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Abstract

The development of biomaterials for drug delivery, tissue engineering and medical diagnostics has
traditionally been based on new chemistries. However, there is growing recognition that the physical
as well as the chemical properties of materials can regulate biological responses. Here, we review
this transition with regard to selected physical properties including size, shape, mechanical properties,
surface texture and compartmentalization. In each case, we present examples demonstrating the
significance of these properties in biology. We also discuss synthesis methods and biological
applications for designer biomaterials, which offer unique physical properties.

Today, biomaterials are routinely used in medical applications, such as drug delivery, tissue
engineering, device-based therapies and medical imaging!. Many organic and inorganic
materials, some of which are already available in the marketplace, have been specifically
designed for promoting tissue growth and delivery of drugs. It has long been recognized that
the material properties affect biological outcomes including the half-life of drugs,
biocompatibility of implanted devices, and release rates and toxicity of drug carriers?-3,
Similarly, properties of biomaterials can have a profound impact on cell proliferation and
remodelling of tissues?. The central question that has fascinated biomedical researchers from
the beginning has therefore been how to design and control material properties to achieve a
specific biological response. Researchers have traditionally sought help from chemistry in
answering this question. For example, release rates of drugs have been controlled through
synthesis of new polymers that degrade in predictable ways?, and particle half-lives in the body
can be prolonged by coating them with polyethylene glycol (PEG)®. PEG influences several
other biological processes including endocytosis, protein adsorption, cell adhesion and
activation of the complement system®. A range of biological targeting moieties, including
antibodies, targeting peptides, aptamers and vitamins, have been conjugated to particles to
modulate their biodistribution and to increase local therapeutic concentrations’. The
availability of new materials has spurred the development of immunotherapies that use
vaccines against diseases including certain cancers8 and Alzheimer's disease®. In yet another
example, short peptides derived from common extracellular matrix components, such as the
Arg-Gly-Asp (RGD) tripeptidel®, have been shown to mitigate a series of cellular
functions!1-13, Surface-immobilized ligands have also been discovered and used for
controlling differentiation of stem cells1415, Such extraordinary emphasis on chemistry is
consistent with the notion that molecular recognition forms the basis of many biological
functions?.
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Recently, however, research suggests that the field of biomaterials might be witnessing the
emergence of a powerful set of new design parameters. Increasingly, scientists are seeking
physics-derived solutions for controlling biological responses. For example, methods have
been developed for fabricating polymeric particles with controlled shapel’~1°, mechanical
properties?%:21, surface topology and compartmentalization?2. Particles with unique physical
properties have been shown to influence many vital interactions with the body including
phagocytosis!’, circulation?!, targeting and adhesion?3. The local geometry of the
microenvironment is now known to influence processes critical in tissue engineering, such as
differentiation of stem cells?4, proliferation of fibroblasts2>, gene delivery25 and cell death?”.
Mechanical properties of the substrate have been demonstrated to produce a profound impact
on cell and tissue behaviour?8,

The motivation to use physical properties to control biological function comes from biology
itself (Fig. 1). In nature, numerous examples can be found in which physical attributes such as
shape, mechanical properties and compartmentalization are crucial to biological function. For
example, bacteria come in a broad range of unique shapes including rods, spirals and
ellipsoids2®. The diversity of bacterial shapes highlights the significance of physical properties
in their function. At the same time, macrophages, whose primary function is bacteria clearance,
must be able to recognize such enormous diversity in shapes. The human body's own cells
including platelets and erythrocytes also possess unique shapes and mechanical properties that
make their specific functions possible. For example, erythrocytes are able to avoid filtration
in the spleen because of their discoidal shape and mechanical flexibility. Platelets, on the other
hand, use their disc-like shape to assist their function of adhesion and rolling on vascular
endothelium3°. The mechanical properties of the cellular microenvironment have an important
role in morphogenesis of tissues such as bone, cartilage and cornea31:32, In addition,
mechanical properties deeply affect the functioning of the immune system, where macrophages
are unable to phagocytose softer targets32. It is now well known that cells use
compartmentalization to control various biochemical reactions in space and time34. Recent
research further suggests that the surface texture of cells may also be important in cellular
function. In particular, surface roughness of macrophages may be important in their ability to
recognize the size of objects®.

A clearer picture is emerging that physical attributes such as size, shape and mechanical
properties form essential building blocks of biology, just as chemistry and molecular
recognition do. This revelation establishes the basis of new design concepts for biomaterials.
Here, we describe the origin of this transition, its current status and its future prospects.

Mechanical properties

Tissues of the human body have selective mechanical properties ranging from soft (brain, about
0.5 kPa), to moderately stiff (skin and muscles, around 10 kPa) and stiff (precalcified bone,
>30 kPa)28. The narrow specifications of elastic moduli create mechanically defined
microenvironments that effectively support the development of cellular architecture38:37. For
example, mesenchymal stem cells (MSCs) showed strikingly different morphologies when
cultured on polyacrylamide (PAAm) substrates with varying elasticities3®. MSCs cultured on
a soft substrate (1 kPa) expressed neuronal cytoskeleton markers, such as -3-tubulin, whereas
cells grown on 11-kPa and 34-kPa substrates showed expression of early myogenic and
osteogenic transcription factors MyoD and CBFa-1, respectively. But yields were moderate
unless advantage was taken of cooperative effects of matrix elasticity and solute differentiation
factors, suggesting that both mechanical and chemical cues are essential for cell differentiation.
Moreover, further follow-up work with long-term cell culture is warranted to demonstrate that
fully differentiated cell populations can reliably be generated in this way. Nevertheless, this
work has important implications for regenerative stem-cell therapies, because it may provide
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important clues on how to obtain appropriate differentiation of MSCs in vivo by mitigating
unfavourable elasticity of an already stiffened fibrotic infarct area3®.

To transduce mechanical stimuli into biochemical signals, cells use a palette of localized
elements including mechanosensitive ion channels, forced unfolding of proteins# and
remodelling of focal adhesion sites*!. Details of the mechanisms involved in force sensing,
mechanotransduction and mechanoresponsive pathways have been elucidated over the past
decade and are discussed elsewhere26:27:42 Many committed cell types have developed
mechanosensory machineries#3:44, and an increasing number of cellular processes, such as
adhesion, cell spreading or cytoskeletal remodelling, are found to depend on mechanical cues
originating from the cellular microenvironment*3. Beningo and Wang have successfully used
these principles to reduce phagocytosis of PAAm particles by making them soft33. However,
microinjection of lysophosphatidic acid overrides these mechanical cues, resulting in particle
uptake irrespective of the softness of particles33. As is true for many studies in such a complex
field, physical and chemical factors seem to influence the biological outcome simultaneously.
It is useful to note, though, that differences in mechanical properties may be accompanied by
inadvertent changes in the chemical properties. Soft and hard PAAm microparticles were made
under slightly different polymerization conditions, with four times as much crosslinker being
used for the hard particles: at least in principle, this could not only create differences in the
particle elasticity, but also change the particles' zeta-potential, sizes and size distributions.
Because all of these factors are important for phagocytosis, only rigorous particle
characterization can ensure that the observed biological effects are attributable to a single
factor, and not the result of a subtle interplay of multiple, convoluted factors.

In another example, the stiffness of a cell substrate was optimized to achieve optimal growth
of muscle cells*. Specifically, very soft and stiff gels produced myosin patterns different from
those observed under normal physiological conditions. Fibroblasts, epithelial cells and
endothelial cells all showed increased proliferation on stiffer substrates. In contrast, neurons
showed greater proliferation on softer substrates, which correlates well with their natural
environment in the brain3°. In a related study, Mooney and co-workers found that tuning the
elasticity of a substrate was a possible way to improve non-viral gene delivery in murine pre-
osteoblasts?6. In this case, increasing the stiffness of the substrate from 20 to 110 kPa resulted
in greater cell proliferation, which was identified as a prerequisite for plasmid DNA uptake.
This example shows that the elasticity of the substrate can be a critical factor for non-viral gene
delivery, having a role similar to that of the surface density of adhesion ligands.

Particles and substrates of different stiffness can be prepared by various methods, but are most
frequently realized by control of crosslinking densities in hydrogels3l. For commonly used
hydrogels, such as PAAm or agarose, varying the amount of chemical crosslinking agents is a
simple and often appropriate means to control mechanical properties over a substantial range,
but care is needed to ensure that no other changes are inadvertently induced in substrate
properties such as chemistry, size, shape or surface charges3L. This creates a need for new
materials systems that can be crosslinked on demand while minimizing overall changes to the
chemical properties of the hydrogel. In principle, several different chemical reactions, such as
Diels-Alder or Huisgen cycloadditions, are suitable for such cell-matrix modifications*/+48,
Alternatively, microfabricated arrays made of elastomeric polymers can be used to control
mechanical stiffness and mechanical anisotropy of substrates by varying the shape of individual
posts within an array*?. Variants of established photolithographic and soft lithographic
methods are typically used to fabricate these micro- and nanoarrays®C. Such precisely
engineered mechanical substrates are powerful tools for quantitative studies of cell interactions
with the extracellular matrix>1,
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Size

The above examples of materials and material-tissue interactions suggest that precise tailoring
of mechanical properties will be essential for future progress in delivery of drugs and genes as
well as in regenerative medicine. Substrate elasticity may be used to guide differentiation of
stem cells into specific types, for example cardiomyocytes, even though the local
microenvironment present in patients who have suffered myocardial infarction is not conducive
to this. In the field of drug delivery, softer, flexible particles are expected to minimize
phagocytosis and have a longer lifetime in the body. Literature studies have already indicated
that flexible, worm-like micelles circulate for prolonged periods in the blood, and this is in part
due to their flexible nature??.

Particle size has been much studied in the context of development of biomaterials for drug
delivery. Numerous methods have been used to fabricate micro- and nanoparticles of various
sizes, including emulsion polymerization®2, microfabrication®3:%4, self-assembly®® and jet
breaking®8. Particle diameter can often be controlled through physical properties of the
materials, such as polymer and surfactant concentration, or through the experimental
parameters of the fabrication method, for example the mixing method (vortexing, sonication,
stirring), nozzle/capillary diameter and material flow rate. A detailed review of fabrication
methods is beyond the scope of this review.

Particles with sizes ranging from less than a nanometre to a few tens of micrometres have been
fabricated and tested for biomedical applications®’+8. Several important in vivo functions of
particles (drug carriers) depend on particle size: these include circulation times, extravasation,
targeting, immunogenicity, internalization, intracellular trafficking, degradation, flow
properties, clearance and uptake mechanisms (Fig. 2)°8-61, Particle diameter dictates their
transport and adhesion in blood vessels, airways or gastro-intestinal tract®2-64, There exists a
variety of size-based clearance mechanisms in blood®®. Microparticles are captured by Kupffer
cells in liver or physically trapped in the capillary beds66:67 whereas nanoparticles smaller
than 100 nm leave the blood vessels through fenestrations in the endothelial lining86:68, In
tumours, where the vasculature is leaky, particles can preferentially leave the blood. Regardless
of the method of administration, particles larger than 500 nm can be phagocytosed by
macrophages, and smaller particles can be endocytosed by professionally phagocytic or non-
phagocytic cells6%:70, Internalization by targeted non-phagocytic cells is desirable for localized
delivery, but phagocytosis or uptake by macrophages clears particles from the body and is
usually undesirable. Size, along with surface chemistry, is also believed to affect opsonization
(that is, antibody-mediated cell uptake), through the relationship between particle size and
curvature of spheres’!. Comparing gold nanoparticles with diameters of 14, 50 and 74 nm,
Chanetal. found significantly higher uptake for 50-nm particles. Although this study examined
only a single material, gold, the identified optimal diameter corresponds well with a study that
found highest uptake rates for glycoviruses with a diameter of about 50 nm (ref. 2). In a related
study, which investigated the size-dependent immunogenicity of polystyrene particles with
diameters between 20 nm and 2 um, it was found that particles of intermediate size (40 nm)
activated dendritic cells in the lymph node. On a similar note, phagocytosis of polystyrene
particles also depends strongly on particle size, with maximum phagocytosis occurring at a
size range between 2 and 3 um (ref. 73). Interestingly, this range matches the general size range
of bacteria, the most common targets of macrophages. Along with particle diameter, size
distribution may be another important factor when evaluating biological function of a specific
particle formulation’4.

There is no doubt that particle size and size distributions have implications for a number of
biomedical applications, such as drug delivery or medical imaging. For example, it is widely
recognized that particles designed for extravasation into tissues should have sizes below 100
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Shape

nm (ref. 57). Micrometre-scale particles (diameters 1-10 um) are generally not considered
suitable for intravascular injections because they are cleared rapidly from circulation. Such
guidelines, although generally useful, must be viewed in the context of other relevant
parameters, because there are well-documented exceptions to such general rules. For example,
particles with diameters between 1 and 3 um are suitable for pulmonary delivery, because they
can travel deep into the lungs. However, particles in this size range also happen to be most
susceptible to phagocytosis, thus limiting their residence time. Edwards et al. showed that by
controlling particle density as an independent design parameter, this paradox can be resolved.
They created large (~10 pum) but light particles (density <0.1 g cm~3), which travelled deep
into lungs owing to their low density, but avoided phagocytosis owing to their large size’®.

Shape is another essential property of a particle (Fig. 3) and has an important role in mitigating
cellular responses and related applications in biotechnology’®:77. Theoretical models have
already pointed to the benefits of using non-spherical particles for drug delivery based on their
influence on cellular internalization and vascular dynamics’8-80, Experimental studies have
confirmed the role of particle shape in drug delivery. For example, phagocytosis by
macrophages, a key step in drug delivery, strongly depends on shapel’. In fact, the local
geometry of the particle at the point of cell attachment, not the overall particle shape, can dictate
whether macrophages initiate internalization’. A macrophage encountering an elliptical disc
at the pointed end fully internalized the particle in a few minutes, whereas a macrophage
attached to a flat region of the elliptical disc did not succeed for over 12 h. Studies that focused
on evaluating the interplay between shape and size revealed that these two parameters have
very different influence on phagocytosis (Fig. 3). The local shape of the particle, characterized
by an angle Q (Fig. 3e), fundamentally determined whether phagocytosis was initiated, as
judged by formation of an actin ring underneath the macrophage membrane. In a more recent
study, Champion and Mitragotri reported on the interplay of size and shape in
phagocytosis8l. At a much smaller length scale, Gratton et al.82 demonstrated that
internalization of cylindrical particles depends strongly on their aspect ratio. Particles with an
aspect ratio of three were internalized about four times as fast as their spherical counterparts
of the same volume. In contrast, some studies have found that uptake of gold nano-objects by
receptor-mediated endocytosis significantly decreased with increased aspect ratios. For
instance, gold nanospheres with diameters of 14 nm or 74 nm were taken up by HeLa cells
more than three times as often as 74 x 14 nm rods83. Moreover, Muro et al.84 compared targeted
accumulation in tissues of spheres of various diameters (ranging from 100 nm to 10 um) and
elliptical discs of microscale dimensions (1 x 3 um) and found that targeting efficiency of
micrometre-scale discs is better than any sphere, even those of nanometre dimensions.

In a separate study, long cylindrical micelles showed prolonged circulation that might be
attributable to their shape?L. Specifically, they found that worm-shaped polymeric particles
show negligible phagocytosis compared with spheres of the same volume. In this case,
however, additional factors such as surface chemistry and the mechanical elasticity of the
micelles may have similarly important roles in prolonging circulation times. Several studies
also report on the use of carbon nanotubes or gold nanorods, in combination with an appropriate
surface ligand, for targeted delivery to tumours in vivo8°:85,

Various methods continue to be developed for fabricating particles of diverse shapes ranging
from a few nanometres to the micrometre scale. Nanocrystals with a wide range of shapes have
already been prepared and current trends have been reviewed elsewhere8’. Other methods to
control the shape of nano- and microparticles include mechanical stretchingl8:88:89, soft
lithography19, microfluidics® or self-assembly®l. Template-assisted self-assembly can also
be used to form clusters and chains of polymer spheres by trapping them in moulded cavities
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of various shapes and sizes%2:93, Often, these methods can be combined to obtain even more
complex structures.

An important criterion when selecting fabrication techniques for shape-controlled particles is
that the process is versatile enough to accommaodate a range of biologically relevant materials.
In addition, payloads for biomedical applications are typically biomolecules that severely
constrain the types of solvents, pressures and temperatures that can be used for particle
fabrication. Ultimately, a successful technology will be able to produce a wide range of shapes
through versatile processes that maintain the activity of the entrapped factors and allow for
controllable release, if needed.

In some selected examples, new methods have already made it possible to investigate the role
of particle shape in biological function. For example, Rolland et al. used soft lithographic
moulding methods, but replaced polydimethylsiloxane (PDMS) with non-wetting
perfluoropolyether (PFPE) moulds. Using this process, they were able to create isolated
particles of PEG, poly(lactic acid) and poly(pyrrole), among others, of various shapes, and thus
to study the impact of shape on particle internalization82. Similarly, Champion and Mitragotri
et al. have reported methods for making particles of various shapes by liquefaction and
stretching®. These particles have allowed identification of the role of shape in phagocytosis
and vascular targeting. With new fabrication tools available, studies on how shape influences
essentially every major cellular process can be expected. Such examples show that the role of
particle size might have been incorrectly interpreted in the literature and should be assessed in
the broader context of overall particle geometry.

It is likely that initial applications based on particle shape will arise in the areas of imaging
agents, and long-circulating and targeted drug delivery. In many instances, studies have already
shown that particles of unique shapes bring benefits that are difficult to achieve through
spherical ones. Furthermore, transport of particles in the body, which strongly influences their
effectiveness as drug carriers, is affected by particle shape’®:78. Spherical particles must be
less than 200 nm in diameter to pass through the spleen, but disc-shaped, flexible red blood
cells with diameters of some 10 um routinely pass through. Theoretical models have already
brought out the benefits of using non-spherical particles for drug delivery. For example, they
predict that oblate particles will adhere more efficiently to the vascular endothelium than would
spherical particles of the same volume’®, a feature that is critical for targeted delivery to
endothelium. These predictions are in part confirmed by experimental studies®4. Non-spherical
particles may also align or tumble in the presence of flow, which may reduce their clearance
in the liver or spleen’?, a feature essential to prolong their half-life in the body.

Surface microstructure, texture and porosity

The nano- and microstructure of surfaces has been established as a decisive factor affecting
cell morphology, adhesion or motility%4. Vast evidence has been gathered for two-dimensional
substrates, where nanopatterning methods are available for creating a wealth of surface
structures with dimensions in the approximate size range of focal adhesion sites®>:9, In
comparison, more conventional, soft-lithographic micropatterning methods or aligned
microfibres can be used to create surface patterns in the size range of individual cells®7+98,

Using surfaces with features between 50 and 500 nm, recent studies found pronounced
differences in cell spreading and focal adhesion dynamics, which depended not only on feature
size, but also on the spacing between cell-recognizable features?’. For example, spacings as
small as 13 nm were found to result in increased cell-spreading velocity®® and non-viral gene
delivery was found to be strongly increased on substrates with RGD islands arranged at a
spacing of 36 nm, but not 85 or 120 nm (ref. 190). Again, the underpinning mechanism leading
to higher uptake may be related to increased cell proliferation on the substrates with the highest
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ligand densities, a phenomenon that mirrors cellular responses to mechanical effects. Similarly,
Bastmeyer et al. systematically varied size and spacing of the extracellular matrix patterns and
found that the shape of murine melanoma cells was governed by the pattern of spacings larger
than 5 um. For spacings smaller than 2 um, cells behaved as if they were seeded on
homogeneous substrates01. Sanders et al. studied the influence of fibre diameter on fibrous
capsule formation, a typical response of the body to isolate foreign bodies. Fibres with
diameters above 5.9 um supported fibrous capsule formation, whereas smaller diameter fibres
did not. Interestingly, this trend seemed to be less dependent on the actual fibre material than
on the inter-fibre spacing, suggesting that the local geometry might be more important in this
context than the materials chemistry102, On the other hand, a recent study with PDMS
nanoarrays, which explored larger post diameters between 750 and 1,500 nm and spacings
between 1,750 and 4,500 nm, found no significant differences in cell spreading between
nanoarrays and unstructured surfaces193, and a study evaluating the effects of nanotopography
of titanium found no significant differences in cell adhesion for substrates with different
nanostructurest®. In contrast, aligned nanofibres have been shown to influence important cell
functions, such as extracellular matrix production9°. Still, caution must be taken when
interpreting these and many other data, because the introduction of surface patterns may
inadvertently result in the creation of nanotopological features overlaid on the actual micro-
or nanopatterns.

The effects of nano- and microstructure on cells may extend well beyond spreading. Cells can
undergo apoptosis?’ or directed cell differentiation1%, depending on the feature sizes of
patterned substrates. MSCs selectively differentiated into either adipocytes or osteocytes when
cultured on substrates that presented adhesive islands of various sizes. In this case, a change
in cell shape, which depended on the total accessible area, was responsible for the switch in
cell-lineage commitment. A deeper understanding of the underlying mechanisms will require
more comprehensive studies that systematically delineate the influence of pattern shape from
the available surface area. Beyond cell differentiation, a recent study by Curtis et al. suggests
that nanotopologies not only guide focal adhesion clustering of human fibroblasts, but may
also stimulate frustrated endocytosis, as shown by the highly disrupted cytoskeletons observed
in these cells197. The latter may imply that micro- and nanoscale surface patterns are not only
important for flat substrates, but could also have a profound impact on endocytosis of particles.
Nevertheless, mechanisms of cellular interactions with micro- and nanostructured particles are
still largely unexplored, partly because of the absence of adequate patterning methods for
particles.

A series of particle technologies are poised to overcome the limited availability of appropriate
synthetic strategies for surface-structured particles, such as biphasic particles!8 (Fig. 4). Initial
approaches included a series of low-throughput methods for Janus particles including partial
masking199, selective deposition10 and microcontact printing of particles'l. Alternative
synthetic approaches, which often lead to higher throughputs, use selective metal deposition
through membranes to create multifunctional nanorods. The fact that two metals, such as nickel
and gold, are combined in the same rod allows for regional surface modifications that can be
selective for either gold or nickel areas. This bipolar architecture allows selective modification
with targeting moieties and has resulted in transfection rates that were 830 times as high as
background without nanorods!12. Nevertheless, overall plasmid loadings are intrinsically low,
because only the surface area of the nickel region is available for plasmid binding. In what may
turn out to be a more scalable approach, Doyle and co-workers used a photolithographic method
to create encoded microparticles for diagnostics applications'13. Moreover, spatially controlled
immobilization of proteins was achieved by photoreactive coatings based on chemical vapour
deposition polymerization114, In contrast to these fully synthetic approaches, DNA-based self-
assembly methods have recently been promoted as particularly promising methods for creation
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of complex nanoscale protein patterns, because they are applicable to both flat and curved
surfaces!15,

Particles with micro- and nanostructured surfaces may prove useful in important biomedical
applications including molecular imaging!1®, or as carriers for high-throughput screening?13.
Gold nanoparticles with unique surface patterns were found to access the cytosol of murine
dendritic cells directly through membrane penetration, rather than endosomal uptakell’. A
striking difference between surface-patterned and non-patterned particles of the same size and
overall surface composition was found!18. Although the underlying mechanism is far from
elucidated, this work shows that precise tailoring of surface patterns may provide access to
fundamentally different ways of transfering payloads, such as molecular imaging probes, drugs
or genes, into the cytosol. As in this example, materials innovations will challenge the way we
think about cellular particle uptake and will profoundly impact targeted drug delivery or
intracellular imaging.

Compartmentalization

Compartmentalization is one of the key architectural principles of mammalian cells that
distinguishes them from less evolved forms of life. The interior of eukaryotic cells is
compartmentalized into organelles of various sizes ranging from 10-25 nm (ribosomes, for
example) to 100-500 nm (endosomes, lysosomes). These compartments exchange nutrients or
metabolites through a variety of processes including vesicle budding, motor-assisted
movements, membrane fusion and membrane permeation. Proper functioning of cells requires
precise control over metabolic reactions, which is achieved by segregation of biomolecules in
compartments and exchange through boundaries by means of selective transport processes.
For example, transcription factors, which can induce gene expression, are generally localized
in the cytoplasm and can enter the nucleus only on activation. Many other examples of
intracellular compartmentalization can be observed during cellular metabolism. In contrast,
only a limited number of synthetic mimicries of this abundant natural concept have been
realized in the form of synthetic particles, and may find applications as fully integrated
multifunctional vehicles for drug delivery, in vivo sensing, or synthetic cell mimicry (Fig. 5).

In its simplest form, multicompartmental particles can be capsules consisting of a shell
compartment surrounding a core element. A number of processes have been established for
synthesis of coreshell particles!19:120 and many of these particles have generated great interest
because of their potential use for drug delivery1?!, Synthesis methods include self-
assembly122, emulsion polymerization123, layer-by-layer adsorption onto solid core
particles'?4, and templated polymerization125-127_ All of these methods have their strengths
and weaknesses, but emulsion polymerization and self-assembly into liposomes and
polymersomes are currently the most successful technologies for preparation of core—shell
particles for biomedical applications.

Although synthetic particles with multiple compartments may provide a series of interesting
biological properties, such as controlled anisotropy, loading with multiple drugs or dyes, or
controlled orientation and hierarchical self-assembly, widely applicable synthetic routes have
only recently begun to emerge. Existing methods rely on self-assembly128:129 including fusion
of pre-existing particles to create multicompartmental particles and lipid vesicles!39. However,
particle technologies with the potential to create custom-tailored multicompartmental particles
are on the horizon. At the heart of many of these processes is the idea of using relatively simple
manipulations of liquids followed by rapid phase transition to create non-equilibrium structures
in solid particles. As long as the liquid—solid transitions occur fast enough to minimize mixing,
they can be prepared by a number of different solvent-drying processes or chemical reactions.
Recent examples include the fabrication of microparticles using hydrodynamic jets3! and
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electrohydrodynamic co-jetting?2. It is a unique property of multicompartmental particles that
each compartment can be independently loaded with a different biological payload, such as a
growth factor, protein, siRNA or antibacterial materiall32. At the same time, compartments
can be made of different matrix materials, which enable independent surface modification, as
well as independent control of extremely diverse functionalities, such as release rate,
environmental responsiveness or antibacterial properties of particles. Multicompartmental
particles can be expected to find a wide range of applications in fundamental studies of cell
architecture as well as in biomedical application, such as drug delivery or molecular imaging.
In principle, the design feature of compartmentalization can be multiplexed with all the other
physico-chemical design features, as well as with the particle chemistry, to create truly new
particle architectures, where one compartment is smooth and the other rough (Fig. 4a), both
compartments are made of different polymers (Fig. 5a), or small and large compartments may
be combined in a single particle.

Conclusions and future perspectives

Although considerable advances have already been made in understanding how the physical
properties of materials affect biological functions, the field is still in its infancy. At present, it
is clear that physical properties, such as size, shape, mechanical properties, surface texture and
compartmentalization, profoundly impact the function of a biomaterial, once it is placed into
a biological environment. Many other physical parameters including density and porosity will
also significantly impact a material's function. This greatly widens the design parameter space
for the next generation of biomaterials but, at the same time, raises important questions.
Substantial work remains to map the dependence of biological response to physical properties
and to categorize the relative weight of different physical and chemical factors. For each
biomedical application, detailed mechanisms of how physical properties affect biological
performance, as well as the interplay between various physico-chemical properties, may have
to be elucidated case by case.

Over the past decade, a number of materials fabrication processes have already been devised
to control the physical properties of particles. But to ensure biomedical applicability, it is
critical that the underpinning processing conditions are compatible with the specific
requirements of biological molecules, such as sensitivity to elevated temperatures, organic
solvents or extreme pH changes. In addition, materials must be biocompatible within the
context of the intended biomedical use. This requires technologies that are versatile enough to
accommodate a range of different materials, while ensuring gentle process conditions.
Moreover, future applications may require physical and chemical design parameters to be
multiplexed to ensure optimal performancel33. Again, compatibility among different materials
and processes will be a key requirement. For instance, compartmentalization can be used in
combination with other physico-chemical design features, such as size, shape or surface
structure, to generate particle architectures that ultimately will lead to truly biomimetic
materials. Early benefits of such combination strategies are already evident. For instance, a
combination of shape, size and surface chemistry has been used to target particles to vascular
endothelium for drug-delivery applications®*. Similarly, combination of shape and mechanical
flexibility has been used to target drugs to tumours more efficiently2. In this case, the
mechanical flexibility of the nanoparticles allows them to remain in circulation for longer??.
The need to explore the multi-parameter space is particularly exciting for applications in drug
delivery, where the number of challenges that the carrier needs to overcome before reaching
the target has limited their success. A versatile toolbox of parameters will help carriers to
navigate through these hurdles.

Finally, advances in our knowledge base and emerging biomedical applications have to be
supported by new synthesis and manufacturing capabilities. Research will need to be directed
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towards fabrication methods, which must be able not only to produce materials with various
physical properties, but also to offer independent control over them. The latter constraint is
particularly important, as the biological response to a given biomaterial can show
interdependence on multiple parameters. The rapidly emerging design space of biomaterials
with controlled physical, chemical and biological properties represents a great opportunity for
future research.
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Figure 1. Examples of natural biological objects that have diverse physical properties

a, Human herpesvirus 3; scale bar, 100 nm (image: Frank Fenner). b, Ebola virus; scale bar,
500 nm (image: Frederick A. Murphy). c, Enterobacteria phage A; scale bar, 50 nm (image:
University of Wisconsin-Madison). d, Human erythrocytes; scale bar approximately 10 pum.
e, Escherichia coli; image size approximately 7 um x 6 um. (Panels d and e © Dennis Kunkel
Microscopy.) f, Surface texture in alveolar macrophages’3; scale bar, 5 um (© 2008 STM).
g, Pollen; image size approximately 50 um x 45 um (Dartmouth Electron Microscope Facility).
h, Intestinal villi; approximate magnification u5,950 (© Dennis Kunkel Microscopy). i, The
immunological synapse; T cell forming a synapse with a supported membrane containing GPI-
linked pMHC and ICAM (ref. 134); © 1999 AAAS). j, A schematic of cellular
compartmentalization showing several organelles surrounding the nucleus. The images clearly
establish that nature uses physical parameters such as size, shape, texture and
compartmentalization in designing life.
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Figure 2. Size-dependent processes of particle transport in the human body

Particles can pass through biological barriers by a number of different processes. These include
passive (diffusive) and active processes ranging from extravasation to transdermal uptake.
Most of these processes affect distribution and clearance of micro- and nanoparticles in the
human body and they strongly depend on particle size.
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Figure 3. Examples of designer particles with different shapes
a, Cylindrical particles prepared using PRINT method82; scale bar, 5 um (© 2008 PNAS). b,
UFO-shaped particles prepared by film-stretching!8; scale bar, 5 um (© 2007 PNAS). c,
Rectangular discs of SU-8 (ref. 23); scale bar, 150 um (© 2006 NPG). d, Polymer rings®° (©
2006 NPG). e, Phagocytosis of particles depends on shapel’ (© 2006 PNAS).
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Figure 4. Examples of surfaces with micro- or nanoscale heterogeneity

a, Biphasic discs with smooth and rough surface; scale bar, 1 um (image: Joerg Lahann). b,
Pillar arrays for mapping force of epithelial cell migration134; scale bar, 5 um (© 2005 PNAS).
¢, Asymmetrically coated particles!38; scale bar, 5 um (© 2003 RSC). d, Micropatterned
particles!14; scale bar, 100 um (© 2007 PNAS). e, Control of spreading of an endothelial cell
through a micropatterned substrate?’; scale bar, 10 um (© 1997 AAAS).
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Figure 5. Examples of multifunctional particles based on compartmentalization

a, Biphasic particles?2 (© 2005 NPG). b, Composite liposome-nanoparticle carriers!19;
nanocells, scale bar 100 nm (© 2005 NPG). ¢, Vesosomes37 (© 2002 ACS). d, Core-shell
microparticles!38; scale bar 25 um (© 2007 STM). e, Differential release of two drugs from
two compartments of nanocell particles'1® (© 2005 NPG).
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