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Multi-modal delivery of therapeutics using biomaterial

scaffolds

S. Browne™ and A. Pandit**

Functionalisation of biomaterials with therapeutic moieties (proteins, drugs, genes) is a pre-
requisite to tissue regeneration and restoration of function following injury or disease.
However, up until now, single-factor delivery has not proven to be clinically efficacious, most
likely due to the complex nature of pathological states. In this regard, strategies that respect
the complex nature of disease can prove successful, paving the way for the delivery of several
factors to modulate several stages of the pathology over time. Biomaterials offer opportunities
to deliver multiple therapeutics in a temporal manner (multi-modal release) using a number of
strategies. The importance of these strategies will be described, as well as the methodologies
used to achieve multi-modal release. Furthermore, strategies to engineer more programmed

and responsive biomaterials as multi-modal delivery systems will be explored.
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1 Introduction

The use of biomaterials in the fields of drug delivery and regenerative medicine is now well established.'” The
initial use of biomaterials as rigid implants to mechanically stabilize damaged tissue or organs has now evolved to
materials capable of restoring function following injury, promoting regeneration and integration in the body. This
therapeutic role is often aided by engineering specific functional entities into the biomaterial. The range of

functional entities includes proteins, genes, antibodies, cells, or combinations thereof. Biomaterials can be

17,18 19-25

fabricated depending on the application, in the form of a sponge,®'" hydrogel,'>™'° fibre or microparticles,
can act as a reservoir of the therapeutic, maintaining its local concentration, protecting it from degradation and

prolonging release of the therapeutic.

Typical therapeutics utilized to improve the integration of biomaterials into the body are either anti-inflammatory
or pro-angiogenic. Anti-inflammatory therapies aim to minimize the foreign body response to biomaterials,”

39 while pro-angiogenic therapies aim to increase

which can result in rejection and fibrous capsule formation
vascularization of the scaffold and thus integration into the body, In addition, survival of any implanted cells can
be enhanced by this strategy.’' More recently, biomaterials have been used to deliver anti-inflammatory and pro-
angiogenic therapies to pathologically inflamed and ischemic tissues, respectively, rather than for modulation of a
prolonged foreign body response. In addition, various therapeutics (anti-apoptotic, osteogenic, chondrogenic,
neurotrophic etc.) specific to the tissue of interest and the specific disease state being treated, have been delivered
via biomaterials. In each case, biomaterials tend to increase the effectiveness of therapy over bolus injection by
extending the time of release and efficacy of the therapeutic. However, it is worth considering that despite the
increased efficacy of a therapeutic when combined with a biomaterial delivery system, the therapy is dependent on
the activity of the therapeutic itself and its intervention in the disease pathway to promote recovery. That is: will
delivery of that single therapeutic result in complete resolution of the pathology? This is a biological rather than a
materials question, and requires a thorough understanding of the pathology associated with the disease and tissue
being targeted. In most cases, it is quite rare that a single intervention will significantly alter and resolve a complex
disease state. Such cases do exist, specifically in genetic diseases such as recessive dystrophic epidermis bullosa
(RDEB), a blistering skin condition in which patients are incapable of producing the protein collagen type VII.>***
In this case, correction of this gene should in theory overcome the disease state. However, treatment in the

majority of diseases a more holistic approach is necessary and this requires an understanding of the overall

pathology.

This review outlines the necessity for multi-modal delivery strategies to target specific pathways using
biomaterials. In addition, mechanisms to increase the responsiveness of biomaterial delivery systems to react to

injury and stimuli in a temporal manner will be elucidated.
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2 Multi-modal delivery from biomaterials

Wound healing is driven by various factors that are present at distinct time points in the regeneration process.>*>°

Following tissue injury and after the formation of a clot, there is an initial inflammatory phase, characterized by
the presence of cells such as pro-inflammatory macrophages and neutrophils. Subsequently, there is an increased
production of radical oxygen species (ROS) and matrix metalloproteinases (MMPs).” Gradually, this
inflammatory response subsides and is replaced by a proliferative phase during which increased angiogenesis and
extracellular matrix (ECM) deposition occurs, and there is a shift in macrophage phenotype from a pro-
inflammatory to a more regulatory phenotype. There is also a reduction in capillary formation as the wound enters
the remodeling phase, with constant re-organization of the matrix through the activity of fibroblasts, MMPs and
tissue inhibitors of matrix metalloproteinases (TIMPs). It is apparent that biological phenomena such as
angiogenesis, inflammation and tissue remodeling are complex and interlinked processes that are controlled in a
spatiotemporal manner. That is, the appearance of various factors in the local microenvironment is carefully
orchestrated and follows a defined path. Thus, to assume that these processes can be manipulated and re-
capitulated by delivery of a single factor is to oversimplify complex biology. In fact, this phenomenon explains the
failure of single factor delivery systems in the clinic. For instance, delivery of vascular endothelial growth factor
(VEGF) alone often leads to the formation of immature leaky blood vessels characteristic of tumours.*® In
addition, these vessels are often prone to regression over time, compromising the perfusion of the tissue. In
comparison, systems that deliver multiple growth factors have led to increased maturation of newly formed
vessels. ° It is evident, therefore, that there is a clear need to engineer biomaterials that can control the release of
factors over time, in an attempt to control processes such as these. Materials capable of controlling the release of
multiple factors such that there is a differential release of specific factors over time can mimic the spatiotemporal

nature of biological processes.

2.1 The need for multi-modal delivery

The use of single factor delivery to treat various pathological and disease states thus far has proven insufficient
from a clinical standpoint. This is hardly surprising given the complexity of many disease states. For instance, if
one examines the normal wound healing response, there is an initial inflammatory phase, followed by a
proliferative phase and finally the remodeling phase. During compromised wound healing, such as with diabetic
wounds, there is dysregulation in all of the phases.*’ In addition, with the reduced endothelial nitric oxide synthase
(eNOS) activity and nitric oxide (NO) availability due to the increased production of ROS, there is diminished
angiogenesis, and issues with inflammation as well as changes in ECM composition.*’*> When designing a
therapy, one has to carefully consider the target pathological stage, and determine the stage of the primary cause
of impaired wound healing. In the case of diabetes, this would mean deciding whether to target the chronic

inflammatory state, attempt to reduce ROS expression, try to overcome the lack of sufficient angiogenesis or
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attempt to modulate the changes in ECM composition. However, it is apparent that in order to deal adequately with
the pathological state, a multi-faceted approach is necessary. This is true of not only diabetes but also of a number
of other conditions such as critical limb ischemia (CLI) and myocardial infarction (MI). But the delivery of
multiple factors with antagonistic functions at one time can complicate the process, given that processes such as
inflammation and angiogenesis are so intricately and closely linked that they follow a very distinct time-course.
Thus not only is the delivery of multiple factors necessary but it must be controlled in a temporal manner, allowing
for changes from one phase of the pathological condition to the next. For this reason, biomaterials that can control

the timing of delivery of multiple factors relative to each other have therapeutic value.

In addition to their use as therapeutic delivery systems, biomaterials that can modulate the temporal release of
multiple factors are of biological significance. Using biomaterials, which can impart control over the temporal
release of factors, are useful tools that permit an investigation of cross-talk between multiple factors. For example,
scaffolds with these multi-modal release properties can be used to study interactions between various angiogenic
factors to determine how mature and stable blood vessels are formed in all four dimensions. By utilizing these
materials in a systematic way, the mechanisms behind complex processes may be elucidated, and more relevant

and efficacious therapies developed.

2.2 Biomaterial strategies to achieve multi-modal delivery

The current paradigm in tissue engineering is the use of biomaterials as reservoirs to extend the release of
therapeutics. These strategies involve the use of protein therapeutics, nucleic acids or drugs. However, from a
biomaterials standpoint the parameters of significance are the physico-chemical properties of the therapeutic, and
its optimal combination with a biomaterial. Typically, therapeutics may simply be loaded and physically entrapped
within scaffolds. The therapeutic is subsequently released over time through a combination of diffusion and
degradation of the scaffold. This has proven moderately successful with both natural and synthetically-derived
scaffolds. However, especially for synthetic scaffolds, there is no significant control over the release of the
therapeutic given that the degradation is not enzymatically driven. The only control is that of the concentration and
physical form of the material. With natural materials, enzymatic degradation will trigger release of loaded
therapeutics. However, this property can be engineered into synthetic scaffolds.** In addition to enzyme-
mediated degradation, binding sites for therapeutics may be engineered into material systems.**** Another
possibility is the modification of the therapeutic or the use of a variant such that it has a sequence that will bind to
the natural scaffold. This has been shown with VEGF and fibrin matrices previously.*” While these strategies offer
control over release of a single-loaded therapeutic, alternative strategies are necessary to control the release of
multiple factors in a temporal and controlled manner in an attempt to re-capitulate natural developmental and

regenerative processes.
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2.2.1 Scaffolds and hydrogels

Biomaterials in the form of porous scaffolds and hydrogels are the most common scaffolds used in tissue
engineering. Typically therapeutics are physically incorporated into the biomaterial either during or after the
fabrication process. Delivery of VEGF and FGF-2 from a PLGA scaffold (or bridge) has been reported to promote
angiogenesis in a rat spinal cord hemi-section model to treat the ischemia associated with the injury.*® Dual
delivery of the growth factors was observed to increase endothelial cell infiltration and blood vessel formation.
This resulted in a trend towards increased neurite ingrowth into the implanted bridge. Thus, delivery of factors to
promote angiogenesis may help to overcome the ischemic environment that negatively affects regeneration.
However, in this study the use of single factor delivery was not used as a control, and thus it is impossible to say
definitively that multiple factor delivery is more powerful than either single factor delivery, or to interpret the

interaction between the factors as a function of release from the biomaterial.

Layered PLG scaffolds containing distinct regions of VEGF and anti-VEGF were constructed to create spatially
restricted angiogenic regions.* It was observed that increased angiogenesis occurred in the VEGF layers while
minimum angiogenesis was observed in the anti-VEGF layers, as the anti-VEGF blocked the activity of the VEGF
as it diffused away from the VEGF layer. The layered scaffold was assessed in an ischemic limb model and it was
observed that scaffolds containing both the VEGF and anti-VEGF layers produced greater perfusion of the limb
than the blank scaffold. The importance of this study is that it spatially restricts the activity of a factor by
delivering an antagonist to restrict its zone of activity. The region of action can be increased or decreased by

altering the doses of VEGF and anti-VEGF, respectively.

An alginate affinity-based system was utilized to deliver insulin-like growth factor 1 (IGF-1) and hepatocyte
growth factor (HGF) in a sequential manner to the infarcted myocardium.’® This was found to increase formation
of blood vessels and reduce apoptosis in the myocardium, with reduced fibrosis also being apparent. While this
study illustrated the potential advantages of a delivery system compared with a saline injection, it is difficult to
decipher whether either growth factor delivered via a biomaterial will be sufficient as these groups were not
included in the study. Similarly, an alginate system was used to enhance the regeneration of ischemic muscle®’
with VEGF and IGF delivered along with myoblasts. It was observed that there was a reduction in the defect area
at six weeks. Increased angiogenesis and perfusion were seen, while there was an improvement in the tetanic force
generated in the anterior tibialis muscle when both factors were delivered compared with either factor alone or
bolus delivery of the factors. The use of a biomaterial system thus ensured a more extended presence of the

delivered factors in the local environment.

Alginate-sulfate has been used to sequentially deliver three factors to induce neovascularization.® The use of

alginate-sulfate allows for the loading of heparin-binding factors, or VEGF, PDGF-BB and transforming growth
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factor-f (TGF-B) in this case. An initial burst release of VEGF is followed by a more prolonged and delayed
release of PDGF-BB and TGF-, similar to that which occurs in normal blood vessel formation. When using only
alginate, no difference was observed in the release profile of these factors, with release also occurring much
quicker for each of the factors. /n vivo, this differential release profile proved capable of increasing blood vessel
density after one and three months. The timing of the release of multiple factors, and subtle changes in material

characteristics can thus have an effect on biological processes.

A poly (ethylene glycol) (PEG)-maleimide gel was formed with RGD sequences and growth factor binding
domains, with the ability to control the growth factor release via protease-cleavable linkers.”> Dual delivery of
HGF and VEGF was found to improve function in the rat myocardium following ischemia/reperfusion. However,
there was no difference in the release profile of the growth factors as they were released simultaneously. Time-
delayed release of one of the factors relative to the other, or incorporation of a separate factor to be differentially
released can further improve this system. A brushite-chitosan system was used to control the release of angiogenic
factors. VEGF and PDGF were delivered in a bone defect model.”* The authors compared the in vitro and in vivo
release profiles using radiolabelled growth factors. The same patterns were observed with minimal differences
between in vitro and in vivo. It was found that the combination of growth factors greatly increased the formation of

new bone than occurs with either growth factor alone, due to increased blood vessel formation and maturation.

Single-walled carbon nanotubes have been developed for use as biomedical sensors. However, inflammation
results from implantation and compromises the function of the sensor. Thus, carbon nanotube sensors have been
coated with a PEG hydrogel loaded with dexamethasone (DX) and VEGF. In a chick embryo chorioallantoic
membrane (CAM)*® the release profile was assessed and revealed that the DX release was quicker than the
VEGF. Using both DX and VEGF, the therapeutic index, defined as the ratio of vasculature density to
inflammatory cell density, was higher than that of the control. However, there was little difference between this
group and the VEGF alone group, while the group delivering DX in bolus form followed by sustained release of
VEGF had an improved therapeutic index. This may be due to an interaction between the functions of DX and
VEGF. Thus, it may be that a more precise control over the release profiles, such that there is a greater difference
between DX and VEGF release, would result in an improved outcome. Similarly, a hydrogel formed from 2-
hydroxy-ethyl methacrylate, N-vinyl pyrrolidinone, and PEG was loaded with DX and VEGF and used as a
coating to reduce the foreign body response to implanted glucose sensors.”® The VEGF increased angiogenesis and
inflammation, while the DX had the opposite effect. Thus a system that can tune the release of the two therapeutic

components of the system is useful in a scenario in which both inflammation and angiogenesis must be controlled.
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222 Micro- and nanoparticles

Wang et al developed an anti-cancer strategy using a nanocapsule delivery system. To treat a subcutaneous tumor
model in mice, nanocapsules were used to sequentially deliver an agent to disrupt the vasculature, combretstatin
A4 (CA4), and an anti-cancer agent, paclitaxel (PTX).”” Sequential release was achieved by the slow hydrolysis of
the ester linkage between the PTX and the poly (lactic acid) (PLA) polymer, which delayed its release more than
that of the CA4. It was found that sequential delivery of these factors using the nanocapsule system resulted in
reduction in tumor volume and 100% survival of the treated mice. A similar anti-cancer strategy was developed
using liposomes decorated with low-density lipoprotein receptor-related protein receptor (Angiopep-2) and
neuropilin-1 receptor (tLyP-1). Yang et al. delivered VEGF siRNA and PTX to subcutaneous xenograft tumor
models in mice. It was found that dual delivery resulted in reduced levels of VEGF, increased apoptosis and a
reduction in tumor volume. This was observed both when the liposomes were delivered directly to the tumor and

when delivered intravenously.®

Dual delivery of siRNA targeting IL-10 along with a pDNA vaccine encoding for hepatitis-B surface antigen
(gWizHBsAg) using poly (ethylenimine) (PEI)-PLGA microparticles was observed to tune the immune response

in a mouse in vivo model.>’

This system however was designed to co-deliver the nucleic acids to the same cells,
and thus there was no sequential release. This system can be modified to alter the release profile, allowing for

sequential delivery of nucleic acids.

Cittadini et al. used gelatin microspheres to produce an initial burst release of IGF-1 followed by a sustained
release of VEGF.® It is not clear how this release profile is achieved, although it appears simply due to an
increased natural affinity between the gelatin and the VEGF over the IGF-1. Dual-delivery of both IGF-1 and
VEGF together had complimentary effects: reducing inflammation, increasing angiogenesis, and reducing the
infarct size. Alginate-albumin particles have also been used in a similar way to deliver angiogenic factors to the
myocardium in a chronic heart failure model.®’ The interaction between FGF-2 and HGF when they were
delivered simultaneously was examined, and its ability to promote angiogenesis. It was revealed that delivery of
both factors increased not only the number of blood vessels but also the number of mature vessels. This resulted in
an improved functional performance of the heart. A system that modulates the release of one factor relative to
another could be used to study the spatiotemporal relationship between the factors, which in turn could lead to

improved efficacy.

PLGA microparticles were used to deliver combinations of angiogenic factors to induce angiogenesis in a CLI
model.”* Endothelial progenitors were also delivered to aid in the angiogenic process. PLGA particles formed
using a double-emulsion process were loaded with VEGF, HGF or Ang-1, and used in various combinations in an

in vivo matrigel plug assay. It was observed that delivery of all three factors was superior in terms of blood vessel
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formation to dual delivery of VEGF and HGF, which itself was superior to delivery of VEGF alone. In the
ischemic limb model, delivery of VEGF, HGF and Ang-1 along with endothelial progenitors increased perfusion
of the ischemic limb when injected into the muscle. The PLGA particles were designed to release the growth
factors over a period of up to two weeks, with any difference in release likely to be minimal. However, the fact
that microparticles were used allows for the possibility of their incorporation into a scaffold or hydrogel to further
tailor the release, or to modulate the release of factors relative to one another and thus increase the degree of
control over their interaction. Collagen microspheres were loaded with bFGF and HGF and used to induce
angiogenesis in a CLI model.” In vivo release studies showed that when bFGF and HGF were delivered
simultaneously to the limb increased perfusion of the limb resulted than that of either factor alone at a higher dose.

Thus the synergism of the two factors results in a greater effect than with either factor alone.

2.2.3 Fibrous scaffolds

A cellulose acetate hollow fibre system was used to prolong the release of angiogenic factors and was tested in
vivo using a matrigel™ plug assay.®* It was found that delivery of VEGF followed by delivery of sphingosine 1-
phosphate (S1P) resulted in the formation of a mature vasculature compared with either factor alone or both
factors simultaneously. While this does prove the necessity for sequential delivery, the delivery system was not
ideal. The hollow fibres were implanted and then injected with the angiogenic factor every 24 hours, with VEGF
injected for the first three days and S1P subsequently injected for three days. Thus, while the system is not suitable
as a therapeutic delivery system, it has shown its usefulness as a tool for studying the interaction between various
factors. This was also observed when the same system was used to study the interaction between bFGF and PDGF
in a subcutaneous matrigel™ plug assay.®* In this case, the switch from bFGF to PDGF was on the third day. It
was observed that delivery of bFGF followed by PDGF resulted in greater blood vessel formation and maturation

compared with either factor alone, both factors delivered simultaneously or PDGF followed by bFGF.

Electrospun fibres may also be loaded with different factors during the fabrication process, negating the need for
continual application of therapeutics following implantation as in previously described studies. This has been
shown by Man et al., who fabricated electrospun fibres with poly (vinyl pyrrolidone)/bovine serum albumin as the
core fluid and poly (e-caprolactone) (PCL) solution as the sheath fluid. TGF-B1 was loaded within the core fluid
and a bone marrow-derived stem cell (BMSC) affinity peptide (E7) was attached to the PCL shell. Release studies
revealed that the TGF-B1 was released gradually over 21 days after an initial burst over the first five days. In vitro
studies show that the presence of the E7 peptide increased the attachment and proliferation of the BMSCs, while
the gradual release of TGF-f1 promoted cartilage differentiation. Thus, this fibre-based scaffold shows potential to
promote the attachment of stem cells and direct their differentiation, depending on the cytokine loaded within the
scaffold.®® Electrospinning can also be used to form differentially loaded membranes. Electrospun membranes

were fabricated with VEGF and PDGF loaded in the inner and outer layers, respectively.”” When implanted in
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vivo, it was observed that the group delivering VEGF and PDGF allowed endothelial cells to attach to the lumen

and smooth muscle cells to form a layer on the outside.

Fibrous scaffolds composed of poly (DL-lactide)—poly (ethylene glycol) (PELA) were loaded with either pVEGF
polyplexes, basic fibroblast growth factor (bFGF) polyplexes or both, and implanted subcutaneously to observe the
angiogenic effect.®® Polyplexes were formed using the commercially available transfecting agent PEL It was seen
that delivery of both pVEGF and pbFGF together increased the blood vessel density at two and four weeks.
However, there appeared to be very little difference in the release profiles, with any differences attributed to
polyplex size and charge. This shows that release of two complimentary factors is superior to that of one factor;

nevertheless the timings of release of each needs optimization.

224 Spheres-in-scaffold/hydrogel composite

The use of biomaterials to deliver multiple therapeutics has been investigated over a number of years.% The use of
composite scaffolds with microspheres contained within a bulk scaffold (solid or hydrogel) has proven to be a very
popular method to achieve differential release of factors. Biomaterial systems that are able to mediate the release
of VEGF and platelet-derived growth factor (PDGF) so that VEGF is released much quicker than the PDGF have
been designed. This was achieved by mixing lyophilized VEGF with PDGF within microspheres, which were then
incorporated into the same poly (lactide-co-glycolide) (PLG) scaffold. It was observed that co-delivery of these
factors in a temporal manner using a polymeric system resulted in the increased formation of mature and larger
blood vessels. This utilization of a biomaterial to mimic the native angiogenic process shows the importance of the
temporal delivery of factors, demonstrated by the fact that delivery of single factors with a biomaterial or both
factors via bolus injection resulted in a lesser angiogenic response. To further emphasize the crucial temporal
control over factors, a similar study utilised a bi-layered scaffold which had VEGF alone in one spatial domain and
VEGF/PDGF delivered sequentially in an adjacent region.”® Following implantation in the ischemic hind limbs of
mice, it was observed that in the VEGF alone treated side, small immature blood vessels were formed, but in the
region treated with a temporal combination of VEGF and PDGF, there were fewer blood vessels but these vessels
were larger and mature, at both two and six weeks. An alginate gel system has been used in the myocardium to
deliver these same two factors, VEGF and PDGF, in a sequential manner.” Increased vessel density was observed,
along with an improvement in myocardial function. The differential release of the two factors, however, was not a
result of physical entrapment within microspheres as before, but rather a result of differential affinity between the
different growth factors and the alginate hydrogel. This was not as a result of modification of the material but
rather an intrinsic property of the alginate and growth factors. These studies illustrate the ability to utilise the
properties of materials for multiple, sequential release. Material properties may also be engineered into substrates

and growth factors for single factor release. By engineering increased affinity for a specific factor for which
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delayed release is appropriate, and non-modification of a factor which is required for an earlier/quicker release,

multi-modal systems can also be constructed.

The delivery of more than two factors is also possible through biomaterial scaffolds. Using a PLG scaffold
(microspheres and scaffold composite), the temporal presentation of multiple angiogenic factors was investigated.
It was found that co-delivery of VEGF and angeopoeitin-2 (ANG-2) followed by PDGF and angeopoeitin-1
(ANG-1) using this system induced the formation of a more stable vasculature characterized by increased alpha-
smooth muscle actin (a-SMA) positive vessels.” This emphasizes a number of important factors, the first of which
is the significance of multiple factor release in biological processes. The second is the critical need of temporal
presentation, as in this case the pro-angiogenic factors VEGF and ANG-2 are released first followed by the release
of the pro-maturation factors PDGF and ANG-1. This ensures the formation of a stable vasculature, which does

not occur with delivery of just VEGF and ANG-2.

To induce angiogenesis in the infarcted myocardium, an N-isopropylacrylamide (NIPAAm)-based thermally
responsive hydrogel with poly (lactic-co-glycolic acid) (PLGA) microspheres were used to deliver basic fibroblast
growth factor (bFGF) and IGF-1."* However, no added benefit was observed when these growth factors were
added to the biomaterial compared with the biomaterial alone as the cytokines lose bioactivity over time in this

system.

The PLGA particles previously described® were combined with a dextran hydrogel to create a sequential delivery
system. Macrophage inflammatory protein-3a (MIP-3a) was loaded into the dextran hydrogel to be released faster
than the PLGA particles and attract dendritic cells. The release of PLGA particles with IL-10 siRNA and a pPDNA
antigen was enabled as the dextran hydrogel degraded, enhancing the immune response by shifting the T cell
response to a Th2 type response.” In vitro studies confirmed the ability of the system to attract dendritic cells and
reduce the IL-10 expression illustrating the potential efficacy of the system to deliver chemokines and nucleic
acids in a single system. The system can be altered to allow for the delivery of alternative combinations of

chemokines and genes, enabling use of the system in a range of disease states and pathologies.

A synthetic thermoresponsive hydrogel system was developed by Nelson et al. based on NIPAAm. Through the
incorporation of a protein-reactive methacryloxy N-hydroxysuccinimide (MANHS) group, increased protein
loading and retention was achieved. By addition of a hydrophilic acrylic acid group, degradation of the hydrogel,
and hence protein release, can be increased.”* A further layer of functionality and control was achieved by adding
protein-loaded PLGA microspheres to the gel system. As expected, release of protein from the gel occurred before
release from PLGA spheres. This system allows precise control over the timing of release through the
incorporation of protein reactive groups as well as cleavable sites. However, no biological functionality of a

released protein was observed, with bovine serum albumin (BSA) used as a model protein. A similar sphere-in-gel
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system using chitosan gel and gelatin microspheres was characterized in vitro and used to increase the osteoblastic
differentiation of W-20-17 mouse bone marrow cells.” This composite chitosan/gelatin microspheres system used
to sequentially deliver bone morphogenic protein-2 (BMP-2) and IGF-1 showed an increase in alkaline

phosphatase (ALP) activity at five and seven days.

A composite poly (propylene fumarate) (PPF) scaffold with gelatin microparticles was used to deliver VEGF and
BMP-2 in a critical-sized bone defect in a rat.”® Dual delivery improved the bone formation at four weeks, but this
effect disappeared at 12 weeks as the group treated with the combination of VEGF and BMP-2 was similar to the
group treated with BMP-2 alone. A more controlled release strategy to optimize the interaction between the
angiogenic VEGF and the bone-forming BMP-2 in a temporal manner may yield increased bone formation over
BMP-2 alone. In a follow-on study to assess the effect of dose on bone formation, no difference was seen in bone
formation following VEGF delivery at 12 weeks.”” There was no obvious benefit of the delivery of VEGF and
BMP-2 over the delivery of BMP-2 alone at 12 weeks. However, the authors speculate that further optimization of
loading dose, growth factor ratio and release kinetics can result in improved bone formation. In contrast, another
study, using VEGF and BMP-2 in combination, observed an increase in bone formation following dual delivery
using PLGA microspheres in a PPF scaffold, surrounded by a gelatin hydrogel.” This system was implanted both
subcutaneously (ectopic model) and in a critical sized defect model. However, this difference may also be due to

the different time point used (eight weeks).

A collagen/fibronectin hydrogel with alginate microparticles embedded within it was used to increase the survival
and therapeutic potential of transplanted endothelial cells.”” VEGF and monocyte chemoattractant protein-1
(MCP-1) were delivered in a sequential manner and resulted in an increased number of blood vessels when
compared with delivery of either factor alone. In addition, there was no increased inflammatory response detected

at two weeks.

Wang et al. utilized a double-sphere-in-gel system to control the release of two factors, epidermal growth factor
(EGF) followed by erythropoietin (EPO), in an attempt to stimulate endogenous stem/progenitor cells in a stroke
model.¥ EGF was modified with a 5kDa PEG and encapsulated within PLGA particles while the EPO was
encapsulated within bi-phasic particles consisting of PLGA coated with poly (sebacic acid) (PSA). Both of these
types of particles were encapsulated in a hyaluronan methylcellulose hydrogel. The purpose of the hydrogel was
two-fold: to retain the particles and growth factors in the local area; and to attenuate inflammation, an intrinsic
property of high molecular weight hyaluronic acid.®'"** It was observed that delivery of EGF and EPO through the
composite delivery system improved recovery compared with that of vehicle alone or growth factor delivery via a
pump, although the lack of delivery of EGF or EPO alone makes it difficult to determine the importance of dual

delivery or the interplay between the two factors. The importance of relevant controls in these studies cannot be
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underestimated as the effects of each individual component in the system need to be determined, along with the

interaction between the factors.

The use of a PLGA sphere/alginate gel system has been developed and tested in a CLI model in mice. It has been
used to deliver heat shock protein 27 (HSP27) with a transcriptional activator (TAT) derived from the human
immunodeficiency virus (HIV) introduced as a protein transduction domain (PTD) to HSP27 along with VEGF.®
The hypothesis was that the TAT-HSP27 will protect cells in the ischemic environment from apoptosis, while the
subsequent release of VEGF induces neovascularization of the ischemic limb. A further layer of complexity was
added by the use of either porous or non-porous PLGA spheres. It was found that the combination of TAT-HSP27
and VEGEF resulted in a reduction in apoptosis and an increase in arteriole and capillary density, particularly with
the porous PLGA spheres. It is worth noting that in the measurement of both apoptosis and angiogenesis, the
cumulative effect of TAT-HSP-27 and VEGF was greater than that of either factor alone, underscoring the positive

effect of coupling complementary therapeutic strategies.

A fibrin-based sphere-in-gel system has been reported for the delivery of multiple nucleic acids using lipoplexes.®
This system has proven efficacious in the delivery of peNOS to diabetic rabbit ear ulcer model. However,
increased potency of the therapeutic was observed when the secretory control pRAB18 was added to the system.®
The delivery of peNOS and subsequent delivery of pRAB18 allowed for increased angiogenesis and reduced
inflammation, resulting in improved wound closure at 14 days. Again, delivery of peNOS and pRABI18 proved
more efficacious than either of the single genes alone, emphasizing the synergistic nature of these genes and

strategies. This is depicted in figure 4.

Silk scaffolds have been developed that have dual release, sequential properties. Using either silk nanoparticles®
or calcium alginate beads,® sequential release of factors was achieved. However, in both cases, no therapeutic
molecule was added to the system, with model molecules used to assess the release profiles. Also, in vivo studies

were not performed, making it difficult to comment with any certainty on the potential of the systems.

3 Future Directions and challenges/issues to be overcome

Amongst the systems that have been discussed, a clear distinction should be made. That is between those
biomaterial constructs that have potential for clinical translation and those that do not. However, biomaterials that
demonstrate multi-modal release have two possible uses: for clinical applications and also for studying interaction
between factors. While those suitable for clinical translation may also prove useful in studying biological
processes, those which require additional surgical intervention or the application of physical external stimuli are,
by contrast, unlikely to be of use in a clinical setting. However, they could prove invaluable as tools to study

complex biological processes and how various factors interact during disease/repair/development.
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Multi-modal delivery systems have shown much promise in terms of controlling the release of therapeutics and of
directing these processes to improve the outcome in a number of disease states. However, even with this promise,
there is room for improvement, particularly in the make-up and responsiveness of these systems. An ideal delivery
system will be capable of a programmed release to match the requirements of the tissue. Depending on the disease
state, and how rapidly the pathology changes, a responsive system may or may not be required. In order to increase
the programmability of the scaffold, more carefully constructed biomaterials can be used to exert greater control
over the exact make-up and loading regimes of the scaffolds. 3D printing technology has been used to fabricate
scaffolds with precise and tunable geometries, and may also be used to exercise precise control over the loading of
different factors spatially in a scaffold. Factors may be differentially placed in either the external or internal layers,
or in any number of patterns or gradients. In this way, the release can be programmed or fine-tuned to treat
different disease states. Jaklenec et al. reported on forming a scaffold by fusing PLGA microspheres using
dichloromethane vapor.®® Using dyes, patterns of bioactivity could be formed in the subsequent scaffolds, paving
the way for patterned scaffolds to release multiple factors in a defined yet versatile manner. This scaffold was
subsequently used to sequentially release bioactive IGF-1 and TGF-B.*¥ This concept of building up scaffolds with
different patterns is depicted in figure 2, with three possible patterns shown. This strategy may be particularly

suitable for a disease in which the pathology is very well characterized and known.

Multi-modal scaffolds have mostly relied on methods such as differential physical entrapment and degradation to
modulate the temporal release of therapeutics, as well as on interactions that delay the release of one factor over
another. This is quite crude, and does not fully appreciate the dynamic nature of biological processes of pathology
and disease in which the end of one phase often triggers the next. Systems that are more reactive and responsive in
nature can prove quite useful in this respect, especially for pathologies with rapid changes between phases.

Biomaterial scaffolds have previously incorporated MMP-cleavable linkers**+%0!

to modulate biodegradability.
By utilizing this technology, intrinsic properties associated with specific phases of pathology can be used as
triggers to release different factors that will allow the biomaterial to dynamically progress with the pathology. For
example, MMP, ROS or pH-sensitive linkers can be used to release anti-inflammatory molecules, while low
oxygen tension can be used to trigger the release of angiogenic factors in ischemic conditions. Mimicking, or even
hijacking, natural processes to engineer responsiveness into biomaterial systems can produce sensitive, flexible
and truly reactive systems. This may also help to overcome issues with regard to optimizing the release of the
appropriate dose, as the release rate will be related to the intensity of the response, whether it be inflammatory,
ischemic or another. Zisch et al. have shown that ‘cell-demanded” VEGF release (MMP-dependent) results in the
formation of a more regular vasculature compared with passive VEGF release via diffusion.”” This emphasizes the

need to involve the host system in the release of any loaded therapeutic. In this way, these systems can be

considered both multi-modal as well as responsive in nature.



Journal of Materials Chemistry B

Antibody technology has been used with varying degrees of success to target systemically administered
therapeutics to particular sites. Despite some promising results, much of the therapeutics often end up in the liver,
lung and spleen. However, more recently, a slightly different approach has been utilized by combining biomaterial
scaffolds and antibodies for tissue engineering. A ‘stem cell capturing scaffold’ was produced by conjugating the
Sca-1 antibody to a collagen scaffold.”® Sca-1 is a marker for hematopoietic, cardiac and skeletal muscle stem
cells, and thus by adding a Sca-1 antibody to the scaffold, these cells would preferentially attach and stay localized
to the scaffold. This was shown to increase cardiac regeneration following ischemic injury relative to a collagen
scaffold without attached antibody, with increased cell and capillary density. This approach could be used to
produce a multimodal scaffold, with defined regions in a scaffold patterned with specific antibodies to promote the
attachment of specific cell populations. In addition, specific factors could be loaded into regions of the scaffold to
target particular factors to a particular cell type. For instance, a scaffold could preferentially ‘capture’
macrophages in one layer, and add a factor which will ensure the macrophages are regulatory in nature (IL-10, IL-
4) and ‘capture’ endothelial progenitor cells (EPCs) in another to ensure vascularization. This may also be useful
to build up complex layered tissue types in vivo, while gradients could potentially be used to regenerate regions

such as the osteochondral joint at the knee where the tendon attaches to the bone.

It is clear that multi-modal biomaterial delivery systems offer a new therapeutic modality with which to intervene
in many complex and debilitating disease states. However, with this hope come a number of complications that
must be considered and overcome. Until now, therapies have focused on the delivery of a single therapeutic, and
the effects of that therapeutic. Therapies delivering multiple therapeutics demand an increased understanding of
both the mechanism of each of the bioactive molecules as well as of any possible interactions or cross-talk
between them. Thus, it becomes clear that the choice of molecules is of paramount importance, both in terms of
the efficacy of the therapy and also to ensure no negative interactions that could cause complications for the
patient. It is imperative to deliver therapeutics that are complementary to each other in nature, as the combination
of therapies should prove more beneficial than either of the therapies alone. If this is not the case, it will be clear
that the therapies are not compatible as a dual therapy, and alternative combinations should be pursued. Multi-
modal biomaterials are enabling technologies, but they require that the appropriate combination of molecules is
carefully selected to ensure maximum benefit from each component. Thus, mechanistic studies to determine

interactions between different factors are a prerequisite to combining them for therapeutic intervention.

While multi-modal systems are increasingly being used in a research setting, many difficulties remain in
translating these therapies to clinic. One difficulty is to overcome the regulatory barriers for the delivery of two
therapeutics. Multiple barriers and restrictions apply when attempting to translate new molecular medicines such
as protein, cell and gene therapy to the clinic, even for orphan diseases.”* Thus, translating a therapy that combines

two new therapies is difficult. Therefore, it is easier from a translational standpoint to use multi-modal
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biomaterials systems to combine established and approved therapeutics which have already been shown to be
efficacious either in the treatment of the disease being targeted or in other disease states. Not only does a
therapeutic need to be considered, but also the biomaterial system itself. While increased complexity of the
systems is required in terms of the desire to control release, this must be achieved using as simple and as scalable a
chemistry as possible, since increased complexity makes it more difficult to translate.” Thus, scale-up and issues
such as sterilization, packaging and shelf-life are imperative to the successful application of any therapy. In
addition, GMP production standards and facilities need to be established before any human trials are possible. In
addition to regulatory considerations, practical applications must not be forgotten. The ‘device’ (biomaterial plus
incorporated therapeutics) must be kept simple and should require only minimal manipulation or assembly prior to

use to ensure ease of use for the end-user, most likely to be a surgeon treating a patient in an operating room.

4 Summary

Multi-modal biomaterial scaffolds offer promise, not only in terms of the treatment of complex pathologies, but
also as a tool to study biological processes and the interaction between different cells and factors. Up to now,
multi-modal delivery systems have been programmed for differential release either by using microparticles within
a scaffold, or by taking advantage of contrasting aftinity of factors with a scaffold. However, in both cases, a lack
of true control over release is apparent. For this reason, the next generation of biomaterials will utilize more
complex systems that have increased control over release, in terms of reactivity to stimuli as well as the targeting
of therapeutics to specific cell types. In this way, the systems attempt to mimic natural processes and move
seamlessly from the release of one molecule to another. In spite of the unavoidable complexity in engineering such

systems, the ultimate goal must be to ensure that these systems remain amenable to clinical translation.
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ALP — alkaline phosphatase

Ang-1 — angeopoeitin-1

Ang-2 — angeopoeitin-2

bFGF — basic fibroblast growth factor

BMP-2 — bone morphogenic protein 2

BMSC — bone marrow-derived stem cells

BSA — bovine serum albumin

CA4 — combrestatin A4

CAM - chick embryo chorioallantoic membrane

CLI — critical limb ischemia

DX - dexamethasone

ECM - extracellular matrix

EGF — epidermal growth factor

eNOS — endothelial nitric oxide synthase

EPC — endothelial preogenitor cells

EPO - erythropoietin

HGF — hepatocyte growth factor

HSP27 — heat shock protein 27

IGF-1 — insulin-like growth factor

MANHS — methacryloxy n-hydroxysuccinimide

MCP-1 — monocyte chemoattractant protein-1

MI — myocardial infarction

MIP-30 — macrophage inflammatory protein-3 alpha
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MMP — matrix metalloproteinases

NIPAAm — n-isopropylacrylamide

NO — nitric oxide

PCL - poly (g-caprolactone)

PDGF - platelet-derived growth factor

PEG - poly (ethylene glycol)

PEI — poly (ethylenimine)

PELA — poly (DL-lactide) — poly (ethylene glycol)
PLA — poly (lactic acid)

PLG - poly (lactide-co-glycolide)

PLGA - poly (lactide-co-glycolic acid)

PPF - poly (propylene fumarate)

PSA — poly (sebacic acid)

PTD — protein transduction domain

PTX - paclicataxel

RDEB - recessive dystrophic epidermis bullosa
ROS - radical oxygen species

TAT — transcriptional activator

TGF-p — transforming growth factor-beta
TIMPs — tissue inhibitors of matrix metalloproteinases
VEGEF - vascular endothelial growth factor

a-SMA — alpha-smooth muscle actin
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Table 1: Examples of biomaterial systems that have been used in the literature to deliver multiple factors based on single=phase scaffolds and

hydrogels.
Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference
3 pg of each Release profile — 80% VEGF, 75% Increased formation of
Alginate el VEGF and growth factor Angiogenesis PDGF after 30 days Rat  myocardial | mature blood vessels, 71
£ & PDGF £108 80% weight loss of alginate gel | infarction model improved cardiac
after 40 days function
4 pg VEGF in :
central layer and Spatiall controlled
Layered PLG | VEGF and anti- | 20 pg  anti- Angiosenesis Release profile — about 80% of | Mouse ischemic arI: ‘o e}r;esis dependin 49
scaffold VEGF VEGF in £log VEGF and anti-VEGF over 30 days | hindlimb model ongla ge s P &
surrounding Y
layers
Release prolife — 100% IGF-1, 25%
HGF over 7 days Increased blood vessel |
Alginate  hydrogel IGF-1 and HGF 170 ng of each Angiogenesis ¥nduct1.0n of AKT phosphorylation Rat .myocardlal arca, reduced apoptosis 50 I
beads factor in cardiac cell cultures infarction model .
. . and reduced fibrotic area
Protection of cardiac cell cultures
from H,0, induced apoptosis
Increased blood vessel
. .| density, limb
Alginate hydrogel VEGF and IGF- ) 3 g of each Angiogenesis n/a Mousp ischemic reperfusion and tetanic 51 .
1 factor hindlimb model L |
force generation in the
anterior tibialis muscles
100 ng total
growth  factor .o .
Alginate sulfate VEGF and (molar ratio of . . TGF-p binding to algomate sulfateo Subcutaneous rat | Increased blood vessel
PDGF-BB, ) Angiogenesis | Release profile — 45% VEGF, 30% 52
hydrogel TGF-B VEGF: PDGF- PDGF-BB and TGF-P after 8 days model area and mature vessels |
BB: TGF- B of 4 .
0.6:1:1) |
PEG-maleimide Release profile — 100% release of
. . Increased number of
hydrogel with growth each factor following treatment .
S 1 pg of each . . . . ) Rat  myocardial | blood vessels, reduced
factor binding and | HGF and VEGF Angiogenesis | with high concentration | . . . . 53
factor . infarction model | fibrosis and improved
protease- degradable collagenase, 65% with lower dose, mvocardial function
sequences 40% in PBS at 4 days Y
Brushite-chitosan PDGF and izg n:% 5 OPD(I}lF Bone Release profile — 80% PDGF, 60% Ei\gi ; bong?;?ert:(i Increased bone 54
VEGF & | formation VEGEF at 21 days formation

VEGF

model




Page 19 of 33 Journal of Materials Chemistry B

Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference |
PEG hydrogel (as a 0.9 pg DX and . Chick embryo | Reduced inflammatory
. . Inflammation . . .
coating on single DX and VEGF 45 ng VEGF and Release profile - .8 pg DX, 35 ng | chorioallantoic cell density and 55
walled carbon released over 9 . . VEGF at 4 days membrane (CAM) | increased blood vessel
angiogenesis .
nanotubes) days assay density
2-hydroxyethyl
methacrylate, N- Inflammation Combination of DX and
vinyl pyrrolidinone, DX and VEGF 20 pg DX and and n/a Rat subcutaneous | VEGF reduced 56
and PEG hydrogel 900 ng VEGF . . implant inflammation but also :
. angiogenesis . . |
(as a coating on a reduced angiogenesis
glucose sensor)
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Table 2: Examples from the literature of micro- and nanoparticle-based biomaterial systems that have been used to deliver multiple therapeutics.

Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference
20 mg/kg CA4 ;ntilc_) enesis Nanocapsule size 70nm Mouse  primary 5;1(111 l;i:d rgggg:;
PLA nanocapsules CA4 and PTX and 5 mg/kg £108 . | Release profile — 80% CA4, 60% | tumour and liver N 57
and anti- . angiogenesis and
PTX PTX at 14 days metastasis model | . .
cancer increased survival
DOTAP:SPC:Chol:D
SPE-PEG2000 |
cationic  liposomes
decorated with . . Reduced tumour weight
decorated with low- | VEGF  siRNA | 1.33 mg/kg ':;lntil(; enesis I\g[ét(a}l;e Zi izzziigedaggozgrﬁ?r cell Subcutaneous and volume
density  lipoprotein | and Docetaxel | VEGF  siRNA £108 . P L mouse xenograft | Reduced tumour VEGF 58
receptor-related (DX) and 2 mg/kg DX and anti- (.U87 MG) survival in response to tumour model expression
. cancer liposomes/DX .
protein receptor Increased apoptosis
(Angiopep-2) and
neuropilin-1 receptor
(tLyP-1). '
Release profile - 90% siRNA at 35
. . days Enhanced T-lymphocyte
PEI-PLGA ;ﬁ;ilo SI];REQ 50 ug ?fn(;gﬁrllflon of IL-10 knockdown idn(;;lliflization activity and shift 59
microparticles antigen P microparticles reshonse Increase in expression of CDA40, model towards a Th2 type
& p CD86 and 40BBL in primary response
antigen-presenting cells
Reduced infarct size, :
100 ul of . . | increased number of
Gelatin microspheres IGF-1 and 20mg/ml Angiogenesis n/a Rat .myocardlal capillaries, reduced 60
VEGF . infarction model ) )
microspheres inflammation and
reduced apoptosis
Increased number of
. . . . . . . blood vessels, reduced
Algl.nate—albumm FGE-2 and HGF 500ng  FGEF-2 Angiogenesis Proliferation and' migration assays Re}t chronic heart collagen  density and 61 |
particles and 125 ng HGF to assess dual delivery system failure model ) . '
improved cardiac |
function
VEGF, HGF Enhanced
PLGA microparticl and Ang-1 (and | 2.5 pg of each Angiogenesi n/a Mouse ischemic neovascularization and 62
CTOPATCies | ondothelial factor glogenesis hindlimb model :;)ty ssigllll zatio
progenitor cells) perit
. .| Increased capillary
Collagen 5 pg bFGF and . . Mouse ischemic . .
microspheres bFGF and HGF 20 ug HGF Angiogenesis n/a hindlimb model density and maturation 63

index of blood vessels
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Table 3: Examples from the literature of fibrous scaffolds that have been used to deliver multiple therapeutics.

Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference
Cellulose acetate 10 /mplll V](ZZEFI(Z)? Release profile - sustained release | Subcutaneous Increased number of
VEGF and S1P | & Angiogenesis | of each factor over 24 hours | mouse matrigel | blood vessels and blood 64
hollow fibres 1800 uM SI1P followine iniection i | 1 .
per day ollowing 1njection into system plug assay vessel maturity
10 ul of 200 Release profile - sustained release | Subcutaneous Increased number of
Cellulose acetate bFGF and ug/ml bFGF or . . .
Angiogenesis | of each factor over 24 hours | mouse matrigel | blood vessels and blood 65
hollow fibres PDGF 500 pg/ml followine iniection i | . .
PDGF ollowing 1njection into system plug assay vessel maturity
p(.ﬂY(mel . Release profile - burst release over
pyrrolidone)/bovine .
. . 5 days followed by sustained
serum albumin as BMSC-affinity .
core fluid and poly(e- peptide and Not specified Qhondrogeplc release up to 21 days . . n/a n/a 66
differentiation | BMSC attachment and proliferation
caprolactone) (PCL) TGF-p1 . . o
. Chondrogenic  differentiation of
solution as sheath
. BMSCs
fluid
Chitosan .
hydrogel/poly(ethyle Release profile — 90% VEGF, 60% NeW Zealanq Endothelial cells
white rabbit | attached to lumen and
ne glycol)-b-poly(L- PDGF at 15 days
. VEGF and . . vascular graft | smooth muscle cells
lactide-co- 10 pg/ml Angiogenesis | Effect of released growth factors on | . . . 67
PDGF . implantation  in | attached on  outer
caprolactone) endothelial and smooth muscle cell . .
. . the left carotid | surface, with no
(PELCL) electrospun proliferation .
artery thrombosis observed
membrane
Release profile — 40% VEGF, 30%
VEGF and bFGF at 15 days
Fibrous PELA . . . HUVEC attachment to fibrous mats | Rat subcutaneous | Increased blood vessel
bFGF  (pDNA | Not specified Angiogenesis . . . 68
scaffold polyplexes) Transfection efficiency model density

VEGF, Collagen IV and Laminin
expression
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Table 4: Examples of sphere-in-scaffold/hydrogel composites that have been used to deliver mutliple therapeutics.
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Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference
Subcutaneous rat Increased blood vessel
PLG scaffold and VEGF and 2 pg VEGF and Angiogenesis Release profile — 25% VEGF, less | model and mouse densit size and 69
microspheres PDGF 3 ug PDGF £108 than 10% PDGEF after 35 days. ischemic hind Y
. maturity
limb model
. 15 pg VEGF Release profile — 2.5 pg VEGF and Increased blood vessel '
Bilayered PLG and 3 pg VEGF . . .
VEGF and . ) . . 1.5 pg PDGF from layer one over | Mouse ischemic | density, area and
scaffold and in layer one; 3 | Angiogenesis oo X 70
) PDGF . 40 days, and 1 pg VEGF from layer | hind limb model maturity  (layer one
microspheres pg  VEGF in
1 two over 40 days only)
ayer two
PLG scaffold and VEGF, ANG-2 | 3 pg of cach . . | Endothelial cell sprouting and | Subcutaneous Increased blood vessel
. and PDGF, growth factor Angiogenesis . . . 39
microspheres ANG-1 pericyte detachment assays mouse model formation and maturity |
25 pg/ml bFGF Release profile — 50% over 35 days L :
(NIPAAm)-based and 1 pg/ml (only measured for bFGF) Rat  mvocardial Ic;]i(t)“ferences 515;1;5:5:(‘;
hydrogel with PLGA | bFGF and IGF-1 | IGF-1 (Total | Angiogenesis | Bioactivity of released bFGF and | . [y 72
. L . . infarction model | over non-loaded
microspheres injection volume IGF-1 (effect on proliferation of rat hvdrogel
of 400 pl) smooth muscle cells) yarog
Hydrogel swelling ratio
MIP3 o release profile — 70-90%
Dextran hydrogel | MIP3a and IL- Modulation of zer})esﬁfnlgi\fr ri Cllriyes) (depending on :
and PEI-PLGA | 10 siRNA and n/a immune mgregme) n/a n/a 73
. . . Chemokine bioactivity and
microparticles pDNA antigen response .
assessment of chemotaxis
IL-10 knockdown in primary
antigen-presenting cells
Complete degradation at 125 days
with incorporation of 1 mol%
NIPAAm, HEMA MANHS
and poly (lactide [BSA] as a Shear modulus as a function of
methacrylate) n/a n/a temperature n/a n/a 74

hydrogel and PLGA
spheres

model protein

Release profile - 100% release
from hydrogel at 100 days, 50%
release from PLGA spheres at 200
days
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Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference |
Swelling, cytotoxicity and
degradation of gelatin microspheres
Chitosan gel and | BMP-2 and n/a Osteoblastic Release profile — 35 ng/ml BMP-2 n/a n/a 75
gelatin microspheres | IGF-1 differentiation | and 15 ng/ml IGF-1 at 7 days
Increased  alkaline  phosphate
activity
Poly (propylene . .
VEGF and | 12 pg VEGF | Bone Rat critical-sized :
fuma'rate)' (PPF) 'and BMP-2 and 2 ugBMP-2 | formation n/a bone defect Increased bone volume 76
gelatin microparticles
VEGF dose of Release profile — 90% VEGF Decregsed bone
. | VEGF and . . formation as BMP-2
PPF and gelatin 0, 6 or 12 pg | Bone released at 5 days, 40% BMP-2 | Rat critical-sized
) . BMP-2  [dose . . dose was  reduced, 77
microparticles and BMP-2 dose | formation released at 25 days (both in | bone defect .
study] minimal effect of VEGF
of 0,6 0r 12 pg collagenase buffer) dose
PLGA microspheres Rat subcutaneous Increased blood vessel
and PPF scaffold | VEGF and | 2 ug VEGF and | Bone Release profile — 90% VEGF, 20% and critical sized volume and  bone 78 !
surrounded by a | BMP-2 9.2 ug BMP-2 formation BMP-2 at 7 days volume (subcutaneous
: bone defect
gelatin hydrogel model)
. Increased number of
E 0(111ri1)g2111/£}>52111€i0;$e VEGF and i/(;g(o}F anrzig/ nsl% Angiosenesis Release profile — 100% VEGF, | Subcutaneous blood vessels, blood 79
yaroge: 4 & MCP-1 £108 75% MCP-1 at 2 days mouse model vessel diameter and
microparticles ng/mg MCP-1 .
blood vessel maturity
gigﬁjPS A and Brain Reduced inflammation, :
. . . . Release profile - 80% EGF, 25% | Mouse stroke | apoptosis and cell death,
microspheres in a | EGF and EPO Not specified regeneration . 80
EPO at 10 days model increased neuronal
HA/methycellulose repair
hydrogel P
Alginate gel and | HSP27  and | o M& TAT HSP- 1 Anti-apoptosis | 1600/ 11gp7 3004, VEGF at 10 | Mouse ischemic | cduced — apoptosis,
. 27 and 0.65 g | and g increased arteriole and 83
PLGA microspheres | VEGF . . days hindlimb model . . |
VEGF angiogenesis capillary density
Protein encapsulation efficiency |
and protein remaining after scaffold ‘
PLG scaffolds and | VEGF and FGF- | 4 ug VEGF and . . leaching Rat 5P 1pal cord Increased  endothelial
. Angiogenesis | Release profile — dependent on | hemisection . . 48
microspheres 2 2 ug FGF-2 . cell infiltration
loading method model
Bioactivity of released proteins
confirmed
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Biomaterial system Therapeutics Doses used Target In vitro characterisation In vivo model Effect observed Reference |
I eNOS and Angiogenesis . . . . Reduced 1nﬂammatlop,
Fibrin  gel and RABIS (pDNA 10 pg of each and [Release profile previously | Diabetic rabbit ear | increased angiogenesis 85
microspheres 1ipoplexes§) pDNA inflammation characterized] ulcer model and improved wound
closure
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Figure 1: Two typical strategies that have been used to achieve multi-modal
release. (A) The use of microspheres in a scaffold to promote differential release
of two factors, as the contents of the spheres (drawn in red) are released slower
than the contents of the hydrogel (drawn in blue). (B) The use of materials that
have a differential affinity for the biomaterial. In this case, the factor drawn in
red is released slower than the factor drawn in blue. This may be a natural
phenomenon due to the interaction between the biomaterial and the loaded
therapeutics, or may be engineered into the material using linker systems.
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Figure 2: Possible strategies to create multi —-modal biomaterial delivery systems.
Patterns of spheres (containing different factors loaded in either blue or red
spheres) may be built up to create systems with tailored release profiles. Three
possible patterns, and their potential representative release profiles, are shown.
The red curve represents the release of therapeutics from red spheres shown in
the diagram while the blue curve represents the release of therapeutics from blue
spheres.
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Figure 3: A mechanism to achieve responsive multi-modal release. In this case
two separate linkers (depicted in green and orange) are used to bind two
different factors (depicted in blue and red) to the scaffold, resulting in
differential, responsive release related to the local microenvironment. In this
case, the orange linkers are radical oxygen species (ROS) sensitive while the
green linkers are matrix metalloproteinase (MMP) sensitive as shown in the
zoomed in views. The linkers may be responsive to a number of phenomenon
such as ROS and MMPs as shown here as well as pH or hypoxia etc., and in this
way can respond to the pathophysiology.
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Figure 4: Multi-modal delivery of eNOS and RAB-18 results in (A) improved
wound closure. Combined delivery of eNOS and RAB-18 results in (B) reduced
volume fraction of inflammatory cells, (C) increased length density and (D)
surface density of blood vessels and (E) a reduced radial diffusion distance. Ram
11 and CD31 staining confirmed reduced macrophage presence and an increased
number of blood vessels (F). Reprinted from Biomaterials, 35, M. Kulkarni, A.
O. Loughlin, R. Vazquez, K. Mashayekhi, P. Rooney, U. Greiser, E. O. Toole, T.
O. Brien, M. M. Malagon, and A. Pandit, Use of a fibrin-based system for
enhancing angiogenesis and modulating inflammation in the treatment of
hyperglycemic wounds, pages 2001-2010, copyright 2014, with permission from
Elsevier (85).



