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In spite of remarkable advancements in tissue engineering and regenerative medicine in recent years, a
notable gap remains in the availability of economically feasible and efficient treatments to address the
hypoxic conditions within wounds. This perspective delves into cutting-edge strategies leveraging
autotrophic tissue engineering for regenerative medicine, and provides new pathways for wound healing
and repair. Autotrophic tissue engineering harnesses the innate photosynthetic ability of algae to provide
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optimal oxygen levels within cell-seeded scaffolds. This innovative approach attempts to fabricate tissue
constructs endowed with self-sustainability. It also reduces the dependence on external nutrient
DOI: 10.1039/d4ma00492b sources, and seeks to produce functional scaffolds suitable for 3D bioprinting applications. Similarly, we

envision a creative design approach focused on devising a novel methodology to functionalize carbon
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1. Introduction

Tissue engineering augments the intrinsic regenerative potential
of biological tissues, thereby catalysing the restoration of struc-
ture and functional processes for tissue repair. The last two
decades have seen significant progress in the areas of bone,
cartilage, cardiac tissue, pancreatic constructs, and vascular
structures.” Tissue engineering focuses on the development of
biocompatible scaffolds, cell-based therapies, and the precise
incorporation of growth factors and bioactive molecules to
develop engineered constructs contributing to the acceleration
and optimization of wound healing.” The normal wound healing
process involves four stages, namely, haemostasis, inflamma-
tion, proliferation and remodelling.® Both local and systemic
factors are involved during this process; among these, insuffi-
cient supply of oxygen to the wounded area is one of the major
bottlenecks for tissue regeneration. Various approaches such as
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quantum dots (CQDs) with fucoidan derived from algae through click chemistry.

but not limited to the use of recombinant pro-angiogenic growth
factors, gene vectors encoding for therapeutic molecules and
stem cells have been adopted to enhance vascularization. Each
of these approaches holds significant potential in hastening the
process of vascularization. Nevertheless, even when all condi-
tions are optimal, the complete restoration of suitable oxygen
levels through vascular supply would still require several days to
weeks." Direct administration of growth factors to augment the
regenerative capabilities of engineered tissues faces several
limitations, which includes short-term biological half-life of
the molecules and the necessity for recurrent administration of
large and potentially harmful doses.?

Autotrophic tissue engineering represents a novel concept
that leverages the capabilities of autotrophic organisms to
create or enhance living tissues. Algae, which are autotrophic
organisms, have emerged as a promising bioresource for
wound healing applications due to their rich repertoire of
bioactive compounds. They are capable of consistently supply-
ing oxygen and other essential biomaterials necessary for the
process of wound healing. Algae possess potent antioxidant,
anti-inflammatory, and antimicrobial properties, and hence
can be a potential solution to the global wound care challenge.
Through the process of photosynthesis, they convert light into
energy-rich organic molecules along with sufficient amount of
oxygen. Moreover, alginate, fucoidan, carrageenan, agarose,
and ulvan, derived from marine algae, exhibit distinctive phy-
sicochemical properties and possess therapeutic benefits. Their
unique characteristics, such as gel-forming ability, biocompat-
ibility, and biodegradability, coupled with their potential to
modulate cellular behavior and promote tissue repair, position
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these algal polysaccharides as versatile materials for constructing
artificial tissues and facilitating healing processes. Therefore,
algae when integrated with cutting-edge tissue engineering play
a significant role in tissue regeneration and can be employed in
organ transplants, skin substitutes, cartilage, and bone repair,
along with other applications.>” In this perspective, our objective
is to delve into innovative strategies that capitalize on autotrophic
tissue engineering. We give insights into the pioneering meth-
odologies employed to augment diverse facets of biomedical
engineering and therapy. Additionally, we elaborate on the incor-
poration of algal derivatives within this framework, evaluating
their prospective roles in propelling advancements in the field.
Similarly, we envision an inventive design approach aimed at
creating a novel strategy to functionalize carbon quantum dots
with fucoidan derived from algae using click chemistry, to estab-
lish its therapeutic precedence in the near future. Through this
comprehensive exploration, our aim is to elucidate the conver-
gence of autotrophic tissue engineering with biomedical applica-
tions, elucidating the promising pathways for research and
development in this dynamically evolving domain.

2. Tissue engineering components

In vitro human tissue engineering comprises three equivalents,
encompassing cell sources, tissue architecture, and niche prop-
erties as represented in Fig. 1.° Cell sources are raw materials
for the tissue engineering process, such as primary cells and
cell lines, stem cells, organoids and genetically modified cells.
Primary cell lines are directly isolated from living tissues or
organs and maintain their original physiological characteris-
tics, making them valuable for studying specific tissues or
organs,” whereas stem cells are undifferentiated cells bearing
remarkable ability to differentiate into several cell types.'® On
the other hand, three-dimensional miniature structures of cells
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forming organoids resembling organs are generated in the
laboratory from stem cells or other precursor cells. Along with
these cell sources, genetic engineering tools such as gene
editing and gene delivery systems enable the manipulation of
genetic material of cells or organisms for research or therapeu-
tic purposes.'' Tissue architecture is the second essential
component of tissue engineering, encompassing various struc-
tures such as scaffolds, hydrogels, organ-on-chips, and 3D
cell printing, all of which serve as supportive mechanical
frameworks. The scaffold gives cells a place to adhere, grow,
differentiate, and eventually form the extracellular matrix.
Additionally, it functions as a delivery system for cells, growth
factors, and other biomolecular signals.’> To control tissue
development, the scaffold should replicate human tissue com-
position and characteristics. An ideal scaffold should have a
vast network of interconnecting pores, achieve proper mechan-
ical strength, and have channels for delivering nutrients and
oxygen to cells. Plant-based biomaterials offer safer alternatives
for scaffold construction due to their biocompatibility, cost-
effectiveness, and reduced immunogenicity. They also require
fewer preparatory treatments for biomedical acceptability com-
pared to animal-derived substances like collagen and gelatin."?
Hydrogels due to their high-water content, soft and elastic
nature, and biocompatibility have gained attention as promis-
ing materials for various biomedical applications. They allow
the diffusion of oxygen, nutrients and drugs, thus mimicking
extracellular matrices (ECM)."* They are crucial for creating a
bioactive and biocompatible 3D culture system. Hydrogel-based
scaffolds tailored for specific cell types have been developed
through the utilization of diverse biomaterials and techniques.
With the aim to enhance cellular biocompatibility, promote cell
adhesion and to insert stable micro or nano dimension struc-
tures within scaffolds, a combination of natural and synthetic
polymers are utilized. Despite these advancements, the transla-
tion of hydrogels into clinical applications remains a formid-
able challenge. Apligraf®, AlloDerm®™, and Juvéderm®™
represent merely a subset of hydrogels that have obtained
approval for clinical utilization."> Another structural compo-
nent, organ-on-chip technology, also called microphysiological
systems or tissue chips, is an innovative approach in tissue
engineering. These small devices are designed to imitate the
structure and function of human organs on a miniature scale.
They use microfluidic tubes lined with living cells to recreate
the natural environment of the organ, offering new possibilities
for personalized medicine, toxicity testing, and drug develop-
ment. For example, a lung-on-chip can replicate lung tissue,
while a kidney-on-chip can simulate kidney filtration processes
using specific cell types.'® These devices allow for direct visua-
lization and quantitative analysis of biological processes in an
intact kidney tubule, potentially aiding research into the mole-
cular causes of kidney function and disease. Similarly, a cardiac
muscle membrane was created using polydimethylsiloxane
(PDMS) to create cardiac muscle membranes.'”” Hence, on a
miniature scale, organ-on-chip offers opportunities for perso-
nalized treatment, advanced toxicity testing, and enhanced
drug development through the replication of human organ
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functions."® 3D bioprinting or cell printing is a technique that
combines tissue engineering principles with 3D printing tech-
nology to create complex three-dimensional structures. The
bioinks developed for it are made of cells and hydrogels to
build complex tissue architectures and patterns. This techni-
que enables the development of 3D tissue scaffolds, creating
biomedical components with a high degree of tissue resem-
blance. The primary types of 3D bioprinting are laser-assisted,
inkjet, extrusion, and stereolithography.'® The technique is
used in drug testing, regenerative medicine, and tissue engi-
neering to create precise tissues and organs.”® Inkjet bioprint-
ing stands out for its speed, precision, and cost-effectiveness,
creating high-resolution constructs with excellent cell viability
(over 85%). This technology is ideal for applications requiring
intricate details and rapid prototyping.>’** Extrusion-based
bioprinting excels in handling complex biomaterials, including
those with high viscosity and cell density (over 95% viability).
Its ability to maintain drug release within printed structures
makes it a strong contender for tissue engineering applications
demanding precise material deposition.>*** Laser-assisted bio-
printing reigns supreme in terms of precision and versatility,
allowing for the creation of highly detailed structures with a
wide range of biomaterials. This technology is particularly
suited for applications requiring microscopic accuracy, such
as organ-on-chip models and corneal tissue engineering.”
Growth factors are crucial for tissue repair and maintaining
tissue homeostasis.”® These are signalling molecules that con-
trol the growth, differentiation, proliferation, and survival
of cells. They bind to specific receptors on the cell surface,
triggering intracellular signalling pathways that lead to various
cellular responses. TGF-§ is a growth factor that orchestrates
the different events involved in wound healing by regulating
ECM synthesis, inducing fibronectin, collagen, and other ECM
elements, while inhibiting proteases and promoting protease
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inhibitors to preserve ECM integrity. Additionally, TGF-f
enhances the expression of integrins binding to ECM compo-
nents, facilitating tissue repair processes.?” Artificial niches in
biomaterials aim to mimic the natural cell microenvironment,
providing easily moldable, multidimensional structures and
minimal cytotoxicity.® While complex organ tissues like lungs,
pancreas, liver, and heart have been successfully recreated, they
are still not perfectly reproducible for implantation.>® Table 1
summarizes the various products available for tissue engineer-
ing in various biomedical applications.

3. Contemporary methods and hurdles

Tissue engineering faces challenges due to acellularity, thin
tissues, low metabolism, and oxygen diffusion. Strategies to
reduce hypoxia in vitro are promising, but large volumes of
scaffolds in vivo may threaten their effectiveness.*® Research is
currently focused on understanding tissue regeneration to
exploit major pathways for treating aged and diseased tissues.
Bone tissue engineering involves 3D porous scaffolds similar to
natural bone, such as hydroxyapatite (HA) scaffolds, which
promote new bone production in vivo. However, ceramic mate-
rials are not recommended for regeneration of significant bone
defects due to their weak mechanical properties.’® Cartilage
tissue engineering is centred on collagen, elastin, and proteo-
glycans, which are the essential components of firm and
flexible connective tissues made up of chondrocytes embedded
in a highly hydrated extracellular matrix."® Restoring articular
cartilage, which has limited self-regeneration ability, remains a
medical challenge. Tissue engineering methods employing
suitable scaffolds, mechanical stimulation, and growth factors
aim to enhance cartilage healing. However, achieving effective
integration with the surrounding environment remains a

Table 1 Products available for tissue engineering in various biomedical applications

Company Product
Product name name type Composition Application Ref.
3D Insert™ 3D Biotek Scaffold sheet Polystyrene 3D cell culture application 29
HUMIMIC Chip 2 TissUse Organ-on-a- Microfluidic circuit Enables near-lifelike nutrient/oxygen supply for 30
HUMIMIC Chip 3 chip detailed studies on substance distribution, meta-
HUMIMIC Chip 4 bolization, and effects prediction
HUMIMIC Chip XX/XY
OrganoPlate™2-lane 96 Mimetas Organ-on-a- Layered tissue without artificial membrane 31-
OrganoPlate® Graft chip Automated imaging 33
OrganoFlow™ Robotic liquid handling equipment
NERVESIM™ AxoSim Organ-on-a- Multi-cellular primary cul- Nerve conduction velocity for the developed plat- 34
chip tures or iPSCs form is only about 0.13-0.28 m s~
BrainSIM™ Limited automation on existing models
AXLung-on-chip system AlveoliX Organ-on-a- Siliocon membrane Recreates the air-blood barrier with an ultra-thin 35
chip membrane
BioSphincter™ Cellf BIO Cell expansion Smooth muscle cells and Autologous sphincter grown from patient’s own gut 36
neural stem cells cells is implanted, eliminating the rejection risk, and
seamlessly integrates into the gastrointestinal tract
SeedEZ Lena Biosciences Scaffold Stem cells SeedEZ used with all cell types, enables cadherin 37
(cell-to-cell) and integrin (cell-to-ECM) utilization
by receptors for biomimetic functions of engi-
neered tissue, suitable for long-term culture and
multiple-dose drug testing
7518 | Mater. Adv,, 2024, 5, 7516-7533 © 2024 The Author(s). Published by the Royal Society of Chemistry
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fundamental challenge in cartilage tissue engineering.*’ Inflam-
mation at the transplant site is a critical factor in osteoarthritis
development and progression. Type 1 diabetes is a condition that
is brought on by the immune system destroying cells.*” The most
widely used scaffold for pancreatic tissue engineering for insulin
production in diabetic patients has been Matrigel™. It is a solubi-
lized complex basement membrane preparation taken from the
Engelbreth-Holm-Swarm mouse sarcoma.”® Matrigel and other
materials like collagen and PEG hydrogel have been suggested as
3D scaffolds for pancreatic tissue engineering.** Islet encapsula-
tion has been suggested as a method to prevent issues with islet
transplantation, as it protects the transplanted cells from the host
immune system by a biocompatible membrane.*> Today, however,
there is still debate over whether immune suppression is necessary
when using microencapsulation techniques.

Hypoxia can limit cell respiration and growth, but it may also
increase angiogenesis through the hypoxia-inducible factor-1 (HIF-
1) pathway. Current techniques cannot maintain or deliver adequate
oxygen to wounds due to their dependency on gaseous oxygen.*®
Biomaterial scaffolds can have intricate designs with large, inter-
connected pores, mimicking the capillary network, to improve the
penetration of the culture medium. However, the extent of blockage
by developing tissues remains elusive. Perfusion bioreactors can
help overcome this limitation, and oxygen carriers can increase
oxygen capacity in the culture medium. Biomaterials have been
designed to release angiogenic signals in a controlled manner, and
stem cells can be genetically modified to express some angiogenic
factors.”” Regenerative therapies encounter immunological barriers,
particularly with allogeneic hematopoietic stem cells (HSCs) and
transplantation of solid organs. During tolerance-induction treat-
ment, allogeneic immune cells, particularly T cells, may respond
negatively when given to an immunosuppressed patient. Many
obstacles must be overcome to restore native tissues and organs
using regenerative medicine, such as ensuring mechanical integrity
of the transplant, vascularization, and innervation.*® Biomaterials
are used in tissue engineering to provide surface qualities, shape,
and structural traits that support cells and can be loaded with the
right growth agents. Natural polymers like gelatin, chitosan, hya-
luronic acid, polyhydroxyalkanoates (PHA), and collagen are com-
monly used due to their compatibility and availability. Silk, a natural
polymer, has gained prominence in tissue engineering applications
due to its processability, strength, and elasticity.*® The extracellular
matrix (ECM) maintains biological cues and aids cell attachment,
differentiation, and function. Mammalian tissue-based decellular-
ized matrices have been prepared using various techniques, includ-
ing chemical, biological, physical, and combined techniques.”
Synthetic polymers like polyglycolide, polylactide, poly(glycerol seba-
cate), and poly(lactide-co-glycolide) are commonly used in tissue
engineering due to their availability, affordability, bioresorbability,
and regulated processing.”

4. Algae for advanced tissue engineering

Algae are natural resources that have lately been utilized as
revolutionary biological materials. The ability to synthesise

© 2024 The Author(s). Published by the Royal Society of Chemistry
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complex metabolites with little resource input, together with
a greater biomass productivity and rapid growth rate, are
the main advantages. Algae are potential candidates for the
production of new biochemical probes, biomedical scaffolds or
drug carriers due to their distinctive morphological properties
and easily functionalized surfaces.’> Microalgae are a renewable
source of pharmaceutical compounds which are “Generally
Regarded As Safe”” (GRAS). The extracts of algae have exhibited
a range of pharmacological activities. Because of their GRAS
designation, products made from algae are useful not only for
pharmaceutical applications but also for the food industry. Their
ease of cultivation and production methods such as photoauto-
trophic, heterotrophic, and mixotrophic processes favour their
utility.>® Due to their unique morphology and properties and
capabilities algae are highly efficient photosynthetic organisms
which are capable of converting light energy into chemical
energy.”* They have evolved efficient photosynthetic pathways
to capture and utilize light energy, making them ideal candi-
dates for autotrophic tissue engineering. This energy conversion
capability can be harnessed to provide a continuous energy
source for engineered tissues.”® Algae produce a huge quantity
of vital primary metabolites (e.g., carbohydrates, fatty acids, pro-
tein and vitamins) and secondary metabolites (e.g., phytosterols,
antioxidants, pigments and phycobilin-proteins). Secondary meta-
bolites are non-nutritive molecules that are synthesised by
plants for environmental stress protection. With respect to health
benefits, these high value secondary metabolites are used in
pharmaceutical and nutraceutical industries.”® Interestingly, some
algae are considered as a rich source of natural antioxidants
such as astaxanthin (ASX), fucoxanthin (FX), zeaxanthin (ZX),
canthaxanthin (CTX), violaxanthin (VLX), and neoxanthin (NX).””
Numerous freshwater and marine algae have been reported to
contain these carotenoid pigments. The antioxidant and anti-
proliferative properties of these carotenoids are well established.
The algae Haematococcus pluvialis, C. sorokiniana, C. calcitrans,
C. gracilis, S. obliquus, C. vulgaris and C. pyrenoidosa serve as the
primary source of astaxanthin which has been licenced for
commercial use by the Food and Drug Administration (FDA).
Furthermore, by using an algae-based system, we can create novel
molecules that are challenging to produce by chemical synthesis.
The products of pharmaceutical importance have also been
reported to be harvested from algae.”® Spirulina, a type of micro-
algae, is regarded as a superfood since it has a protein content of
60-70% and is also high in omega-6 fatty acids, vitamin B, vitamin
E, phycocyanin and several minerals. It is quite beneficial for
diabetes, reducing weight and blood pressure. Spirulina contains a
pigment called C-phycocyanin which has antioxidant and anti-
inflammatory effects.”® Chlorella, a different microalga, was used
as a perfect food during space missions. It helps to stimulate the
immune system and has a detoxicant effect. In addition to provi-
tamin A, riboflavin, vitamin E, niacin, vitamin B6, vitamin B12,
biotin, pantothenic acid, and folic acid, it contains protein, dietary
fibers, fat, carbs, and thiamine B1. It is well known for reducing
fibromyalgia, ulcerative colitis, and high blood pressure.”>*
Algae are generally non-toxic and have low immunogenicity.®
This characteristic is crucial for biocompatibility in tissue

Mater. Adv., 2024, 5, 7516-7533 | 7519
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engineering. While immune responses can vary depending
on specific strains or individual immune profiles, algae are
generally recognized as safe and do not elicit strong immune
reactions. This makes them suitable for integration into tissue
constructs without provoking significant immune responses or
adverse reactions.®” Algae exhibit rapid growth rates and high
biomass productivity, allowing for large-scale cultivation.®®
There are just a few species of algae that can be consumed by
humans such as Aphanizomenon, Chlorella vulgaris, Arthrospira
(Spirulina) platensis, Dunaliella, and Nostoc. These algae have a
high concentration of physiologically active compounds and
a very simple manufacturing procedure, making them an attrac-
tive candidate for large-scale growth. Other microalgal species,
including Chlorococcum sp., Aphanizomenon, Scenedescmus sp.,
Nanochloropsis sp., and Tetraselmis chuii, have proven to be a
source of useful ingredients in aquaculture, feed, fertilisers, and
cosmetics, but they do not yet have the GRAS (Generally Recog-
nised as Safe) status.®® The requirements for growth media can
differ amongst microalgal species. However, practically all spe-
cies have similar fundamental needs, which include basic nutri-
ents, a supply of carbon, either organic or inorganic, as well as
nitrogen, phosphorus, and iron. This makes them attractive for
tissue engineering applications that require the generation of
substantial amounts of autotrophic biomass.

Algae can serve as a source of many different compounds,
including antiviral, antibacterial, and antifungal medications,
as well as neuroprotective products and therapeutic proteins.
The biomass produced from algae is rich in bioactive com-
pounds, which are obtained directly from primary metabolites
or created from secondary metabolism.®® Strikingly, these
compounds depict antiviral and antifungal activities that can
prevent diseases in humans.®® In a study, Pratt et al. extracted a
variety of fatty acids from chlorella that had antibacterial
effects. It appears that different Gram-positive and Gram-
negative bacteria can be killed, or their growth is inhibited by
the free fatty acids derived from algae. Biological compounds
have demonstrated antibiofilm capabilities in addition to the
antibacterial activity of algae, which is important in the treat-
ment of disorders caused by infection.®” Algae, in particular
C. reinhardtii, are promising candidates for use as vaccine
carriers for viral disease since they are secure and have a single
chloroplast that expresses a high concentration of proteins. E2
protein, D2-CTB fusion protein (D2 fibronectin-binding
domain of S. aureus containing the cholera toxin B subunit),
and E7 oncoprotein are a few examples of these recombinant
proteins that are used in vaccines against the classical swine flu
virus and the human papillomavirus (HPV).®® Recently, a
method for rapid, facile, and environment friendly assimilation
of biomass and lipids has been reported in algae with potential
utility in the pharmaceutical and nutraceutical sector.®® Algae
can therefore be suggested as a sustainable source of high-value
bioactive components with therapeutic potential and applica-
tions given the reliability and abundance of algae, which may
be the reason for their advancing field of scientific literature
throughout time.”® Algae encompass a wide range of species
with diverse characteristics. This diversity provides options for
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Fig. 2 Advantages of algae for tissue engineering.”?

researchers to select specific algal strains that best suit their
tissue engineering goals, such as specific nutrient profiles,
growth rates, and compatibility with the target tissue.”* These
advantages have been depicted in Fig. 2.

4.1. Autotrophic tissue engineering

Autotrophic tissue engineering aims to develop tissue constructs
that can sustain themselves by harnessing energy from light, similar
to how plants do through photosynthesis. This approach is parti-
cularly relevant when engineering tissues with high metabolic
demands or large tissue volumes, as it can provide a continuous
energy source to support their growth and function.”® 3D bioprint-
ing has become an important tool for biomedical and next-
generation biology research because 3D models can bridge the
gap between animal models and 2D cell cultures.”* The advance-
ment of autotrophic tissue engineering has a significant bearing on
the creation of novel treatments. In addition to the standard
problems, tissue engineering calls for extra attention to be paid to
the requirements of autotrophic organisms for survival.

The delineation of the role of oxygen is also necessary in
wounds to retain energy supply (ATP levels) for the growth of
new tissues along with deposition of collagen fibres.”® In the
wound healing process, oxygen plays a key role in promoting
angiogenesis, collagen synthesis, production of reactive oxygen
species (ROS), production of growth factors, and ensuring
effective fibroblast and leucocyte functioning.”®

Schenck et al. (Fig. 3A-F) introduced a new technique called
“HULK” (Hyperoxie Unter Licht Konditionierung), aiming to
create chimerical tissues using photosynthetic cells to generate
local oxygen through photosynthesis. They tested the response
of photosynthetic scaffolds in in vivo transplantation, specifically
for dermal wound regeneration. The study used a combination
of the photosynthetic algae C. reinhardtii and a collagen-based
template called “Integra matrix single layer.” In vivo transplanta-
tion showed promising results, with chimeric tissues persisting
for at least 5 days without significant immune response.”® By
creating chimeric animal-plant tissues during skin regeneration
in immunocompetent mice, Chavez et al. (Fig. 3G) showed that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HULK (Hyperoxie Unter Licht Konditionierung) technique. (A) Generation of photosynthetic biomaterials. (B) In vivo scaffold engrafted in a mouse
model. (C) and (E) A close-up of the (C) left and (E) right implant show no macroscopic signs of infection or inflammation at the wound area. (D) and (F)
Implanted biomaterial showed high vascularization in the presence of microalgae. (G) Schematic illustration of genetically modified algal cell
incorporated scaffolds engrafted in a wounded mouse and subjected to constant illumination.® Reproduced with permission © 2015 Acta Biomaterialia.

photosynthetic biomaterials can produce and supply oxygen
independently of the circulatory system. The angiogenic recom-
binant protein vascular endothelial growth factor (VEGF) was
expressed by gene-modified algae that was incorporated into
biomaterials. This study showcased an algae-based platform for
secreting recombinant human growth factors, notably VEGF-165,
SDF-1, and PDGF-B, with optimal production achieved using a
UV-mutated strain and specific vectors. Genetic manipulation
facilitated secretion of human proteins from algae, enhancing
therapeutic potential. Additionally, in diabetic chronic wounds,
impaired neovascularization due to hypoxia and destabilized
HIF-1a exacerbates healing delays, highlighting the clinical need
for oxygen supplementation. Algae-based hydrogels offer bio-
compatibility and versatility, supporting tissue movement and
providing a conducive wound environment, addressing a critical
gap in diabetic wound care.®””

Bloch et al. studied the photosynthetic oxygen supply to
encapsulated islets to mitigate hypoxia in interrupted vascular
connections, aiming to evade graft rejection post-transplantation
in diabetes mellitus patients. Biohybrid artificial pancreas (BAP),
a novel technique, was developed which consisted of pancreatic
islets positioned in a compartment that was sealed off from the

© 2024 The Author(s). Published by the Royal Society of Chemistry

recipient’s immune system by hydrogels or semipermeable
membranes. It contained two distinct compartments: one for
oxygen-producing algal cells and the other for pancreatic islets
that secrete insulin. Co-encapsulating islets and algae within the
same compartment could potentially lead to negative conse-
quences for the immobilized cells. These potential issues
include disruptions in the physiological function of the encap-
sulated cells, alterations in algal metabolism from photosyn-
thetic to heterotrophic, excessive algal growth, competition for
essential nutrients, and the accumulation of harmful bypro-
ducts. To address these concerns, an alternative model was
explored as a viable solution. Chlorella sorokiniana, a green,
unicellular thermophilic alga, was employed in this experiment
as a “photosynthetic oxygen generator” to enable enhanced
insulin production from encapsulated pancreatic islets.
C. sorokiniana at the ideal body temperature of humans exhibits
remarkable potential for adaptation and these algae can be easily
grown under laboratory conditions. It was discovered that islet
oxygen consumption may be offset by algal-based photosynthetic
oxygen production, resulting in optimum insulin secretion from
encapsulated islets perfused with oxygen-free media. When the
beads were perfused with oxygen-free media, the oxygen transfer
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from illuminated algae to nearby islets was effective and sus-
tained adequate insulin response to glucose. In the same com-
partment of alginate beads as the islets, the microalgal cells were
also encapsulated. In response to a high level of glucose, the
islets boosted insulin secretion in a statistically significant
(P = 0.01) manner.”® Maharjan et al. developed a 3D-bioprinted
unicellular green algae, Chlamydomonas reinhardtii, to serve as a
sustainable oxygen source in engineered tissue constructs.
A homogeneous bioink mixture, comprising poly(vinyl alcohol),
NaCMC, alginate, and gelatin, was utilized, with optimized
proportions to enhance printability and structural stability.
Using this bioink, honeycomb-shaped 3D structures as illu-
strated in Fig. 4 were printed and crosslinked with calcium
chloride under constant light irradiation. These structures, con-
taining C. reinhardtii, exhibited increased oxygen production
over time, enhancing the viability and functionality of surround-
ing human cells while reducing hypoxia levels. Bioprinted
C. reinhardtii within GelMA-based hydrogel constructs supported
liver-derived cells’ viability and function, enabling the creation of
vascularized hepatic tissue constructs through enzymatic
removal of algae patterns and endothelialization of microchan-
nels with human umbilical vein endothelial cells (HUVECS). O,
patterns formed by algae enhanced the capabilities of nearby
human cells. Following the enzymatic breakdown of fugitive
algae patterns, channels are endothelialized. The bioprinted
C. reinhardtii-laden patterns promoted the survivability and
functionality of the HepG2 cells within the surrounding GelMA
matrices and acted as a natural photosynthetic O, generator
within hepatic tissue constructions.”

Miguel et al. introduced the first human trial of a photo-
synthetic therapy involving implantation of C. reinhardtii algae in
scaffolds for complete skin wound regeneration. The algae were
embedded in Integra matrix scaffolds with human fibrinogen and
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thrombin, showing no adverse local or systemic immunological
reactions in eight patients during a 90-day follow-up. Macroscopic
examination revealed no inflammation, and patients reported
minimal discomfort. Laboratory testing indicated no harmful
effects, with insignificant immune responses observed. Histologi-
cal analysis demonstrated integration of the photosynthetic scaf-
fold with the injured area, facilitating tissue regeneration and
successful skin grafting. The results demonstrated in Fig. 5 are
representative of the first effort to treat patients using photosyn-
thetic cells, and they encourage the introduction of photosyn-
thetic medications into healthcare settings.*

Agarwal et al. combined the dried algal biomass of
C. sorokiniana and a bioactive compound loaded hydrogel,
which accelerated the wound healing process and also offered
antibacterial properties. This algal biomass loaded hydrogel
scaffold (AHS) was created using single step synthesis. The AHS
comprising varying concentrations of algal biomass was admi-
nistered to mouse excisional wounds for 14 days. In this
investigation, the formulations were applied onto the wound
once a day for up to 14 days. When compared to the control,
betadine, hydrogel scaffold, and algal biomass groups, the
0.3% AHS group exhibited (Fig. 6) complete wound healing
and no scarring. Moreover, the AHS showed strong antibacter-
ial efficacy against the bacterial strains Escherichia coli and
Staphylococcus aureus, in addition to having great biocompat-
ibility. Hence the algal hydrogel scaffolds induced migration
and proliferation of cells into the wound site rapidly accelerat-
ing healing.®"

Cerdas et al. introduced a novel bioactive suture that trans-
cends traditional wound closure functions. By incorporating
genetically engineered microalgae into a standard suture
matrix, they engineered a construct capable of in situ oxygen
generation and controlled release of pivotal growth factors,
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Fig. 4 Bioprinting of C. reinhardltii. (A) 3D bioprinting process. (B) 3D bioprinted C. reinhardtii-laden honeycomb patterns with different layers at day 3.
(C) Optical and fluorescence micrographs of bioprinted C. reinhardtii-laden honeycomb patterns. (D) HUVEC viability at days 3 and 7 after seeding in
microchannels. The results are shown as means =+ standard deviations. (E) Fluorescence micrographs of HUVEC immunostaining for CD31 expression
(green) on day 7 of seeding in the microchannels.”® Adopted with permission © 2021 Matter.
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Fig. 5 Fabrication of photosynthetic scaffolds and its application. (A) Microalgae and fibrin incorporated into a commercially available collagen scaffold and
allowed to develop for four days. (B) The actual picture (top) and cross section (bottom) of a photosynthetic scaffold. Scale bars represent 2 cm (B, top),
2 mm (B, bottom) and 20 um (C) wound prepared. (D) Photosynthetic scaffold implantation. (E) Scaffold sutured between the wound edges (F) implant
covered with a flexible and transparent PDMS membrane (G) implant is secured with adhesive, leaving a window over the scaffold to allow illumination. (H)
Light device was then placed on top and illumination intensity was controlled. Scale bars (C—H) represent 5 cm. (I) Wound evolution, autografting procedure,
and clinical outcome. Scale bars represent 5 cm except for clinical outcome, middle and bottom, which represent 10 cm. Adapted with permission © 2021

Frontiers &°

including VEGF, PDGF-BB, and SDF-1a, crucial for tissue
regeneration. The suture exhibited comparable tensile strength
to conventional sutures while maintaining stability under
diverse conditions.*® Chen et al introduced a pioneering
oxygen-delivery system in the form of a hydrogel patch
emb