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Abstract

Tissue engineering (TE) has provided promising strategies for regenerating tissue defects, but few
TE approaches have been translated for clinical applications. One major barrier in TE is providing
adequate oxygen supply to implanted tissue scaffolds, since oxygen diffusion from surrounding
vasculature /n vivois limited to the periphery of the scaffolds. Moreover, oxygen is also an
important signaling molecule for controlling stem cell differentiation within TE scaffolds. Various
technologies have been developed to increase oxygen delivery /n vivo and enhance the
effectiveness of TE strategies. Such technologies include hyperbaric oxygen therapy,
perfluorocarbon- and hemoglobin-based oxygen carriers, and oxygen-generating, peroxide-based
materials. Here, we provide an overview of the underlying mechanisms and how these
technologies have been utilized for /n vivo TE applications. Emerging technologies and future
prospects for oxygen delivery in TE are also discussed to evaluate the progress of this field
towards clinical translation.

Introduction

TE approaches have the potential to address the worldwide shortage of donor tissues for
transplantation. The TE approach for developing implantable tissues involves incorporating
cells onto a scaffolding material for structural support, possibly with the addition of
mechanical cues or chemical growth factors to elicit particular cell responses. Engineers
have developed clinically tested biomaterials to regenerate tissues such as the trachea, nasal
alar lobule cartilage, bladder, and vaginal wall; however these tissues are either largely
avascular or less than 3 mm in thickness.1~® One reason for the lack of clinical translation of
larger implants is that the standard methods of TE rely on diffusion to transport oxygen
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throughout the scaffold, which results in higher oxygen concentrations towards scaffold
edges and lower concentrations towards the center.

Consistent oxygen supply throughout implantable constructs is of particular importance due
to oxygen’s crucial role as a metabolic substrate and signaling molecule. In low oxygen
environments, mammalian cells must utilize lactic acid fermentation to produce ATP, which
requires 15 times more glucose to produce the same amount of ATP as oxidative
phosphorylation. When ATP stores are depleted, as in ischemic tissues, cell necrosis will
occur.8 Hypoxia and nutrient deprivation, two hallmarks of ischemic tissue, have also been
shown to induce apoptosis in mesenchymal stem cells, further highlighting the need to
deliver oxygen along with transplanted cells.” Oxygen concentration also serves as an
important signaling molecule for differentiation. When cultured under hypoxic conditions,
several stem cell lineages including human embryonic stem cells, hematopoetic stem cells,
and mesenchymal stem cells exhibit reduced differentiation potential and increased
maintenance of stem cell markers.8 Hypoxia-induced factors (HIFs) thought to be
responsible for altering cell functions such as differentiation and proliferation in response to
hypoxia.® For example, inhibiting HIF-1a. increased adipogenesis and decreased
chondrogenesis in mesenchymal stem cells.10 As low oxygen tensions can lead to necrosis
or apoptosis, but also may be necessary to control stem cell differentiation, steps should be
taken to limit oxygen concentration within a range that enables stem cells to differentiate
into target cell types, without compromising metabolic activity.

Low oxygen diffusion through scaffolds has been a limiting factor in TE scaffolds for both
in vitro and /n vivo applications. Within native tissues, oxygen can only diffuse 100-200 pm
from capillaries meaning simple diffusion would not be sufficient to maintain cell viability
in non-vascularized scaffolds much larger than 1 mm.11 For bone engineering, mineralized
tissue characteristic of bone formation was only observed in the edges of scaffolds /n vitro,
with maximum penetration depths of approximately 200 pm.12:13 When hepatocytes were
transplanted with scaffolds /in vivo for liver repair, 95-99% of cells died within 7 days; the
surviving cells were predominately located near vasculature in the periphery of the
scaffolds.14 Due to the unequal distribution of oxygen, cells near the center of non-
vascularized scaffolds tend to die, limiting the current effectiveness of tissue engineered
scaffolds for large defect repair in vivo.

To overcome oxygen diffusion limitations /7 vivo, blood vessels from host vasculature must
infiltrate implanted scaffolds or integrate with preassembled vasculature in the scaffold.
Host-mediated angiogenesis alone is not adequate to combat scaffold center necrosis as
blood vessel ingrowth occurs slowly, with full vascular penetration of a 3 mm scaffold
taking 1-2 weeks and a 5 mm scaffold taking up to 35 days even when implanted near
highly vascularized host tissue /n vivo.1%16 Pre-vascularization and blood vessel engineering
are methods engineers have been exploring to combat this issue; however these systems will
have no oxygen or nutrient supply during the time it takes to integrate with the host vascular
network. To support cells with enough oxygen to maintain metabolic activity and provide
appropriate signals during the period of vessel ingrowth, incorporation of oxygen releasing
materials may be necessary.
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Despite the necessity of oxygen for cell survival, there is a need for oxygen release to be
tightly controlled for four reasons: (1) hyperoxia has been shown to cause oxidative damage
to cells by reactive oxygen species (ROS) productionl’, (2) oxygen concentration and ROS
generation affects cell differentiation,® (3) ROS acts as a mediator in the natural
inflammatory process,19 and (4) moderate hypoxia has been shown to stimulate vascular
infiltration2%:21, It is crucial to understand the oxygen requirements for particular tissues and
the rate of vascularization into particular tissues to ensure that there is enough oxygen to
preserve cell viability, but to avoid inhibiting either vascularization or differentiation or
causing tissue damage from inflammation or releasing an excess of oxygen.

The primary methods of oxygen delivery fall into three categories: hyperbaric oxygen
therapy (HBO>), oxygen carrying materials, and oxygen generating materials. HBO5 has
been used clinically to treat decompression sickness in divers since the 1920s, but has only
recently been investigated for TE applications.?? Of the oxygen carrying materials, the most
heavily investigated methods for TE applications are perfluorocarbon (PFC) technologies
and hemoglobin-based oxygen carriers (HbOCs). Oxygen generating materials for TE
applications have traditionally been comprised of peroxides and inorganic peroxide salts,
taking advantage of the degradation of hydrogen peroxide into water and oxygen. The
purpose of this literature review is to review traditional oxygen delivering technologies as
well as new emerging technologies that hold promise for /n vivo TE applications.

Current Technologies

Hyperbaric Oxygen (HBO>) Therapy

HBO, has been investigated for many applications including wound healing and TE (Table
1). Patients undergoing hyperbaric oxygen therapy HBO, breathe 100% O, while in a
chamber at increased atmospheric pressure, increasing oxygen tension in blood and tissues.
HBO, has been shown to increase cellular oxygen levels, which leads to the generation of
ROS. Though ROS can be toxic to individual cells and cause systemic damage to the
pulmonary and central nervous systems, this toxicity is dependent upon duration of
treatment and concentration of ROS.23 In some studies, lower concentrations of ROS
generated by the HBO, have been shown to decrease levels of pro-inflammatory cytokines
and increase growth factor and collagen synthesis; however, whether ROS have positive or
negative effects on tissues depends on the concentration, intracellular location, and tissue
type.24 These potentially therapeutic effects led to the investigation of HBO, for TE
applications such as ligament healing2>, cartilage6, bone2’+28, and oral mucosa2®.

HBO, has been shown to improve TE outcomes /n vivo. One study investigated whether
HBO, could improve healing of rat lacerated patellar ligaments. HBO, was administered for
a total of 10 sessions over two weeks. Histological sections, collagen I gene expression, and
gross images showed that in all treatment groups, the lacerated patellar ligament had filled
with fibroblasts and collagen Il weeks after surgery, but this was not observed in the
control.25 Another study used HBO, in conjunction with scaffold implantation to test bone
formation and vascularization in a rat calvarial defect model. They reported increased
numbers of osteoprogenitor cells and endothelial cells in groups treated with HBO,.2”
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Similar results were seen in bone diaphyseal defects in rabbits.28 These studies show that
increased oxygen tension has potential to improve TE outcomes.

Unfortunately, HBO, may not be the most effective method for several reasons. As the main
method of delivery is through arterial blood, it is unlikely that implanted tissues without any
integration into the host vasculature would benefit significantly. Furthermore, HBO, does
not provide oxygen in a sustained manner and the treatment requires specialized equipment,
requiring the patient to return to the hospital consistently for any beneficial effect to be
observed. Additionally, HBO is delivered systemically instead of locally and is known to
cause rare but dangerous side effects, such as grand mal seizures, in some individuals.3°
Though investigating HBO, has shown that increasing oxygen partial pressures is likely
beneficial to the tissue healing and remodeling process, a sustained delivery method that is
sensitive to local partial pressures of oxygen would be preferred.

Hemoglobin-based oxygen carriers (HbOCs)—Hemoglobin-based oxygen carriers
(HbOCs) use hemoglobin extract from human or mammalian red blood cells red blood cells
in order store and delivery oxygen to human tissues. HbOCs work similarly to the
hemoglobin in red blood cells; changes in chemical conformation of hemoglobin allows for
selective binding and releasing of O,. Binding of hemoglobin to O, occurs when the pO, of
the environment increases past a given threshold. During this process, the heme molecule
within hemoglobin changes its conformation from a “taut” state to a “relaxed” state,
allowing it to readily chemically bind to O, (Figure 1A). Heme returns to its taut
conformation and releases O, when the pO, decreases below the given threshold. In contrast
to the linear relationship of O, saturation within PFCs to pO,, O, saturation in HbOCs
exhibits a sigmoidal relationship with pO, (Figure 1C). This would result in O, release by
HbOCs only during hypoxic environments, in which O, demand is highest.

Although some HbOCs have been clinically tested, there remains some safety concerns.
Reasons for failure of first-generation HbOCs in clinical trials included hypertension,
elevation in pancreatic and liver enzymes, renal and neural toxicity, and oxidative stress31:32,
In particular, hypertension was attributed to nitric oxide (NO) extravasation and premature
release of O2 in the arterioles, both of which cause vasoconstriction.32:33 NO extravasation
also likely contributed to the elevation in liver and pancreatic enzymes in clinical trials.3!
Oxidation of hemoglobin to methemoglobin — which releases reactive ferryl ions and
radicals — was the primary cause for oxidative stress and tissue toxicity observed with
clinically-tested HbOCs.31:34

Due to these safety concerns, new HbOCs are being developed to eliminate the negative side
effects of first-generation HbOCs. Several groups have developed HbOCs with specific sizes
to minimize cytotoxicity, inflammation, and NO extravasation. In study performed by Lai et.
al, cross-linked hemoglobin and albumin microparticles above 9 um in diameter decreased
cellular uptake by macrophages and increased viability of endothelial and liver cells in
vitro.35 Moreover, the microparticles — regardless of size — had a higher oxygen retention
(P5p = 9.3-9.7 mmHg O,), which could potentially prevent vasoconstriction caused by
premature release of O, in arterioles. Xiong et al. also fabricated cross-linked hemoglobin
and albumin particles with a 700 um diameter to prevent migration through the
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endothelium.36 When they perfused isolated mice glomeruli with these microparticles in
vitro, no significant vasoconstriction occurred throughout an 11 min interval. However,
further studies are needed to confirm that these hemoglobin-based particles do not cause
vasoconstriction in vivo.

With regards to decreasing oxidation of hemoglobin to metHb, Xiong et al. found that
adding ascorbic acid and NaBH, — both reducing agents — decreased metHb content within
their hemoglobin microparticles from 15-32% to 7%.37 This coincided with a decreased
phagocytosis rate (less than 5%) relative to the non-reduced groups when the hemoglobin
microparticles were incubated with heparinized whole human blood for 30 min.3” Given that
oxidative stress was a primary cause for failure of first-generation HbOCs in clinical trials,
treating HbOCs with reducing agents could potentially eliminate hemoglobin-induced
oxidative stress and help progress this technology towards clinical translation.

In vitro biomaterials applications—Various HbOCs have been utilized as a media
supplement /in vitroto provide more physiologically relevant levels of O, and improve cell
viability and function in 3D culture systems. For example, Chen et al. used purified bovine
hemoglobin-supplemented medium in a hollow fiber, perfusion bioreactor to engineer liver
tissue.38 They demonstrated that hemoglobin-supplemented medium increased levels of
aerobic respiration and drug metabolism in hepatocytes with respect to the control. However,
there was also an upregulation of genes associated with ROS metabolism, which suggests
that the hemoglobin oxidation was affecting cell behavior. To prevent oxidative stress, Centis
et al. encapsulated cells in fibrin gels to minimize cell-HbOC contact.3® HbOC-
supplemented medium increased cell viability and downregulated expression of HIF-1a, a
gene associated with cellular response to hypoxia. Given these results, this system could be
further adapted to study effects of varying O, concentration on stem cell differentiation
within hydrogels to better inform techniques used /7 vivo.

Besides the technologies presented in these studies, no significant work has been published
that apply HbOCs to TE. One reason for the lack of TE-related studied is that HbOCs have
had lesser success in clinical trials than perfluorocarbons, another artificial blood substitute
that has been widely studied.40 However, with recent improvements that make them safer,
HbOCs could potentially provide benefits over other O, delivery technologies. HbOCs only
release O, in hypoxic environments, in which cellular oxygen demand is highest. This could
be essential for engineering specific tissue types that are negatively affected by higher O,
concentrations, but still need O, delivered during hypoxia. Moving forward, more studies
that use new HbOCs technologies — as opposed to first generation HbOCs — are needed to
evaluate their potential for translational TE applications.

Perfluorocarbons (PFCs) technologies

PFCs consist of fluorinated carbon chains that exhibit various properties that make them
highly suitable oxygen carrier for biological applications (Figure 1B). First, the strength of
C-F bonds within PFCs makes them inert and thus biocompatible with living tissues.*! PFCs
are also hydro- and lipophobic and self-assemble in aqueous solution, which contributes to
their structural stability in living tissues.? Lastly, PFCs have a low polarizability and are
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miscible with non-polar gases such as O,, CO, CO,, and NO.#2 This property enables PFCs
to dissolve O, by physically entrapping the molecules via van der Waals forces. The amount
of dissolved O, within a given PFC is defined by Henry’s law, in which the solubility of O,
is linearly dependent upon the partial pressure of O, (pO,) within the environment (Figure
1C).*3 This allows PFCs to store and release O, based upon the metabolic demands and
oxygen availability of a given tissue.

Several PFC emulsions have been clinically tested as artificial blood substitutes with some
success. Of the emulsions that have been clinically tested, Oxygent (Alliance
Pharmaceutical Corp.), an emulsion containing 58% perflubron, has shown the most
promising results in terms of biocompatibility, oxygen carrying capacity, and emulsion
stability in Phase I and 11 trials.*4 However, patients in phase 111 clinical trials experienced
increased stroke risk and adverse neurological side effects.044 Although, aggressive
procedures performed in these trials left it unclear whether Oxygent was the cause of
adverse clinical outcomes.?% No PFCs are currently approved by the FDA, but they have
overall shown greater clinical potential than other material-based O, delivery technologies.

In vitro biomaterials applications—Like HbOCs, PFCs have also been used as a
media supplement /n vitroto deliver O, to cells in 3D culture systems. For example, in
experiments performed by Radisic et al., media supplemented with 11% v/v Oxygent was
used to engineer cardiac muscle on a porous, poly(glycerol-sebacate) scaffold.*® The authors
found that supplementing the medium with Oxygent improved contractile function, higher
cell viability, and increased expression of connexin-43 and cardiac troponin I. Other studies
using similar bioreactor setups have also found that supplementing culture medium with
PFC emulsions improved cell viability, differentiation, and function for tracheal and hepatic
tissue constructs.64” However, one of these studies found that adding PFC emulsions to
their bioreactor setup decreased chondrogenesis in the cartilaginous layer of tracheal
constructs. Thus, supplementing culture medium with PFC emulsions may only benefit
specific cell types.46

Another in vitroapplication of PFCs has utilized the hydrophobicity and high density of
PFCs to culture scaffolds between immiscible layers of aqueous medium and PFCs. This
approach would allow the aqueous medium on top of the scaffold to provide nutrients to
cells, while the PFC layer on bottom would deliver O,. Pilarek et al. used this setup to
culture CP5 chondrocytes on electrospun polylactic scaffolds.#® After 7 days of culture, they
found that this layered-culture system yielded higher cell viability, proliferation, and ECM
deposition on the scaffold in comparison to samples grown in culture medium alone. While
this /n vitro setup has yet to be used in other TE-specific studies, it could provide a platform
for studying cell-biomaterial interactions within O, levels that are more physiologically
relevant, and for investigating the effects of varying O, levels on stem cell differentiation.

In vivo biomaterials applications—PFCs have been incorporated into biomaterials
for a variety of applications, including bone*9:50, hepatic51:52, pancreatic®3, and neural®*°
TE. PFC-based biomaterials were initially fabricated by encapsulating cells and PFC
emulsions into hydrogels. Fabrication of these biomaterials is performed by mixing PFC
emulsions with a polymeric solution, adding cells to the solution, and crosslinking the
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polymer in the solution to yield a gel consistency. As an example, Chin. et al. fabricated
alginate hydrogel beads with perfluorooctylbromide (PFOB) emulsions in effort to increase
cell viability and metabolic activity in tissue-engineered liver constructs.>2 They found that
alginate beads with PFOB emulsions had higher cell viability, metabolic activity, and
glucose and Oy consumption in comparison to beads without PFOB in 7 days of normoxia.
Another group has also shown that incorporating perfluorotributylamine (PFTBA) into
alginate enhances human mesenchymal stem cell viability and osteogenic differentiation
while decreasing chondrogenic differentiation and expression of hypoxic-related genes.0
Moreover, they demonstrated that alginate and fibrin hydrogels with PFTBA emulsions
promote more ectopic bone formation /n vivo in comparison to hydrogels without
PFTBA.4930 Fibrin hydrogels with PETBA emulsions have also shown to enhance Schwann
cell differentiation and migration, demonstrating the ability of oxygen delivery to promote
tissue formation in a variety of applications.>*

While promising results have been demonstrated for hydrogels supplemented with PFC
emulsions, some drawbacks have been observed. Goh et al. showed that there was a steep
decrease in BTC-tet insulinoma cell viability and metabolic activity when cultured under
hypoxic (2% O,) conditions after 4 days, regardless of whether the beads were
supplemented with PFTBA.53 The authors attributed these results to the low O, carrying
capacity of PFC emulsions, supporting their explanation with computer simulations that
showed that PFTBA-supplemented beads results had similar dissolved O, concentrations to
the control. They claimed that the concentration of PFTBA emulsions needed to
significantly raise the O, would make the alginate beads mechanically unstable and
cytotoxic due to increased levels of surfactant. Another study by White et al. showed that
adding 10% PFOB to 1% alginate gels with 1% or 2% w/v Pluronic F68 surfactant
significantly decreases fracture stress and protein transport in comparison to gels without
PFOB.56 These studies demonstrate challenges with PFC emulsion-based hydrogels in
engineering tissues that require mechanical strength or protein transport to function.

To mitigate the issues from hydrogels with PFC emulsions, several groups have developed
hydrogels functionalized with PFCs.55:57:58 | j et al. fabricated a fluorinated methacrylamide
chitosan hydrogel (MACF) with various aliphatic and aromatic PFCs to engineer neural
tissue from neural stem/progenitor cells (NSPCs).5® In 8 days of normoxic culture, they
found that the NSPCs encapsulated within MACF hydrogels had higher cell viability and
neural differentiation in comparison to the MAC control. Moreover, there was no statistical
difference between the elastic modulus of the MAC control and MACF hydrogels. Another
study by Palumbo et al. showed that functionalized hyaluronic acid (HA) hydrogels with
1,2,4-oxadiazole also resulted in higher cell viability after 7 days of hypoxic culture;
although, viability still decreased over the course of the experiment.>’ Unlike hydrogels with
PFC emulsions, these fluorinated hydrogels can also be tuned to release different levels of
O,, which could be beneficial for guiding stem cell differentiation into targeted cell types.

Besides these hydrogels, Seifu et al. developed a solvent-casted, salt-leached poly(carbonate
urethane) with fluorinated-zeolite microparticles to overcome issues with PFC emulsions.>®
Fluorinated-zeolite microparticles, which consist of a zeolite Y core coated with a

monolayer of perfluorodecyltrethoxysilane, on the surface avoid cytotoxicity concerns since
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they do not require a stabilizing surfactant as in PFC emulsions. With these particles
incorporated into the porous scaffold, there was significantly higher proliferation and
infiltration of smooth muscle cells into the scaffold after 7 days of normoxic culture. Given
that porous, synthetic scaffolds have shown much promise in TE, incorporating PFC-based
microparticles into these scaffolds may solve issues associated with cell viability and
infiltration at the scaffold center.50

While PFC-based biomaterials have demonstrated an ability to increase cell viability,
promote cell differentiation, and maintain cell metabolism for various tissue types, their
inability to provide a sustained release of O, may be a potential barrier for /n vivo success.
Vascularization of 3-5 mm scaffold has been shown to take 1-3 weeks /n vivo even when
placed near highly vascularized areas, which means that O, supply in the construct is
depleted for at least the first week post-implantation.18 /5 vitro, PFC-supplemented
biomaterials provide significant amounts of O, to cells for up to 4-8 days in normoxic and 3
days in hypoxic conditions (Figure 2).50.5557.58 Moreover, most O, release occurs within 24
hours after cell seeding (Figure 2).50-58 Since minimal /7 vivo testing has been performed
with PFC-based biomaterials, it is unclear whether PFCs would supply enough O, to sustain
the TE scaffold before vascularization occurs.

To address this issue, methods to sustain the O, release of PFCs should be investigated to
further their potential for clinical use. Techniques such as encapsulating PFCs within
materials that are less O, permeable could help extend O, release. For example,
microparticles encapsulating perfluorooctane in a within shell of polycaprolactone provided
more O, release to cells in comparison to the control for at least 14 days in normoxic
conditions.®? Incorporating shelled-particles into tissue engineered constructs could
potentially sustain O, release long enough to allow vascularization and robust tissue
formation to occur /n vivo.

Peroxides

The most heavily investigated oxygen generating biomaterials involve the decomposition of
hydrogen peroxide into molecular oxygen directly, in the case of hydrogen peroxide,62-65 or
through following dissolution of solid peroxides, in the cases of sodium percarbonate®6-68
and calcium peroxide.67:69.70 Sodium percarbonate is a solid adduct of sodium carbonate
and hydrogen peroxide that decomposes into ions and hydrogen peroxide in aqueous
solution. Calcium peroxide is another solid molecule that releases hydrogen peroxide when
exposed to water. In all cases, hydrogen peroxide is then degraded into oxygen and water.
The chemical reactions of these species are presented in Figure 2.

For biomaterials applications, peroxides have been incorporated into bulk polymers and
hydrogels as depicted in Figure 2. Specific examples are described in detail below.

The use of peroxides as an oxygen delivery technique has promise, because the materials
generate oxygen instead of simply delivering it; however, much work was done to ensure
that oxygen delivery could occur over a sustained time period. One group measured oxygen
release after incorporating sodium percarbonate into PLGA films and found that sodium
percarbonate was depleted after 70 hours /n vitro.56 The biomaterials protected
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devascularized skin flaps from necrosis /n vivo for 3 days, but as oxygen was depleted
before vessels from the host could infiltrate the scaffold, no protective effect was observed at
7 day time point.%6 This study highlighted the potential for oxygen generating materials to
prevent necrosis, but that effects would be transient if peroxide depletion occurred before the
tissue was sufficiently vascularized. Though liquid hydrogen peroxide, sodium percarbonate,
and calcium peroxide are all capable of producing oxygen, release rates differ depending
upon the peroxide used. For example, oxygen generation from peroxide decomposition is
much more rapid in the case of sodium carbonate compared to calcium peroxide.’? If
sustained release is the goal, it is likely that the slower release time of calcium peroxide
could provide more sustained release than sodium percarbonate.

Subsequent studies of inorganic peroxides for oxygen generation used calcium peroxide,
likely because of its longer release time. Of particular note, porous PLGA cylinders
containing calcium peroxide sustained oxygen release for 10 days, which falls within the 1—
2 week range needed for vascularization of a 1 mm defect (Figure 3).6% This study did not
test their materials /7 vivo, but noted that 3T3 fibroblasts cultured under hypoxic conditions
(1% O5) with calcium peroxide scaffolds for 10 days were more metabolically active than
cells cultured without calcium peroxide.

Another method, hydrophobic polymers, limit the amount of water that comes into contact
with the peroxides and have been used to extend oxygen release times. Calcium peroxide
was incorporated within polydimethylsiloxane (PDMS), a biostable, hydrophobic, oxygen
permeable polymer. Oxygen release was relatively high for the first two weeks, with some
release still occurring at 7 weeks.”® The longer release rates resulted in improved measures
of viability for pancreatic islets and f cells /n vitro. The main drawback of this technology is
that PDMS is not biodegradable and would either remain in the body indefinitely or need to
be removed surgically.

The second challenge with using peroxide salts for oxygen generation was the release of
cations into solution, which may negatively impact some cell types. For this reason, groups
have also investigated whether hydrogen peroxide could be used for oxygen generating
biomaterials. In a set of studies, Ng et al. developed a double emulsion solvent evaporation
method for encapsulating hydrophilic low molecular weight drugs (such as hydrogen
peroxide) within PLGA microparticles and Abdi et al. then tested these particles in vitro
within a 3D alginate matrix containing catalase.®3:64 Viability experiments showed that
culturing cells in hypoxic conditions (1% O,) resulted in only 60-65% viability, but
incorporation of the oxygen generating microparticles resulted in nearly 100% viability. The
main drawback of these materials is that oxygen generation lasts only 5 hours, which would
likely be insufficient to improve cell viability in hypoxic conditions /n vivo. Subsequent
studies by Mallepally et al.52 and Li et al.5> extended oxygen generation from hydrogen
peroxide to 24 hours by using poly(methyl methacrylate) as the encapsulating material and
to 14 days by conjugating H,O, to a high molecular weight polymer which slowly diffuses
through a PLGA shell, respectively.

A third challenge with peroxide-based oxygen generating systems is that they produce
cytotoxic ROS as byproducts. The method used by many groups highlighted here to
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overcome this concern is incorporation of catalase, an enzyme used in peroxisomes to
convert hydrogen peroxide into oxygen and water without ROS production. One study that
found burst release of calcium peroxide from PCL nanofibers caused cytotoxic
morphological and proliferative changes in osteoblasts at day 1, but following a media
change these effects were reversed.”? This may mean that cell lines resistant to oxidative
stress may be able to proliferate and differentiate as normal, but more studies should test
how much hydrogen peroxide is released from biomaterials and whether those
concentrations effect stem cells morphology, proliferation, and differentiation. Currently,
there is still some controversy as to whether peroxide-based oxygen generating biomaterials
without catalase would be a safe method for oxygen delivery in vivo, particularly since ROS
are biological signaling molecules and effectors for the innate inflammatory response, which
can lead to tissue injury.1® In a normal inflammatory process, neutrophils and M1
macrophages produce ROS to elicit a multitude of responses to initiate inflammation
including ROS-mediated killing of engulfed bacteria. Changes in endothelial cell structures
that allow neutrophils and macrophages to migrate from vasculature into tissues such as
decreased strength of occludins proteins in tight junctions, and increased expression of
leukocyte-specific cell adhesion molecules on the endothelial cell membrane can also be
ROS-induced.1® Finally, hydrogen peroxide within the cell can increase expression of the
pro-inflammatory cytokines such as IL-1f, IL-6, and TNF-a.19 It is currently unclear
whether the use of oxygen-delivering biomaterials will cause or exacerbate inflammation at
the implant site and research in this area is of critical importance before these technologies
can be translatable.

In vivo biomaterials applications—Groups have explored the use of oxygen
generating peroxides to generate oxygen for particular TE applications including wound
healing,8” myocardial infarction,5% pancreatic islets and B cells,’® and adipose transplants’3.
Though the applications are different, biomaterial designs for incorporated peroxides have
been very similar between groups: embedding either peroxide salts or liquid peroxide
microspheres into synthetic polymers or alginate matrices.

For example, Chandra et al. developed a multi-layered oxygen generating biomaterial for
wound healing using peroxide salts within a synthetic polymer.8” The layer of the bandage
in contact with skin is made of gelatin, to absorb fluid from the wound. This fluid will seep
into the second layer, containing solid calcium peroxide and sodium percarbonate within
polyvinyl alcohol, which will release oxygen in an aqueous environment. The third layer
quenches hydrogen peroxide by including MgCl and the fourth layer is made of a synthetic
polymer with low gas permeability. In a porcine model, groups with the bandages showed
faster wound closure and a higher density of new blood vessels formed.

To treat myocardial infarction, Li et al. conjugated H,O, to a higher molecular weight
molecule, PVP to slow peroxide release.5° The PVP/H,0, conjugates were encapsulated
within PLGA microsphere shell, which were subsequently loaded into a thermosensitive
injectable hydrogel. Biomechanically, the hydrogels had a similar modulus (40 kPa) to gels
shown to induce differentiation of cardiosphere-derived cells into cardiomyocytes. When
tested without cells, materials kept oxygen tensions above 15% for 14 days. Peroxide
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biomaterials improved cell viability and differentiation in hypoxia compared to cells grown
without peroxide biomaterials.

Oxygen generating biomaterials using peroxides have overcome several challenges to
develop materials that could potentially be used for /n7 vivotissue applications. Several
groups have observed release times longer than the period necessary for vascular infiltration.
Peroxide incorporation also does not affect mechanical integrity of scaffolds at
concentrations necessary for oxygen delivery. However, the drawbacks to these technologies
are that they may produce ROS in concentrations that are cytotoxic to cells or induce local
inflammation, the solid peroxides release ions into solution, and the materials are less
sensitive to local oxygen concentration than PFCs or HbOCs which could cause hyperoxia.

Emerging Technologies

Photosynthetic Algae

Given that existing O, delivery techniques have yet to produce promising results /n vivo,
recent technologies have been developed to improve clinical translation success of tissue
engineered constructs. One technology utilizes the photosynthetic abilities of algae to supply
a constant supply of O, within constructs for wound healing. In a study performed by
Hopfner et al., 3T3 fibroblasts were co-cultured with photosynthetic C. reinharatii algae and
exposed to continuous light for 22 hours in hypoxic conditions (1% O5).”* Fibroblasts co-
cultured with algae had significantly lower expression of HIF-1a relative to those cultured
alone, which was correlated with significantly elevated levels of O in co-culture medium. In
a subsequent study, algae were genetically engineered to secrete vascular endothelial growth
factor (VEGF) to promote vascularization as well as provide O, in tissue constructs.”> When
the algae-incorporating collagen gels were implanted subcutaneously into mice, scaffolds
with genetically modified algae had longer vessel formation, more CD31 positive cells, and
higher levels of VEGF after 7 days post implantation. To further evaluate the regenerative
potential of these photosynthetic biomaterials, more work is needed to determine whether
the algae induced an inflammatory or immune response /n vivo. Moreover, these
biomaterials require extended periods of light exposure in order to produce Oy, so their
application would be limited to skin and some subcutaneous tissues.

Myoglobin-polymer-surfactant complex

Another technology recently reported by Armstrong et al. involved functionalizing stem
cells with a myoglobin-polymer-surfactant complex, [Mb_C][S], that would provide each
cell with its own O,-delivering molecule.”® To produce the protein-surfactant complex, they
conjugated a cationized myoglobin protein with an anionic surfactant, yielding an
amphiphilic molecule capable of anchoring to the cell membrane. They combined the
[Mb_C][S] with hMSCs and tested the ability of the hMSCs to form cartilage within non-
woven polyglycolic acid (PGA) scaffolds. After culturing the modified hMSCs in the
scaffolds for 35 days, they found modifying hMSCs with [Mb_C][S] significantly increased
the ratio of collagen I1/1 expression and reduced the size of the necrotic center from 42 + 24
to 7 = 6 percent. While this technique requires further evaluation and development, it could
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provide an effective to alternative to current O,-deliverying biomaterials and be used for a
wide variety of TE applications.

Microtanks

Another development has been the utilization of commercially available hollow spheres,
termed microtanks, to supply oxygen for TE.”” These polyacrylonitrile spheres have been
incorporated into bulk PCL disks and then hyperbarically loaded with 100% oxygen. When
incorporated into culture, oxygen diffuses out of the microtanks and into the culture
medium. These materials showed release for approximately 24 hours, but release kinetics
can be altered by the concentration of microtanks as well as the thickness and permeability
of the microtank shell and the bulk polymer. When cultured with cells under anoxia for 6
days, the experimental groups showed similar proliferation and metabolic rates to those
cultured in normoxia, showing promise for these materials in TE. Improvements in this area
can be made by using a biodegradable material for the microtanks and extending release
time.

Endoperoxides

One drawback of peroxide based oxygen generating materials is the potential cytotoxicity of
peroxide/catalase mixtures or uncontrolled release of sodium and calcium ions. To address
this concern, Benz et al. incorporated endoperoxides into small organic molecules for
oxygen release.”8 When in contact with water, these molecules release oxygen via a retro
Diels-Alder reaction. The endoperoxides were added into solution at various concentrations,
achieving oxygen release for 8-13 hours. It is likely that this release time would improve by
covalent binding to a synthetic polymer. Cytotoxicity was mitigated by addition of vitamin
C, which can quench singlet oxygen. Under anoxic conditions, 3T3 fibroblast and smooth
muscle cell cytotoxicity was negligible when vitamin C was included. It would be
enlightening to see these materials incorporated into biomaterials to test for effects on
differentiation in the future.

Mlcrobubbles

Another interesting technology that has extensive use clinically, but has never been used for
TE involves microbubbles. These consist of gaseous cores surrounded by thin shells that
have been composed of lipids, polymers, surfactants, dextran, and chitosan.’® Microbubbles
have been used primarily as ultrasound contrast agents, but recently have also been used to
deliver oxygen transiently to hypoxic tumor sites to improve the effectiveness of radiation
therapy.89 The unique characteristic of microbubbles is that they can be burst locally using
ultrasound /n vivo, releasing loaded oxygen to a particular area of interest (Figure 4).
Though further work must be done to improve stability /7 vivo, these molecules may be
useful for TE applications as well.

Conclusion

O, delivery methods in TE are essential for tissue survival and function, especially in large-
scale grafts where O, diffusion at the center is limited. While various methods have been
investigated to deliver O, to TE scaffolds /in vivo, no specific technologies have
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demonstrated clear promise in translating TE therapies to the clinic. PFC-based biomaterials
could be advantageous in directing stem cell differentiation of various cells types since their
O, release is sensitive by cell demand, while peroxides release O, by a chemical reaction
independent of the environmental O, concentration. Moreover, PFCs have fewer
biocompatibility concerns than peroxides, which produce ROS as a by-product of their
chemical reactions. However, peroxide-based biomaterials provide a more sustained release
of O, than PFC-based biomaterial while maintaining their mechanical integrity.

Emerging technologies, such as photosynthetic biomaterials and cell priming with Mb-
protein-surfactant complexes, could provide tunable O, delivery without compromising the
mechanical integrity of a tissue construct. However, achieving FDA approval for these
technologies could be difficult given the complex biological techniques they use.
Additionally, photosynthetic biomaterials can only deliver O, when exposed to light, which
would limit their application to skin and some subcutaneous tissues. Newly developed
HbOCs also have potential to provide safe, controlled O, delivery in TE scaffolds, but they
have yet to be incorporated into biomaterials.

In order to progress O, delivery technologies to the clinic, there are several avenues of
investigation that could guide further development. For /n vitro studies, consistent methods
for measuring oxygen release should be established to allow scientists to discern which
methods could be the most clinically relevant for particular TE applications. This would
provide a direct means of comparing different O, delivery technologies prior to /n vivo
testing. Additionally, for HbOCs and peroxides, tests should be performed to measure
reactive oxygen species generation from their materials to ensure cell health and viability.
More studies should also be performed to evaluate the range of oxygen that should be
delivered to a particular tissue to avoid damage from hypoxic or hyperoxic conditions and to
maximize release of vasculogenic signals /n vivo.

Alongside these /n vitro studies, defining parameters, such as scaffold geometry and cell
type, that affect the time for vascularization to occur /n vivo will help determine O, demand
of specific tissue types. Finally, more /n vivo studies are needed to determine whether
currently available materials, such as the ones discussed in this review, could supply
sufficient oxygen to tissues as functional vasculature is developing. Such studies may be
used to construct more targeted specifications for O,-delivering biomaterials and determine
which technologies are most suitable for clinical translation.
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Figure 1.

O, loading and release mechanisms of (A) HbOCs and (B) PFC-based oxygen carriers. (C)
Relationship of O, content as a function of pO, in HbOCs and PFC based oxygen carriers,
as reproduced from Ref. 28. Heme molecules in HbOCs chemically bind and unbind to O, at
a specific pO, range, resulting in the sigmoidal relationship between pO, and O, content. In
contrast, uptake and release of O, from PFCs is dictated by Henry’s Law, in which the
amount of O, dissolved in PFCs is linearly related to pO,.
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Figure 2.
05, release of (A) PFC-enriched fibrin gel in normoxic and hypoxic conditions, as adapted

from [71]. Dissolved O, content within the culture medium was significantly higher than the
control for up to 84 hours. (B) Oxygen release over time in 0.5% O, from PLGA cylinders
with incorporated calcium peroxide without cells as reproduced, as adapted from [49].
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Sodium percarbonate:

1. 2[Na,CO,]®3[H,0,] > 2Na* + 2C0,% + 3H,0,
2. 2H,0,> 0,+2H,0

Calcium peroxide:

1. CaO,+2H,0 = Ca(OH), + H,0,

2. 2H,0,> 0, +2H,0

Hydrogen Peroxide:

1. 2H,0,-> 0, +2H,0

Peroxide-based oxygen generating materials (P) for tissue engineering applications
incorporate peroxide salts or liquid hydrogen peroxide within microparticles into bulk
polymers or hydrogels. If solid peroxides are used, when water diffuses into the scaffold it
causes the sodium percarbonate or calcium peroxide to dissociate into ions and hydrogen
peroxide, as in the reactions on the right. Alternatively, liquid hydrogen peroxide can be
encapsulated into microspheres and released from the material. In either case, hydrogen
peroxide then decomposes into oxygen, which cells can uptake, and water.
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Figure 4.
Microbubbles filled with O, or other therapeutic gases can be burst released locally /n vivo

by ultrasound waves, as depicted in this schematic.
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Summary of current O, delivery technologies.

Table 1
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Method Stem Cell and

Biomaterials Applications

Cons

Hyperbaric oxygen therapy . Applied in vitro Technically Requires daily
to promote stem simple treatments
cell
differentiation O, delivery O, is flammable
into cartilage, may be at high
bone, and sustained with concentrations
pancreatic recurring
cells!021.26-28 HBO, Can cause

treatments Selzures,

. Utilization in pulmonary
vivoto promote damage,and
vascularization reversible myopia
of TE bone when supplied
scaffolds?2.23 systemically®®

O, delivery is
limited by
diffusion
Perfluorocarbon technologies . Supplementation O, release Surfactants used
of media with sensitive to in PFC emulsions
PFC emulsions pO, of are cytotoxic at
for 3D /n vitro surrounding concentrations
culture environment above 1% w/v in
systems29-31 hydrogels*?
Biologically

. Encapsulation of inertd’ PFC emulsions
PFC emulsions have low oxygen
in hydrogels for More carrying
bone, liver, and successful in capacity3438
pancreatic clinical trials
TE32-34 Versus Fast O, release

HbOCs38:39 profile

. Functionalization
of natural PFC emulsions
hydrogels with alter mechanical
PFCs for integrity of TE
injectable TE scaffolds*!
therapies®®

. Incorporation of
fluorinated
zeolite particles
in porous,
synthetic TE
scaffolds for
various
applications3®

Peroxide-based treatments . Incorporation of O, release up May produce

solid peroxides
in synthetic
scaffolds for
dermal,
pancreatic,
skeletal muscle,
and general TE
applications*2-47

Encapsulation of
liquid peroxides
into injectable
alginate
hydrogels for
cardiac and

to 40 days*® in
vitro

Does not alter
mechanical
integrity of TE
scaffolds*®
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cytotoxic ROS
during
degradation?

Solid peroxides
release cations
into solution

O, release not
sensitive to pO,
of the
environment



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Farris et al.

Pros

Cons

Method Stem Cell and
Biomaterials Applications
adipose
TE42.48-51

Hemoglobin-based oxygen carriers . Supplementation
of culture
medium in 3D
fibrin gel
system®3

. Supplementation
of culture
medium within
perfusion
bioreactors for
liver TE4-56

0O, release
sensitive to
pO, of
surrounding
environment

Sigmoidal
oxygen release
curve is more
physiologically
relevant

O, release only
occurs under
hypoxic
conditions

May produce
cytotoxic ROS if
oxidized®”

Tetrameric and
polymeric

HbOCs cause
vasoconstriction3?

No /n vivo
applications for
stem cell
technologies has
been investigated
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