalently grafted peptides onto the surface of an inverse opal scaffold made of a natural
polymer such as chitosan, gelatin, alginate, or poly(-glutamic acid) (y-PGA).[60.76]
Compared with electrostatic self-assembly, covalent conjugation allows for longer-term
interactions between the biomolecules and the cells. However, in the case where the
internalization of the bioactive agents is necessary for cell activation, the LBL approach
provides a better solution due to the complete release of the coated ligands.

Interestingly, the surface properties of the resultant scaffolds can also be altered by
modifying the templating microspheres. In a recent study, Cho and co-workers fabricated
poly(D,L-lactide-co-e-caprolactone) (PLCA) microspheres with surface dimples resembling
a golf ball and then assembled them into a ccp lattice (Figure 7A,B).I771 The resultant
chitosan inverse opal scaffold presented an embossed pattern on the surface (Figure 7C,D).
Compared to those with a smooth surface (Figure 7E), the increased surface roughness
induced an enhanced adhesion of the cells grown inside the pores.
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Cells seeded into an inverse opal scaffold typically attach and proliferate from the periphery
of the pores rather than the entire space. This finding motivated us to develop a method to
functionalize these unoccupied cavities. By filling a PLGA inverse opal scaffold with an
aqueous chitosan solution followed by freeze-drying, a microfibrous structure of chitosan
could be established across the entire space of the pores (Figure 8A-D).[25] The
microfibrous structure efficiently reduced the distance between the opposing surfaces in a
pore, thus promoting the initial attachment and subsequent proliferation of the seeded cells.
In one example, the number of MC3T3 cells in a chitosan-functionalized PLGA inverse opal
scaffold became almost doubled of those in a pristine PLGA inverse opal scaffold during the
same culture period (Figure 8E,F). The chitosan microstructures could provide a physical
support for the cells to attach and spread, leading to the formation of an enhanced scaffold-
tissue interface.

The pores in an inverse opal scaffold could also be stretched along a certain axis to achieve
uni-directionally elongated, anisotropic pores to control the orientation of the cells grown on
the scaffold. Gu and co-workers demonstrated this concept by stretching PS inverse opal
scaffolds at 80 °C, which is close to the glass transition temperature (74 80-120 °C) of the
polymer.[78:781 Upon reducing the temperature to below 7y, the elongated scaffold could
retain its stretched pores. These scaffolds could be stretched for up to 6 times of their
original lengths (Figure 9A—C). Scanning electron microscopy (SEM) images revealed the
uniformly elongated pores along the direction of stretching (Figure 9D-F). Alternatively, the
scaffolds could also be stretched by first infusing the void space with the PVA solution to
allow for more homogeneous distribution of the tensile forces.[8% The anisotropic property
of these stretched inverse opal scaffolds is particularly useful when the engineered tissues
have the same degree of anisotropy such as the alignment of the cells and the secreted
extracellular matrix (ECM) molecules. In an example, human dermal fibroblasts seeded into
the scaffolds exhibited an increased degree of alignment as the stretching ratio increased
from 3 to 6 times (Figure 9G—1).[78] The stretching angle, defined as the angle between the
stretching direction and cell orientation (Figure 9J), was measured and analyzed.
Quantitative results in Figure 9K indicate that for the 6-time stretched scaffolds, more than
90% cells fell into the region with the stretching angles less than 30°. In contrast, such a
ratio was only 20% for the cells in the non-stretched group, confirming the anisotropic effect
of the underlying substrates on the behavior of cell growth. Furthermore, they fabricated
inverse opal substrates with elongation gradients using a gradient stretching approach.
Tendon fibroblasts cultured in these scaffolds showed a random-to-aligned gradient as a
response to the gradually increased pore orientation.[8] More recently, the same group
utilized capillaries as the substrate to assemble silica nanoparticles and achieved 3D tubular
inverse opals.[82] By rotationally expanding the scaffold, they created a circumferentially
oriented elliptical porous pattern on the surface. The tubular scaffolds effectively guided the
growth of endothelial cells and smooth muscle cells to form random and circumferential
alignment in the inner and outer surfaces, respectively, holding promise for the construction
of biomimetic blood vessels.
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2.4. Why Uniformity Matters

The simple and convenient procedure for the production of inverse opal scaffolds renders
them accessible to any laboratory with general materials-processing capabilities. The
fabrication process based on templating against monodispersed microparticles has further
endowed them with unparalleled uniformity in structure and architecture, which cannot be
achieved by other conventional approaches such as salt-leaching and gas-foaming.[3831 The
uniformity leads to the exceptional reproducibility across different batches of fabrication. As
shown in Figure 10A, using gelatin microspheres of the same size, PLGA inverse opal
scaffolds fabricated in three different batches exhibited essentially identical properties,
including the architecture, structure, pore sizes, window size, and surface pore size, with
barely noticeable variations among them.[>:25] Such high reproducibility is particularly
important for tissue engineering as it provides well-defined substrates for cells to reside in
and remodel and eventually develop into homogenous tissues. As a comparison, when non-
uniform gelatin microspheres were used as the templates, the resulting scaffolds exhibited
remarkable variations in all related parameters (Figure 10B). Due to the broad distribution in
cavity dimensions, these non-uniform scaffolds could only be characterized by their average
pore sizes. In addition, the windows were often absent between adjacent pores (Figure 10B).
This non-uniform structure can cause insufficient local tissue formation, inhomogeneous
mechanical properties, and batch-to-batch variability, greatly limiting their scope of
applications.!

The difference in the properties between an inverse opal scaffold with uniform structure and
a counterpart possessing random pores typically results in a biased performance in
engineering functional tissues. Our group conducted a systematic study to elucidate the
importance of uniformity.[49] Using a diffusion device, we demonstrated that the diffusion of
a model biomacromolecule, fluorescein isothiocyanate (FITC)-dextran (40 kDa), through the
PLGA inverse opal scaffolds (pore size = 205 pm), had a similar rate with the control where
no scaffold was present (Figure 11A). Such a rate was significantly reduced to half that of
the control when non-uniform PLGA scaffolds (average pore size = 202 um) were used.
Meanwhile, the non-uniform scaffolds exhibited much larger standard deviations at all time
points than the inverse opal scaffolds due to the batch-to-batch variations. The cells were
then seeded into the two types of scaffolds to investigate their distribution. The results
demonstrated that the cells were homogeneously scattered in the inverse opal scaffold,
whereas their distribution in the non-uniform scaffold was completely random (Figure 11B).
Clearly, the uniform pores and large windows in the inverse opal scaffolds facilitated the
high seeding efficiency and efficient cell migration. Quantification of cell distributions in the
scaffolds is shown in Figure 11C.

In the same work, we further performed a differentiation analysis on the osteogenesis of the
MC3T3 preosteoblasts in PLGA/HAp composite inverse opal scaffolds with two different
pore sizes of 211 and 313 um, respectively, as opposed to a non-uniform scaffold with an
average pore size of 200 um.[®l Both optical and electron microscopy analyses revealed
that, a large amount of complexes containing both organic and inorganic ECM components
were found inside the pores of the inverse opal scaffold with a pore size of 211 pm. By
contrast, only a limited amount of mineral was deposited on the surface of the scaffold with
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a pore size of 313 um. Interestingly, while a moderate amount of ECM was observed in the
large pores (around 200 um) of the non-uniform scaffold, most of the smaller and/or larger
pores in the scaffolds were either free of visible ECM or occluded by the fibrous ECM.
Recently, Hofmann and coworkers also demonstrated that inverse opal scaffolds exerted a
more pronounced effect on the osteogenic differentiation of human mesenchymal stem cell
(MSCs) relative to scaffolds prepared by salt-leaching.[84] Therefore, the behaviors of the
cells in a scaffold are probably modulated by the parameters of the individual pore where
they reside in rather than the properties of the bulk scaffold. For inverse opal scaffolds with
uniform pores, such a microenvironment in each pore is tightly controlled to favor the
coherent cell responses; for scaffolds with non-uniform pores, on the contrary, it is the
collective properties that determine the outcome of the final bulk tissue as each pore offers a
differential microenvironment for the cells to respond to. This notion further emphasizes the
significance of scaffold uniformity in tissue engineering, making the inverse opal scaffolds
invaluable for biomedical applications.

3. Biomedical Applications

Due to their unique features in terms of uniform and well-controlled pore sizes, long-range
ordered structure, and homogeneous interconnectivity, inverse opal scaffolds have been
explored for a wide spectrum of biomedical applications. Notable examples include but are
not limited to, cell (co-)culture, production of multicellular spheroids, investigation of cell
migration and neovascularization, tissue engineering, and wound healing. These applications
are separately discussed in the following sections.

3.1. Cell (Co-)Culture

Compared with non-uniform scaffolds, inverse opal scaffolds possess many advantages for
cell culture. First, the uniform and interconnected porous structure facilitates cell
distribution and migration, as well as efficient transport of oxygen, nutrients, and metabolic
wastes.[347] These features are critical for cells to homogenously distribute and expand
inside the 3D framework. Second, due to the uniformity among different batches, tissue
development from the seeded cells is highly reproducible.5] Third, the pore sizes of each
inverse opal scaffold can be conveniently tuned by varying the diameters of the templating
microspheres and the fabrication conditions.[>:63] In addition, the highly ordered structure
also makes it easier to computationally simulate the diffusion and other processes than those
scaffolds with non-uniform pores.[83] Taken together, inverse opal scaffolds present a highly
favorable microenvironment for cells to reside in and respond to.[5:24]

Kotov and co-workers first demonstrated such an application by culturing cells in an inverse
opal scaffold fabricated from silica using a sol-gel procedure.[21] Cell viability assay
suggests that both cell adhesion and proliferation were reasonably high over an extended
period of time. They analyzed the correlation between the cell distribution and the pore size.
Due to the optimal cell-cell and cell-matrix interactions, HepG2 human hepatocellular
carcinoma cells exhibited higher cell density inside the scaffold with a pore size of 75 pm
compared to those with smaller (10 um) or larger pores (160 um). Under similar culture
conditions, HS-5 human bone marrow cells formed smaller clusters than HepG2 cells in
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scaffolds with similar pore sizes as a result of the larger cell dimension. To enhance the
interactions between the cells and the inverse opal scaffold, fibrous structure was also
incorporated into the surface of the cavities. For example, Giachelli and co-workers utilized
an acetone-induced phase separation method to generate an inverse opal scaffold containing
nanofibrous fibrin.[591 Enhancement was observed for both metabolic activity and spreading
of NIH/3T3 fibroblasts over a culture period up to 6 days. Through the use of lyophilization,
we developed a chitosan-based inverse opal scaffold with a nanofibrous texture.[23] The
resultant scaffold supported the uniform distribution and sustained proliferation of MC3T3
preosteoblasts throughout the scaffold for up to 21 days.

Inverse opal scaffolds with a periodically ordered structure provide an ideal platform to
study the cell-matrix interactions by offering a well-defined 3D microenvironment. Lin,
Cristo, and co-workers analyzed the morphology and organization of the cells residing
inside an inverse opal scaffold made of cross-linked gelatin. They concluded that different
types of cells produced distinct organizational patterns.[65] MDKC kidney epithelial cells
showed a cyst-like (closed hollow lumen) structure with a polarized orientation. C2C12
myoblasts fused into multinucleated myotubes, which connected the cell bodies in separate
pores through the windows. Interestingly, NIH/3T3 fibroblasts adopted a series of different
morphologies, including spreading along the walls, straddling over the pores with long
pseudopodia, and squatting on the walls with short pseudopodia (Figure 12A,B). The
morphology of cells inside the inverse opal scaffolds was also correlated with the pore size.
Using PS inverse opal scaffolds as an example, we demonstrated that the spatial orientation
of the cells was closely related to the size of the individual pore in which the cells resided
(Figure 12C). When the pore size was fixed at 60 um, human MSCs with a similar size
assumed a completely 3D morphology stretching across the pores. When the pore size was
enlarged to 90 pm, the cells took a partial 3D morphology. When the pores were further
increased to 250 um, much larger than the dimensions of the cells, the scaffold essentially
presented a local environment similar to that of a two-dimensional (2D) substrate. In this
case, the cells only spread on the skeleton of the scaffold as they would normally respond on
2D substrates.

While single-cell culture systems are effective for the study of cell-scaffold interactions, it
remains insufficient where cell-cell interactions are required. To this end, two general
strategies have been developed for simultaneous inclusion of two or more cell lineages
inside a single inverse opal scaffold. One approach is to directly incubate different cells in
the same cavities (Figure 13A), by seeding one type of the adherent cells on the surface of
the pores followed by the introduction of another cell type (usually non-adherent). This
concept was demonstrated by Kotov and co-workers using a PAAM hydrogel inverse opal
scaffold whose surface had been modified with multiple layers of clay/PDDA to promote
cell attachment.[74] As indicated in Figure 13B-D, after 5 days of co-culture, Hs202.Th
anchorage-dependent human thymus epithelial cells densely covered the entire surface of the
scaffold, whereas the non-adherent HL-60 human monocytes were entrapped inside the
scaffold with a uniform distribution. Computational modeling revealed that the floating cells
were effectively entrapped in the spherical cavities and spent a significant portion of time
proximal to the matrix and cells adhering to the walls.
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Another approach is to co-culture distinct cell populations in a spatially separated manner,
which can be achieved by encapsulating one type of cells in the scaffold matrix during the
infiltration process and subsequently seeding another type of cells on the surface of the pores
after removal of the template (Figure 13E). Different from the previous co-culture strategy,
this approach allows for the construction of heterogeneous cell-cell compartments to
simulate complex cellular microenvironments, such as stem cell niches or tumor regime.
Due to the presence of cells in the scaffold matrix, the template removal process should be
biocompatible and benign. Mooney and co-workers utilized an all-hydrogel approach to
fabricate an inverse opal scaffold by templating against Ca%*-cross-linked alginate
microspheres.[86] They then embedded green fluorescent protein (GFP)-expressing human
umbilical vein endothelial cells (HUVECS) inside the photo-cross-linkable gelatin
methacryloyl (GelMA) and infiltrated it into the voids of the alginate lattice. After
crosslinking GelMA with UV light, the alginate microspheres were quickly dissolved with a
Ca?*-chelator, ethylenediaminetetraacetic acid (EDTA). MSCs expressing mCherry red
fluorescent proteins (RFPs) were then seeded into the cavities and allowed for adhesion
(Figure 13F). Confocal images obtained from different focal planes after 3 days of culture
suggest the formation of a concentric circular pattern, with GFP-expressing cells in the
periphery and mCherry-expressing cells in the interior (Figure 13G-I). Kim and co-workers
further optimized the fabrication parameters of the GeIMA inverse opal scaffolds.[87] They
concluded that low-viscosity alginate, low calcium cross-linking concentration, as well as
low concentrations of alginate and GelMA contributed to the high viability of the cells
encapsulated in the GeIMA matrix after removal of alginate microspheres by EDTA.

3.2. Production of Multicellular Spheroids

Cells typically exhibit reduced cell-cell and cell-matrix interactions in 2D cultures compared
to their intrinsic 3D organizations /7 vivo.[88:89 As a result, extensive information will be
lost when investigating the behaviors of cells cultured on 2D substrates, particularly for
cellular functions that are highly dependent on 3D configurations such as protein and
cytokine secretions.[89.90] To bridge the gap between 7 vitro 2D cultures and in vivo 3D
tissues, multicellular spheroids, or cell bodies, have been actively explored to recapitulate
the highly dense tissues and intercellular interactions.[91] Inverse opal scaffolds hold great
potential for the production of a large number of uniform, multicellular spheroids at one
time. Theoretically, the maximal diameter of the cell bodies would be less than about 77% of
the pore size, or 50% of the pore volume due to the spatial confinement.[92] As such, the size
of the spheroids can be conveniently adjusted by simply altering the pore size of the scaffold
or varying the culture period.

In an early study, Kotov and co-workers used a cell-repulsive PAAM inverse opal scaffold to
fabricate liver spheroids from HepG2 cells.[2] The cells started to aggregate together inside
the pores from day 1 but still with distinguishable individual cells (Figure 14A). In the
subsequent phase, the individual cells gradually merged with each other through intense
cell-cell interactions. Finally, mature liver spheroids were formed at day 5, which were
coated with a thin layer of ECM to appear as smooth cell bodies (Figure 14B).
Reconstructed 3D confocal image indicates that the mature liver spheroids were entrapped in
the individual pores of the scaffold (Figure 14C). In another study, Kotov and co-workers
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examined the toxicity of CdTe quantum dots (QDs) and Au nanoparticles (AuNPSs) toward
the 3D liver spheroids produced in similar PAAM inverse opal scaffolds.[%3] Morphological
analysis indicates that in contrast to 2D cell cultures, the toxicity of CdTe QDs toward the
spheroids was markedly reduced (Figure 14D,E). SEM characterization further revealed that
the outer structure was significantly destructed, whereas the cells in the inner cluster
remained intact (Figure 14F). AuNPs stabilized with cetyltrimethylammonium bromide
(CTAB) showed similar impact on the spheroids as CdTe QDs. The reduced toxicity was
presumably attributed to the hindered mass transport as a result of the densely packed cells
and well-developed ECM.[93.94]

Since the PAAM scaffolds are difficult to disassemble under mild conditions, the produced
multicellular spheroids cannot be released from the scaffolds for subsequent usage and
analyses. In this regard, a new class of inverse opal scaffolds made of disintegrable alginate
was developed by our group for the production of uniform embryoid bodies (EBs).[51 The
fabrication procedure consisted of four steps: seeding of embryonic stem cells (ESCs) into
the alginate inverse opal scaffolds, cell proliferation and EB formation, disintegration of the
scaffolds with a Ca?*-chelating agent such as EDTA, and harvest of the released EBs (Figure
15A). The alginate inverse opal scaffolds possessed a uniform structure with interconnected
pores (Figure 15B). Facilitated by the non-adherent property of alginate, ESCs gradually
aggregated into EBs with uniform sizes inside the pores (Figure 15C). Upon treatment with
EDTA, the alginate scaffold was disintegrated, leading to the fast release of EBs within a
few minutes (Figure 15D). The collected EBs maintained high viability and capability to
differentiate into multiple lineages. Significantly, 500—-1000 EBs could be produced from a
single inverse opal scaffold with four layers of pores over an area of 30 mml2l (Figure 15E).
Such a scalable technique for the production of cell bodies holds promise for tissue
engineering and regenerative medicine where the utilization of a large number of
multicellular spheroids is required.

3.3. Cell Migration Studies

Inverse opal scaffolds possess a well-defined porous structure with outstanding uniformity
and interconnectivity, which provides adequate space and pathways for not only mass
transport but also cell migration.[>241 Functional biomolecules can be grafted onto the pore
surface via covalent cross-linking, non-covalent modification, or physical adsorption to
mediate cell adhesion and motility (e.g., chemotaxis). Using PEG-based inverse opal
scaffolds, Irvine and co-workers studied the migration of T lymphocytes between adjacent
pores.[22] Given that T cell activation requires the rapid and efficient identification of
antigens presented by dendritic cells, they conducted an explicit set of investigation to seek
for the optimal motility-inducing cues that promote T cell migration. It was found that the
intercellular adhesion molecule-1 (ICAM-1) and fibronectin-decorated PEG surfaces did not
facilitate strong cell adhesion and subsequent migration. They then infused the scaffolds
with a fibrillar collagen gel to support the migration of T cells by providing a physical
network. Compared to the protein-coated scaffolds, the composite scaffolds exhibited an
enhanced impact on T cell migration. They further anchored adhesion- and migration-
promoting chemokine CCL21 on the pore surface to enable chemotaxis within the scaffold.
The hybrid scaffold was found to support the motility of the less motile naive T cells,
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thereby providing a platform to study the chemotactic response of immune cell homing to
the secondary lymphoid organs.

Aside from biochemical modification that can be used to construct a suitable milieu for cell
migration, Griffith and co-workers systematically probed the effects of the porosity,
adhesiveness, and elasticity of PEG-based inverse opal scaffolds on the motility of
MSCs.54 Their results indicated that the pore size had the most significant impact on cell
migration, which was further influenced by the matrix adhesiveness and stiffness.
Specifically, when the void space was much smaller than the cells, their migration was
largely restricted by the dimension of the pores; however, for the scaffolds with pore sizes
larger than cell dimensions, the cells actually encountered a quasi-2D microenvironment,
making the adhesiveness and stiffness the main factors to affect cell motility. Accordingly,
maximal cell displacement was observed in the scaffold with intermediate pore and window
sizes (40 and 12 pum, respectively) along with a stiff (100 kPa) and most adhesive (12.5-mM
RGD) matrix. In a complementary study, we demonstrated that cell migration was strongly
dependent on the pore and window sizes.[83] As shown in Figure 16, inverse opal scaffolds
with larger pore and window sizes induced faster migration of HUVECs into the interior of
the scaffolds, with the distance proportional to the pore/window sizes (Figure 16B-D).
When the scaffolds had the same pore sizes, the window size then became the decisive
factor, with those possessing larger windows inducing more pronounced cell migration
(Figure 16C,E). Interestingly, for the scaffolds with a smaller pore size but larger window
size, the migration of cells was still faster than those with a larger pore size but smaller
window size (Figure 16D,E). In another study, Sivaniah, Guck, and co-workers reported that
the decrease in substrate stiffness led to an increased migration distance,>3] somewhat
contrary to the conclusions drawn by Griffith and co-workers, probably due to the different
cell type (NB4 cells, a leukemic myeloid precursor cell line) and scaffold material (PAAM
coated with poly-D-lysine) used in their study. They inferred that the constraint force exerted
by the scaffolds improved the capability of the cells to actively deform their surroundings for
narrow space entrance. Two cytoskeleton inhibitors (against microtubule and actin,
respectively) were also included to explore their effects on cell migration within the
scaffolds, demonstrating the potential of using such a system for drug screening.

Inverse opal scaffolds were also integrated with microfluidic devices to study cell migration
under an electric field (/.e. electrotaxis or galvanotaxis). Cheng and co-workers incorporated
a gelatin inverse opal scaffold in the microfluidic device to mimic the structure of pulmonary
alveoli.[9] The responses of three lung cancer cells toward an electric field were
investigated, where CL1-0 showed no obvious electrotactic response, CL1-5 moved toward
the anode, and A549 migrated toward the cathode. Moreover, compared to 2D cultures, cells
in the scaffolds exhibited weaker electrotactic response because of the obstructed migration
pathway. In another study, Yu and co-workers demonstrated that the keratocytes in 3D
gelatin inverse opal scaffolds responded to an applied electric field with a zig-zag migration
pattern along the edge of the pores and between adjacent cavities.[%] In 2D microchannels,
however, the keratocytes exhibited an almost straight-line trajectory. These studies provide
valuable information in understanding the effect of electrophysiological cues on in vivo cell
migration.
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3.4. Neovascularization

It is almost impossible to accurately evaluate how pore sizes influence tissue infiltration with
conventional non-uniform scaffolds that possess a broad distribution of pore sizes and poorly
defined geometry, particularly for such a complex process as neovascularization. In this
aspect, the well-defined and controllable inverse opal scaffolds provide a potent platform to
elucidate the effect of these physical parameters on /n vivo tissue formation and
vascularization.

Ratner and co-workers demonstrated that the relatively small pore sizes in the range of 35 to
160 pum favored in vivo vascular in-growth into PHEMA inverse opal scaffolds along with
minimum fibrous tissue formation.[20] Using B-tricalcium phosphate (3TCP) inverse opal
scaffolds with different pore sizes (300-700 um) but fixed window size (120 um), Bai and
coworkers revealed that larger pore sizes were more favorable for the growth of blood
vessels than small pores.[57] They suggested that, when the pore size was smaller than 400
um, the growth process was restricted as a result of the limited void space, leading to the
formation of narrow blood vessels. Besides, the amount and occupancy of fibrous tissues
were much greater in these scaffolds, which further contributed to the reduction of the
available space. We also conducted a systematic study with regard to the effect of pore size
on neovascularization /n vivo using biodegradable PLGA scaffolds with a series of pore
sizes.[61.97] Histological analyses showed that the nascent vessels were observed to penetrate
into all the scaffolds at 2 and 4 weeks post subcutaneous implantation in mice (Figure
17A,B). In contrast to the scaffolds with small pore sizes (79 and 147 um), those with large
pore sizes (224 and 312 um) facilitated the growth of vessels with higher density at 2 weeks
post implantation. Moreover, the initially formed vessels had the similar diameter of
approximately 15 um regardless of the pore size. After 4 weeks, the average vessel diameters
increased to 25 and 45 um for scaffolds with small and large pore sizes, respectively. As the
vessels broadened in diameter from 2 to 4 weeks, the densities of the vasculature in scaffolds
with small pore sizes greatly increased, whereas there was a decreasing trend for the
scaffolds with large pore sizes. Quantitative data from the histological images evidenced
such an observation (Figure 17C,D). All these results indicated that scaffolds with small
pore sizes supported the formation of small vessels at higher densities close to the surface
region, whereas scaffolds with large pore sizes favored the development of large vessels with
low densities but deep penetration depths.

The schematics in Figure 17E,F, illustrate how the pore size affects neovascularization /n
vivo.I81] For scaffolds with small pore sizes, the infiltrated tissues and nascent vessels
encounter a limitation to penetrate deeply into the scaffold after they reach the bottom of the
pores at the surface as a result of the small windows. As the vessels invade deeper, they are
easily separated from each other in different pores. Therefore, the vessels show a tendency
of growing by themselves instead of being merged or interconnected. On the contrary, for
the scaffolds with large pore sizes, the windows are large enough to enable the invasion of
multiple vessels into the same pores underlying the surface, which greatly increases the
chances for the vessels to merge and form large/interconnected networks. It is worth
mentioning that, the discrepancies in the optimal pore size for maximal neovascularization
and minimal fibrosis might have originated from the difference in either the materials (e.g.,

Adv Mater. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

3.5. Cardiac

Page 16

hydrophobic polymer, hydrogel, or ceramics) or animal models (e.g., mouse, rat, or
rabbit).[5] However, we believe that if these conditions are unified, the results across
multiple experiments should be persistent and highly reproducible.

Proangiogenic growth factors such as vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) can also be incorporated into the inverse opal
scaffolds to stimulate the formation and maturation of blood vessels. Davies and co-workers
constructed a miniature osmotic pump that was superficially coated with a layer of inverse
opal structure made of polyurethane to evaluate the dosage dependence of VEGF on
neovascularization.[98] Consistent delivery of VEGF at concentrations of 15, 150, and 1500
ng per day from the scaffolds for up to 6 weeks was studied. For the group delivered with 15
ng of VEGF per day, they did not observe the pronounced effect on vascular formation.
When the dosage was increased to 1500 ng per day, the vessel formation was suppressed
after 20 days in spite of its most striking effect at the initial stage. Only the group with
moderate delivery of 150 of VEGF per day showed the continuously increased
vascularization. This study indicated that a proper concentration of VEGF was of great
importance to favor the optimal growth of blood vessels. In another study, the same research
group employed micro-computed tomography (micro-CT) to assess the impact of VEGF on
vascularization.[%%] Compared to the control group where phosphate-buffered saline (PBS)
was delivered, the one with continuous delivery of VEGF showed a 1.47-fold increase in
average vessel diameter and a 17.31-fold increase in total vessel volume. Besides VEGF,
surface modification of heparin can also impose a positive impact on vascularization.[100]
Davies and co-workers combined VEGF and PDGF into heparinized inverse opal scaffolds
to promote the sustained neovascularization and vessel maturation.[191] Relative to the
elution profile of PDGF from the heparinized scaffolds, a faster release kinetics was
observed for VEGF as shown in Figure 18A,B (VEGF: 75 ng per h after 24 h; PDGF: 86 pg
per h over 7 days). Histological analysis demonstrates that at 2 months post implantation in
rats, the heparinized surface resulted in an increased vessel ingrowth, while a further
enhanced vascularization was found in the scaffolds with the combined release of VEGF and
PDGF (Figure 18C,D). Compared to the heparinized scaffolds, the vessel density was
increased by 69 + 17% for the PDGF-releasing scaffolds and 71 +2 3% for the VEGF/
PDGF-releasing scaffolds, respectively (Figure 18E). The arterialization at 2 months post
implantation was further analyzed by immunostaining of a-smooth muscle cell actin (a-
SMA) in the explants. In contrast to the heparin-coated scaffolds, those loaded with VEGF
and PDGF resulted in a significant increase (66 + 22%) in the number of arterioles (Figure
18F-H). These studies indicated that the heparin-modified scaffolds allowed for the
simultaneous loading of multiple angiogenic growth factors to favor the persistent release
and thus enhance the vascularization.

Tissue Engineering

Certain tissues such as the myocardium are typically characterized by their thick matrix and
high consumption of oxygen.[202] In this respect, it is necessary to use an appropriate
scaffolding system that is capable of inducing fast vascularization to maintain cell viability
upon Jn vivo implantation and thereby facilitate tissue regeneration.[103] Due to their strong
ability to modulate the neovascularization process, inverse opal scaffolds have recently been
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exploited for cardiac tissue engineering. Ratner and co-workers first reported such an
application using poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (PHEMA-co-
MAA) inverse opal scaffolds.[194] The specially designed scaffolds included a set of parallel
channels with a diameter and spacing of both 60 um to guide the development of anisotropic
myocardium bundles. The parallel channels were surrounded by an inverse opal structure
with a 30-um pore size and a 15-pm window size for neovascularization (Figure 19A,B).
The resultant construct allowed for high-density seeding of primary chicken embryonic-
derived cardiomyocytes, but with a slight gradient from the outside inward as shown in
Figure 19C. Histological and immunostaining results revealed that the channels were
predominantly occupied by cardiomyocytes, whereas noncardiomyocytes were distributed
throughout the porous structure (Figure 19D). Different from the non-cardiomyocyte-
dominated constructs populated by chicken embryonic-derived cardiomyocytes, the
cardiomyocytes were selectively enriched in the scaffolds with human ESC derived
cardiomyocytes (hRESC-CMs). In the parallel channels, the cardiomyocytes were also
observed to express contractile proteins such as troponin T (Figure 19E), and the seeded
cells remained viable due to the presence of large pores for mass transport (Figure 19F).
Furthermore, the impacts of pore size on fibrous tissue formation and neovascularization
were analyzed by patching the collagen-coated PHEMA-co-MAA scaffolds into the
myocardium of nude rats for 4 weeks. Quantitative data demonstrate that the scaffold with a
pore size of 30 um induced the maximal neovascularization while minimal fibrosis (Figure
19G,H). They then performed immunostaining to identify the phenotypes of the infiltrated
macrophages, where the nitric oxide synthase 2 (NOS2) corresponds to the M1 activation
state and the M® mannose receptor (MMR) indicates the M2 activation state.[19%] Based on
the increased MMR, they argued that the polarity the macrophages was shifted toward the
pro-healing M2 phenotype, which possibly interprets the strikingly good vascularization
(Figure 191). This work also demonstrated an interesting concept for fabricating multi-
compartment scaffolds to engineer complex tissues, where the aligned microchannels were
used to induce the formation of cardiac muscle bundles and the inverse opal structure could
maximize the neovascularization as well as minimize the unfavorable fibrotic/inflammatory
response.

More recently, Freed and co-workers reported an scalable scaffold unit for constructing the
vascularized cardiac tissues.[106] The designed device consisted of three functional segments
with a stacked configuration: a microfluidic base, a vascular-parenchymal inverse opal
interface, and a cardiac scaffold. Both the microfluidic base and the cardiac scaffold were
made of slowly degradable polymers to offer sufficient mechanical support for
vascularization /n vivo. The porous inverse opal interface, however, was made of rapidly
degradable polymers to provide efficient mass transfer /n vitro and then fast erosion to
integrate the seeded cardiomyocytes with nascent blood vessels derived from the host after
implantation /7 vivo. Neonatal rat cardiomyocytes loaded into the scaffolds attached and
distributed evenly throughout the pores, which were supplied by the flow of culture medium
from the microfluidic base. Cell culture experiments indicate that the inverse opal scaffolds
could support cell attachment, elongation, and penetration, making this system applicable to
high-density culture of cardiomyocytes in promoting the development of vascularized
myocardium.
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3.6. Bone, Cartilage, and Osteochondral Tissue Engineering

Bone tissue engineering relies on either implantation of pristine porous scaffolds to favor the
naturally occurring bone formation or introduction of scaffolds loaded with osteogenic cells
to promote bone repair in vivo.l88.691 Both situations require a robust physical support and a
suitable microenvironment for the cells to respond to. To enhance osteogenesis, several
inorganic materials can be employed to decorate the surface of a scaffold, with the apatite
family (e.g., HAp) being one of the most widely used components.[40.1071 HAp, the major
mineral phase in natural bones, is reported to possess superior biocompatibility,
osteoconductivity, and osteoinductivity, making it a good candidate as an additive for bone
tissue engineering.[67-6%1 In general, two strategies have been adopted for apatite
incorporation, including direct loading of apatite nanoparticles into the scaffolding materials
and generation of apatite coating via a mineralization process.[4145] |n addition, delivery of
bone-stimulating growth factors such as recombinant human bone morphogenetic protein-7
(rhBMP-7) was also proven to be effective in enhancing bone regeneration.[108]

Giachelli and co-workers fabricated nanofibrous fibrin-based inverse opal scaffolds and
further functionalized them via both calcium phosphate deposition and direct incorporation
of HAp nanoparticles.[®8] In contrast to the scaffolds with fibrin alone and HAp
nanoparticles, the osteoblast-like cells exhibited higher alkaline phosphatase (ALP) activity
and bone marker gene expressions in the scaffold with additional deposition of calcium
phosphate. In a mouse calvarial defect model, all these scaffolds were demonstrated to
stimulate bone formation, which was further enhanced by the addition of rhBMP-2. Since
ALP can transform pyrophosphate to phosphate and induce the formation of HAp,[109]
functionalization of an inverse opal scaffold with ALP also potentially facilitates the
differentiation and mineralization of osteoblasts. Somerman and co-workers proved this
concept by covalently immobilizing ALP onto nanofibrous fibrin inverse opal scaffolds.[110]
Relative to the scaffolds with fibrin alone, they observed better mineral deposition and
higher expression of osteoblast marker genes. The enhanced bone formation was
demonstrated in a model of mouse calvarial defects as well.

PLGA is another commonly used scaffolding material for bone regeneration due to its
biocompatibility, strong mechanical strength, and tunable degradability.[5®! Our group
compared three different formulations of PLGA-based inverse opal scaffolds to evaluate
their capability in promoting the maturation of preosteoblasts in vitro.[*8] Besides the pure
PLGA scaffolds, HAp was impregnated into the backbone of the scaffolds during the
infiltration process to obtain the PLGA/HAp scaffolds. In the third formulation, an
additional layer of apatite was coated on the surface of the PLGA/HAp scaffolds v7aan
induced mineralization procedure.[7% Micro-CT and SEM analyses indicate that the apatite-
coated PLGA/HAp scaffolds induced the largest amount of mineral deposition and a
homogeneous mineral distribution throughout the scaffold, whereas the pristine PLGA
scaffolds showed minimal osteoinductivity with fairly limited mineralization.

Cartilage regeneration poses another challenge in tissue engineering because the avascular
characteristic of the articular cartilage has rendered the chondral defect suffer from poor
regenerative capacity.l111] Therefore, the uniform distribution of chondrocytes may play a
critical role in cartilage tissue engineering. Utilizing a biocompatible and biodegradable
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chitin/chitosan inverse opal scaffold, Kuo and coworkers analyzed the distribution and
metabolism of the bovine knee chondrocytes (BKCs).[52] Their results showed that the
BKCs exhibited a uniform distribution as well as a strong chondrogenic activity inside the
scaffold. In a follow-up study, they further modified the chitin/chitosan inverse opal scaffold
with heparin to promote the proliferation and differentiation of chondrocytes.[112] Over a 4-
week culture period, both the viability of BKCs and the secretion of glycosaminoglycans
(GAGs) and type Il collagen were elevated as the weight percentage of heparin increased. In
terms of the distribution of the cartilaginous components, no evident difference was
observed between the periphery and the center, indicating that the heparinized inverse opal
scaffold favored the uniform production of neocartilage.

The inverse opal scaffolds have also been applied to the regeneration of the osteochondral
interface, one of the toughest tissues to be engineered due to the distinct properties between
the cartilage and the underlying bony tissue as well as the presence of a transitional zone at
the interface.[113] Ratner and coworkers developed a bi-layered inverse opal scaffold to
provide a biomimetic transition for osteochondral regeneration.[114] The two layers, made of
degradable PHEMA hydrogels, were intentionally designed with tailored pore sizes and
bioactive molecules to promote the optimal regeneration of cartilage and subchondral bone,
respectively. The prochondrogenic layer had 200-um pores with a hyaluronic acid (HAc)
coating (PHEMA(200)/HACc), while the opposing layer contained pores of 38 um coated
with HAp (PHEMA(38)/HAp) (Figure 20A-C). The magnified image in Figure 20B
suggests that there was a thin layer of non-porous PHEMA between the bilayers, which was
desirable for the independent chondrogenesis and osteogenesis in the two phases. After
separately seeding MSCs and chondrocytes into the PHEMA(38)/HAp bone section and
PHEMA(200)/HAc cartilage portion for 2 weeks, respectively, independent growth of the
two different cells was observed in the individual layers (Figure 20D). The /n vitro analysis
after 4 weeks of culture was performed to demonstrate the potential of the bi-layered
scaffold in supporting the individual chondrogenesis and osteogenesis. Inside the cartilage
layer, the chondrocytes remained viable with a spherical morphology and were embedded in
the dense ECM throughout the cartilage side (Figure 20E). Histological staining of GAGs
and type Il collagen demonstrates the efficient chondrogenesis (Figure 20F,G). In the bone
layers, MSCs formed an interconnected network within the pores with high cell density
(Figure 20H). Alizarin red staining revealed the calcium deposition as a result of the
osteoinductive nature of HAp (Figure 201,J). Besides, an increased ALP activity was also
observed. These results suggested that the structure of PHEMA(38)/HAp facilitated the
osteogenic differentiation of human MSCs, whereas PHEMA(200)/HAc created a favorable
microenvironment for chondrocytes to maintain their phenotype. Such a new platform
utilizing the differential responses of cells to the localized physical/biochemical cues in an
integrated bi-layer scaffold holds potential for the regeneration of an interface between two
distinct tissues.

3.7. Neural Tissue Engineering

It was reported that porous biomaterials can provide an appropriate microenvironment to
promote axonal growth and neuronal survival.[115] Because of the superior interconnectivity
and tightly controlled pore sizes, inverse opal scaffolds have emerged as a good candidate to
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culture neuronal tissues. Kuo and co-workers conducted a series of studies regarding neural
tissue regeneration based on inverse opal scaffolds.[116] They first clarified the impact of
pore uniformity on the preservation and differentiation of MSCs. Non-uniform and inverse
opal scaffolds made of chitosan-gelatin were fabricated, the surfaces of which were further
grafted with laminin-derived peptides (LDPs) to enhance cell adhesion. As expected, the
cells distributed more homogeneously in the inverse opal scaffold than in the non-uniform
scaffold. For the phenotypic preservation of MSCs, the inverse opal scaffold was more
efficient to maintain the differentiation potency than the non-uniform scaffold. LDP alone
could stimulate the neuronal differentiation, whereas the supplemented nerve growth factor
(NGF) guided the majority of MSCs to differentiate toward mature neurons. In a subsequent
study, they fabricated a chitinchitosan-gelatin inverse opal scaffold to direct the
differentiation of induced pluripotent stem cells (iPSCs).[117] Compared with the non-
uniform scaffold, the inverse opal scaffold stimulated the production of g3-tubulin (a marker
of neuronal differentiation) and a smaller amount of stage-specific embryonic surface
antigen-1 (SSEA-1, a marker of the undifferentiated state). In addition to the pristine
scaffold, they also grafted functional peptides on the pore surface to promote the neuronal
differentiation of iPSCs.[60.118]

3.8. Wound Healing

Percutaneous medical devices always encounter a significant risk of microbial infections via
the cutaneous/biomaterial interface. Although antibiotics can be incorporated into devices to
circumvent this threatening problem, no significant progress has been made as a result of the
increased antibiotic resistance of microorganisms.[119] An effective approach is to heal the
wound by directly integrating the medical device with the impaired skin to preclude bacteria
invasion. Nevertheless, the stable epidermal attachment to the percutaneous biomaterial
remains an issue. In this aspect, well-defined porous scaffolds can provide a suitable
microenvironment for the cells surrounding the wound to attach and remodel so that a
natural barrier could be formed, preventing bacterial colonization and biofilm
propagation.[120]

Fukano and co-workers evaluated the cutaneous response to a PHEMA inverse opal scaffold
in an ex vivo organ culture system based on the newborn foreskin biopsies.[12] Linking
agent 1,1-carbonyldiimidazole (CDI) was used to functionalize the scaffold to enhance cell
adhesion. The decorated surface was shown to improve the attachment of keratinocytes,
fibroblasts, and endothelial cells. In contrast to the pristine material, the CDI-modified
PHEMA scaffold facilitated the development of a PHEMA/skin interface with a pattern
similar to the junctional epithelium. In another study, Olerud and co-workers evaluated the
biological effect of the PHEMA rod-like inverse opal scaffold in a mice model.[122]
Histological analyses demonstrate the epidermal and dermal integration with the PHEMA
scaffold with minimal foreign body responses.

3.9. Extended Applications

In addition to the aforementioned applications, inverse opal scaffolds have also been
explored for other extended usages in biomedicine. The first example involves the
construction of bone marrow analogues. Kotov and co-workers fabricated silicate and
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PAAM inverse opal scaffolds and coated them with multiple layers of clay and PDDA using
an LBL approach to enhance cell adhesion.[”3] MSCs were seeded into the scaffolds to form
a support cell layer on the pore surface to mimic the bone marrow stroma. CD34+
hematopoietic stem cells (HSCs) were then inoculated to function as the undifferentiated
cells to investigate their differentiation potential into other lineages. The established bone
marrow constructs were shown to support the differentiation of CD34+ HSCs into B-
lymphocyte. The interaction between HSCs and the stromal human MSCs in the 3D space
was of great importance to promote the production of functional B cells and antigen-specific
antibodies. Intriguingly, mature human immune cells were successfully derived by
implanting the bone marrow constructs loaded with CD34+ HSCs on the backs of severe
combined immunodeficiency (SCID) mice. To optimize the /n vitro bone marrow
differentiation niche, Kotov and co-workers conducted another evaluation with a set of
different scaffolds.[123] They concluded that the inverse opal scaffolds could promote HSC-
stromal cell interactions through both direct cell-cell contact and soluble cytokines,
providing a microenvironment similar to the /n vivo bone marrow. Compared to the 3D
scaffolds inhibiting direct cell-cell communications, the inverse opal scaffolds were capable
of maintaining HSCs in their quiescent state, indicating that the complex bone marrow niche
could be simulated /n vitroto a great extent.

As an extension of inverse opal scaffolds with multiple layers, monolayer scaffolds with
uniform pores have been developed by our group for the fabrication of cell patches, which
hold great potential for healing superficial injuries or tissue interfaces.[124] Similar to the
fabrication process of an inverse opal scaffold, the PLGA scaffold with a hexagonal array of
interconnected pores (SHAIP) was produced by templating against gelatin microspheres
assembled in a single layer lattice (Figure 21A-D). As a model construct, the homogeneous
skeletal muscle patches were created by seeding myoblasts into the SHAIPS. As shown in
Figure 21E, the cells uniformly distributed throughout the patch. The SHAIPs were easy to
handle, making them suitable for regular surgical procedures. The myablasts in the SHAIPs
could be further induced to differentiate into elongated, multinucleated myotubes
interconnecting cell bodies in the adjacent pores. /n7 vivo study was performed by
subcutaneous implantation of the cellularized scaffolds in nude mice. Histological staining
results revealed that the myoblast patches promoted the formation of homogenous muscle
bundles and extensive vascularization surrounding the myotubes (Figure 21F), indicating the
capability of the SHAIPs to generate functional interfacial tissue constructs for tissue
engineering applications.

4. Conclusions and Perspective

We have discussed a new class of advanced materials commonly referred to as inverse opal
scaffolds. They are best known for their identical, spherical pores interconnected by
uniform, circular windows. The sizes of their pores and windows can be precisely controlled
by engineering the template, a ccp lattice of monodispersed microspheres. After a discussion
on the fabrication methods, including those used for the additional modification or
functionalization of the pore, surface, and backbone, we highlighted the importance of
uniformity in improving the reproducibility of experiments, as well as in promoting the
diffusion of biomacromolecules, distribution of cells, and differentiation of progenitor/stem
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cells. We then presented an overview on the extensive use of such scaffolds in tissue
engineering and regenerative medicine, including but not limited to cell (co-)culture,
fabrication of multicellular spheroids, fundamental studies of cell migration and
neovascularization, wound healing, as well as engineering/regeneration of cardiac, bone/
cartilage/osteochondral, and neuronal tissues.

As a class of platform materials, inverse opal scaffolds are advantageous in offering a well-
defined and controllable microenvironment for cells to respond to and for tissues to remodel.
Owing to the uniform and precisely controlled physical parameters, every single pore inside
an inverse opal scaffold acts in exactly the same way in eliciting cellular responses, contrary
to the poorly defined, inhomogeneous microenvironments provided by non-uniform porous
scaffolds. Over the past decade or so, the availability of well-defined and controllable
scaffolds has stimulated a collection of studies to systematically investigate how porous
scaffolds made of different materials, with distinctive pore and window sizes, as well as in
diversified bioactivity, would modulate cell behaviors and affect tissue formation. The
results coming from these studies are anticipated to set the basis for enabling widespread use
of inverse opal scaffolds in biomedicine. As a notable development, inverse opals scaffolds
have started to show success in commercialization. For instance, Healionics® demonstrated
their use in vascular devices and a variety of implants by showing enhancement in
biointegration with the host tissues.[12%]

Despite the significant progress in recent years, several challenges remain to be addressed.
First of all, it is still not easy to change the spherical pores in an inverse opal scaffold to
more complex shapes, limiting their use in engineering certain types of tissues featuring
hierarchical structures. Recent studies demonstrated that it was feasible to obtain non-
spherical pores through mechanical deformation and one could also introduce graded[24] or
anisotropicl78-801 structures through other post-fabrication treatments. In addition, it is also
feasible to combine the inverse opal scaffolds with other types of scaffolding materials such
as electrospun nanofibersl’ and aligned microchannels(126] to further enhance the
functionality while retaining the uniformity of the porous structures. Second, the fabrication
of inverse opal scaffolds needs to be made more biocompatible, particularly when bioactive
molecules and/or multiple types of cells have to be introduced into the scaffolds. Currently,
most approaches still rely on the use of harsh solvents to generate the porous scaffolds,
greatly affecting the biological functions of the biomolecules and the viability of the
encapsulated cells. Although there are a few demonstrations on the fabrication of scaffolds
in the presence of live cells,[64.65.86.87] more biocompatible methods still need to be
developed, including those based on phase separation in an all-aqueous system.[127] Lastly,
strategies for longitudinal evaluation of the interplays between the cells/tissues and the
scaffolds need to be developed. Imaging biomaterial-tissue interactions has been historically
challenging largely due to the poor imaging contrast between the biomaterials and/or the
cells.[128.129] |t becomes even more challenging in the /7 vivo setting because of the increase
in imaging depth and complexity of the tissue microenvironment, as well as the interferences
from the biological system.[128-131] To address this issue, collaborative efforts from imaging
science and materials engineering have been formed over the past decade. On the one hand,
modern biomedical imaging tools have been tailored to characterize biomaterials with
significantly enhanced spatial resolution, penetration depth, temporal response, detection
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sensitivity, and chemical specificity. On the other hand, engineering aspects have been
introduced to endow biomaterials with novel contrast mechanisms to facilitate the
characterization of biomaterial-tissue interactions.[130:132,133]

As a notable example, photoacoustic microscopy (PAM) and photoacoustic tomography
(PAT) have emerged as a class of enabling techniques for non-invasively investigating the
biomaterial-cell/tissue interactions both /n vitroand in vivo. The unique integration of
optical and ultrasound mechanisms allows PAM/PAT to achieve imaging at both high
resolution and deep penetration without compromising the contrast, due to the reduced
scattering of ultrasound by biological tissues relative to that of light.[128.129.133.134] Taking
this advantage, we and our collaborators have used PAM/PAT to non-invasively characterize
the interactions between the cells and inverse opal scaffolds /n7 vitro and in real time. For
example, by seeding B16 melanoma cells that possess intrinsic absorption contrast onto a
PLGA inverse opal scaffold, the distribution of these cells inside the scaffold over a distance
of about 1.5 mm could be easily resolved using acoustic-resolution PAM (AR-PAM; Figure
22A,B).156] For cells without natural absorption contrast, either genetic engineering or
chemical staining can be adopted to enable their visualization by PAM.[135136] Fyrthermore,
by integrating PAM with other imaging modalities, it became possible to simultaneously
visualize the cells and inverse opal scaffolds, revealing the valuable information about cell
responses to their microenvironment (Figure 22C,D).[129]

Non-invasive monitoring of tissue-scaffold interactions /n vivo has also been achieved using
multi-spectral PAM imaging. Our recent study demonstrated that by impregnating a
formazan dye into the backbone of an inverse opal scaffold, we were able to monitor the
degradation of the scaffold as well as the invasion of vasculatures from the surrounding
tissues into the scaffold over a period of 4 weeks (Figure 22E,F).[136] Similarly, by taking
advantages of the multi modality imaging strategies, such as an optical coherent tomography
(OCT)-PAM hybrid system, the pristine inverse opal scaffolds could be directly visualized
using the OCT modality without any need for exogenous contrast agents, whereas the
neovascularization process was observed by the PAM modality.[%7] We believe that these
advanced imaging techniques will greatly improve our understanding of the interactions
between the inverse opal scaffolds and the cells/tissues, which can, in turn, aid us to
rationally design scaffolds with desired properties for applications in tissue engineering and
regenerative medicine.
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Figure 1.
Early demonstrations of inverse opals with sub-micron pore sizes for applications in

catalysis, sorption, chromatography, energy storage, and photonics. A) SiO, inverse opal by
Velev. Reproduced with permission.[27] Copyright 1997, Nature Publishing Group. B)
Polyurethane inverse opal by Xia. Reproduced with permission.[3% Copyright 1998, Wiley-
VCH. C) Ni inverse opal by Stein. Reproduced with permission.[31] Copyright 1999, Wiley-
VCH. D) Si inverse opal by John. Reproduced with permission.[32] Copyright 2000, Nature
Publishing Group.
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Figure 2.
Examples showing the expansion in pores size of inverse opal scaffolds for biomedical

applications. A) PLLA inverse opal scaffold by Ma. Reproduced with permission.[19]
Copyright 2001, Mary Ann Liebert. B) PHEMA inverse opal scaffold by Ratner.
Reproduced with permission.[3%] Copyright 2004, Annual Reviews. C) SiO, inverse opal
scaffold by Kotov. Reproduced with permission.[21] Copyright 2004, American Chemical
Society. D) PEG inverse opal scaffold by Irvine. Reproduced with permission.[22a]
Copyright 2005, Wiley-VCH. E) Chitosan inverse opal scaffold by Xia. Reproduced with
permission.[23] Copyright 2009, Wiley-VCH. F) HAp inverse opal scaffold by Weng.
Reproduced with permission.[40] Copyright 2011, Elsevier.
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Figure 3.

A) High-throughput production of uniform microspheres using a simple fluidic device
assembled from a syringe needle, a glass capillary, and a PVVC tube. B) Bright-field images
showing the uniform gelatin microspheres fabricated by controlling the diameters of the
syringe needle and the glass capillary. C) Bright-field images showing the uniform PCL
microspheres fabricated by controlling the flow rates of the inner and the outer phases.
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Figure 4.
A-C) Schematic illustration showing the major steps involved in the fabrication of an

inverse opal scaffold: (A) uniform microspheres are packed into a ccp lattice; (B) after
annealing, a solution containing the scaffolding material is infiltrated into the void space in
the lattice and then freeze-dried (or cross-linked); (C) the microspheres are selectively
removed, leaving behind an inverse opal scaffold with a long-range ordered array of uniform
pores that are interconnected through circular windows. Definitions of the three different
types of pores are also illustrated. Reproduced with permission.[®] Copyright 2013, Royal
Society of Chemistry. D-F) SEM images showing the fabrication of a PLGA inverse opal
scaffold from uniform gelatin microspheres. The insets show the gross views of a self-
standing gelatin lattice after thermal annealing and a PLGA inverse opal scaffold,
respectively. Scale bars: 2 mm. Reproduced with permission.[48:63] Copyright 2010,
American Chemical Society and copyright 2013, Wiley-VCH. G-I) SEM images showing
the fabrication of a chitosan inverse opal scaffold from the uniform PCL microspheres.
Insets show the magnified images of the junction between three adjacent microspheres/pores
on the surface. Scale bars: 20 pm. Reproduced with permission.[23] Copyright 2009, Wiley-
VCH.

Adv Mater. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

Figureb.
A) SEM images of PLGA inverse opal scaffolds with uniform pore sizes of 79, 147, 223,

and 312 um, respectively. Insets are magnified images showing the individual pores. Scale
bars: 50 um. Reproduced with permission.[®1] Copyright 2013, Wiley-VCH. B) SEM images
of PLGA inverse opal scaffolds fabricated by annealing gelatin microspheres at 65, 80, and
100 °C, respectively, for 3 h. An infiltration solution containing 18 wt.% PLGA in 1,4-
dioxane was used. C) SEM images of PLGA inverse opal scaffolds fabricated by infiltrating
a PLGA solution in 1,4-dioxane at a weight concentration of 10, 25, and 30 wt.%,
respectively. The annealing was conducted at 65 °C for 3 h. Reproduced with permission.[63]
Copyright 2013, Wiley-VCH.
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N A T

Figure6.
A-C) SEM images of (A) PLGA, (B) PLGA/HAp, and (C) apatite-coated PLGA/HAp

inverse opal scaffolds. D-F) SEM images showing the individual pores of respective
scaffolds in (A—C). The insets show magnified SEM images of the surface. Scale bars: 2.5
um. Reproduced with permission.[48] Copyright 2010, American Chemical Society.
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Figure7.
A,B) SEM images of a ccp lattice assembled from PLCA microparticles with a morphology

similar to that of a golf ball. C,D) SEM images of the resulting chitosan inverse opal
scaffolds with a dimpled surface. E) Proliferation assay of MC3T3 preosteoblasts seeded on
the scaffolds. Reproduced with permission.[”7] Copyright 2015, Wiley-VCH.
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Figure8.
A,B) Optical micrograph and SEM image of a PLGA inverse opal scaffold after

functionalization of the pores with chitosan microstructures. C,D) SEM images showing the
cross-section of a PLGA inverse opal scaffold functionalized with chitosan. E,F) Confocal
optical micrographs showing the distribution of MC3T3 preosteoblasts in (E) a plain PLGA
inverse opal scaffold and (F) a PLGA inverse opal scaffold functionalized with chitosan at
day 14 post seeding. The nuclei of the cells were stained in red while the chitosan
microstructures were labeled in green. Reproduced with permission.[25] Copyright 2012,
Wiley-VCH.
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A-C) Photographs and D-F) SEM images of the original PS inverse opal scaffold and the
scaffolds after stretching by 3 and 6 times, respectively. G-I) Fluorescence micrographs
showing the NIH/3T3 fibroblasts cultured on the three different substrates. J) Schematic
diagram showing the definition of the orientation angle of the cells on the scaffold. K) The
distribution of the orientation angle frequency of the cells cultured on different scaffolds
after 48 h. Reproduced with permission.[8] Copyright 2014, Royal Society of Chemistry.
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Figure 10.
A) SEM images showing a lattice of uniform gelatin microspheres and three PLGA inverse

opal scaffolds from different batches. B) SEM images showing a lattice of polydispersed
gelatin microspheres and three non-uniform PLGA scaffolds from different batches.
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Figure11.
A) Schematic illustration showing a flow device for testing the diffusion of macromolecules

through a porous scaffold and the plots showing the diffusion rates of FITC-dextran (40
kDa) through PLGA inverse opal scaffolds, non-uniform scaffolds, and a control without
any scaffold. B) Fluorescence micrographs showing the distribution of the NIH/3T3
fibroblasts in a PLGA inverse opal scaffold and a non-uniform PLGA scaffold, after 7 days
of culture. The nuclei of the cells were stained in blue. C) Quantitative analyses showing the
distribution of the cells in the two types of scaffolds in (B), respectively. Reproduced with
permission.[491 Copyright 2010, American Chemical Society.
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Figure 12.
A,B) Confocal projection and 3D reconstructed images showing the different morphologies

of fibroblasts grown in a gelatin inverse opal scaffold. The f-actin and nuclei of the cells
were stained in green and blue, respectively. Reproduced with permission.[8°] Copyright
2011, Royal Society of Chemistry. C) Confocal projection images showing human MSCs
grown in PS inverse opal scaffolds with pore sizes of 60, 90, and 250 um, respectively. The
f-actin and nuclei of the cells were stained in red and blue, respectively.
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Figure 13.
A) Schematic illustration of co-culturing two types of cells in the same cavities of an inverse

opal scaffold. B,C) Confocal images showing (B) the initial culture of the adherent thymic
epithelial cells (green) in a PAAM inverse opal scaffold, and (C) subsequent seeding of the
non-adherent monocytes (red) in the scaffold. D) Magnified image showing the interaction
between the two types of cells. Reproduced with permission.[74] Copyright 2006, Royal
Society of Chemistry. E) Schematic illustration showing the co-culture of two types of cells
in an inverse opal scaffold by encapsulating one type in the backbone followed by
subsequent seeding of another type in the pores. F) Schematic illustration of co-culturing
GFP-expressing HUVECs and mCherry-expressing MSCs in a GelMA inverse opal scaffold.
G-I) Confocal optical micrographs obtained from the indicated focal planes shown in (F).
Reproduced with permission.[88] Copyright 2014, Wiley-VCH.
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Figure 14.
A,B) Confocal optical micrographs showing the formation of HepG2 spheroids in a PAAM

inverse opal scaffold at day 1 and day 5 post seeding, respectively. C) 3D reconstructed
confocal image of a mature liver spheroid entrapped in a single pore. Reproduced with
permission.[92] Copyright 2009, Elsevier. D,E) Confocal images of live/dead-stained
spheroids (D) before and (E) after exposure to CdTe QDs. F) SEM image of a spheroid after
exposure to CdTe QDs. Reproduced with permission.[93] Copyright 2009, Wiley-VCH.
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Figure 15.

A) Schematic illustration of the major steps involved in the fabrication of EBs with an

alginate inverse opal scaffold: /) seeding of ESCs into the pores of a scaffold; /i)

proliferation of the cells under the confinement of the pores; 7/i) disintegration of the

Page 43

scaffold with a PBS solution containing 200 mM EDTA and 100 mM KyHPOQy; and /v)

separation of EBs from the debris of the disintegrated scaffold. B) Bright-field optical

micrograph showing an alginate inverse opal scaffold with a uniform pore size of 250 pm.
The inset shows the SEM image of a single pore of a freeze-dried sample. Scale bar: 100
um. C) Superimposed micrograph showing EBs grown in a scaffold after 14 days of culture.
D) Bright-field optical micrograph showing EBs recovered from a disintegrated scaffold.
Reproduced with permission.[311 Copyright 2012, Wiley-VCH. E) Fluorescence optical
micrograph at a lower magnification showing ca. 150 uniform EBs formed in the first layer
of a scaffold. Reproduced with permission.[] Copyright 2013, Royal Society of Chemistry.
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Figure 16.
A) Quantification of HUVECs migration over 10 days in four types of inverse opal scaffolds

with different pore and window sizes. “*” indicates the statistical significance between the
two groups (p < 0.05). B-E) Fluorescence micrographs showing the invasion of HUVECs
into the four types of scaffolds at day 10. The f-actin and nuclei are shown in green and red,
respectively. Reproduced with permission.[831 Copyright 2013, Wiley-VCH.
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Figure17.
A,B) Bright-field micrographs of the representative hematoxylin and eosin-stained sections

showing the patterns of neovascularization in the PLGA inverse opal scaffolds with uniform
pore sizes of 79, 147, 224, and 312 um, respectively, after (A) 2 and (B) 4 weeks of
subcutaneous implantation in nude mice. Blood vessels are indicated by yellow arrowheads
and ‘S’ indicates scaffolds. C,D) Plots of (C) blood vessel density and (D) blood vessel-to-
tissue area ratio as a function of the pore size at 2 and 4 weeks post implantation. “*”
indicates the significant difference between two groups (p < 0.005), whereas “NS” means
not statistically significant (p> 0.005). “**” indicates the significant difference relative to
the value of the samples at 2 weeks. E,F) Schematic illustrations of the proposed
mechanisms by which the pore size of a scaffold affects neovascularization /n vive.
Reproduced with permission.[61] Copyright 2013, Wiley-VCH.
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Figure 18.
A,B) Elution profiles of VEGF and PDGF-BB from the heparin-modified PU inverse opal

scaffolds at 37 °C over 8 days: (A) elution of VEGF from the scaffolds loaded with VEGF
alone and with VEGF and PDGF-BB; (B) elution of PDGF-BB from the scaffolds loaded
with PDGF-BB alone and with VEGF and PDGF-BB. C,D) Representative micrographs of
CD31-immunostained (C) heparin-coated scaffold and (D) scaffold loaded with VEGF and
PDGF-BB, at 2 months post subcutaneous implantation. E) Quantification of the capillary
densities. F,G) Representative micrographs showing a-SMA immunostained (F) heparin-
coated scaffold and (G) scaffold loaded with VEGF and PDGF-BB, at 2 months post
subcutaneous implantation. E) Quantification of arteriole densities. Reproduced with
permission.[102] Copyright 2012, Mary Ann Liebert.
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Figure 19.
A,B) SEM images of a bimodal scaffold. The scaffold was consisted of 60-um channels

spaced at 60-um apart. Channel walls contained spherical pores with a 30-um diameter and
15-um interconnects. Scale bars: 100 and 20 um, respectively. C) Digital volumetric image
showing a scaffold (green) seeded with primary chick cardiomyocytes (red). Scale bar: 300
um. D) Chick cardiomyocyte-seeded structure with positive staining of sarcomeric myosin
heavy chain (brown). Scale bar: 50 um. E) Immunostaining against troponin T in hESC-CM
seeded in the channel constructs. Scale bar: 50 um. Inset: 100 x magnified image of the
boxed area. Scale bar: 20 pm. F) Confocal image obtained after live/dead assay showing the
distribution of cells in the scaffold (autofluorescence in red). Scale bar: 400 um. G-I)
Quantification results of neovascularization, fibrosis capsule formation, and number of
NOS2+/MMR+ macrophages, respectively, in the subcutaneously implanted myocardial
constructs with different pore sizes. Reproduced with permission.[194] Copyright 2010,
National Academy of Sciences USA.
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Figure 20.
A) SEM image showing the cross-section of a bi-layered inverse opal scaffold based on

PHEMA(200)/HAc (upper layer) and PHEMA(38)/HAp (lower layer). B) Magnified image
showing the interface area between the designated cartilage and the bone layer. C)
Magnified image showing the designated bone layer, PHEMA(38)/HAp. D) A representative
image of hematoxylin and eosin-stained section of the bi-layered scaffold seeded with
human MSCs in the bone layer and chondrocytes in the cartilage layer, after 2 weeks of
culture. E) SEM image of chondrocytes within the PHEMA(200)/HAc layer after 4 weeks of
culture. F) Bright-field image showing alcian blue-stained section (proteoglycan in blue-
turquoise and nuclei/cytoplasm in violet). G) Bright-field image showing the section stained
for type Il collagen. H) SEM image of human MSCs within the PHEMA(200)/HAc layer
after 4 weeks of culture. 1,J) Bright-field images showing the alizarin red-stained sections
after 2 and 4 weeks of culture, respectively. Reproduced with permission.[124] Copyright
2013, Wiley-VCH.
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Figure 21.
A,B) Transmission bright-field optical micrographs showing the top view of (A) a

monolayer lattice of gelatin microspheres and (B) a PLGA SHAIP. C,D) Reflection bright-
field optical micrographs showing (C) a free-standing monolayer lattice of the gelatin
microspheres after thermal fusion and (D) a free-standing PLGA SHAIP held by tweezers.
E) Fluorescence micrograph showing a free-standing myoblast patch in a PLGA SHAIP; the
cells were stained with calcein. F) Bright-field optical micrograph showing the hematoxylin
and eosin-stained transverse section of the implant at 4 weeks post implantation. Yellow
arrowheads indicate the blood vessels. Reproduced with permission.[1241 Copyright 2014,
Elsevier.
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Figure 22.
A) Topical and sagittal AR-PAM maximum amplitude projection (MAP) images showing

the volumetric distribution of melanoma cells within a PLGA inverse opal scaffold. B) 3D
reconstruction image of the construct shown in (A), where the dotted line denotes the border
of the scaffold. Reproduced with permission.[5¢] Copyright 2010, Elsevier. C) Fluorescence
confocal microscopy (FCM)-PAM monitoring of melanoma cells grown in a PLGA inverse
opal scaffold labeled with rhodamine at 7-day post seeding, where the cells and scaffold
were imaged using the PAM and FCM subsystems, respectively. D) OCT-PAM monitoring
of melanoma cells grown in an unlabeled PLGA inverse opal scaffold at 6-day post seeding,
where the cells and scaffold were imaged using the PAM and OCT subsystems, respectively.
Reproduced with permission.[129] Copyright 2016, Springer. (E) AR-PAM co-registered 3D
reconstruction images showing the same PLGA inverse opal scaffold, doped with formazan
and implanted in the ear of a nude mouse at weeks 0, 1, 3, and 6 post implantation. (F) Co-
registered B-scan images at the dotted planes as indicated in the corresponding panels in (E).
Reproduced with permission.[136] Copyright 2014, Wiley-VCH.
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