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Abstract

Nanomaterials exhibit unique properties that are absent in the bulk material because decreasing
material size leads to an exponential increase in surface area, surface area to volume ratio, and
effective stiffness, resulting in altered physiochemical properties. Diverse categories of
nanomaterials such as nanoparticles, nanoporous scaffolds, nanopatterned surfaces, nanofibers and
carbon nanotubes can be generated using advanced fabrication and processing techniques. These
materials are being increasingly incorporated in tissue engineering scaffolds to facilitate the
development of biomimetic substitutes to replace damaged tissues and organs. Long term success
of nanomaterials in tissue engineering is contingent upon the inflammatory responses they elicit in
vivo. This review seeks to summarize the recent developments in our understanding of
biochemical and biophysical attributes of nanomaterials and the inflammatory responses they
elicit, with a focus on strategies for nanomaterial design in tissue engineering applications.

Introduction

Nanomaterials in Tissue Engineering

Tissue engineering aims to develop constructs consisting of cells and biomaterials to replace
damaged tissues and organs and circumvent the time-consuming, complicated, and rarely
available organ transplants. Nanoscale design of tissue engineering constructs facilitates
generation of biocompatible scaffolds that precisely resemble the native extracellular matrix,
provides physiologically relevant biomechanical cues and enables spatiotemporal release of
biological factors necessary for functional tissue replacements.l: 2 Recent advances in
nanotechnology and nanofabrication techniques have enabled formation of biocompatible
nanomaterials such as nanoparticles, nanoporous scaffolds, nanopatterned surfaces,
nanofibers, nanowires and carbon nanotubes.? 4 (Figure 1)

Each of these classes of nanomaterials is used for specialized applications in advanced tissue
engineering. Nanoparticles are primarily used as vehicles for targeted and controlled
delivery of growth factors, drugs, and oligonucleotides in vivo. In addition, nanoparticles
can be used in composite scaffolds to enhance mechanical properties, corrosion rate,
biodegradation and other traits.>8 Nanoporous materials, generated using sol-gel techniques,
etching processes, anodization and other electrochemical methods, provide increased surface
area, pore-size dependent diffusion properties, improved protein adhesion, cellular
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integration and have found particular success in bone tissue engineering.%-13 Nanopatterned
surfaces incorporate structures such as pillars, ridges and other topographical features with
tunable mechanical properties and surface area. These surfaces have been shown to elicit
extensive cellular responses ranging from stem cell differentiation to prevention of tissue
fibrosis. 14-17 Nanofibrous biomaterials, produced predominantly by electrospinning
techniques, have been used to recreate the architecture of the extracellular matrix with
demonstrated therapeutic potential.18-21 Carbon nanotubes are used as reinforcements in
tissue engineering scaffolds for mechanical strength and can aid in both electrical
conductivity and controlled drug delivery. These properties make carbon nanotubes
favorable for cardiac and neural tissue engineering purposes.22-25 In addition to the
categories of nanomaterials described above, compound nanomaterials incorporating two or
more categories, such as nanoparticle loaded nanofibers and nanopatterns imprinted on
electrospun fibers, are also being investigated.26: 27

The success of nanomaterials in tissue engineering will be determined, in part by the nature
of inflammatory responses they evoke. Inflammatory responses towards tissue engineering
scaffolds ranging from neutrophil infiltration to macrophage recruitment and ultimately
fibrous capsule formation, are influenced by both material biochemistry and the size-
features/nanoscale design of scaffold material.28 A variety of materials including polymers,
hydrogels, extracellular matrix proteins and even metals and carbon-based elements are used
to generate nanomaterials. Biological and inflammatory responses elicited by diverse
biomaterials have been reviewed previously?8-30, but size-dependent changes in material
properties convolute the findings. Decreasing size alters the physiochemical properties of
materials and their effects on cellular and subcellular elements at the nanoscale. Therefore,
properties such as surface area and topography hold the potential for countless cures as well
as contrary consequences.!: 31 32 The surge of nanomaterials in tissue engineering
necessitates a careful reevaluation of inflammatory responses, particularly the molecular
mechanisms that orchestrate the integration/rejection of tissue engineering constructs with
nanoscale features.

Inflammation and Tissue Engineering

In general terms, biomaterials, are recognized as foreign bodies and evoke an array of
inflammatory responses.2® Inflammatory reactions to implanted nanomaterials are initiated
by protein interactions at the surface. Adsorption of proteins such as albumin, fibronectin,
fibrinogen and vitronectin lead to varying levels of inflammation.28 Chemical composition
of materials, surface charge and topography are known to affect adsorption of plasma
proteins and extracellular matrix components. Surface-adsorbed proteins as well as the
injury caused by implantation of biomaterials result in recruitment of neutrophils and
activation of resident mast cells, constituting the acute inflammatory response.l: 28. These
cells release reactive oxygen species (ROS) and cytokines such as interleukin-4 (I1L-4) and
interleukin-13 (IL-13) prompting oxidative stress and recruitment of monocytes from the
bloodstream. In addition, implanted biomaterials stimulate production of inflammasomes,
which are intracellular multiprotein complexes that mediate activation of pro-inflammatory
cytokines such as IL-1f and 1L-18.33: 34 Inflammasomes can be produced as a result of
phagosome rupture after material uptake by phagocytosis or by particulate interaction with
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plasma membrane causing changes in cholesterol rafts as described elsewhere.33: 34,
Regardless of the mode of activation, inflammasomes contribute to increased levels of
proinflammatory cytokines and eventual tissue fibrosis. In parallel, dendritic cells can
mediate generation of antibodies against antigens presented by tissue engineered constructs,
which subsequently lead to targeting and removal of the specific antigens.3°

Biomaterial-induced inflammation progresses to development of the foreign body response
(FBR) and is characterized by the extended presence of monocytes, which mature into
macrophages and foreign body giant cells, and other lymphocytes.28 Recruited monocytes
and resident macrophages produce chemoattractant proteins such as granulocyte
macrophage colony stimulating factor (GM-CSF), monocyte chemotactic protein-1 (MCP-1)
and platelet derived growth factor (PDGF) leading to further recruitment of monocytes.
These cells also increase expression of cell surface receptors including Mac-1 and other
integrins that aid in migration and adhesion to surface-adsorbed proteins. Integrin
engagement by adsorbed proteins induces changes in the expression and organization of
focal adhesion proteins like vinculin, paxillin and a-actinin. Changes in focal adhesion
formation are translated into cytoskeletal remodeling and downstream effects including
activation of focal adhesion kinase (FAK) and extracellular signal-regulated kinase (ERK).
These signaling events determine the phenotype of macrophages and subsequent
inflammatory responses. As mentioned above, macrophages can fuse to form FBGCs in the
context of the FBR. Fusion of macrophages, induced by IL-4 and mediated by Rac-1, leads
to formation of FBGCs that release a host of factors including degradative reactive oxygen
intermediates, remodeling proteins like matrix metalloproteinases (MMPSs) and tissue
inhibitor of metalloproteinases (TIMPs), inflammatory cytokines such as tumor necrosis
factor-a (TNF-a) and other ILs, as well as transforming growth factor-p (TGF-). Prolonged
inflammation, characterized by the presence of macrophages and FBGCs and the release of
these factors, is followed by infiltration of fibroblasts and production of collagen.
Inflammation-mediated formation of collagen-rich fibrotic capsule impedes tissue
integration and implant function.2?

While inflammation is more often associated negative consequences such as fibrosis and
biomaterial rejection, some inflammatory reactions can promote biomaterial-tissue
integration.3® This dichotomy originates from the overlap between the processes of
inflammation and tissue repair that follow the injury caused by implantation of tissue
engineered constructs.36 Tissue repair involves formation of new blood vessels via
angiogenesis and matrix remodeling. Activated macrophages have been shown to produce
pro-angiogenic factors such as fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF), which are known to promote migration and proliferation of
endothelial cells and vessel formation.36: 37 The newly formed vessels are critical for
integration of implanted biomaterials with the surrounding tissue.3” In addition, proteases
such as MMPs released by macrophages and FBGCs, contribute to matrix remodeling to
accommodate the implanted biomaterial. Furthermore, dendritic cell-mediated antigen
tolerance leading to improved biomaterial performance and increased regeneration have also
been reported.3> Material properties contributing to changes in inflammatory cell behavior
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are still under investigation, but it is appreciated that modulation, rather than complete
evasion of inflammation will lead to successful tissue engineering constructs.

Investigators examine a host of factors to determine inflammatory response to tissue
engineered constructs. Interactions of biomaterials with cell types that mediate inflammation
such as neutrophils, monocytes, and macrophages are analyzed in vitro to detect cellular
responses such as change in morphology, activation of receptors (e.g., Mac-1 receptor in
monocytes), release of ROS and pro-inflammatory cytokines such as specific ILs, TNF-a
and MCP-1. Inflammatory responses to nanomaterials in vivo are evaluated by measuring
the recruitment of neutrophils and monocytes/macrophages, the levels of pro-inflammatory
cytokines for short-term studies. For long term studies, accumulation of material degradation
products and thickness of fibrous capsule formation are examined.

Inflammatory responses to nanomaterials used in tissue engineering

Nanomaterials used in tissue engineering are susceptible to the same inflammatory apparatus
as other biomaterials, i.e. inflammatory cells, cytokines and enzymes, but elicit unique
responses from each component in the cascade. Biomaterials with nanoscale features
possess surface nanotopography which influences inflammatory cell response. For example,
pro-inflammatory cytokine production in macrophages has been shown to be influenced by
the surface architecture of nanoporous scaffolds.38 Investigation of cell-nanotopography
interactions has been relatively recent and limited, but some early trends have emerged.
Firstly, nanotopographical cues can induce both pro-inflammatory and anti-inflammatory
responses, and the outcome is sensitive to the size features of the scaffold surface. For
example, levels of IL-1- and TNF-a produced by macrophages grown on nanoporous
alumina were found to be influenced by the pore-size of the alumina surface.3® Similarly,
length of nanopillars has been linked to collagen production in fibroblasts cultured on those
nanopillars.1# Secondly, cellular response to nanotopography is cell type specific. For
instance, macrophages, endothelial cells and fibroblasts displayed differential responses to
identical nanopatterns.3? It is believed that detection of nanotopography by cells is mediated
by differential protein adsorption by biomaterials with nanoscale surface features.14: 39
Nanopillars made of polymers and metallic glass have been shown to influence serum
protein deposition in vitro which leads to changes in morphology and function of cells
cultured on these materials.

It is important to note that nanoparticles and carbon nanotubes are often used as individual
entities, rather than as part of bulk biomaterials. Hence, these two classes of nanomaterials
are distinct from biomaterials with nanoscale features (nanoporous scaffolds, nanofibers and
nanopatterned surfaces) in that they are taken up by cells by phagocytosis or other means.
Consequently, specific responses elicited by uptake determine the activation of
inflammatory cells. In contrast, cells in contact with surfaces with nanoscale features are
activated via adsorbed protein-receptor interactions. Nevertheless, cellular responses to
nanoparticles and nanotubes have exhibited similar trends as described for other classes of
nanomaterials. Nanoparticle size and shape influence the inflammatory response they elicit
in vivo.40 Additionally, macrophages and neutrophils have been shown to respond to distinct
ranges of nanoparticle size.40- 41
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It is clear that nanomaterial size and shape regulate the inflammatory response. In addition
to characterizing size-feature ranges that attenuate or modulate inflammation, traditional
methods of promoting material biocompatibility such as chemical modifications and release
of anti-inflammatory drugs also constitute important design parameters to be optimized.

This review seeks to summarize recent developments in our understanding of inflammatory
responses towards nanomaterials used in tissue engineering. Analysis of these interactions
will provide insight into the immunomodulatory effects of nanomaterials and inform future
design.

Nanoparticles

Nanoparticles are synthesized using a variety of natural and artificial polymers, lipids,
dendrimers, ceramics and metals. Regardless of the core material, nanoparticles can access
intracellular components via phagocytosis or endocytosis and provide for an efficient and
reliable conduit to deliver therapeutics. While a decrease in particle size endows materials
with the ability to penetrate biological barriers, there are some reports that indicate that
nanoparticles can incite increased inflammatory response. In vitro experiments have
suggested that these particles can trigger production of ROS in lung epithelial cells and
macrophages, which may lead to lung injury.#2 Therefore, it is important to review strategies
to attenuate inflammatory responses to nanoparticles.

Inflammatory response to nanoparticles is particle-size dependent. For instance,
inflammation induced by nanoparticles made of poly-acryl-acid coated gold nanoparticles is
contingent upon their hydrodynamic diameters.*! When these particles were less than 20 nm
in size, they were shown to increase fibrinogen-mediated activation of Mac-1 receptor in
monocytes in vitro. Mac-1 receptor activation in monocytes which can lead to stimulation of
the NF-kB pathway and upregulation of other downstream inflammatory cytokines, was
absent when nanoparticles of 20 nm or larger in size were used. The effect of nanoparticle
size on inflammatory responses has also been established in vivo. For example, recruitment
of polymorphonucleocyte (PMN) induced by Poly(d,L-lactide-co-glycolic acid) (PLGA)
nanoparticles has been shown to be size-dependent.#? 75 nm particles, in contrast to 200 nm
particles, elicited limited PMN recruitment in bronchial alveolar lavage fluid. In addition to
size features, nanoparticle shape is a determinant of inflammatory responses. For example,
cellular uptake of rod-shaped particles larger than 100nm has been found to be greater than
spheres, cube-shaped and cylindrical particles* .In contrast, sub-100nm particles with
smaller aspect ratios like spheres were taken up more readily than nanoparticles with higher
aspect ratio such as nanorods or nanosheets.*3 44, The effect of increased cellular uptake of
nanoparticles on inflammatory responses is not clear. Zinc oxide (ZnO) nanosheets have
been shown to induce higher levels of TNF-a production in murine dendritic cells, while
nanospheres of similar chemical composition induced higher levels of TNF-a production in
murine macrophages.?* In contrast, shape of ZnO nanoparticles did not significantly alter
ROS production in epithelial cells at low concentrations.** It is speculated that the size and
shape of nanoparticles contribute to the effective surface area available for ligand-receptor
interactions, which in turn dictates cellular uptake and consequential inflammation evoked
in vivo.#3 It should be noted that nanoparticles could induce inflammatory responses
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independent of cell interactions. Radical electrons released from the nanoparticle surface
endow these particles with ROS-generating capacity when appropriate substrates are
present.?. For example, platinum nanoflowers, have been shown to generate increased ROS
levels as compared to platinum multipod nanoparticles in cell free systems.*>

Chemical composition of nanoparticles has also been implicated in exaggerated
inflammatory responses. Non-biodegradable nanoparticles and cationic polymers are known
to induce more inflammation than biodegradable and anionic surrogates respectively.46: 47
Titanium- and silicon-based nanoparticles as opposed to zinc containing nanoparticles led to
activation of the inflammasome and increased release of cytokines such as IL-1p in
macrophages and keratinocytes.*

Nanoparticles can be used as vehicles to deliver anti-inflammatory drugs, thereby
attenuating unfavorable biological responses.#6: 48. 49 Poly(d, L-lactide-co-glycolide)-block-
poly(ethylene glycol) (PLGA-PEG) nanoparticles conjugated with Col IV peptides can
effectively deliver drugs mimicking anti-inflammatory mediators such as lipocortin-1 and
reduce neutrophil infiltration in peritonitis.5% PLGA nanoparticles embedded in hydrogel
coatings on neural electrodes have been used to deliver dexamethasone to mitigate glial
inflammation resulting in extended biomaterial lifespan in vivo.51 PLGA, chitosan and
thioketal nanoparticles have been employed to deliver drugs and siRNA to alleviate levels of
TNF-a produced by macrophages and combat intestinal inflammation and rheumatoid
arthritis.52-54 Thioketal nanoparticles, such as poly-(1,4-phenyleneacetone dimethylene
thioketal), loaded with siRNA against TNF- a have been designed to degrade and release
drugs in response to ROS production, thus enabling targeted silencing of TNF-a expression
at the site of inflammation.>* Besides TNF-a, cell cycle regulatory molecule cyclin D,
immunomodulatory protein complex NF-kB and cell adhesion protein P-selectin have also
been identified as potent targets for suppressing inflammation using nanoparticle-assisted
drug delivery.55-57

Although the majority of these strategies have been developed for drug delivery
applications, nanoparticles can be easily incorporated into implant design to modulate
inflammatory responses. Incorporation of nanoparticles in electrospun fibers, macroporous
hydrogels and other polymers for development of multifunctional scaffolds has been
described previously.58 59 It is appreciated that nanoparticle-assisted delivery of drugs
provides increased spatiotemporal control and enhanced efficacy resulting in improved
biomimetic scaffolds. As the translation of tissue engineering approaches to clinical
interventions evolves, anti-inflammatory drugs will form a critical component of the cocktail
of factors delivered from constructs.

In summary, 20 nm — 75 nm nanoparticles with minimal aspect ratio, synthesized using
inert, anionic and biodegradable polymers are well-suited to attenuate inflammatory
responses. Additionally, controlled and targeted silencing of inflammatory cytokines such as
TNF-a or NF-kB using drug-loaded nanoparticles hold maximal potential for tissue
engineering applications. Future research should be directed towards determining the
relative contribution of size features and chemical composition of nanoparticles to
inflammation. Development of in vitro evaluation protocols for inflammatory properties of
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nanoparticles will help expedite the screening process. For example, 3D co-cultures of
multiple cell types are more representative of native tissue, and could help investigate
unique inflammatory processes.®% An in vitro culture of epithelial cells sandwiched between
macrophages and dendritic cells revealed that dendritic cells, rather than macrophages,
extend processes between epithelial tight junctions to collect inflammatory nanoparticles.59
Moreover, cell-cell interactions in co-cultures of epithelial cells, macrophages and dendritic
cells have been found to affect the inflammatory response to nanoparticles*2. The levels of
pro-inflammatory cytokine TNF-a produced by the co-culture of cells was found to be
higher than the levels expected from the data collected using individual monocultures.*2
Such experiments suggest that validated tissue-specific co-culture models can help screening
methods and evaluate nanoparticulate formations.

Nanoporous Scaffolds

Porosity of materials constitutes an important design specification in the engineering of
scaffolds because it can influence the infiltration of cells and blood vessels leading to
acceleration of integration with the surrounding tissue. Pore sizes ranging from hundreds of
micrometers to tens of nanometers are relevant for biomimetic models. In fact, hybrid
materials containing macro, micro and nanopores such as tailored amorphous multi-porous
(TAMP) scaffolds have been developed.13 In this regard, nanoporosity of materials is unique
because nanopores do not allow for cellular infiltration and tissue integration. But nanopores
and micropores are similar in that they both grant an exponential increase in surface area and
confer a sharp increase in capacity for controlled local delivery of drugs, cytokines and other
factors.

Additionally, nanoporous scaffolds, by resembling native tissue/matrix architecture, could
evade the host's inflammatory system. For example, synthetic bone grafts made of
nanoporous silica and hydroxyapatite have been shown to induce minimal leukocyte
activation and rolling on the walls of microcapillaries surrounding the implant, comparable
to that induced by cancellous bone substitutes.5 These biomimetic substitutes induce fusion
of macrophages forming multinucleated giant cells, which resemble fused osteoclasts, and
help in bone resorption and remodeling, thereby eliciting ‘favorable” inflammatory
responses. In contrast, nanoporous polymers such as polycaprolactone (PCL) with nanopits
can exacerbate inflammation-mediated fibrous capsule formation in vivo.52 Yet other groups
have reported that the activation of immune cells induced by nanoporous silicon and
nanoporous alumina is similar to that induced by non-porous surfaces with the same
chemical composition, thus concluding that nanoporosity does not affect inflammatory
responses appreciably in vitro.52 Reconciling these contradicting reports in the literature
requires a revisit of cellular responses induced by nanopore architecture.

Interactions between inflammatory cells and nanoporous materials are largely governed by
the pore size. In vitro experiments studying the effect of pore-size on inflammatory cells
have provided some insight. Alumina surfaces with nanopores 20 nm in diameter have been
found to attract more macrophages that produced lower levels of pro-inflammatory
cytokines such as IL-18 and TNF-..38 In contrast, surfaces with 200 nm sized pores
exhibited lower cell attachment and increased levels of pro-inflammatory cytokines. In a
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separate study, 200 nm pores, as opposed to 20 nm pores, were shown to activate a variety
of pro-inflammatory cytokines in vivo.53

In addition to modulating cellular response, material pore-size is critical for the controlled
release of drugs. Nanoporous drug vehicles have been developed using PEG, titanium
surfaces, alumina filters, alginate gels and other materials to engineer the delivery of
cytokines, antioxidants, non-steroidal anti-inflammatory drugs (NSAIDs) and a host of other
factors.4-67 Controlled, long term release of anti-inflammatory drugs might be key to
biomaterial acceptance. Nanopores can be incorporated into tissue engineering scaffolds to
release growth factors, angiogenic factors and drugs to stimulate implant-tissue integration.
Devising pore-sizes of tissue engineering scaffolds will depend on the dual deliberations of
cellular interactions and the demand for drug delivery.

Lastly, material chemistry and surface modifications can help reduce the pro-inflammatory
properties of nanoporous scaffolds. Native proteins such as collagen have also been used to
decrease nanoporous scaffold induced ROS production in neutrophils in vitro.58 Some
groups have successfully used chemical/surface modifications to attenuate inflammatory
responses in vivo as well. For example, a layer of PEG coating on the surface of nanoporous
alumina membranes has been shown to decrease serum albumin deposition on the material
leading to suppressed inflammation.5 In addition, nanoporous poly(1,8-octanediol-co-
citrate) (POC) has been shown to recruit fewer inflammatory cells and induce less fibrosis
compared to the commonly used PLGA.0 Since the effect of biomaterial composition on
associated inflammatory properties is beyond the scope of this review, the reader is directed
to a recently published comprehensive review on biocompatibility of commonly used
polymers in tissue engineering.’!

In conclusion, nanoporous scaffolds fabricated using native matrix proteins or coated with
inert polymers such as PEG and loaded with antioxidants and NSAIDs for long term
sustained release are best suited to minimize inflammation. There is no consensus on the
ideal pore size, but preliminary in vivo studies indicate that 20 nm pores reduce
inflammatory responses.®0

Nanopatterned Surfaces

Nanotopographical cues and associated cellular signals in the form of integrin receptor
motifs are ubiquitous in native extracellular matrix that supports cells and tissues. Similarly,
tissue engineered scaffolds with surfaces that incorporate three dimensional nanoscale
architecture such as nano-pillars, grooves and ridges alter the nature of cell-substrate
adhesions. Nanopatterned surfaces have been shown to evoke responses ranging from
changes in cell morphology and matility to modifications in gene expression and phenotypic
switches.? 14.39. 72 The biomechanical cues inherent to nanotopography are not completely
understood, and constitute an active area of research. In addition to biomolecular signals
inherent to topography, which are contingent upon size features and spacing between
ordered features, nanopatterned surfaces possess additional unique properties. For example,
similar to other nanomaterials, they exhibit an exponential increase in surface area. In
addition, nanoscale features on the material surface provide a means to manipulate
mechanical properties such as effective stiffness. For example, scaffold stiffness can be
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engineered to match that of the target tissue and could help attenuate compliance mismatch,
fibrosis and implant failure.

These “smart” surfaces could be incorporated into scaffold design to attenuate inflammatory
responses and biomaterial rejection. Recent in vitro models have aided in elucidating the
effect of surface nanotopography on inflammatory cell response. Nanopatterned surfaces
such as polystyrene nanopillars, metallic glass nanorods and titanium oxide nano-
hemispherical structures have been shown to modify adsorption of a variety of serum
proteins leading to changes in cell adhesion, morphology and function.14: 39 73 Supstrates
with Mac-1 integrin receptors with variable inter-receptor spacings such as 60 nm, 100 nm
and 200 nm were found to differentially influence neutrophils.”* Specifically, neutrophils
were found to spread the least on substrates with 100 nm inter-receptor spacing, as opposed
to substrates with lower or higher inter-receptor spacings. In a separate study, decreased
TNF-a production was observed when macrophages were cultured on nanopatterned
poly(dimethyl siloxane) (PDMS) substrates for 48 hours.’® Similarly, neurons and
inflammatory glial cells in organotypic brain slices expressed reduced levels of genes for
cytokines such as TGF-p and TNF-a when exposed to nanogrooved PDMS.”® Moreover,
high aspect ratio nanorods have been shown to reduce cell spreading and matrix production
by fibroblasts.14 39 The anti-inflammatory effects of nanopatterned polymers have also been
demonstrated in in vivo experiments. Polyacrylamide hydrogels with nanoridges with an
average inter-ridge spacing of 600 nm exhibited reduced adhesion of inflammatory
macrophages in vivo.’”’ Polystyrene nanogrooves with an average spacing of 150 nm were
shown to decrease inflammatory cytokine production and macrophage cell fusion to form
multinucleated giant cells as compared to similar nanogrooves with varied pitch such as 300
nm and 1000 nm in vivo.”® Taken together, these studies indicate that cell type-specific
responses to nanopatterned surfaces could be used to control inflammatory and fibrotic cell
behavior and promote biomaterial integration.

While the evidence summarized above indicates that nanopatterned surfaces can be used to
attenuate inflammation towards tissue engineering constructs, there are some contrarian
reports as well. Low aspect ratio polymer nanopillars, tantalum oxide nanodots as well as
certain designs of nanopatterned titanium have been shown to be less effective in controlling
fibrotic response in vitro.14 72. 79 |t should be noted that cytokine secretion in macrophages
induced by nanopatterned surfaces is time-dependent, convoluting the long term
applicability of these biophysical anti-inflammatory cues.%” The labyrinth of cues inherent to
topography such as size features, stiffness, and material chemistry contribute to cell
behavior, further confounding observed cellular response to nanopatterned surfaces. Some
evidence exists to suggest that topography overrides material chemistry in dictating cell
behavior, but further studies are necessary to disentangle the effect of multiple topographical
signals.1# 7> For example, it has been observed that nanotopography increases the contact
angle of both polystyrene and polypropylene, regardless of material chemistry.14 Similarly,
adhesion and elongation of macrophage cells on nanopatterned PCL, poly(lactic acid) (PLA)
and PDMS has been found to be similar, independent of material chemistry.’®

Such studies, combined with long term in vivo evaluation of nanopatterned surfaces, will lay
the foundation for rational design of nanopattern geometry and size-features to modulate
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inflammatory responses. Taken together, these studies suggest that nanopatterned substrates
consisting of high aspect ratio features (e.g nanopillars with aspect ratio of > 5), and inter-
feature spacing of 100-150nm (e.g hanogrooves/ridges spaced 100nm apart) are ideal to
attenuate inflammatory responses. Chemical composition of these surfaces does not appear
to be a significant contributor to inflammation.

Nanofibers and Nanowires

Ordered structure of native extracellular components in the form of nanofibers has been
shown to direct tissue morphogenesis in vivo.89 Biomimetic approaches to recreate
nanofibrous architecture, employing electrospinning, hydrothermal treatment of metals and
other techniques, have proved efficient in producing bioactive scaffolds for tissue
engineering.81 82 Nanofibers and nanowires make for attractive scaffolds because they
emulate matrix features such as surface nanotopography and interconnected nanopores. In
addition, the compatibility of electrospinning with a variety of extracellular matrix proteins
and other biopolymers permits efficient control of mechanical strength, material chemistry
and functionalization. Moreover, these versatile materials can be designed to acquire
significant anti-inflammatory attributes.

Firstly, electrospun polymer nanofibers can be loaded or functionalized with a variety of
anti-inflammatory drugs such as NSAIDs, curcumin and other therapeutic moieties for site-
specific drug delivery.83-85 Secondly, nanofiber morphology, characterized by fiber
diameter, pore size and fiber alignment can affect cellular responses. A decrease in fiber
diameter has been correlated to reduction of pro-inflammatory cytokine secretion by
macrophages in vitro.86 Aligned PCL nanofibers, in contrast to random PCL nanofibers
nanofibers have been used to create scaffolds that can promote fibroblast cell elongation,
migration and organization, leading to accelerated tissue regeneration in vitro.8” Moreover,
an increasing number of studies corroborate the anti-inflammatory effects of nanofiber
length and alignment in tissue engineering applications in vivo. Silver nanowires, which
were about 120 nm in diameters, were shown to induce minimal pulmonary inflammatory
cell infiltration if the fiber length was below 14 um.88 Nanowires with fiber lengths of 14
um or higher were observed to induce increased lymphocyte and granulocyte infiltration. A
similar threshold size of 5 um was described for silver nanowire-induced inflammation in
the pleural cavity.88 Aligned nanofibers synthesized using PCL have been shown to
decrease macrophage infiltration and fibrous capsule formation in vivo.8% PLGA/collagen
nanofibers have been shown to be more effective than commercially available hydrocolloid
dressings in decreasing inflammatory response and accelerating wound healing of full
thickness wounds in mice.

Lastly, choice of material used for producing nanofibers has also been shown to affect
inflammatory responses. PCL nanofibers, as opposed to polyglycolide (PGA) and PLA
based fibers, exhibit a slower rate of degradation, which prevented the accumulation of
acidic byproducts.8” Gelatin or denatured collagen, in contrast to collagen, was shown to
elicit a higher degree of inflammatory response in vivo.?? Finally, subcutaneously implanted
nanofiber gels made of heparin-binding peptide amphiphiles and heparin sulfate induced
minimal macrophage infiltration and multinucleated giant cell formation. 92
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In summary, nanofibers and nanowires show great potential for use in tissue engineering.
Specifically, aligned fibers/wires with diameters of 600nm or less and aspect ratios below
40, synthesized using slowly degrading polymers such as PCL and loaded with anti-
inflammatory drugs for site-specific delivery, constitute optimal nanofibrous scaffolds. Key
challenges in the field include identifying the molecular and biophysical mechanisms
underlying the effect of nanofiber morphology on inflammatory response. Further research
will help explore the influence of nanofiber length, diameter, alignment and scaffold
porosity on inflammatory responses in order to facilitate informed design for tissue
replacements. Nanofibers can also be functionalized with nanoparticles in order to deliver
anti-inflammatory drugs. In addition, nanofibers have found applications in blood vessel
tissue engineering, bone replacements and fibrous extracellular matrix substitutes.82: 93

Carbon Nanotubes

Long, cylindrical carbon tubes with nano-sized diameters, known as carbon nanotubes,
constitute a versatile class of nanomaterials.22 These materials can be considered as a special
form of nanofibers, but their inimitable mechanical properties, specialized applications and
wide usage requires a more detailed discussion. Carbon nanotubes are primarily utilized to
enhance mechanical integrity and strength of biopolymers, improve electrical conductivity
of scaffolds and as drug delivery vehicles.22: 94. 95 Both single nanotubes and multiple
concentric nanotubes are used for tissue engineering applications. While carbon nanotubes
assist in development of mechanically robust tissue engineering scaffolds, the consequential
inflammatory responses, non-biodegradability and nanotube cytotoxicity pose challenges.

Polymers such as poly(propylene fumarate) (PPF) reinforced with single walled carbon
nanotubes were observed to induce inflammatory responses to the same extent as pristine
PPF based on histological evaluation of explants.%6 However, in hard tissue implants,
nanotube reinforced polymer scaffolds induced more collagen production and a thicker
fibrous capsule in vivo as compared to pristine polymer scaffolds.6 Moreover, single walled
carbon nanotubes have been shown to induce a high degree of pulmonary inflammation in
mice.%” These nanotubes, when aspirated by mice, caused increased infiltration of
neutrophils and macrophages, higher levels of pro-inflammatory cytokines such as TNF-a,
IL-1B, TGF-B and led to accelerated occurrence of granulomas and fibrosis. Similarly,
carbon nanotubes instilled in the intratracheal region of mice led to pulmonary and systemic
inflammation identified by increased neutrophil accumulation in broncheoalveolar lavage,
upregulation of cytokines and increase in inflammatory B-cells in the blood.%8 There is no
clear consensus on whether carbon nanotubes increase or reduce ROS production in
inflammatory cells.%9: 100 |_ong carbon nanotubes in the peritoneal cavity in mice have been
shown to induce foreign body giant cell formation and granuloma formation, resembling
inflammatory responses evoked by highly toxic asbestos fibers.101

Reminiscent of previously discussed nanomaterial design strategies, carbon nanotube length
has been implicated in inflammatory reactions. A decrease in nanotube aspect ratio has been
shown to attenuate inflammatory responses in the intraperitoneal cavity and pleural space of
mice.101. 102 Similarly, the concentration of nanotubes is also critical in scaffold design
since cellular responses to these materials have been shown to be dose-dependent.22: 97
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Carbon nanotubes at a concentration of 0.6 pg/ml have been demonstrated to affect
fibroblast growth and differentiation in vitro.22 The effect of nanotube length or dose might
be convoluted due to aggregation of nanotubes in vivo. A threshold size of 10 um has been
established for the fiber-like aggregates to induce granuloma formation.193 Thus, along with
a reduced dose and lower aspect ratio nanotubes, strategies to prevent nanotube aggregation
will be critical to avoid exacerbated inflammation.

Additionally, carbon nanotubes have been functionalized and loaded with anti-inflammatory
drugs such as dexamethasone and ketoprofen for localized delivery in invitro and in vivo
settings.104-106 Functionalization of nanotubes has been exploited in a variety of ways to
enhance their performance in vivo. For example, non-functionalized and 1gG-functionalized
nanotubes were targeted for neutrophil internalization and biodegradation with 30 and 100%
efficiency, respectively.10” Ammonium functionalized nanotubes generated using 1,3-
dipolar cycloaddion reaction and oxidation/amidation methods displayed decreased cell
cytotoxicity as compared to non-functionalized nanotubes, thereby increasing the efficiency
and safety of nanotubes as drug delivery vehicles.108 Single-walled carbon nanotubes
functionalized with surfactants such as triton or PEG exhibited minimal non-specific binding
of proteins, which could be utilized to attenuate inflammatory responses to nanotubes in
vivo.199 Moreover, chemical treatments such as nitrogen doping has also been shown to be
beneficial in controlling inflammation.110 Furthermore, host animals can also be treated in
order to increase nanotube acceptance in vivo. For example, diet-controlled vitamin E
deficiency in the host animal has been shown to attenuate inflammatory responses.111
Nanotube biodegradation mediated by host neutrophil myeloperoxidase has also been
suggested as an alternative to avoid the unfavorable biological responses to carbon
nanotubes.107

To summarize, low aspect ratio nanotubes with aggregate sizes lower than 10 um at
concentrations below 0.6 ug/ml, functionalized with surfactants or inert polymers such as
PEG and loaded with anti-inflammatory drugs such as dexamethasone are best-suited to
attenuate inflammatory responses.

Conclusion

Nanomaterials can be designed to attenuate inflammatory responses towards tissue
engineered constructs. Major design parameters for optimization include size-features of
nanomaterials, apparent material stiffness, rate of material biodegradation, and drug release.
We have summarized five major categories of nanomaterials used in tissue engineering.
Strategies to modulate inflammatory responses elicited by various nanomaterials are
summarized in table 1. For each category of nanomaterials, the effect of individual design
parameters on inflammatory responses needs to be further examined. This approach might
also help identify signals and cues presented by native extracellular matrix.

To optimize nanomaterial size, the threshold size features of nanomaterials for minimal
inflammatory responses should be probed, characterized and validated. As noted above,
upper threshold fiber length of 14 um for minimal inflammatory responses has been
suggested for silicon nanowires.88 Similarly, polymer coated goal particles, smaller than a
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threshold size of 20 nm, were found to exacerbate inflammatory responses.#! Such defined
range of “anti-inflammatory” nanomaterial morphology will aid design of tissue engineered
scaffolds.

Additionally, surface nanoarchitecture can be used as a tool to modulate apparent stiffness
of tissue engineered scaffolds to match that of the microenvironment and attenuate
inflammatory cell activation and implant-induced fibrosis. In general, delayed
biodegradation with less acidic byproducts is considered beneficial for long term implants.8’
Moreover, nanomaterial-assisted loading and local delivery of anti-inflammatory drugs can
augment tissue-scaffold integration.

Finally, in addition to the materials discussed above, hybrid nanomaterials such as
nanoparticle containing electrospun fibers and nanopatterned fibers are also being developed
as multifunctional scaffolds. Moreover, cellular responses to nanomaterials can be exploited
for a variety of applications in tissue engineering such as enhanced tissue regeneration and
scaffold functionality. Exploring the molecular basis for nanomaterial-cell interactions and
optimizing scaffold design parameters could lead to efficient, inexpensive, and safe
solutions to current challenges in tissue engineering.
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(a) (Left) SEM of ZnO nanoparticles. Reprinted with permission from Ref. 44 Copyright
2011 Springer (Archives of Toxicology); (Right) Schematic of a functional nanoparticle,
which provides a reliable conduit for delivering drugs, growth factors, cytokines and other
factors. These can be functionalized with biomimetic peptides, targeting moieties and
functional groups for degradation in response to appropriate physiological stimuli. (b) (Left)
SEM image of nanoporous alumina. Reprinted with permission from Ref. 69 Copyright
2007 Elsevier Ltd. (Biomaterials); (Right) Schematic of a nanoporous scaffold. These
scaffolds make for a three dimensional construct with increased surface area, surface
nanoarchitecture and an ability for controlled delivery of factors. (c) (Left) SEM image of
metallic glass nanopillars. Reprinted with permission from Ref. 39 Copyright 2014 ACS
Nano ; (Right) Shematic of nanopatterned Surfaces, which present nanotopographical and
biomechanical cues to engineer cellular response to tissue engineering scaffolds. (d) (Left)
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SEM image of PLGA/Collagen nanofibers. Reprinted with permission from Ref. 90
Copyright 2010 Elsevier Ltd. (Journal of Membrane Science); (Right) Schematic of a
nanofibrous scaffold. Nanofibers and nanowires contribute to creation of biomimetic
scaffolds that recreate the native extracellular matrix structure. These can also be
functionalized/loaded with drugs and other factors for controlled localized delivery. (e)
(Left) TEM image of a gelatin-methacrylate coated nanotube. Reprinted from Ref. 24
Copyright 2013 ACS Nano.; (Right) Schematic of carbon nanotubes. These are used to
reinforce mechanical strength and promote electrical conductivity in polymers and
hydrogels used in tissue engineering applications. They can also serve as excellent drug
delivery vehicles.
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Table 1
Strategies to modulate inflammatory responses toward nonomaterials
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Size & Shape Considerations

Chemical Modifications

Drug Loading & Release

Nanoparticles

. Nanoparticle Diameter >
20 nm ; Absence of
Mac-1 receptor
activation in monocytes
invitro
. 75 nm (in contrast to 200
nm) particles elicit
limited PMN recruitment
invivo
. Nanospheres induce
higher levels of TNF-a
in macrophages, while

. Zn nanoparticles (as
opposed to Ti & Si)
decrease activation of
inflammasomes and
IL-1p release in
macrophages

. Biodegradable &
anionic polymers
induce less
inflammation. E.g.
PLGA, PLA Ref: 46,

. Liopocortin-1
delivery reduces
neutrophil
infiltration in
peritonitis

. siRNA delivery to
decrease TNF-a
levels in
macrophages

. Other potent targets:
NF-kB, P-selectin,

Nanoporous Scaffolds

nanosheets induce higher 47 P .
TNF-a in dendritic cells Cyclin D Ref: 52-57
Ref: 40, 41, 43, 44
. PEG and Collagen

. 20 nm pores attract more
macrophages, but induce
lower levels of IL-1B in
vitro as compared to
200nm pores.

. 20 nm pores, as opposed
to 200nm pores, induce

coatings decrease
serum albumin
deposition and ROS
production.

. POC, rather than
PLGA, reduces

. Release of NSAIDs,
catalase, ascorbic

acid from nonporous
scaffolds decrease
inflammation. Ref:

Nanofibers & Nanowires

in macrophages.

. Nanofiber aspect ratio <
40 reduces lymphocyte
and granulocyte
infiltration.

. Aligned nanofibers
reduce macrophage
recruitment and fibrous

. Collagen elicits a lower
degree of inflammation
than gelatin.

. Heparin based
nanofibers gels reduce
macrophage fusion in

vivo. Ref: 87, 91, 92

lower levels of pro- inflammatory cell 68-71
inflammatory cytokines r?crwft_rgent_&_ induces
invivo. Ref: 38. 63 ess fibrosis in vivo.
) Ref: 65-68
. Neutrophils on Mac-1
conjugated nanodots:
Inter-nanodot spacing of
100 nm lnhd_lijced mdl_nlmal . Preliminary evidence
neutrophil spreading. suggests that
. Macrophages on topographical cues
nanoridges: Inter-ridge override chemical cues:
spacing 6f 600 nm macrophage apihe§ion
reduces macrophage a"ds?,'ﬁﬁgfggn 15
Nanopatterned Surfaces adhesion in vivo. nanopatterned polymers
Intergroove spacing of
150 nm decreases (PCL, PLA etc)
Cy:gg(':rr‘g phr;’d:‘f:lt]'gg:”d . Contact angle of water
phag : droplets on polystyrene
. Nanopillars with aspect and polypropylene are
ratios higher than 5 similar. Ref: 14, 75.
reduce collagen
production in fibroblasts.
Ref: 14, 39, 74, 77-79.
. Nanofiber diameter < . Slowly degrading
600 nm induces minimal polymers such as PCL
production of pro- reduce acidic byproduct . .
inflammatory cytokines accumulation. . Site-specific

delivery of NSAIDs,
curcumin and other
drugs can reduce
inflammation
towards nanofibers.
Ref: 83-85
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Size & Shape Considerations

Chemical Modifications

Drug Loading & Release

capsule formation. Ref:
86-89

Carbon Nanotubes

. Nanotubes with
aggregate size < 10 um
do not induce granuloma
formation.

. Nanotubes at conc. < 0.6
ug/ml do not stimulate
fibroblast growth. Ref:

22,94,101-103

. Nanotubes
functionalized with
triton and inert
polymers such as PEG
attenuate inflammation
invivo.

. Nitrogen doping also
decreases inflammatory
reaction to nanotubes.
Ref: 109, 111

. Localized delivery
of dexamethoasone
and ketoprofen from
carbon nanotubes
reduces
inflammation. Ref:
104-106
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