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Abstract
The advancement in tissue engineering has reached a considerably high level with major achievements, especially
in mimicking the nature in terms of morphology, structure, functionality and mechanical strength. Nonetheless, the
current technology still fails to deliver the urgent need in producing construct of larger volume such as organs, which
will be more effective in tackling chronic diseases related to organ failure. One of the main causes identified is due to
the serious necrosis that occurs as a result of the deficient of oxygen due to its low dissolution and diffusion in thick
tissue matrices. The rate of vascularization is far too low compared to the differentiation rate of the cells. In order to
sustain the survival of cells before the establishment of blood vessel, an alternative supply of external oxygen to the
cells will be of advantage. Current trend has seen to be moving towards this direction, and the external supply can
be obtained from tissue scaffolds. This approach is made possible by functionalizing biomaterials with well controlled
oxygen producing mechanism. This review concentrates on such efforts and discusses some of the insights that are
related in developing functionalized biomaterial scaffolds with the intention to adequately supply oxygen for tissue
engineering purpose.

Keywords: Oxygen supplying scaffold; Drug delivery system; Tissue
engineering; Hypoxia; Polymeric microsphere; Regenerative medicine

Introduction
Millions of people in the world suffer from a variety of diseases that
could be aided from therapies such as organ or tissue transplantation.
Despite the widespread need for transplantable organ, the current
availability still far below the demand causing many patients dies
while waiting for donor organs. This is basically due to lack of donor
and the issue of bio-suitability since not all organs are readily accepted
by the host of the acceptor. Thus, this initiated tissue engineering;
an interdisciplinary field that involves the use of biological sciences
and engineering to develop tissues to custom restore, maintain, or
enhance tissue functions [1]. In this approach, cells are grown on
biomaterial scaffolds designed to guide cell differentiation in forming
tissue structure that can be later implanted into a host acceptor. The
engineered tissues must have immediate functionality and the ability to
be remodeled and integrated into the body.
In the last years have marked a substantial paradigm shift about
design strategies for scaffolds, which includes the need for cellular
and tissue patterning [2], microcirculation development [3], and the
use of suitable stimuli [4] to ensure the appropriate bio-functional and
mechanical properties are restored within the newly formed tissue.
More advanced stage involves the design of artificial implant materials
for functional tissue regeneration that mimics the natural extracellular
matrix (ECM) [5]. The artificial ECM provides optimum needs such
as nutrients, oxygen, and growth factors, besides specific functionality
for cell survival. Thus, it is critical to recreate conditions that mimic the
natural ECM environment for a particular cell type in order to support
their viability until reaching a full functional organ. When cells are in
contact with the interface of the biomaterials, the surface property will
be significantly influencing the behavior and performance of the cell.
As so, trends tend to progress toward designing and functionalizing the
biomaterials that are able to modulate and control the behavior of the
cell.
In real practical needs, the issues of cell survival and functionality
are often the major concern since dealing with more complex system of
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large volume implant [6]. The main problem is the inability to supply
sufficient oxygen to the cells in the initial phase after implantation
yet oxygen is one of the most important elements for cell survival
[7]. As a result, hypoxia often occurs within the deeper regions of the
tissue-engineered construct and falling the effort of organ transplant
[8,9]. Although this reason has been identified and well accepted, it
remains a tough challenge in designing suitable scaffold to supply
sufficient amount of oxygen to cells. Numerous efforts have been
made to overcome this limitation over the years which include the
use of synthetic carriers [10], enhance the vascularization process [7],
fabricating oxygen generating scaffold [11], and designing oxygen
producing micro-system [12,13]. However, these efforts have yet to
demonstrate a full success in achieving survival of a clinical acceptable
large tissue mass. In acknowledging the need of greater research effort
and development in this area, this review plans to give some of the
overviews and insights on those currently available efforts that might be
related and able to generate the new ideas in overcoming the problem
of oxygen deficiency in tissue engineering. The review first discusses
on the influence of hypoxia on engineered construct, followed by
the current approaches in minimizing necrosis, effort in developing
oxygen releasing micro-system, quantitative and qualitative evaluation
of the micro-system, and discussing the possible challenges in tackling
oxygen deficiency via functionalizing the biomaterials.

Influence of Hypoxia on Tissues
In natural biological system, blood vessels are part of the circulatory
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system. Blood is used to transport oxygen, nutrients and waste products,
to and from almost every part of the body. Three distinct structures
can be distinguished in the vascular system, which are (i) macro vessels
(arteries and veins) that branch out into (ii) micro vessels (arterioles
and venules) and finally into (iii) capillaries. The capillaries facilitate the
actual distribution of nutrients to the tissues in the body.
New blood-vessel formation is required for tissues to grow beyond
100–200 μm since the oxygen will not be able to penetrate through due
to the diffusion limit of oxygen. This also applies for tissue-engineered
constructs [14,15]. During in vitro culture, larger tissue-engineered
constructs are commonly supplied with nutrients using perfusion
bioreactors. However, after the implantation, such optimum conditions
are no longer controllable in the in vivo system. The supply of oxygen
and nutrients to the implant is often limited by diffusion processes
and can only reach cells in proximity of 100–200 μm from the nearest
capillary [14]. In order for implanted tissues of greater size to survive,
the tissue has to be vascularized in forming new capillary network
within the tissue. After implantation, blood vessels from the host
generally invade the tissue to form such a network, in part in response to
signals that are secreted by the implanted cells as a reaction to hypoxia
[16]. However, this spontaneous vascular in-growth is often limited to
several tenths of micrometers per day, meaning that the time needed for
complete vascularization of an implant of several millimeters is in the
order of weeks [17]. During this time, insufficient vascularization can
lead to nutrient deficiencies and/or hypoxia deeper in the tissue. These
changes have been associated with the increase in cell density over
time, resulting in a higher overall consumption of oxygen. Besides the
pores of the scaffolds will be filled with the cells [18]. This blocks any
potential convection through the scaffold, thus potentially hampering
the diffusion of nutrients into the construct [19]. Moreover, nutrient
and oxygen gradients will be presented in the outer regions of the tissue,
which could result in non-uniform cell differentiation and integration
that decrease tissue functionality [20].
Since the slow rate of vascularization after implantation is a major
problem in tissue engineering, the successful use of tissue-engineered
constructs is currently limited only to thin or a vascular tissues such as
skin or cartilage [21]. Post-implantation neo-vascularization from the
host is sufficient for these thin tissues to meet the demand for oxygen
and nutrients. Majority of cells in the mammalian body are highly
dependent on oxygen. The exceptions are possibly being chondrocytes
that originate from a non-vascularised tissue and cartilage, which
are adapted to survive under low-oxygen conditions [22]. Oxygen is
normally delivered through erythrocytes, where oxygen is taken up
in the lungs and distributed along the journey through the vascular
network in exchange for carbon dioxide. In order to succeed in
engineering larger tissue volume such as bone and muscle, the problem
of slow vascularization within the new tissue-construct has to be solved
[9].
Under the well-controlled cell culture conditions, the concentration
of oxygen for the cells to survival is set at optimum in the presence
of all required nutrients. Thus, this generally avoids necrosis for the
cell constructed on the scaffold in vitro. The problem arises only when
the cell (tissue)-scaffolds are implanted onto a tissue lesion, as cells
(tissue) are exposed suddenly to an in vivo environment with both low
concentrations of oxygen and nutrients. Surgical intervention often
provides the surrounding with the variety of cytokines and growth
factors aiming to heal the wound, besides providing inflammatory
reaction with activated granulocytes and later macrophages. However,
the intracellular pathways responding to hypoxia condition remains
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Figure 1: Illustration of different biochemical effects on the cellular functions of
tissue engineered cells.

problematic and requires further exploration for innovative solutions.
Without solving this, the problem of oxygen deficiency will clearly
influence the proliferation rate, cell cycle progression, apoptosis,
adhesion of the cells, etc. Research are ongoing and focus should aims
on the biomolecular mechanisms involved [23,24] (Figure 1).

Approaches to Overcome Hypoxia
Since oxygen deficiency has been recognized as major failure reason
of large volume implant effort, it has attracted increasing attention
especially in tackling problem due to slow diffusion of oxygen through
tissue, lower solubility of oxygen under in vivo condition, and a higher
consumption rate of oxygen compared to other major nutrients such
as glucose [25-29]. Methods have been used to accelerate and facilitate
the formation of blood vessel by using growth factors or endothelial
cells. Various efforts have been made to overcome this inadequacy
over the years, which include the use of enhance vascularization
through growth factors [30-33] and synthetic oxygen carriers [34-38].
Alternatively suggestions have been made to temporarily providing
oxygen and nutrients through scaffolds [11,39] and using of oxygen
producing micro-system [12,13] before permanent vascularization
occurs to mitigate the deleterious consequences associated with
immediate lack of blood supply after implantation. All these efforts
enhanced the supply efficiency of oxygen within the engineered system.
The following section will discuss some current overviews and insights
on the strategies in promoting the concentration of oxygen to tissues
implants. The summary of the approaches are given in Figure 2.

Enrichment of vascularization
In biological system, tissues rely on blood vessels for the supply of
oxygen and nutrients. The formation of new blood vessels is required
when tissue grows beyond the diffusion limit of oxygen [40]. Having this
understanding, approach has been taken to induce and speed-up the
formation of new blood vessels in the implant and the merging process
of blood vessels in the construct with the host’s respiratory system.
One of the classical approaches to overcome this issue is to enhanced
scaffolds with pro-angiogenic factors such as VEGF, bFGF, or PDGF
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Figure 2: Schematic diagrams of different oxygen generating approaches.

[41-43]. Endothelial (progenitor) cells are activated and stimulated to
migrate towards the factor gradient besides promoting cell assembly,
vessel formation and maturation. It is important to choose the suitable
specific growth factor and delivery it at an optimum rate and amount
in order to coordinate both vascularization and tissue regeneration at
a balance level.
Growth factors are usually demonstrated in vivo to be very unstable
and therefore the bolus injection of growth factors was increasingly
popular replacing the area-restricted and long-time delivery strategy
[44,45]. Alternative approach to overcome the high degradation rate
of the expensive growth factors is to design new natural, synthetic or
composite biomaterials with controlled-release property. Some findings
have demonstrated biomaterials with degradable porous structures or
pre-encapsulated microspheres have been used to control effective
targeting [46-48]. For an effective long-term delivery, growth factors
can be encapsulated in biodegradable polymers such as poly (lactic-coglycolic acid) (PLGA) [49,50]. The dosage of these growth factors must
be well-controlled as excess release has shown causing severe vascular
leakage and hypotension [51]. Furthermore, newly formed vessels
require stabilization and this is usually performed by a recruitment of
smooth muscle cells and pericytes to the vessels that can subsequently
produce the extracellular matrix to support the vessels structure.
PDGF is responsible for the recruitment of smooth muscle cells
and pericytes, transforming growth factor (TGF-β) for the production
of extracellular matrix, besides ensuring optimum interaction between
endothelial cells and mural cells [52-54]. Both the formation and
subsequent stabilization of new vessels are important for the creation
of a functional vascular network within a tissue-engineered graft. The
delivery of two or more sets of factors that are able to stimulate new
blood-vessel formation and maturation might be necessary for optimal
blood perfusion [55-58]. For instance, the delivery of both VEGF and
PDGF has proven to result in the formation of a highly dense mature
vessels in implanted [54,59]. Freeman et al.demonstrated that by
sequentially delivering of three angiogenic factors i.e. VEGF, PDGFBB and transforming growth factor-β1 (TGF-β1) has resulted in greater
J Biotechnol Biomater
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vessel density compared to the use of bFGF alone [60]. While success
has been achieved with these different types of multi bulk-loading
and surface-coupling approaches, the remaining problem falls on the
restriction in delivering of these factors to the region of need as well as
controlling the temporal release profile [40,51].
Ultimately, the ability to control the release of growth factors will
influence the degree of vascularization within the tissue. To direct
angiogenesis, it is critical to determine the release kinetics of the
angiogenic factors from the scaffold [52,53,61]. In some cases, the
vascularization rate may not be compatible with the growth rate of the
cell throughout the construct, causing cells at the center of the tissue
undergo apoptosis before vascularization is complete [62]. Due to this
cell response dependency to the vascularization, the technique is not
highly controllable. The prohibitive cost and complexity of maintaining
high level of recombinant growth factor over a sufficient time frame
are also some of the major obstructs to bring this alternative into
clinical trial stage [44,56]. Various strategies for generating oxygen are
summarized as shown in the Table 1.

Synthetic oxygen carrier
Hemoglobin (Hb) is the functional component in the blood that
is responsible for the binding oxygen in the lung, delivers, and releases
it to cells over the entire body. Nevertheless, the mimic of such elegant
system for implant engineering is still not achievable due to the current
technological limitations. However, efforts are still being put in this
direction especially to develop artificial oxygen carrier system. Two
that are most establish and successful liquid artificial oxygen carriers
are based on synthetic Hb and perflurochemicals (PFC).
In 1957 Chang et al, have first demonstrated that free Hb could
be encapsulated in a polymer membrane. Later, Hb encapsulated in
phospholipid vesicles (liposomes) was developed as a potential red cell
substitute [65]. Similar concept has been extended to imbed totally
synthetic heme between two lipid bilayers (lipid-heme vesicles) [35].
In a different approach, stable fat mircrospheres suspension have been
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Strategy

Achievements

Problems

References

Growth factor based
approaches

Proven to be effective
Control vascularization

Very slow vascularization
Prolong storage of these growth factors

[40,44,63]

Synthetic oxygen carrier

Blood substitute
Increased tissue oxygenation

Biologically inert
Molecules are seize in the reticuloendothelial system

[10,35,38,44,64]

Scaffolds for oxygen release

Versatile strategy
Used for multiple cells

Limited results to be expected
Cell seeding problems

[11,39]

Oxygen release micro-system

Versatile applications
Used for multiple cells
Only oxygen and water were produced as by products

Size (micro)

[12,13]

Table 1: Comparison of different strategies used for generating oxygen.

achieved by emulsifying triglycerides with lipid-heme as a surfactant
[34,66,67]. These lipid-heme products are reported to have heme
concentration and reversible oxygen binding nature close to that of
normal blood. However, free Hb itself tends dissociate into individual
dimmers that can cause directly functional effect on kidney and also
reducing its effective lifetime of usage [68,69]. In addition, cell-free Hb
is lacking of its essential affectors; 2,3-diphosphoglycerate that prevents
the release of oxygen to the tissue [70]. Therefore modifications are
required to increase the stability of the carrier besides optimizing its
performance towards the delivery of oxygen. Possible modifications
are such as direct cross-linking between Hb or the encapsulation of
Hb into a secondary matrix [71,72]. However, these products did not
manage to pass clinical trials for real application due toxicity issue
[73,74]. Harmful side-products can be released causing deleterious
effects on cells. To overcome this issue, Centis et al. suggested the use
of liposomes encapsulated with human Hb that is further dispersed in
a fibrin gel to deliver oxygen to cells [74]. They demonstrated that the
available oxygen provided by the liposomes containing Hb promoted
cell growth in 3D scaffold.
Perfluorocarbons (PFCs) are another kind of commonly used
oxygen carriers [36]. PFCs are chemically inert synthetic molecules
consist of primarily carbon and fluorine atoms with low toxicity toward
biological system [75]. Uniquely, solubility co-efficient of oxygen in
PFCs is at most 20 times higher than blood [76]. They also have the
ability to physically dissolve significant quantities of many other gases
including carbon dioxide. PFCs are hydrophobic and since not miscible
with water [77], PFCs have to be emulsified for intravenous use. Using
advanced technology, it is possible to produce stable emulsion with
exceptionally small particles (median diameter<0.2 μm) [75] that
could be employed as oxygen carrier for regenerative applications.
Optimization of the protocol and formulation are required to obtain
good emulsions and the maximum concentration of PFCs is usually
around 15% (v/v). Such PFC-containing physiological saline or culture
medium can produce an overall oxygen solubility of is at most four
times higher than those of culture medium. This is still not enough to
meet the demand of large tissue regeneration [73]. Although PFCs are
biologically inert, the emulsified form that are infused to humans can
cause complement activation and reduced platelet functions [72]. In
addition, “Oxygent”, the only commercially available product reported
so far has been terminated from human clinical trials. This seems to
make PFC-based oxygen carrier less popular [78]. To overcome this
issue, Radisic et al. have proposed an idea to combine channeled 3D
scaffolds with perfusion of oxygen carrier-containing culture medium
[79]. The channels were perfused with 5% (v/v) of PFCs to increase the
overall oxygen solubility in the perfused culture medium. Having this,
oxygen gradient occurring along the direction of the perfusion can be
minimized. Besides, the formed tissue is showing higher DNA contents
and enhanced expression of cardiac marker genes.
Another way to utilize PFCs is by increasing the local oxygen
J Biotechnol Biomater
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delivery flux to cells immobilized in hydrogels-based matrices [80].
However, these matrices produced non-consistent results. Maillard
et al. demonstrated that culturing islets in a fibrin-based matrix
supplemented with emulsified perfluorodecalin (PFC family member)
can prevent islet hypoxia [81]. They also concluded that such system is
beneficial for promoting islet viability, functionality, and morphology.
In a similar study, Chin et al. have demonstrated an improvement in
the cellular function in model system consisted of alginate immobilized
with PFCs and human hepatocellular carcinoma (HepG2) cells [80].
The results show that PFCs manage to increase the oxygen environment
at the hydrogels interface. Conversely, Goh et al. found no statistically
significant improvement on the cell growth, metabolic activity or to
the induced insulin secretion from the cells after the addition of PFCs
emulsion (10 vol%) to encapsulated system of βTC-tet cells in calcium
alginate [82].
It is clear that system incorporated with PFCs can increase
oxygenation by enhancing dissolved oxygen effective diffusivity
through the matrix, but not serving as an oxygen reservoir. PFCs in
this system have only limited capacity to supply oxygen and did not
have any re-oxygenation mechanism to introduce back the reservoir in
the PFCs. However, it remains unclear whether the increase in effective
diffusivity is sufficient to produce consistent and experimentally
measurable positive effects on the encapsulated cells. Furthermore,
during the design of such systems, it is important to incorporate PFCs
at a concentration that will not compromise mechanical integrity and
immune-protective characteristics of the original matrix selected.

Scaffold for oxygen release
Nature offers pattern of systems having smart materials and
functioning mechanism, which can be used as learning model in efforts
to make improvements that fulfill the need of daily life. The mimicking
efforts no doubt is demanding but given the most promising potential
of accomplishment in various areas especially those tissue engineering
related. It is well known that peroxide salts will get dissociated into
hydrogen peroxide upon dissolved in water and subsequently the
hydrogen peroxide further decomposes into water and oxygen.
There are attempts to supply sufficient amount of oxygen for tissue
regeneration via direct method using chemical generated oxygen that
is incorporated within scaffolds.
Researchers at Wake Forest University have been working with
peroxide related compounds that generate oxygen through chemical
decomposition mechanism [11,39]. These peroxides incorporated
scaffolds represent a novel class of biomaterials that provide oxygen
in situ for a temporary period up to 2 weeks. These scaffolds begin to
generate oxygen upon the contact with aqueous solution. Harrison et
al. have used sodium percarbonate incorporated scaffolds for in vivo
tissue salvage with an implantable film form in an ischemic skin flap
model in mice [39]. It managed to delay the onset of necrosis via early
supplementation of oxygen (Figure 3). In the system employed, solid

Volume 5 • Issue 2 • 1000182

Citation: Lim JO, Huh JS, Abdi SIH, Ng SM, Yoo JJ (2015) Functionalized Biomaterials - Oxygen Releasing Scaffolds. J Biotechnol Biomater 5: 182.
doi:10.4172/2155-952X.1000182

Page 5 of 11

Figure 3: (a) Histological analysis, 100×: Hematoxylin and Eosin stains of the skin flaps harvested at 3 and 7 days showed delayed necrosis in the oxygen group with
better conservation of tissue architecture, epidermis height (black arrows), hair follicles and sebaceous glands. Differences were more prominent at the 7 days (white
arrows show necrotic hair follicles). The size bar represents 500 μm. (b) Evaluation of apoptosis after 3 days: (c) Representative sections of dermis showing apoptosis
positive cells with brown nuclei (nuclei counterstained with methyl green). A significant higher number of apoptotic cells were found in the dermis of the control (PLGA)
group when compared with the treatment group (POG) (n=7, p=0.
Decomposition mechanism

Chemical reaction

Decomposition through calcium peroxide

CaO2 + 2H2O → Ca (OH)2 + H2O2
2H2O2 → O2 + 2H2O

By products
1.
2.
3.

Metal ions
Oxygen
Water

Decomposition through sodium bicarbonate

[Na2CO3]2 3H2O2 → 2Na++2CO3−2+3H2O2
2H2O2→O2+2H2O

1.
2.
3.

Metal ions
Oxygen
Water

Direct decomposition of hydrogen peroxide

2H2O2→O2+2H2O

1.
2.

Oxygen
Water

Table 2. Decomposition mechanisms used to produce oxygen for tissue engineering applications and their byproducts which may produce toxic effect in the microenvironment
of the scaffolds.

sodium percarbonate was used to produce oxygen along with sodium
and bicarbonate ions. The study shows that typically degradation
processes associated with hypoxia, such as apoptosis, discoloration, and
lactate increase seem to be slowed down with the supplementation of
oxygen. In a similar work, Oh et al. incorporated calcium peroxide in
a 3D porous poly (lactic-co-glycolic acid) scaffold through a porogen
leeching process. The oxygen-generating biomaterials were seeded with
cells and cultured in a hypoxic environment, where majority of the
oxygen supply was from the scaffold. The result shows that the metabolic
rate remained steady for 5 days and only dropped dramatically (~80%)
by day 10. This lack of proliferation followed by a continuous decrease
in cell number is likely due to oxygen deficiency. In contrast, the
metabolic rate in the calcium peroxide containing scaffolds doubled
over that same time period. Scaffolds containing calcium peroxide
are found to maintain better cell viability over time using histological
analysis. After 2 weeks of incubation under 1% oxygen, almost all cells
had completely disappeared from the control scaffolds. However, in the
oxygen generating scaffolds, there was an increase in the number of
cells with homogenous distribution by day 10.
These results illustrate the potential of these novel oxygenincorporating biomaterials used in extending cell viability and
tissue preservation both in vitro and in vivo until vascularization
can be established. However the byproducts generated from these
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decomposition mechanisms is still remain major concern (Table 2).
Basically when calcium peroxide decomposes, it also forms hydroxide
ions as byproducts in addition to oxygen, which resulted in pH increase
and too alkaline for cell survival. Similarly, the decomposition of
sodium percarbonate release sodium and bicarbonate ions as well.

Oxygen Releasing Functionalized Systems
The use of oxygen releasing functionalized systems might be a good
solution in overcoming the limitation in tissue engineering caused by
necrosis. Some of the insight of such systems will be discussed in the
following section. It basically focuses on the development aspect such
as formulation and methodology, and the evaluation assay for such
systems.

Formulation and methodology
Several main factors are required to be considered in developing of
a functionalized oxygen releasing microsystem (Figure 4). First criteria
will be the identification of a suitable oxygen releasing source that can
release oxygen upon activation. This can be of chemical compounds or
biological substances. In nature, photosynthesis, chlorate respiration,
decompositions of salts or gases and the detoxification of reactive
oxygen species are the pathways that used to produce oxygen and can
be selected from to be utilized in this system. However, by-products

Volume 5 • Issue 2 • 1000182

Citation: Lim JO, Huh JS, Abdi SIH, Ng SM, Yoo JJ (2015) Functionalized Biomaterials - Oxygen Releasing Scaffolds. J Biotechnol Biomater 5: 182.
doi:10.4172/2155-952X.1000182

Page 6 of 11

Suitable oxygen releasing mechanism
Encapsulation technique
Controlled release
Biocompatible approach for functionalization
Evaluation
Figure 4: Illustration of the building blocks for the development of oxygen
producing system.

generated from these pathways need to be identified since it might
cause major concerns once interfering with the tissue construct.
Table 2 summarizes the advantages and disadvantages of some of
the decomposition mechanism used to produce oxygen for tissue
engineering applications. Even byproducts may not be directly toxic
such as metal cations in some cases, but its accumulation to higher
concentration might interfere with the biological system. After the
oxygen source has been identified, the next factor to be considered is
the materials that can be used to form the shell of the microspheres.
The materials are regardless synthetic or natural must be biocompatible
and with added merit if biodegradable. Recent literature shows that
suspensions of degradable microspheres can be employed for sustained
drug release at desirable doses and by implantation without surgical
procedures [83,84]. Biocompatibility is usually being achieved by using
of natural polymers such as alginate, chitin, and chitosan or by the
employment of polymers made from naturally occurring monomers
such as lactic and glycolic acids.
Besides the type of polymers shell used, processing conditions
employed during preparation very much determine the release profile of
oxygen. Properties such as the size and density, polymer ratio, structure
properties that include surface and internal areas and encapsulation
efficiency will all influence the release of oxygen from the system. L.
Du et al. demonstrated that release properties of the microspheres were
influenced by different LA/GA ratio of PLGA [85]. Drug release from
PLGA microspheres was governed by an asymptotic profile in which
up to 87% (40/60, mol/mol), 64% (50/50, mol/mol), 60% (60/40, mol/
mol) of the peptide was released within 30 h. The work concludes
that the initial release profile of the drug was mainly dominated by
permeation factor. Along with the introducing of the GA content, the
hydrophobicity of the materials was decreased markedly. It makes the
drug diffusion through the microsphere’s wall much easier.
Having the main ingredients ready, then an appropriate method
can be chosen based on its suitability in forming microspheres and the
capability to have high loading efficiency of the oxygen source. Different
encapsulation methods have their own advantages and disadvantages
towards a particular drug delivery system and such information have
been well reported and in review papers [83,84,86,87]. For instance,
Kristin et al., shown that three different microencapsulation techniques
solid-in-oil-in-water (s/o/w), water-in-oil-in-water (w/o/w), and oilin-oil-in-water (o/o/w) are applicable for the preparation of PLGA
microspheres as sustained release devices for human insulin [84].
However, due to having the highest insulin loading efficiency and
the lowest initial insulin burst release, the w/o/w emulsification
J Biotechnol Biomater
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technique is considered to be most appropriate. They concluded that
these microspheres showed sustained release of structurally intact and
biologically active insulin that promoted the formation of cartilagespecific ECM. However in this case, the ideal technique should be
rapid, simple, highly reproducible, and uses simple instrumentations.
Final stage of the development will be identifying a suitable storage
method for the microspheres to avoid loss of oxygen when not in use.
Based on the mentioned criteria, Lim and co-workers [12,13]
have developed oxygen producing micro-system using H2O2 as oxygen
source. The main concept behinds the system is the production of oxygen
upon the chemical decomposition of H2O2 encapsulated in double
layered microspheres. Although microencapsulation of water soluble
compounds is not something new and has been commonly reported
[88], it is not commonly done on molecule like H2O2 that has molecular
weight less that 100 g/mol. Major reason is related to the high diffusion
coefficient of H2O2 within polymeric matrices due to its small size.
This leads to low encapsulation efficiency as leaching occurs seriously
during the production of microspheres. SM Ng, et al. used a backward
concentration gradient method to increase the loading efficiency,
where H2O2 was added in high concentration into the continuous phase
during the production that employed the double emulsions solvent
evaporation method [12]. Under such condition, H2O2 will diffuse from
high concentration region of the continuous phase into the core of the
microspheres in achieving effective encapsulation.
Since H2O2 are toxic for cell [12,13], the micro-system was designed
for having polymeric shells as boundary to avoid the possible direct
contact of H2O2 with the cells (Figure 5). Besides, the double layered
walls acted as a controlled release mechanism in prolonging the
release of oxygen and sustaining oxygen at the optimum level for cell
survival. As an added security feature, catalase has been immobilized
in the secondary alginate layer to ensure complete decomposition of
H2O2. The mobility of catalase need to be confined and should not be
released into the surrounding that may cause serious contamination.
The decomposition process of H2O2 is rather simple, consisting of a
single step reaction and produces only oxygen and water as products.
This eliminates the possibility of having harmful by products that will
contaminate the biological environment.

Figure 5: (A) Optical microscope image of a PLGA-based micro-system
encapsulated with alginate-catalase. Immobilization of catalase onto an
alginate chain was carried out using EDC/NHS chemistry. The alginate layer
coating on the PLGA micro-system was produced by the dripping method, in
which the gelation of alginate was achieved using divalent calcium(II) ions.
(B) Theoretical decomposition route for H2O2 in a micro-system in releasing
oxygen.
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Evaluation of oxygen releasing profile
Qualitative observation: The evaluation way on the release of
oxygen from scaffold or micro-system is via qualitative observation by
naked eye under an optical microscope. Choi, et al. describe this kind of
observation in evaluating their oxygen micropump [89]. They observed
the various sizes of oxygen bubbles during the decomposition of H2O2.
To observe bubble, the system can sandwiched between two glass slides
and added with water through the edge. The formation of oxygen if
any can be directly observed under microscope. The release rate can
be correlated semi-quantitatively by taking the images at a periodical
period, which continuous release will cause the bubble size to grow.
Example of such image is shown in Figure 6. Although this method
is semi-quantitative, the direct observation can give very convincing
evidence in proving the oxygen release.
Quantitative analysis: Besides having qualitative observation,
precise analytical measurements are required in evaluating the release
profile of oxygen from the releasing system. This approach generates
quantitative concrete values that can be used directly to do analysis
and comparison in term of the performance of batches prepared using
either similar or not in materials, methods, or producing settings. In
addition, the releasing system can be categorized accordingly to the
oxygen releasing amount and rate, which is useful for dosage control
purpose. Practically, analytical measurement of oxygen level can be
performed via different standard conventional laboratory techniques,
optical spectroscopy, or with the use of commercially available portable
oxygen meter as shown in the Table 3.
In conventional measuring method, oxygen releasing system will be
placed in dry or incubated in solution inside an air tight reaction vessel.
The vessel is having an outlet connected with tubing, which the other
end tip will be inserted into a burette inlet pre-filled with water and
placed backward in a water reservoir. The oxygen produced from the
microspheres will replace the water inside the burette and the amount
can be recorded directly from the granulated mark of the burette.
Harrison et al. used the same method to measure the oxygen generated
from biomaterials [39]. In addition, maximum amount of oxygen that
could be generated theoretically can be calculated using chemical

Figure 6: Illustration of quantitative evaluation of oxygen generating
mechanism. The bubbles formation was increased (depend on the oxygen
releasing profile) up to the particular time period.

stoichiometry of decomposition of sodium percarbonate that has been
loaded into the system. This method is simple and cheap, but however
subjected with higher errors and lower accuracy since it is difficult to
evaluate the average encapsulation efficiency. It will be also problematic
if the amount of oxygen produced is too low and not detectable.
Another option for a sensitive and accurate measurement will
be via the use of standard optical spectroscopy. Zhao et al.utilized
luminescence-based imaging-fiber oxygen sensors first time for the
in situ measurement of oxygen consumption from intact perfused
mouse hearts [90]. These luminescence materials based on ruthenium
complexes immobilized on silica gel particles. The work concluded that
these materials are very stable, although extremely sensitive to molecular
oxygen. Therefore, measurement recorded using luminescence
materials are very reliable but required the handling of trained personal
and the use of expensive optical instrumentation [91-93].
In contrast, the use of commercially available oxygen sensors
is the simplest and cost effective approach for oxygen measurement.
These sensors are very common nowadays and can be purchased with
comparatively low price [92]. Oxygen concentration is recorded directly
without the need of conversion, calibration curve or extra chemical
[12,13,94,95]. The handling of such sensors is also often simple and
efforts are only needed on setting-up a good controlled study set to
validate and evaluate the oxygen releasing profile.
Biological evaluation: Although the quantitative and qualitative
evaluations can give good indication of the oxygen release profile,
biological studies are still required since the micro-system will be
ended up in biological system during the application. Therefore, the
microspheres not only should release oxygen as planned but also
should be biocompatible in biological environment. Thus, the oxygen
releasing system need to be tested with series of studies in ensuring the
safety aspect is fulfilled.
Commonly, cell culture study will be used as initial assessment
before upgraded into more complex system including in vivo transplant
if necessary. Cell assay can be planned accordingly to be used as another
potent approach to evaluate and verify the release of oxygen from the
oxygen releasing system. Modarressi et al.investigated the switching
from high (21%) to low (2%) oxygen levels effects on cultured skin
myofibroblasts, essential cells for the normal wound repair process [96].
The work demonstrated that culture for 5 days at 2% oxygen (hypoxia)
significantly reduced myofibroblast differentiation and contraction.
They concluded that these effects were reversible by restoring high
oxygen conditions to improve ischemic and chronic wound healing.
Usually these assays determine the ability of cells or tissues to maintain
or recover its viability and allow sensitive colorimetric evaluation for
the determination of cell viability. For instance, comparison of cell
density for culture seeded under normoxic and hypoxic conditions in
the presence and absence of oxygen releasing system over a period of
time can be made. As shown in Table 4, different approaches were used
to evaluate cells conditions under normoxic and hypoxic environment.
Theoretically, cell fails to survive under long hypoxic condition.

Oxygen releasing strategy

Instrumentation/Measuring method

References

PLGA films with sodium per carbonate

Observed the volume of water displaced by the oxygen gas generated from the films. Used
chemical equation for decomposition of sodium per carbonate and the ideal gas law.

[39]

PLGA/Calcium peroxide based scaffold

BloodGas Analyzer (EasyBloodGas, Medica)

[11]

Hydrogen peroxide base functionalized
micro-system

Concentration was recorded using a portable oxygen meter (Thermo Orion Series, 3 Star)
through electrode of the meter (Thermo, ORION 081010 MD).

[12,13]

Table 3: Instrumentation used to measure the concentration of oxygen generating systems.
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Oxygen producing
approach

Cell type

Hypoxic parameters

Effect

References

Oxygen producing scaffold

NIH 3T3 fibroblasts

hypoxic glovebox system
(1% O2, 5% CO2)
(BioSpherix, USA)

Higher cells numbers found as compare
to normoxic condition

[11]

Viability of the cells increased

[12]

Increase viability in the skeletal muscle
cells

[13]

Oxygen releasing
microspheres
Oxygen producing microsystem

Clone Neuro-2a (N2a, ATCC No. Artificially by closing the air passage of the
CCL-131)
culture dish
Skeletal muscle cells (L6)

Billups–Rothenberg modular incubation
chamber, USA
(1% O2, 5% CO2, and 94% N2)

Table 4: Hypoxic parameters and instrumentations used for the in-vitro experiments.

Based on this, if an oxygen releasing system is integrated into a hypoxia
condition and the cells show sign of surviving longer compared to the
control set (without oxygen releasing system), this gives an indication
that oxygen is present. This must be from the system. In contrast, if
cells fail to survive and showing the same result as those controls,
this indicates a failure of the oxygen releasing system. Mostly, tissue
cultures are maintained in vitro at oxygen levels of approximately 20%.
Ironically, natural cell microenvironments appear to contain much
lower oxygen tensions; the mean oxygen concentration of arterial blood
is approximately 12%, and that of tissue is 3% [97]. It varies based on
the body location and thus the type of oxygen releasing system (having
specific release rate) need to be chosen carefully based on the in vivo
micro-environmental condition. Similarly, one needs to be mindful of
oxygen tension when interpreting the observations from experiments.
Usually, in this type of comparison experiments, all conditions set
between control and sample need to be identical and well controlled.
Such kind of evaluation method has been practically used in the work
by Oh, et al. [11]. In more advanced stage, Harrison et al. used skin flap
model in nude mice to observe the effect of critically/marginal perfused
tissues in vivo [39]. This model is well accepted and serves as a good
standard for research on ischemic tissue survival. They analyzed the
tissue flaps on tissue, cellular and biochemical levels. For this purpose,
u-shaped flap will be placed in the back of the mice, which causing
ischemia in the flap. On a tissue level, it becomes apparent for the nonoxygen producing system that the tissue because necrotic in appearance
as compared to oxygen producing system. Mice with film containing
oxygen producing system had a significantly reduced amount of
visible necrosis at days 2 and 3. By day 7, the tissue became necrotic in
appearance similar to the control mice. In addition, the tissue in contact
with the oxygen producing system showed less tissue architecture decay
at day 7 compared to the control films with remaining defined layers
and intact hair follicles. In this study they found lower level of lactate
in the oxygen’s sample, this is suggestive that the oxygen generating
biomaterials can produce sufficient oxygen to prevent anaerobic
metabolism from occurring.

Potential application of oxygen producing functionalized
micro-system
The capability to integrate and utilize of the oxygen producing
micro-system for prolonging cell survival effectively under oxygen
deficient condition is an important aspect. The micro-system should be
able to release the oxygen to cell at the targeted place and time, without
targeting on a wrong area. This, this reflects the need in designing of
elegant delivery mechanism, integrated on a suitable platform that acts
as bridge to merge the micro-system into real biological purpose. This
section will discuss some of the potential applications with implication
based on the author’s opinion.
Oxygen producing micro-system incorporated scaffold: The
incorporation of microspheres into scaffolds for tissue engineering
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purpose has been widely reported [98-101]. The motivation is to
combine the strengths and advantages, both the conventional scaffold
and drug encapsulated microspheres into a new class of composite
biomaterial. Xiaoqin et al.incorporated growth factors (bone
morphogenetic protein 2, rhBMP-2 and insulin-like growth factor I,
rhIGF-I) encapsulated PLGA microspheres in alginate and silk scaffolds
to form concentration gradient [100]. Silk sponge-like scaffolds were
superior to alginate gel scaffolds in forming deep linear grow factor
gradients. The osteogenic and chondrogenic differentiation of hMSCs
seeded in these silk scaffolds corresponded to the gradient distribution
of rhBMP-2 and reverse distribution of rhBMP-2/rhIGF-I, showing a
trend of gradient increase. rhIGF-I enhanced the effect of rhBMP-2 but
it alone did not induce hMSC differentiation, probably due to its limited
loading and fast release. They concluded, control of specific tissue
formation can be achieved by controlling spatial distribution of growth
factors in a polymer scaffold via microsphere incorporation. In this
sense, the concept of composite scaffold utilizing of oxygen producing
micro-system in tissue engineering can be adopted. The micro-system
can be integrated uniformly as part of the scaffold within the main
matrix. The micro-system act as active oxygen generator system, while
cells can attach, proliferate, differentiate, and form an ECM on the
specially designed scaffold.
Oxygen as a drug: The failure in supplying sufficient oxygen to
organs cause damage to its functionality and subsequently can paralyze
a normal operating biological system. One of the well-known examples
is stroke, caused by the blockage of the cerebral microvasculature and
results in decreased blood and nutrients supply to post-occlusion
brain tissue. This ischemic and hypoxic environment leads to several
necrotic tissue events including loss of ATP production, elevated
levels of intracellular calcium, etc. that ultimately lead to neuronal and
cerebrovascular cell death. Under such condition, it will be useful to
employ the oxygen producing micro-system as a drug to oxygenate
tissue. Due to its small size, the micro-system can be directly injected
to the affected area and act as temporary generator for oxygen supply
before the problem of vessel blockage is overcome via surgical or other
methods.

Future challenges and prospect
In the view of the authors, there are still huge rooms for the
technology to grow and improve from the current level of achievement.
This review has gathered a number of works that have demonstrated
the relevancy of the currently available technologies that can contribute
toward this area. However, it should be clear that the idea of using oxygen
generating scaffolds to supply external oxygen to tissue construct is still
at the initial stage. There are still some important aspects and challenges
that need to be addressed and investigated before such technology can
reach clinical trial stage and eventually being used in real application.
Three key challenges have been identified, which are size, safety, and
release profile.
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The size of the system producing oxygen should be ideally small
for its ease blending into the tissue scaffolds that are currently used
in tissue engineering area. The size might need to go down to nanosized scale from the current micro-sized scale in order to minimize
major alteration on the initial property of the scaffold. This is such
as the reduction of mechanical strength on the initial scaffold due to
the formation of clear and wide boundary between the system and the
matric of the scaffold if the size of the system is too huge. Once the
size is reduced, this will directly introduce fabrication limitations and
difficulties. This is more obvious if the architecture consists of several
coated layers like the one suggested by Abdi, et al. [13].

4. Anderson DG, Burdick JA, Langer R (2004) Materials science. Smart
biomaterials. Science 305: 1923-1924.

Another major concern of such system is on safety issue. Since the
system is dealing with oxygen, it is very common to encounter free
radical of oxygen that can cause serious effect to cells. The scavenge of
this radical from the system is not easy, while even there is a method,
it will definitely increase the complexity and reduce the practicality in
adopting this system in real applications. Besides, some of the oxygen
sources might be highly toxic to the cell. It can reach the cell if happen
the designed system has some faulty flows or there is no specific safety
feature incorporated to avoid this when the system is first designed.

9. Volkmer E, Drosse I, Otto S, Stangelmayer A, Stengele M, et al. (2008) Hypoxia
in static and dynamic 3D culture systems for tissue engineering of bone. Tissue
Eng Part A 14: 1331-1340.

Next challenge to be handled will be on the controlled release profile
of this system. Although the release rate can be monitored as reviewed
in the early section, quantitative measurement can only be achieved
in vitro, while not in vivo. This will be problematic as the system is
intended to work in vivo and the biological environment might alter
the release rate. Any amount of oxygen deviated from optimum level
will bring serious damage to the cells in contact. Thus, a correlation
between the release rate under in vitro and in vivo conditions should
be established to ensure correct dosage is given for different cell types;
however such correlation is not possible using current technology since
the evaluation study using biological system is semi-quantitative and
based on trial and error approach. Correct dosage still might be able
to be achieved, but definitely this will be a time consuming and high
cost study.
The use of functionalized biomaterials scaffolds that are able to
supply oxygen while vascularization is taking place within a tissue
construct seems to be a potential solution to overcome necrosis
caused by oxygen deficient problem. The prospect for continuation
development is certainly bright since the oxygen will be supplied in a
more independent manner and can be easily fine tune to the required
dosage via controlled released technology. Besides, the state of art to
blend the oxygen reservoir within the tissue scaffolds will reduce the
physical obstacle that might be induced to the biological environment
if it is blended in the tissue but outside of the scaffold. In another word,
there will be no extra physically matrices need to be added although the
functionality of providing oxygen has been introduced.
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