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Introductory summary

1. Introductory summary

This cumulative dissertation synthesizes insights from two individual yet interconnected articles
that were published over the course of the PhD. The general objective of the doctoral research
project was to develop new photosynthetic biomaterials and to study if a technological platform
could be established to preserve photosynthetic biomaterials in a clinically compatible setting.

In order to fulfill the general objective, the following specific objectives were defined:

To develop a novel hydrogel-based photosynthetic biomaterial.

2. Tostudy if the photosynthetic microalgae Chlamydomonas reinhardtii can be preserved
under hibernation-like conditions, optimizing a protocol for their storage.

3. To validate the protocol for microalgae preservation in an already established
photosynthetic biomaterial in vitro.

4. To evaluate safety of preserved photosynthetic biomaterials in an in vivo model for

tissue regeneration.

The subsequent sections of this introductory summary address the topics of wound healing and
management, the significance of oxygen in the healing process, and the development of
photosynthetic biomaterials for the advanced oxygenation of tissues. The first published work
presented in this dissertation (Publication 1) corresponds to the results obtained from specific
objective 1, and contributes to the aforementioned topics by introducing a biocompatible
photosynthetic hydrogel-based wound dressing designed to release oxygen and other bioactive
molecules to enhance the wound healing process (1). Additionally, this dissertation discusses
the clinical feasibility and preservation challenges associated with photosynthetic biomaterials.
The second published article (encompassing results from specific objectives 2, 3 and 4;
Publication 1l) proposes a novel solution for the preservation challenge by generating a
hibernation-inspired preservation protocol for photosynthetic biomaterials (2). Concluding this

section, the contributions and future directions of the presented research findings are discussed.

1.1 Skin damage and clinical wound management

Skin wounds are defined as the disruption or injury of the normal structure and function of the
tissue (3), and can be caused by both external and/or internal factors. External causes include
physical trauma, chemical exposure, or burns. On the other hand, internal causes can include
pathological conditions such as autoimmune disorders or chronic diseases. Wounds can also be
classified based on their depth, as superficial (affecting epidermis only), partial-thickness
(affecting epidermis and dermis) or full-thickness (affecting all layers of the skin) (4). In addition,
wounds are generally classified as acute or chronic based on the time and progression of the

healing process (5).

Under normal conditions, the process of wound healing is a complex body response of
overlapping events known as the wound healing cascade, which aims to repair the injured
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Introductory summary

tissues. This response involves four phases: hemostasis, inflammation, proliferation, and
remodeling (6). In the initial hemostasis phase, platelets aggregate to form a plug at the injury
site, releasing growth factors that facilitate blood clot formation. This activates the subsequent
inflammation phase, where immune cells are attracted to the site, tasked with the removal of
debris and pathogens. Next, tissue repair takes place in the proliferation phase, through
processes such as cell division, collagen synthesis, and angiogenesis. Finally, in the remodeling
phase, the newly formed collagen fibers undergo reorganization, increasing tissue strength and
ending in the formation of a scar (7). While the wound healing cascade is a natural body process
occurring in acute wounds, several factors can arise, impeding its normal progression.
Underlying health conditions (such as diabetes or vascular diseases) are typical risk factors that
can cause systemic complications such as inflammation, infection, and local hypoxia, leading to

the formation of chronic wounds (8).

Therefore, during the course of wound healing, correct patient care and wound management is
essential for optimal tissue regeneration and avoiding prolonged complications. To date, wound
care involves a spectrum of approaches, ranging from traditional to advanced wound dressings
(9). Traditional dressings, such as gauzes, provide a physical barrier to protect the wound bed
and avoid infections. Advancements in wound care have introduced modern solutions such as
hydrocolloids or hydrogels, which offer benefits such as moisture control, enhanced healing
environment, and the ability to manage various wound types. The choice between traditional
and advanced dressings depends on several factors, including individual patient’s needs, wound
type, size, and depth. In cases of extensive skin damage or full thickness wounds, traditional and
advanced dressings may be insufficient for optimal wound healing. In this case, skin substitutes
(including natural or synthetic scaffolds) are commonly used, as they offer a structured and
supportive environment for the wound healing process, enhancing cell migration, tissue

granulation, and angiogenesis (5).

In order to further promote wound healing, functional biomaterials have been also generated
by incorporating bioactive molecules, including therapeutical drugs, antimicrobial agents, and
growth factors into wound dressings and scaffolds (10). These biomaterials are capable of locally

releasing specific molecules onto the wound site, enhancing the wound healing process.

Despite the significant advancements in wound management in the last decades, this field
remains as a global clinical and scientific challenge. Therefore, the development of advanced
wound dressings and scaffolds is an active field of research. This cumulative thesis encompasses
two different wound care treatments within the context of photosynthetic biomaterials. The
first publication describes the generation of a novel hydrogel as potential wound dressing,
designed for superficial and partial-thickness skin wounds. On the other hand, the second
publication describes the development of a preservation strategy to enhance the clinical

translation of photosynthetic scaffolds for the treatment of full-thickness skin wounds.
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1.2 Oxygen and wound healing

Oxygen is known to be a critical component of many biological processes, and stands out as a
key factor for wound healing, as it is involved in all phases of the wound healing cascade (Figure
1) (11,12). During hemostasis, oxygen is crucial for effective platelet aggregation and formation
of blood clots at the wound site. Next, during inflammation, oxygen supports immune cell
function, particularly neutrophils and macrophages, facilitating the generation of reactive
oxygen species (ROS) and cytokines to eliminate pathogens and regulate the inflammatory
response. In the proliferation phase, oxygen is key for various cellular processes involved in new
tissue formation, including cell division, collagen synthesis, and angiogenesis. Finally, in the
remodeling phase, oxygen plays a pivotal role in supporting fibroblast activity and therefore
proper collagen alignment, contributing to the maturation and organization of the healing tissue
(112).

Wound healing phases
@ Hemostasis @ Inflammation @ Proliferation @ Remodeling

- Vo ¢ ¢ e
Blood \ o/ ~ - Scar ——

clot Proliferating__, — tissue ~
Platelet immune ¥ \ / fibroblasts < __~—— Collagen —
cells [ I - synthesis
Processes supported by oxygen
: Immune cell function Cell division : i
@ Platelet aggregation ROS generation @ Collagen synthesis @ Fibroblast activity
Cyotokines production Angiogenesis

Figure 1: Role of oxygen in the wound healing process. Schematic shows wound healing phases
(hemostasis, inflammation, proliferation, and remodeling), and mechanisms supported by oxygen in every
wound healing phase. Created with Biorender.

While acute hypoxia acts as an initial signal to promote wound healing, prolonged and chronic
hypoxia is responsible for non-healing chronic wounds. Optimizing oxygen levels in the wound
promotes a favorable healing environment and enhances the chances of successful wound
closure. Hence, significant efforts have been made to advance the development of novel
therapies capable of delivering oxygen to wounds, whether through systemic or local
approaches (13). Systemic approaches, such as hyperbaric oxygen therapies, represent a
complex and expensive clinical approach, and have shown variable outcomes to date (14). On
the other hand, local or topical oxygen therapies, including mechanical devices or oxygen
delivering dressings, have shown to promote wound healing by enhancing cell proliferation and

vascularization (15,16).
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1.3 Photosynthetic biomaterials for wound oxygenation

In the context of topical oxygen delivering systems, the use of photosynthetic microorganisms
has been investigated in order to increase the local oxygen concentration in wounds via
photosynthetic oxygenation in situ (17). This approach offers distinct advantages over
alternative oxygenation methods. First, photosynthetic microorganisms enable a constant
production and delivery of oxygen. By modulating the illumination settings, photosynthetic
activity can be effectively controlled. This dynamic adjustment enables the precise delivery of
specific concentrations of oxygen to address diverse wound requirements. Moreover,
photosynthetic microorganisms can be genetically engineered to produce and deliver specific
bioactive molecules, including growth factors, which could be potentially used to enhance the

wound healing process (18-20).

This photosynthetic oxygenation method has been also proposed for other medical fields,
including cancer therapies, ischemia treatment and organ preservation (21). However, its
application in wound healing has garnered greatest attention in the last years (17). This has led
to the development of various biomaterials, which combine the use of a structural substrate
(natural or synthetic) with photosynthetic microorganisms, including microalgae or
cyanobacteria. Upon illumination, these photosynthetic biomaterials produce and release
oxygen, aiming to reduce tissue hypoxia and to enhance the wound healing process. These
designed biomaterials include scaffolds (22,23,18,24-26), topical hydrogels (1,27-31), patches
(32,33), and sutures (20), each of them designed for specific wound types (Table 1).

12
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Table 1: Photosynthetic biomaterials designed for wound oxygenation.

Biomaterial Biomaterial Photosynthetic P
. . . Main findings Reference
type composition microorganism
Bovine Collagen Chlamydomonas e Reduced hypoxia in vitro. ”
and GAGs reinhardtii (22)
Bovine Collagen, Chlamydomonas e Biocompatibility in vivo in athymic
GAGs, and fibrin reinhardtii nude mice. (23)
; Chlamydomonas e Recombinant human VEGF
Scaffolds for ~ Bovine Collagen, e
I GAGs, and fibrin reinharatii release. (18)
derma e Biocompatibility in vivo.
regeneration
& Bovine Collagen, Chlamydomonas e Safety validation after
GAGs, and fibrin reinhardtii implantation in human full (24,25)
thickness skin wounds.
Alginate, GelMA, Chlorella o In situ bioprinting strategy 5
and CaCl, pyrenoidosa enhanced wound healing in vivo. (26)
Alginate, CaCOs, Chlamydomonas e Oxygenation of tissues.
GDL and CaCl, reinhardtii e Growth factor and antibiotic .
release. (1)
e Safety in healthy human skin.
Hyaluronic acid Synechococcus e Enhanced healing in burn and (27)
elongatus ischemic wound model in vivo.
Chitosan Spirulina platensis ~® Photosynthetic and photodynamic
effect. (28)
e [n vitro and in vivo validation.
. Chitosan, Spirulina platensis ~® Oxygen and antibacterial
Topical alginate, genipin, molecules release. 29
hydrogels and berberine e Enhanced healing in infected (29)
diabetic wounds in vivo.
Hyaluronic acid Chlorella sp e Oxygenation upon illumination,
inactivation of chlorella
respiration at night. (30)
e |n vitro and in vivo validation in
diabetic wound models.
Pluronic powder Chlorella ¢ Oxygen production promoted
and pyrenoidosa Bacillus subtilis growth and
polydopamine eliminated pathogenic bacteria. (31)
e Enhanced wound healing in vivo.
Alginate Synechococcus e Effective penetration of oxygen in
. encapsulated in a elongatus skin. (32)
Topical PTFE membrane e In vitro and in vivo validation.
patches - P
PVA and GelMA Chlorella vulgaris ~ ® Enhanced wound healing in vivo. (33)
microneedles
Surgical Polylgactin Chlamydomonas e Oxygen and recombinant growth (20)
sutures surgical sutures reinhardtii factor release in vitro.

Within this topic, the first work presented in this cumulative dissertation (Publication 1)

describes the development of a photosynthetic hydrogel for the local release of oxygen and

other bioactive molecules as a potential wound dressing (Figure 2) (1).
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* Oxygenation

* Bioactive

molecule release

* Biocompatible

Alginate Gauze

e .

Microalgae Ca?*

* Customizable

Figure 2: Development of a photosynthetic hydrogel wound dressing for the release of oxygen and other
bioactive molecules. Graphical abstract from Publication | (1). Reproduced with permission. © 2022,
Elsevier Ltd.

Ideally, a wound dressing should fulfill specific criteria, including biocompatibility, moisture
control, prevention of microbial contamination, adequate mechanical strength to sustain
integrity during use, and allow a painless and easy removal (34). Therefore, in this first published
work, particular attention was given to all these parameters. Alginate was selected due to its
known biocompatibility, and because of its mechanical and chemical properties, as it can absorb
wound exudate, and maintain a physiologically moist environment. Moreover, a novel strategy
to improve the mechanical properties of the dressing was designed, where a single layer of
sterile gauze was embedded within the alginate hydrogel. This optimized the strength and
handling of the dressing, which enabled a painless application and removal from the skin. In
comparison to the other published topical hydrogels described in Table 1, the presented
approach used microalgae C. reinhardtii, as they are the only photosynthetic microorganisms
that have shown clinical safety in human patients to date (24). Results showed biocompatibility
of the dressings in vitro, in vivo, and in healthy skin of human volunteers, following ISO -10993-
10-2010 guidelines. Finally, this published work described the potential of the dressing to
become a customizable platform for the release of oxygen as well as other therapeutic drugs

such as antibiotics and recombinant growth factors.

1.4 Clinical translation of photosynthetic biomaterials

While the potential of photosynthetic biomaterials in wound healing and medical applications
holds great promise and has garnered increased attention in the last decade, their current
clinical translation is limited by the short half-life of photosynthetic microorganisms within the
materials. Moreover, these biomaterials require specific and strictly controlled culture and

transport conditions to maintain their viability until clinical use.

These limitations extend to other engineered constructs, such as fresh cellularized skin
substitutes, which have a shelf life of less than one week, restricting their practicality and

14
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commercial potential (35). For this reason, cryopreservation methods are commonly
implemented for human cell treatments (36). Indeed, several FDA-approved cellular scaffolds
now employ cryopreservation methods to extend their shelf life from days to months and even
years (37). This advancement enables the production of larger quantities, enhances quality
control, and extends shelf lives, leading to the development of more reliable, scalable, and cost-
effective technologies (38). However, cryopreservation methods use highly toxic cryoprotective
agents, such as dimethyl sulfoxide, which must be properly removed before biomaterial use
(36).

Concerning the preservation of photosynthetic microorganisms, various techniques have been
explored to date, including cryopreservation, vitrification and lyophilization. These techniques
have shown different performances depending on the microorganisms preserved (39). In the
case of microalgae C. reinhardltii, cryopreservation stands out as the most used method for their
extended storage, which has been mainly described for strain maintenance and culture

applications (40,41).

Interestingly, several photosynthetic cells, including microalgae C. reinhardtii have the ability to
enter a dormant state under harsh or hibernation-like environmental conditions, which include
lack of light, nutrients, and low temperatures (42,43). The second publication presented in this
cumulative thesis (Publication Il) describes the development of a preservation method based
on hibernation-inspired conditions to increase the clinical translation of photosynthetic

biomaterials (Figure 3) (2).

FRESH PRESERVED
Photosynthetic Scaffolds Photosynthetic Scaffolds
Hibernation-inspired :
preservation

1)

*  Maintenance of viability &
functionality in vitro

» Safe & effective in vivo

* Increased shelf-life & clinical
applicability

Figure 3: Development of a hibernation inspired preservation strategy for photosynthetic biomaterials.
Graphical abstract from Publication Il (2). Reproduced with permission. © 2023, John Wiley & Sons, Inc.

In the study, a protocol to preserve C. reinhardtii was optimized, and then applied to
photosynthetic scaffolds. The scaffolds selected for this work had been previously designed by
the research group (22,23), and had been also used in a Phase | Clinical Trial evaluating the safety
of implanting photosynthetic microorganisms in human patients (24). The preservation protocol
demonstrated that the structure (collagen and fibrin integrity), viability (chlorophyll content and

growth capacity) and functionality (oxygen production) of the biomaterial was maintained for
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up to 6 weeks. To evaluate the clinical viability and safety of the developed preservation
approach, fresh and preserved photosynthetic scaffolds were implanted in a mouse full-
thickness skin defect model and studied by several means, including clinical parameters,

histological assays, and local and systemic molecular analysis.

1.5 Contributions to the field and future directions

Based on available bibliography, it becomes evident that photosynthetic therapies and
biomaterials represent an emerging and promising field of research (17,21). Although the global
publication rate within these research domains have experienced a substantial growth over the
past years (Figure 4), it is important to note that the field is still in its early stages. Consequently,
several key aspects remain to be studied before its widespread clinical implementation. The
publications presented in this cumulative thesis contribute to the development and optimization

of photosynthetic therapies for biomedical applications, specifically in the topic of wound

healing.
Photosynthetic therapies Photosynthetic biomaterials
60 60
IS @
() ()
> >
S 40 S 40~
0 n
< c
e o
S 204 3§ 20
o o
] ]
a a
0- 0-
2000 2023 2000 2023

Figure 4: Publications per year in the topic of photosynthetic therapies and photosynthetic
biomaterials. Graphs created with data extracted from PubMed®, using search queries “photosynthetic
therapies” and “photosynthetic biomaterials”’ in December 2023.

As previously explained, the first article proposed the use of alginate-based hydrogels as wound
dressings, that could locally act as personalized bioreactors to promote wound healing by the
controlled delivery of oxygen and other bioactive molecules in situ (1). Further studies should
evaluate efficacy of these dressings in relevant preclinical wound models, and continue with

clinical trials in human patients.

The second article presented in this thesis designed a preservation method to increase the
operational timeframe of photosynthetic biomaterials based on hibernation-inspired
conditions, without the need of toxic cryopreservation chemicals (2). This method allows to
reduce manufacturing times and costs, enabling mass production, standardization, and

significantly increasing the shelf-life and applicability of photosynthetic biomaterials in a clinical
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context. Altogether, these results could have a tremendous impact on the clinical translation of
photosynthetic biomaterials. While this preservation strategy has been validated in a specific
photosynthetic scaffold, this technology could be adapted to all different photosynthetic
biomaterials, including those presented in Table 1, such as hydrogels, patches, and sutures.
Moreover, it should also be evaluated and adapted to different photosynthetic microorganisms

that have shown to be promising for photosynthetic therapies.

Altogether, this cumulative dissertation contributes to the growing field of photosynthetic
therapies, supporting the use of photosynthetic biomaterials through advanced, sustainable,

scalable, and biocompatible solutions for regenerative medicine.
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2. Contribution to the publications

2.1 Contribution to paper |

The first paper presented in this cumulative thesis is entitled "Development of a photosynthetic
hydrogel as potential wound dressing for the local delivery of oxygen and bioactive molecules”,
and was published in the journal Acta Biomaterialia in January 2023 (available online since

November 2022). The full published manuscript can be found in Section 3.
Conceptualization and design

| actively participated in the conceptualization and design of the research, which was performed
in collaboration with several members of the team, including the shared first co-author. We

formulated the research questions and outlined the study objectives as follows:

1. To design a novel and mechanically stable photosynthetic hydrogel.

2. To study and characterize the biocompatibility of the photosynthetic hydrogel.
3. To validate the oxygenation capacity of the hydrogel.
4

To validate the hydrogel as a platform for the delivery of other bioactive molecules.

Once the main objectives of the study were clear, | designed the experimental approach, which

was discussed and adjusted with the team before execution.
Execution of the research activities

| oversaw the practical implementation of the research plan, taking personal responsibility on
the fabrication of photosynthetic hydrogels. This involved coordinating laboratory activities,
ensuring proper protocols were followed by all co-authors, and solving issues that arose during
the execution of the research activities. In the following paragraphs, an in-depth description of

my contribution to the research activities is described.

The initial formulation of the hydrogel was designed in collaboration with the shared first co-
author, where alginate-based photosynthetic hydrogels containing microalgae C. reinhardtii and
a thin layer of sterile gauze were created. The protocol involved an internal crosslinking
technique using calcium carbonate (CaCOs) and gluconolactone (GDL), which ensured
homogeneous hydrogel density, pore size and distribution of microalgae. However, after
preliminary mechanical tests, we observed poor mechanical properties and therefore, handling
difficulties (data not shown in the published article). At this point, | personally worked on
improving the stability of the hydrogels by performing an additional external crosslinking with
calcium chloride. This final fabrication protocol can be observed in the Figure 1A of the published
article (1).

Once the fabrication protocol was optimized, | performed the structural and mechanical analysis

of the photosynthetic hydrogel. First, | optimized a protocol for the fixation and preparation of
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hydrogels for scanning electron microscopy (SEM). Once | obtained the SEM images, | analyzed
them by calculating the pore size and distribution using Fiji Software. In parallel, | also performed
swelling and compressive tests to study the mechanical properties of the photosynthetic
hydrogels. Next, | assessed the stability of the hydrogels over time by means of microalgae

distribution, chlorophyll content and oxygenation capacity.

Once mechanically stable hydrogels were obtained and fully characterized, their
biocompatibility was assessed in vitro (co-culture with human endothelial cells) and in vivo
(acute exposure to zebrafish larvae). | personally fabricated the hydrogels for every test, and
then performed the in vitro and in vivo assays with the support of several co-authors of the work.
As the combination of alginate, CaCOs, GDL and C. reinhardtii had not been described previously
in clinics, | adapted the Primary Skin Irritation (PSI) test from 1SO-10993-10-2010 guidelines, to
study the biocompatibility of the photosynthetic hydrogels on healthy skin of human volunteers.
As human volunteers were involved, | previously wrote the corresponding research protocol
(including detailed methodology, informed consent document, assessment scales and self-
questionnaires) for its ethical approval. Once the research protocol was approved by the
corresponding ethical authorities, volunteers were recruited. | fabricated the hydrogels, and a
qualified nurse (co-author of the work) was in charge of applying them on each volunteer and
assessing their skin irritation after hydrogel application. In parallel, | recovered the hydrogels
after removal from volunteers’ skin, to assess their overall integrity, mass reduction and

microalgae viability after application.

Next, metabolic coupling assay assays were carried out to study if the oxygen released by the
photosynthetic hydrogels was able to fulfill the metabolic requirements of zebrafish larvae and
mice skin explants. | fabricated the hydrogels for each test, and the assay was performed in
collaboration with several co-authors, who supported in the breeding and handling of zebrafish

larvae and in the obtention of mice skin explants, as well as in the overall coupling assay.

Finally, | performed several proof-of-concept tests to validate the use of the photosynthetic
hydrogels as platforms for the delivery of other bioactive compounds beside oxygen, such as
growth factors or antibiotics. | first fabricated the hydrogels by incorporating a strain of C.
reinhardtii expressing recombinant human-VEGF, and quantified VEGF production and release
with an ELISA kit. Secondly, | also fabricated photosynthetic hydrogels containing 1% cefazolin,
and measured its release over time. Functionality of the released antibiotic in E. coli and S.

aureus was performed with the support of one of the co-authors.
Data collection, analysis, and interpretation

| actively participated in data collection, including data from assays performed by co-authors,
which involved overseeing and supervising all experiments. Additionally, | conducted the whole

analysis of the collected data, applying appropriate statistical methods with GraphPad Prism 8
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Software. Next, approval and interpretation of the analyzed data was performed and discussed

with co-authors.
Manuscript preparation

As first author of the published work, | led the writing of the manuscript, drafting the initial
version. | acted as the primary contact for co-authors, incorporating all their feedback through
the preparation process. Once the manuscript was finished, | ensured it adhered to the specific
guidelines of the journal (Acta Biomaterialia), including formatting and citation style. | also
prepared additional documents such as the graphical abstract and supplementary materials for

the submission.

2.2 Contribution to paper Il

The second published article presented in this cumulative thesis is entitled "Development of a
Hibernation-Inspired Preservation Strategy to Enhance the Clinical Translation of Photosynthetic
Biomaterials", and was published in the journal Advanced Therapeutics in December 2023

(available online since October 2023). The full published manuscript can be found in Section 4.
Conceptualization and design

| actively participated in the conceptualization of the project, and played a central role in the
design of the research plan. Together with other members of the team, we formulated the

research questions and outlined the primary study objectives:

1. To establish a protocol for the preservation of microalgae C. reinhardtii.
2. To validate the established preservation protocol in an already existing photosynthetic
biomaterial.

3. To study the safety and feasibility of the preservation approach in an in vivo model.

Once the objectives were clearly defined, | designed the experimental approach, which was a
collaborative task involving discussions with the research team, and subsequent approval of the

proposed design.
Execution of research activities

| played a leading role in all research activities. | was in charge of organizing, scheduling, and
executing experiments. Given that the main goal of this work was to design a preservation
protocol for photosynthetic biomaterials, meticulous pre-planning was key to ensure that after
each time point of the preservation process, all planned analysis and characterizations of the

preserved biomaterials could be performed seamlessly.

After performing extensive bibliographic research in the topic of microalgae preservation, |
designed a preservation protocol based on hibernation-inspired conditions, aiming to reduce

the metabolic activity of the microalgae while being preserved. This protocol was based on harsh
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conditions, including cold temperatures, lack of light and nutrients. Once the protocol was
defined, it was validated in vitro. | preserved microalgae C. reinhardtii for up to 8 weeks, and at
different time points analyzed microalgae morphology by means of microscopy and cell
cytometry. In parallel, | assessed the oxygen production capacity of the microalgae, as well as
their growth capacity by means of agar plating. Finally, | also studied the viability of the

microalgae by cell cytometry.

After establishing a hibernation-inspired preservation protocol for microalgae C. reinhardtii, it
was essential to validate it in an already existing photosynthetic biomaterial. Therefore, |
fabricated photosynthetic scaffolds for dermal regeneration based on previously published
works from our group (18,23). These were then preserved for up to 8 weeks based on the
established preservation protocol. At each specific time point, | studied overall morphology and
structure of the scaffolds by macroscopic, fluorescent, and SEM imaging. In parallel, and to
assess the functionality of the preserved scaffolds, | quantified chlorophyll content, oxygen
production and growth capacity of the microalgae. Moreover, as a proof of concept, | also
assessed the preservation of scaffolds containing a strain of C. reinhardtii expressing
recombinant human-VEGF protein. This included the fabrication of the scaffolds and

guantification of the expressed and released VEGF after preservation at all time points.

These results showed that photosynthetic scaffolds could be preserved for up to 6 weeks. Based
on the bibliographic research performed at the start of the project, we knew that certain
microalgae could produce and release harmful compounds and cold-shock proteins in response
to environmental stressors. Due to the potential implications of these factors in the clinical
translation of the proposed preservation approach, a main goal of this work was to evaluate and
validate the safety of hibernation-inspired preserved photosynthetic biomaterials in an in vivo
model. Therefore, | planned the in vivo experiments based on a full skin defect model previously
described by the group, where scaffolds are implanted on bilateral defects created on the back
of mice (18,23,44). Before starting the in vivo assays, | wrote a research protocol which was sent
to the corresponding Scientific Ethical Committee for Animal Care. This document included all
methodology, surgery details, sample processing and animal follow up protocols, including
Grimace and health assessment scales. Once the research protocol was approved, | organized
and scheduled the in vivo assays, which were performed with the support of several co-authors,
as surgical procedures required a highly organized team. After surgically implanting the
scaffolds, | performed animal maintenance for 10 consecutive days, including administration of
analgesics, and assessing animal weight, overall animal welfare and wound evolution. After

euthanasia of all animals, tissues (including blood samples, implanted scaffolds and lymphoid
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organs) were processed. | led all the characterization of the obtained tissues, with the significant

support of co-authors for an efficient and optimal analysis.
Data collection, analysis, and interpretation

| performed data collection, including all in vitro and in vivo experiments. Additionally, |
conducted the analysis of the collected data, applying appropriate statistical methods which
were previously discussed with the co-authors of the work. Finally, interpretation of the

analyzed data was performed and discussed with co-authors.
Manuscript preparation

As first author of the published work, | was in charge of writing and generating the initial draft
version of the manuscript. After the review of all co-authors, | incorporated their feedback
through several correction rounds. Once the manuscript was finished, | ensured it adhered to
the specific guidelines of the journal (Advanced Therapeutics), including formatting and citation
style. | also prepared supplementary documents such as the graphical abstract and the

statement of significance for the final manuscript submission.
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The development of biomaterials to improve wound healing is a critical clinical challenge and an active
field of research. As it is well described that oxygen plays a critical role in almost each step of the wound
healing process, in this work, an oxygen producing photosynthetic biomaterial was generated, charac-
terized, and further modified to additionally release other bioactive molecules. Here, alginate hydrogels
were loaded with the photosynthetic microalgae Chlamydomonas reinhardtii, showing high integration as
well as immediate oxygen release upon illumination. Moreover, the photosynthetic hydrogel showed high
biocompatibility in vitro and in vive, and the capacity to sustain the metabolic oxygen requirements of
zebrafish larvae and skin explants. In addition, the photosynthetic dressings were evaluated in 20 healthy
human volunteers following the 1SO-10993-10-2010 showing no skin irritation, mechanical stability of the
dressings, and survival of the photosynthetic microalgae. Finally, hydrogels were also loaded with genet-
ically engineered microalgae to release human VEGF, or pre-loaded with antibiotics, showing sustained
release of both bioactive molecules. Overall, this work shows that photosynthetic hydrogels represent a
feasible approach for the local delivery of oxygen and other bioactive molecules to promote wound heal-
ing.

Statement of significance

As oxygen plays a key role in almost every step of the tissue regeneration process, the development
of oxygen delivering therapies represents an active field of research, where photosynthetic biomaterials
have risen as a promising approach for wound healing. Therefore, in this work a photosynthetic algi-
nate hydrogel-based wound dressing containing C. reinhardtii microalgae was developed and validated in
healthy skin of human volunteers. Moreover, hydrogels were modified to additionally release other bioac-
tive molecules such as recombinant VEGF or antibiotics. The present study provides key scientific data to
support the use of photosynthetic hydrogels as customizable dressings to promote wound healing.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

[1]. An ideal wound dressing should meet specific criteria, which
include being biocompatible, maintaining local moisture, avoiding

Wound management and healing remain as a global clinical
and scientific challenge. Therefore, the development of advanced
wound dressings is an active field of research, and several prod-
ucts have been recently introduced to promote healing in patients

* Corresponding author.
E-mail address: jre@uc.cl (].T. Egaiia).
! Both authors have equally contributed.

https://doi.org/10.1016/j.actbio.2022.11.036

1742-7061/@ 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

microbial contamination, having sufficient mechanical strength to
maintain its integrity during its use, and allow an easy removal
[2]. In this context, hydrogels have gained popularity due to their
outstanding mechanical and biochemical properties, and nowadays
represent one of the most commonly used dressings in clinical
practice [3].

Compared to other dressings, such as gauzes or synthetic films,
which attempt to avoid further complications by providing a tem-
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porary barrier to wounds, hydrogels have attracted increased clin-
ical attention, as they can provide an optimal physiological mi-
croenvironment, accelerating the process of wound healing [4].
Another advantage of using hydrogels is that they can be eas-
ily modified in order to meet the specific requirements of diverse
wounds. Therefore, parameters such as composition, moisture, pore
size or mechanical strength can be optimized based on the type
of the wound [3,5]. Hydrogels can be further activated by incor-
porating bioactive molecules, including therapeutical drugs [6,7],
antimicrobial agents [8,9], and growth factors [10,11] which can
be locally released providing a customizable platform to improve
wound healing. The release of these biomolecules can be further
controlled based on the mechanical properties and pore size of the
hydrogels, where larger pores will enable a more rapid molecule
release [2]. Moreover, hydrogels can be easily applied onto irregu-
lar and deep wounds due to their flexibility and ability to crosslink
in situ [12]. Finally, excess exudate, metabolic waste products, and
proinflammatory molecules that are present in the surface of the
wounds can be absorbed by these dressings, which can then be
easily removed and replaced, acting as cleaning systems and en-
hancing autolytic debridement [13].

Among the key molecules of the wound healing process, oxy-
gen is described to be crucial in its success, being involved in
several critical steps including aerobic cell metabolism, angiogen-
esis, collagen maturation, and oxidative killing of bacteria [14,15].
Although it has been well described that despite acute hypoxia
acts as an initial signal to promote wound healing, prolonged and
chronic hypoxia plays a major role in non-healing chronic wounds
[16]. Hence, several efforts have been made to provide oxygen to
wounds either systemically or locally, including hyperbaric oxygen
therapy (HBOT) or topical oxygen therapy (TOT), but larger studies
are still needed, as no consistent or significant results have been
obtained [16-18]. In addition, dressings have been designed to de-
liver oxygen in the wound site by incorporating different chemical
compounds such as hydrogen peroxide, calcium peroxide or perflu-
orocarbons, representing a promising approach for the local oxy-
genation of wounds [19]. However, these artificial oxygen carriers
present several limitations, including local toxicity, poor stability,
and short term oxygen delivery [20].

Recently, the use of photosynthetic microorganisms has been
suggested as an alternative approach to increase local oxygen con-
centration in several medical fields including antitumor therapies
[21-24], stroke and ischemia treatment [25-28], organ preserva-
tion [29,30], and wound healing [31-35]. In the case of wound
healing, scaffolds containing Chlamydomonas reinhardtii microalgae
cells have shown to decrease tissue hypoxia in vitro [31], and fur-
ther studies have shown their safety in both animal models [36],
and human patients [37]. Moreover, the generation of genetically
engineered photosynthetic microalgae and cyanobacteria has been
studied, aiming to additionally provide freshly produced recombi-
nant bioactive molecules in situ, such as growth factors [34,36] and
glycosaminoglycans [38].

Taking all this into consideration, in this work a biocompatible
photosynthetic hydrogel-based wound dressing was developed to
release oxygen as well as other bioactive molecules to wounds.

2. Materials and methods
2.1. Microalgae strains and culture

Cell-wall deficient C. reinhardtii microalgae (cw15-30-derived
UVM4 [39]) were grown photomixotrophically at 20 °C and con-
stant illumination (30 pE/m2-s) on either solid Tris Acetate Phos-
phate medium (TAP) with 1.5 % (w/v) agar or in liquid TAP with
constant agitation (180 rpm) [40]. For growth factor release ex-
periments, a genetically modified C. reinhardtii UVM4-human VEGF
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producing strain was used (UVM4-VEGF) [36], and cultured as de-
scribed above.

2.2. Alginate hydrogel fabrication

Stock solutions of 1.67% sodium alginate (PanReac Applichem,
Germany) and 128.5 mM calcium carbonate (CaCO3) (Merck, Ger-
many) were prepared, and autoclaved for sterilization. Right be-
fore hydrogel preparation, 320 mM D-(+)-Gluconic acid §-lactone
(GDL) (Sigma, Germany) dissolved in TAP was prepared, and steril-
ized with a 0.22 um filter. Microalgae C. reinhardtii (C.r. in figures)
were used at a concentration of 5.107 microalgae/ml of hydrogel,
which was established after preliminarily assessing densities from
1-107 to 2.5-10% microalgae/ml. For the preparation of 1 ml of hy-
drogel, 600 pl of sodium alginate were added to a sterile tube, fol-
lowed by the addition of 117 pl of CaCO5. Next, 5.107 microalgae
resuspended in 183 pl of TAP were added to the mixture (for con-
trol hydrogels, 183 ul of TAP without microalgae were used). In or-
der to initiate polymerization, 100 pl of GDL were finally added to
the mixture. Standard commercially available woven cotton sterile
gauze (Cat: AAGAALES, Reutter, Chile) was cut into 20 mm in di-
ameter single layer disks and placed in a 12-well cell culture plate,
followed by the addition of 800 ul of hydrogel mixture, obtaining
hydrogels of 2 mm in height. After overnight gelation, hydrogels
were submerged into 2% calcium chloride (CaCl,; Sigma, Germany)
for 30 seconds, and placed in properly sealed culture plates, to
avoid drying of the hydrogel. Hydrogels were maintained for up
to seven days at room temperature (RT) and constant illumination,
without any additional medium.

2.3. Hydrogel imaging

Photosynthetic hydrogels were macroscopically imaged using a
standard stereoscope (Leica S6D, Germany) coupled to a digital
camera. Hydrogels were also analyzed by fluorescence microscopy,
where chlorophyll autofluorescence was observed using Texas Red
filter (Cytation 5, BioTek, USA). For scanning electron microscopy
(SEM) imaging, hydrogels were fixed in 2% glutaraldehyde and
frozen at -80 °C overnight. Then, samples were freeze dried at
-80 °C for 24 hours, mounted, sputtered with gold and analyzed
using 15 kV accelerating voltage (Hitachi TM3000, Japan). Pore size
was measured from SEM images using Fiji Software [41].

2.4. Swelling assay

Semi-dried hydrogels to half of their initial weight were placed
in 35 mm plates and covered with 3 ml of 0.9% saline. Then, sam-
ples were incubated at 30 °C, and mass was recorded at different
time points: 0, 15, and 30 minutes, 1, 2, 4, 6, 8, and 24 hours.
Swelling ratio was calculated as follows:

Swelling ratio = Tswellen

initial

Where initial ratio for time 0 equals 1.

2.5. Mechanical characterization

Compression tests were performed using a TA-XT plus texture
analyzer (Stable Micro Systems, UK) in compression mode. A cylin-
drical probe (10 mm diameter) was used, and hydrogels were com-
pressed reaching 70% strain, while stress values were calculated
using Exponent software (Stable Micro Systems, UK). Compressive
young modulus was calculated as the slope of the linear region of
the stress-strain curve.
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2.6. Chlorophyll quantification

Hydrogel samples of 2 cm? were stored individually at -20 °C
until analysis. Then, 500 ul of DMSO (Sigma, Germany) were added
to each thawed sample, disrupted with a plastic pestle, and incu-
bated for 40 minutes in agitation, covered from direct light. After
incubation, absorbance was measured at 665 and 648 nm using
Epoch microplate reader (BioTek, USA), and total chlorophyll con-
tent was calculated as follows [42]:

Chlorophyll (pg/ml) = 7.49 - A% 4+ 20.34 . A%

2.7. Cell culture and incubation with hydrogels

Human neonatal dermal fibroblasts (HDFn) were kindly pro-
vided by Dr. Ignacia Fuentes (Universidad del Desarrollo, Santiago,
Chile), and were maintained under standard cell culture condi-
tions (37 °C, 5% CO;) in DMEM (Biological Industries, Israel) sup-
plemented with 10% Fetal Bovine Serum (Pan Biotech, Germany)
and 1% penicillin/streptomycin (Sigma, Germany). For the incuba-
tion assay, cells were seeded on 12-well plates (2.10° cells/well
for viability assays or 1.10% cellsfwell for immunofluorescence) and
cultured overnight. Then, 6 mm in diameter hydrogels were placed
in 8 um transwell inserts on top of the seeded cells, covered with
cell culture media, and incubated for 24 hours under constant illu-
mination with blue light (455 nm).

2.8. Cell viability assays

After 24 hours of incubation, hydrogels were removed, and MTT
metabolic assay of HDFn was performed following the manufac-
turer's protocol (Abcam, UK). Briefly, cell culture media was re-
placed by 1 ml of MTT (500 uM), followed by 2 hours of incuba-
tion. Then, 500 pl of DMSO (Sigma, Germany) were added to stop
the reaction and incubated at room temperature for 15 minutes.
Finally, 200 pl of supernatant were transferred to a 96 well plate
and absorbance was measured at 570/650 nm. Microalgae viability
after 24 hours of incubation with HDFn was determined by exam-
ining growth after 7 days of inoculation in agar plates.

2.9. Cell morphology

After 24 hours of incubation with the hydrogels (see
Section 2.7), inserts were removed and cells were washed once
with PBS Ca2"|Mg2*, fixed with 4% paraformaldehyde and then
incubated with PBS-Triton X-100 0.1% for 10 minutes. After wash-
ing, cells were stained with Hoechst 1 pg/ml (Life Technologies,
USA) and Phalloidin-AF546 (Life Technologies, USA) for 40 minutes
at RT and protected from direct light. Images were obtained using
a fluorescence microscope (Leica DM500, Germany) equipped with
a digital camera (MS60).

2.10. In vivo biocompatibility assays

To evaluate the biocompatibility of the photosynthetic hydro-
gels in vive, a well described acute toxicity zebrafish model was
used [43]. Danio rerio, (TABS strain) embryos were obtained from
our zebrafish breeding facility as described before [44]. All em-
bryos were collected by natural spawning and raised at 28.5°C in
E3 medium (5 mM NaCl, 017 mM KCl, 0.33 mM CaCl,, 0.3 mM
MgS0,) adjusted to pH 7. The embryos were maintained in an in-
cubator with 14-10 hours of light-dark cycles, and E3 medium was
changed daily.

For this assay, 5 zebrafish larvae at 5 days post fertilization
(dpf) were placed in a 6-well plate and covered with 2.5 ml of E3

156

Acta Biomaterialia 155 (2023) 154-166

medium. Next, control hydrogels (HG) or hydrogels containing mi-
croalgae (HG + Cr) were added to the wells. In order to maintain
larvae in optimal conditions, incubations were performed in a 14-
10 hours light-dark cycles. After 24 hours of exposure, survival was
evaluated when heartbeats were detected, and expressed as the
percentage of live larvae. For morphological imaging, larvae were
anesthetized in 4.2% (w/v) tricaine (Sigma, Germany), mounted in
1% low-melt point agarose [45] and imaged with a stereoscope (Le-
ica S6D, Germany) equipped with a digital camera.

2.11. Skin irritation test

Primary skin irritation (PSI) test was performed according to
the guidelines of 1SO-10993-10-2010 [46] on healthy skin of 20
human volunteers who provided signed informed consent. Proce-
dures were carried out in accordance with the ethical standards,
and protocols were previously approved by the Scientific Ethics
Committee for Health Sciences at Pontificia Universidad Catélica de
Chile (No: 220128002). Control and photosynthetic hydrogels were
fabricated as described above (20 mm in diameter), applied onto
the forearms of volunteers, and covered with a transparent dress-
ing (Tegaderm, 3M, USA). The control site corresponded to the skin
covered with Tegaderm alone. 24 hours after application, hydrogels
were recovered and Score of Primary Irritation (SPI) was evaluated
by a qualified nurse at 0, 1, 2, 24, 48 and 72 hours after hydro-
gel removal for each volunteer. The observed reaction was defined
as erythema and/or edema, and classified as absent (0), very slight
(1), defined (2), moderate (3) or severe (4). SPI was calculated as:

2 Eon + Evn + Egn + Eaan + Eagn + E7an

- [l snstnsta]

7[250!: + Ein + Eon + Eogn + Eqgn + E?Zh]
6
c

Where E stands for edema/erythema, T for treated site (with
control or photosynthetic hydrogel) and C for control site. The Pri-
mary Irritation Index (PIl) was calculated as the arithmetical mean
of the SPI values from all volunteers. PIl categories were defines
as: negligible (<0), slightly irritating (0.1-0.9), moderately irritat-
ing (1-2.7) and severely irritating (2.8-4). Additionally, volunteers
completed a self-evaluation questionnaire to evaluate pain inten-
sity (0-10), itching (0-3), burning (0-3) and skin palpitation (0-3)
in the treated sites and control sites at 0, 1, 2, 24, 48, and 72 hours
after hydrogel removal.

Hydrogel weight was measured before and after application,
and viability of the microalgae from the photosynthetic hydrogels
once recovered from volunteer’'s arms was determined by examin-
ing growth after 7 days of inoculation in agar plates.

2.12. Oxygraphy

Metabolic activity or oxygen production of the photosynthetic
hydrogels was measured using a Oxygraph+ System (Hansatech In-
struments, UK). Samples were introduced in the electrode chamber
and covered with 2 ml of 0.9% saline, and subjected to 10 minutes
of darkness, followed by 10 minutes of illumination with blue light
(455 nm, 300 puE/m?-s). Oxygen production rate in the illuminated
phase was calculated from the slope of the oxygen concentration
curves.

For metabolic coupling experiments, 10 zebrafish larvae at 5 dpf
or 10 mm in diameter mice skin explants were introduced in the
electrode chamber of the Oxygraph+ System, and covered with 1
or 2 ml of 0.9% saline respectively. Oxygen concentration evolution
was recorded for 5 minutes in darkness, followed by 5 minutes of
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blue light (455 nm, 300 pE/m?s). Then, 10 mm in diameter photo-
synthetic hydrogel was added to the chamber, and the oxygen evo-
lution was recorded for the next 10 minutes in the same lighting
condition, followed by 10 minutes of darkness. Oxygen metabolic
rates were calculated from the slopes of the oxygen concentration
curve. All oxygraphy measurements were carried out at 30 °C.

2.13. Growth factor release

Hydrogels containing strain UVM4-VEGF of C. reinhardtii were
prepared as described above in Section 2.2, At time points 0, 3,
and 7 days, hydrogels were washed thrice with 0.9% saline for 5
minutes, placed in 12-well culture plates, and covered with 500 pl
of saline. Samples were then incubated for 2 hours at RT and with
direct exposure to light, Saline supernatant with released VEGF
was removed from the wells and stored at -80 °C until analysis.
For growth factor release quantification, Quantikine® ELISA Human
VEGF (R&D Systems, MN, USA) was used, following manufacturer’s
instructions.

2.14. Cefazolin release and bacterial growth inhibition assay

Hydrogels were prepared as described in Section 2.2 with slight
modifications. For 1 ml of hydrogel, microalgae were resuspended
in 100 pl of TAP (100 pl of TAP alone were used for control hydro-
gels), while the remaining 83 pl of TAP were used to dissolve 10
mg of sodium cefazolin (Vitalis, Colombia). After overnight gelation
and further immersion in 2% CaCl,, hydrogels were covered with 1
ml of saline (0.9% NaCl) and incubated at 30 °C. Supernatant was
recovered at different incubation time points: 15 and 30 minutes,
1, 2,4, 6, 8 24, 48 and 72 hours, and substituted for new saline
at each time point. Absorbance at 272 nm of the recovered saline
was measured at each time point using V-730 Spectrophotometer
(Jasco, UK) [47], and cumulative cefazolin release was calculated.

In order to study the functionality of the released antibiotic,
hydrogels containing cefazolin were covered with 1 mL of saline
(0.9% NacCl) and incubated at 30 °C for 8 and 72 hours. Super-
natants were recovered, and 500 pl were added to a 24 well plate,
followed by 500 pl of bacterial suspension (Staphylococcus aureus
ATCC 25923 or Escherichia coli ATCC 25922) with initial optical
density (OD) = 0.15, prepared in Luria Bertani broth, from bacte-
rial cultures in the exponential phase of growth. Samples were in-
cubated for 24 hours at 30 °C. Next, bacterial OD was determined
by measuring absorbance at 600 nm, using Luria Bertani broth as
blank and freshly prepared 1% cefazolin in saline as control of the
antibiotic’s activity.

2.15. Statistical analysis

All assays were performed in at least three independent experi-
ments. GraphPad Prism 8 software was used for statistical analyses.
Error bars in graphs correspond to SEM, and comparison of condi-
tions was performed by t-test, One-way or Two-way ANOVA with
Tukey's multiple comparison test when necessary (unless stated
otherwise). Differences between groups were considered signifi-
cant at p = 0.05. Details are specified at each figure legend.

3. Results
3.1. Photosynthetic hydrogel fabrication and characterization

Photosynthetic hydrogels were fabricated as described in the
materials and methods section (Fig. 1A), leading to the formation
of a regular hydrogel network with homogeneously distributed mi-
croalgae cells (Fig. 1B). Moreover, results show that the incorpora-
tion of this single layer of sterile gauze followed by an immersion
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step of the hydrogel in 2% CaCl,, provided sufficient strength and
flexibility to the material, further allowing an easy manipulation
(Fig. 1B) and good adhesion to skin (Supplementary Video 1). A
metabolic characterization of freshly produced photosynthetic hy-
drogels was performed and showed optimal oxygen production ca-
pacity at 5-107 microalgae/ml. Results show that, in the absence of
light, oxygen was consumed at a rate of 8.5 + 2.1 nmol/cm?.min,
while, upon illumination, it was produced at a rate of 11.2 + 2.5
nmol/cm?.min (Fig. 1C). Preliminary data obtained during the op-
timization steps showed 30% and 70% less oxygenation capacity
of the hydrogels containing the lowest (1-107 microalgae/ml) and
highest (2.5-108 microalgae/ml) microalgae densities respectively.
The structural and mechanical properties of the photosynthetic
hydrogels (HG + C. reinhardtii) were studied and compared to con-
trol hydrogels, which were prepared without microalgae (HG). SEM
was performed to study the microstructure of the hydrogels, where
a homogeneous polymer arrangement with high porosity was ob-
served for both conditions (Fig. 2A). SEM images also evidence
that the gauze layer was integrated in the polymer structure, as
it was entirely embedded in the hydrogel without affecting algi-
nate crosslinking pattern (Fig. 2A, upper pictures). Moreover, the
polymer surface was smooth for the control hydrogels, while it
was rough in the photosynthetic ones, showing that the microal-
gae were fully encapsulated in alginate (Fig. 2A, lower pictures).
A quantitative analysis showed similar average pore diameters for
control and photosynthetic hydrogels, being 252.9 & 8.5 pm and
2491 + 7.8 pm respectively. Similar results were obtained for the
pore distribution, which was also unaffected by the presence of the
algae, ranging between 100 and 400 pm for both hydrogels, with
maximum frequency between 250 and 300 pm (Fig. 2B). Further,
the potential effect of the algae in the swelling capacity of the
hydrogels was also studied, evaluating their rehydration dynam-
ics in saline for up to 24 hours. No differences were observed be-
tween control and photosynthetic hydrogels where, in both cases,
a maximum swelling capacity was observed after four hours of
incubation, reaching 95% of their original weight by that time
point (Fig. 2C). Finally, the response of the hydrogels to mechanical
forces was studied by a uniaxial compression test, where the com-
pressive Young's modulus was quantified by linear regression anal-
ysis of the stress-strain curve. Once more, results showed that the
presence of the microalgae did not affect the Young's modulus of
the hydrogels, indicating that photosynthetic hydrogels have equal
mechanical properties than standard alginate hydrogels (Fig. 2D).
Next, stability of the photosynthetic hydrogels was assessed by
studying its morphology and functionality for up to seven days
with constant illumination and without medium supplementa-
tion. Results showed that the overall appearance of the photosyn-
thetic hydrogel remains stable for up to seven days (Fig. 3A, top
view). Moreover, in order to better evaluate microalgae distribu-
tion across the photosynthetic hydrogel overtime, cross sections
were analyzed by standard light microscopy, as well as by fluo-
rescent imaging. Here, results showed a homogeneous distribution
of the microalgae along the Z axis of the samples for up to seven
days, which was evidenced by both methods at all the analyzed
times (Fig. 3A, bottom panels). In addition, results also suggested
that microalgae did not invade the gauze layer, as cotton fibers ap-
pear in white using transmitted light microscopy, while they were
observed as dark segments in the fluorescence images (Fig. 3A). As
hydrogels seemed to be slightly greener at day 7, chlorophyll con-
tent was quantified overtime but no differences were observed at
the different time points (Fig. 3B). Finally, functionality of the hy-
drogels was also assessed in regard to their oxygen production ca-
pacity. Here, photosynthetic hydrogels were placed in an oxygraphy
chamber, and the oxygen concentration was evaluated upon illumi-
nation, calculating the oxygen production rate from the slopes of
the curve. Results showed that the oxygen release capacity of the
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photosynthetic hydrogels was maintained for at least seven days
(Fig. 3C).

3.2. Biocompatibility

To assess the biocompatibility of the photosynthetic hydrogel,
a toxicological profile was performed in vitro and in vivo. More-
over, a metabolic coupling assay was carried out to study if the
oxygen released by the hydrogel was able to fulfill the metabolic
requirements of zebrafish larvae and mice skin explants. First, an
in vitro co-culture system was established to evaluate the potential
release of toxic molecules from control (HG) or photosynthetic hy-
drogels (HG + Cr). Here, HDFn were seeded in a multiwell plate,
and hydrogels were located in a transwell insert, therefore no di-
rect contact between cells and the hydrogels was established, but
the exchange of soluble components was allowed. After 24 hours
in co-culture, morphology of the HDFn cells was unaffected by the
hydrogels, as shown by phalloidin staining of the actin cytoskele-
ton (Fig. 4A). Moreover, the viability of HDFn cells was quantified
by MTT reduction metabolic assay, and no differences were ob-
served among groups (Fig. 4B). As optimal microalgae culture con-
ditions are strongly different than the setting established for the
co-culture experiments (DMEM cell culture media, 37 °C and 5%
CO, atmosphere), viability of the microalgae after co-culture was
confirmed by evaluating their capacity to proliferate in TAP-Agar
media plates, observing normal proliferation (Fig. 4C). Afterwards,
toxicity in vivo was evaluated using a well-established zebrafish
larvae model. Here, larvae were incubated for 24 hours in pres-
ence of hydrogels, and changes in morphology (Fig. 4D) and sur-
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vival (Fig. 4E) were analyzed. As expected from the in vitro co-
culture assays, no changes were observed in either group or pa-
rameter, confirming that photosynthetic hydrogels and microalgae
were non-toxic for a whole living organism.

3.3. Human skin irritation test

After studying the biocompatibility of the biomaterial both with
in vitro and in vivo models, it was necessary to assess whether
the hydrogel dressing was irritating in healthy skin from human
volunteers. Hydrogels were applied for 24 hours, and evaluation
(Table 1) and imaging (Fig. 5A) of the skin was performed at 0, 1,
2, 24, 48 and 72 hours after hydrogel removal, and compared to
the control skin, which was only covered by the transparent dress-
ing. Skin reaction was defined as edema and/or erythema, and was
classified as absent (0), very slight (1), defined (2), moderate (3)
or severe (4). Most of the volunteers showed no irritation at any
site and time point. However, very slight irritation was detected
for several volunteers after short time in the control site (Table 1).
One of the volunteers (V4) showed defined erythema at 48 and 72
hours after removal of both HG and HG + C. reinhardtii. SPI and
PII were calculated as described in the materials and methods sec-
tion. PII values were -0.06 for HG and -0.01 for HG + C. reinhardtii
(Table 1). Self-evaluation of the patients revealed no pain or burn-
ing sensation at any time point. Itching was described by 3 vol-
unteers at the control site among different time points, and by 2
volunteers in the HG + C. reinhardtii site one hour after hydrogel
removal. Palpitations were described by only one volunteer in the
control site after 48 and 72 hours (Fig. 5B). After application, hy-
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this article.)

drogels were recovered to assess overall integrity and mass change.
As shown in Fig. 5C, hydrogels did not show any damage in the
borders or surfaces, emphasizing their optimal mechanical proper-
ties, which enable an easy and successful application. However, hy-
drogels showed a 60% to 70% mass loss compared to their mass be-
fore application. To study microalgae viability in HG + C. reinhardtii
after application in volunteers, hydrogels were then seeded in TAP
agar plates. After seven days, agar plates were imaged, showing
microalgae growth for all HG + C. reinhardtii applied in volunteers.
A representative image of one of the plated hydrogels is shown in
Fig. 5D.

3.4. Oxygenation capacity and bioactive molecules release

Once it was established that the photosynthetic hydrogels did
not exert acute toxic effects in both in vitro and in vivo models, and
neither triggered irritation in healthy human skin, the capacity of
the photosynthetic hydrogel to supply enough oxygen to sustain
the metabolic requirements of a heterotrophic biological system
was evaluated. A closed-loop metabolic coupling assay was per-
formed, where the photosynthetic capacity of the hydrogels was
tested using zebrafish larvae or skin explants (Fig. 6A). First, ten
zebrafish larvae were placed in an oxygraphy chamber filled with
saline, and the oxygen concentration was measured in the absence
or presence of light. Results showed that oxygen concentration de-
creased overtime, without varying in the presence of light, indicat-
ing that such high oxygen consumption was independent of illumi-
nation (Fig. 6B, C, segments I, II). Next, a 10 mm in diameter pho-
tosynthetic hydrogel was added to the chamber in the presence of
light, and oxygen concentration showed a sustained increase over
time, implying that the oxygen produced by the photosynthetic hy-
drogel exceeded the metabolic need of the ten larvae in the closed
system (Fig. 6B, C, segment III). Finally, the light was turned off
and a negative slope with a metabolic rate greater than segments |
and Il was observed, indicating that both larvae and photosynthetic
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hydrogels consumed oxygen in the dark (Fig. 6B, C, segment IV).
To validate this data with a more relevant model for wound heal-
ing, the same setting was applied to freshly isolated mouse skin
biopsies (Fig. 6D, E). Similar results were obtained, as skin samples
consumed oxygen in segments I and II, indicating high metabolic
activity of the isolated tissue, which was reverted in segment Il
once photosynthetic hydrogels were introduced and illuminated in
the closed system. Finally, after turning the light off in segment
IV, the slope turned negative again with a statistically lower value
compared to segments I and II (Fig. 6D, E).

Hydrogels have been broadly described for their capacity to re-
lease bioactive molecules in situ, and genetically modified microal-
gae have been previously proposed as a tool for the local release of
recombinant growth factors. Hence, hydrogels were prepared with
VEGF-producing microalgae and the concentration of the released
recombinant molecule was measured over time, showing a con-
stant release for at least seven days in vitro (Fig. 7A). Moreover,
control (HG) or photosynthetic hydrogels (HG + C. reinhardtii) were
loaded with cefazolin and its cumulative release was quantified,
showing similar behaviors among groups, reaching around 68% of
drug release within the first two hours, 75% after eight hours, and
80% after 72 hours (Fig. 7B). As microalgae could have potentially
affected drug bioactivity, its antibiotic capacity was measured in
a growth inhibition assay, performed on bacterial cultures of S.
aureus and E. coli. Results showed that the released cefazolin ob-
tained from both HG and HG + C. reinhardtii after 8 and 72 hours
was as effective as the freshly prepared antibiotic (control), while
photosynthetic or control hydrogels did not have an antibiotic ef-
fect by themselves (Fig. 7C).

4. Discussion
Traditional wound dressings act mainly as barriers to keep

wounds protected from the environment, preventing tissue infec-
tion and absorbing exudate. However, over the last decade, bioac-
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hy skin of human volunteers. (A) Representative images of the forearms of a single volunteer at the moment of application of

the control hydrogels (HG) or hydmgels containing C. reinhardtii (HG + Cr.) at 0, 24 and 72 hours after removal. (B) Self-evaluation of pain intensity (0-10), itch, burning
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in A represent 5 cm, while in C and D represent 1 cm. Data are expressed as mean + SEM; N = 20 in (B), N=15 in (C); ns: non-significant (t-test).

tive materials emerged as a powerful tool to modulate the wound
microenvironment, promoting wound healing and tissue regenera-
tion. Following this aim, in this work, alginate was chosen as the
base material to establish a photosynthetic hydrogel-based wound
dressing. Among other advantages, due to its mechanical and
chemical properties, alginate is capable of absorbing wound exu-
date, maintaining a physiologically moist environment [48]. More-
over, because it does not stick to the wound bed, it allows a pain-
less and clean removal and replacement during wound care, there-
fore being commonly used in clinics [49]. Finally, several studies
have previously shown that alginate hydrogels are biocompatible
with the microalgae C. reinhardtii [33,35,50,51].

Most of the therapeutic potential of hydrogels rely on their
mechanical and structural properties, which are mainly given by
crosslinking. Alginate can be crosslinked by external or internal
gelation. External gelation is usually performed to create droplets
by immersion in CaCl,, where quick polymerization occurs. On the
other hand, an insoluble calcium salt must be added to the al-
ginate mixture for internal gelation, which upon acidification re-
leases calcium ions from the insoluble salt and crosslinks alginate
[52]. This method ensures more homogeneous and less dense ma-
trices with larger pores that increase permeability. Therefore, in
this work, hydrogels were first internally crosslinked by combining
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alginate, CaCO3 and GDL, ensuring a homogeneous hydrogel den-
sity, pore size and distribution of microalgae. Then, in order to im-
prove the mechanical properties and hence stability and ease of
handling of the dressing, an additional external crosslinking was
performed. Interestingly, although microalgae could have had in-
terfered at several steps of the process by, for instance, affecting
hydrogel polymerization or further inducing mechanical or enzy-
matic degradation, none of the analyzed structural and mechanical
features of the hydrogel were affected. Similarly, other key func-
tional features such as growth factors and antibiotics release were
also unaffected by the presence of the microalgae.

While high proliferation rates of microalgae had been described
in several biomaterials such as collagen [31] and fibrin [53] scaf-
folds or surgical sutures [34], the results obtained here revealed
that the number of seeded microalgae remained constant over-
time, agreeing with previous works which have also described
low proliferation rates of microalgae embedded in alginate hydro-
gels [54,55]. This observation could be partially explained by the
high crosslinking density and compressive young modulus, which
causes mechanical constrain for cell division.

Transport and storage of living biomaterials, i.e. which contain
cells, is difficult as they need optimal culture conditions for cell
survival [56]. However, because microalgae are autotrophic systems
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Fig. 6. Oxygenation capacity of the photosynthetic hydrogels. (A) Schematic of the experimental setting. Oxygen concentrations were measured for 5 min in darkness (I,
DARK) or light (II, LIGHT) with the presence of either zebrafish (B, C) or skin explants (D, E). Next, hydrogels were incorporated and oxygen concentration was measured
for 10 min in the presence (IlI, LIGHT) or absence (IV, DARK) of light. Schematic in (A) was created using Biorender (https://biorender.com/). Data are expressed as mean +
SEM; N = 3; different letters in C and E indicate significant differences with p < 0.05 (one-way ANOVA followed by Tukeys test).

and hydrogels can be loaded with large amounts of culture media,
photosynthetic hydrogels showed to be metabolically stable for at
least seven days at room temperature and in the absence of addi-
tional nutritional supplementation, enhancing the potential clinical
translation for this kind of photosynthetic wound dressings.
Biocompatibility is the main requirement for biomaterials. In
this work, photosynthetic hydrogels showed to be innocuous
in vitro and in vivo. Human dermal fibroblasts were used for in
vitro assays as they are one of the main cell types of the dermis.
Transwell inserts were chosen to mimic the molecular interchange
between the photosynthetic dressing and the wound bed in a clin-
ical context, and to avoid potential mechanical damage in cells cul-
tured as monolayers in plastic dishes. For in vivo assays, zebrafish
larvae were chosen as they are a highly validated and character-
ized vertebrate model broadly described for biomedical toxicity as-
says [43,57]. In fact, a recently published article showed that high
concentrations of C. reinhardtii (108 and 10° cells/ml) can be toxic
for the larvae [29]. Interestingly, photosynthetic hydrogels fulfilled
the oxygen metabolic requirement of two highly relevant biological
models. Here, zebrafish larvae were chosen as they present a high
metabolic rate, performing gas exchange by bulk diffusion through
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their body surface [58], while freshly isolated skin explants were
chosen as they represent a functional wound model in their edges,
which were co-incubated with photosynthetic hydrogels of equal
surface. This last model provides important data about the oxy-
genation capacity of photosynthetic hydrogels in a more relevant
clinical scenario, and agree with recently published articles de-
scribing that microalgae were able to sustain the metabolic re-
quirements of rat kidney slices [29], as well as brain function-
ality both in vitro [26] and in vivo [27]. A positive correlation
between oxygen concentration and better clinical outcomes has
been broadly described for wounds [59], however the exact oxy-
gen requirements vary depending on wound etiology and healing
phase. In this work, the microalgae density was defined perform-
ing preliminary experiments where lower densities showed a re-
duced oxygen production, while at higher densities a decreased
oxygenation was observed. This last can be attributed to the in-
creased oxygen consumption of the microalgae to support their
own metabolism and the well-known and described self-shading
effect of photosynthetic microorganisms [60]. In this regard, an ad-
vantage of the photosynthetic hydrogels presented in this work is
that the oxygen production rates can be easily adjusted for each
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different letters in C indicate significant differences with p < 0.05 (two-way ANOVA followed by Tukeys test).

wound by modulating the illumination setting. As well as for other
photosynthetic therapies, the development of such sophisticated il-
lumination devices represents a challenge in the field and there-
fore a current limitation for the clinical use of the photosynthetic
hydrogels presented here.

Due to major differences in several key aspects, it is difficult
to compare the oxygenation capacity of the photosynthetic hydro-
gel presented here with traditional wound oxygenation therapies.
For instance, HBOT provides systemic oxygenation and therefore
the availability of oxygen depends on arterial pO,, vascular supply,
local capillary structures and the diffusion distance from the cap-
illaries to the cells in the wound [59]. Moreover, such oxygenation
is not permanent and typically occurs in session of about 90 min-
utes, which differs from the photosynthetic hydrogels that provide
local and sustained oxygen release. In contrast to traditional TOT,
where oxygen diffusion takes place through a gas phase, in pho-
tosynthetic hydrogels it occurs in a moisture environment with si-
multaneous active removal of CO; by carbon fixation, affecting the
diffusion constants for local gas interchange.

Alginate dressings are extensively used for the treatment of
wounds [48], and C. reinhardtii have shown to be safe both in
animal models [36] and in humans [37]. Therefore, in this work,
the use of animal models to assess its safety in wounds was not
considered. However, as the combination of alginate, CaCO3, GDL
and C. reinhardtii had not been described previously, irritation was
studied on healthy skin of human volunteers, showing negligible
irritation and an irritation index lower than commercially available
dressings. Although these results are critical for clinical translation,
further studies should address safety and efficacy of photosynthetic
hydrogels in different types of wounds. From the biomaterial side,
it is important to note that hydrogels maintained their integrity
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and microalgae viability after 24-hour application, but lost around
60% of their initial mass. As hydrogels were applied on healthy
skin and covered with a semi-occlusive transparent dressing (wa-
terproof but permeable to water vapor and oxygen), water loss
from the hydrogel might have occurred by evaporation and skin
absorption. However, because hydrogels have shown to be a great
option for exudate absorption in wounds, drying of the hydrogel
is not expected to happen in a clinical context [13]. Moreover, and
as shown by swelling assays, in a clinical setting, hydrogels could
be dried to half their water content after fabrication and subse-
quently applied onto wounds for an improved exudate absorption,
functioning as a wound cleaning system.

Wound healing is a multifactorial process that relies on sev-
eral molecules, therefore the ability of the photosynthetic hydro-
gels to release freshly produced recombinant growth factors and
bioactive drugs was demonstrated in this work, where saline was
used to resemble the moist environment of exudative wounds. The
use of genetically engineered microalgae has been suggested to
provide a constant source of freshly produced bioactive recombi-
nant molecules in wounds [34,36,38], but the potential effect of
the hydrogel in their release kinetics and production had not been
tested before. VEGF was chosen in this study, as it is the most
important proangiogenic growth factor, being essential for proper
wound healing. Indeed, patients with chronic wounds present very
low levels of active VEGF [61]. Therefore, functionalized dressings
able to deliver VEGF in situ represent a promising platform for a
more efficient wound closure, and several in vivo approaches have
shown its clinical potential [36,62,63]. Interestingly, compared to
other growth factor delivering therapies, the presented photosyn-
thetic hydrogels are able to continuously produce and deliver VEGF,
and dosage can be further controlled by varying the cell density or
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Table 1

Scores of skin irritation test performed on healthy skin of human volunteers. Skin reaction score for every volunteer at each time point was studied and classified as absent (D), very slight (1), defined (2), moderate (3) or

severe (4) erythema andfor edema at the treated sites with either control hydrogel (HG) or hydrogel containing C. reinhardtii (HG + C.r.), and control site (Ctrl). Score of primary irritation {SPI) was calculated for the treated

sites, Primary Irritation Index (PII) of the hydrogels was calculated as the mean of the SPI values from all volunteers.

SPI Pll

72 h
HG + Cr.

1h 2h 24 h 48 h
HG + Cr. HG + Cr. HG + Cr.

HG + Cr.

0Oh
HG + Cr.

HG + Cr. HG HG + Cr.

HG

Ctrl

HG

Ctrl

HG

ctrl

HG

Ctrl

HG

Ctrl

HG

Cerl

HG

0.00
-0.50
0.00
0.83

-0.17
-0.33
0.00
017

0
1
0
0

0.00
0.17
-0.17

00

-0.17

0

0

1

017
-0.17
(1]

-0.01

-0.06

0
0
0
0

-0.17
-0.17

-0.17
-0.17

vio
Vil
vi2
Vi3
vi4
V15
V16
V17

0.00
-0.50

0

1

-0.17
-0.50

0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
-0.17

0

0.00
0.00
0.00
0.00
0.00

0

0

V19
V2o
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illumination parameters. Additionally, the released VEGF could act
optimally, since angiogenesis is dependent on oxygen availability,
which would be provided by the photosynthetically active microal-
gae cells [64], As hydrogels are also clinically used for local and
controlled drug release, it was crucial to evaluate if the presence
of the microalgae affected the release kinetics and bioactivity of
the loaded drugs. The choice of cefazolin as a model for antibiotic
release was based on its broad-spectrum activity against Gram-
positive and Gram-negative bacteria. Moreover, as cefazolin binds
and inactivates penicillin-binding proteins from the inner mem-
brane of the bacterial cell wall, a direct impact against C. rein-
hardtii was not expected [65]. The hydrogel was able to release
about 75% of the total loaded antibiotic, showing the same high
functionality against E. coli and S. aureus as the freshly prepared
antibiotic solution. Because a very quick burst of initial release was
observed, it could be hypothesized that the remaining 25% of the
loaded antibiotic was released during the CaCl, coating. The re-
lease rate of cefazolin or other small molecules could be further
optimized by modifying the structural properties of the hydrogels
|66]. Nevertheless, it is important to mention that VEGF and ce-
fazolin were chosen only as proof-of-concept molecules, but such
molecules could be further replaced by other therapeutic agents
depending on the clinical needs, employing the photosynthetic hy-
drogel as a customizable platform.

Recently, previous works have also proposed the use of photo-
synthetic hydrogels for wound healing, by combining microalgae or
cyanobacteria with different materials, manufacturing techniques,
and final presentation including wound patches [33], topical gels
[67], or in situ bioprinted hydrogels [35]. However, and in compar-
ison to such previous works, C. reinhardtii was chosen here as it
is the only photosynthetic microorganism that has shown clinical
safety when implanted in human patients [37]. Moreover, an un-
conventional strategy to improve the mechanical properties of the
hydrogel is described in this study, where a single layer of ster-
ile gauze was embedded within the alginate mixture, which op-
timized the strength and handling of the dressing by acting as a
secondary network. In addition, this work described for the first
time the development of a customizable platform in the form of
an oxygen-releasing photosynthetic hydrogel, showing its safety in
human skin and its potential to further release therapeutic drugs
and recombinant growth factors.

Altogether, the work presented here supports the use of photo-
synthetic biomaterials in regenerative medicine, and proposed the
use of living hydrogels as wound dressings that may locally act as
personalized bioreactors to promote wound healing by the con-
trolled delivery of oxygen and other bioactive molecules in situ.
Although the results presented here are promising, further studies
need to be done to evaluate efficacy of these photosynthetic dress-
ings in relevant preclinical wound models such as diabetic mice,
and in human patients with different types of wounds,
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Photosynthetic Biomaterials

Rocio Corrales-Orovio, Valentina Castillo, Pablo Rozas, Thilo L. Schenck,

and José Tomds Egana*

Photosynthetic biomaterials have emerged as a promising approach for
delivering oxygen and other bioactive molecules in several biomedical
applications. This technology is based on the use of standard biomaterials
loaded with photosynthetic cells for the controlled release of oxygen at the
target site. However, as well as for other cell-based approaches, a main
drawback for their clinical translation is the low shelf-life of living materials.
Here, the potential of inducing a dormant hibernation-inspired state to
preserve photosynthetic biomaterials for clinical applications is explored.
First, a protocol to preserve microalgae Chlamydomonas reinhardtii is
optimized and then applied to photosynthetic scaffolds, showing that the
viability and functionality of the biomaterial is preserved for up to 6 weeks. To
evaluate the clinical viability of this approach, both fresh and preserved
photosynthetic scaffolds are implanted in a full-skin defect mouse model. The
safety of this approach is evaluated and confirmed by several means,
including clinical parameters, histological assays, and local and systemic
molecular analysis. Altogether, for the first time the successful preservation of

wound healing, as it is required for an-
giogenesis, cell proliferation, extracellular
matrix synthesis, |and bacterial defense.!?!
Therefore, extensive efforts have been made
in the development of new therapies that
can provide oxygen to the wounds, either
systemically or locally.’! Systemic thera-
pies, such as hyperbaric oxygen therapy,
have shown inconsistent results to date and
represent a complex and expensive clinical
approach.* On the other hand, local oxygen
therapies, including mechanical devices or
oxygen delivering dressings, have shown to
alleviate this problem by avoiding cell death
and promoting cell proliferation as well as
vascularization.!>!

In this context, the use of photosyn-
thetic microorganisms has been proposed
in order to increase local tissue oxygena-
tion in wounds via photosynthetic oxygena-

photosynthetic biomaterials through a hibernation-inspired strategy is
described here, which could have a tremendous impact for the clinical
translation of these materials as well as other photosynthetic therapies.

1. Introduction

One of the main limitations in the success of regenerative ther-
apeutics is the lack of oxygenation of the wound site due to hy-
poxic conditions.!! Molecular oxygen is known to be critical in
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tion in situ upon light stimulation.””*/ Com-
pared to other approaches, photosynthetic
microorganisms have the advantage of en-
abling constant production and delivery of
oxygen in situ, with the ability to adjust
oxygen levels based on the illumination
settings. These photosynthetic therapies have gained increased
attention in the last decade, and different biomaterials have been
designed so far, including scaffolds,”"/ topical hydrogels,'*18]
patches,"”) and sutures.”’! Several of these approaches have
shown their biocompatibility in vitro and in vivo. Furthermore,
an ongoing Phase I clinical trial (NCT03960164) has shown the
safety of implanting photosynthetic scaffolds containing the mi-
croalgae Chlamydomonas reinhardtii in human full-thickness skin
wounds.[?122]

Although the use of photosynthetic biomaterials is promis-
ing and could have a tremendous impact in several fields of
medicine, their potential use is currently highly limited by the
intrinsic low half-life of the photosynthetic microorganisms
in the materials, which require specific and strictly controlled
culture and transport conditions to maintain their viability until
clinical use. This limitation also applies to other living engi-
neered constructs, such as fresh cellularized skin substitutes,
which have shelf-lives of under 1 week,!?*} limiting their applica-
bility and commercialization. Consequently, the development of
cryopreservation methods for human cells has been extensively

© 2023 Wiley-VCH GmbH

38



Paper Il

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

g
edscienc

www.adv

studied and implemented in the last decades,!*] facilitating
the widespread adoption of different innovative translational
approaches by enabling the preparation of larger quantities,
advanced quality control, and longer shelf-lives, which ul-
timately result in more reliable, scalable, and cost-effective
technologies.!”! Indeed, several Food and Drug Administration
(FDA)-approved cellular scaffolds have implemented cryop-
reservation as a storage method to increase their shelf-life from
days to months and even years.”/ However, cryopreservation
methods involves the use of cryoprotective agents like dimethyl
sulfoxide, which are highly toxic and need to be removed before
cell or biomaterial use.**]

In terms of microalgae preservation, several techniques have
been described to date, which include cryopreservation, vitrifi-
cation or lyophilization among others. However, these methods
are not compatible with every microalgae strain, and many ef-
forts have been made to stablish preservation methods for spe-
cific photosynthetic microorganisms./””! Cryopreservation has
been the preferred method for the long term storage of C.
reinhardtii;**?% however, the use of chemical cryoprotectants and
the need of freezing facilities highly limit their applicability in the
biomedical field.

In contrast to human cells, photosynthetic microorganisms
have evolved to inhabit most of the environments and ecosys-
tems on Earth, relying on their own metabolic and molecular
tools to survive to different environmental stresses.**! Photosyn-
thetic cells such as microalgae C. reinhardtii have the ability to
enter a dormant or hibernation state under harsh environmen-
tal conditions, which include lack of light, nutrients, and low
temperatures.**?] Previous studies have shown that immobiliz-
ing C. reinhardtii on a solid support enables the storage of these
photosynthetic cells for extended periods of time.****| However,
no previous works have described a preservation method for
photosynthetic biomaterials based on hibernation-inspired con-
ditions. Therefore, in this work, a protocol for the preservation
of photosynthetic biomaterials in a clinically compatible setting
was established for the first time, based on hibernation condi-
tions such cold temperatures, lack of nutrients and darkness. The
functionality of the photosynthetic biomaterial was maintained
in vitro and their safety in vivo was confirmed using a full-skin
defect mouse model.

The strategy presented in this work enables to increase the
operational timeframe of photosynthetic biomaterials without
the need of toxic cryopreservation chemicals, therefore reducing
their preservation complexity. Moreover, the described method
has the potential to reduce manufacturing times and costs, en-
abling mass production, standardization, and significantly in-
creasing the shelf-life and applicability of photosynthetic bioma-
terials in a clinical context. Altogether, these results provide a
promising platform that could have a tremendous impact on the
clinical translation of photosynthetic biomaterials.

2. Results
2.1. Preservation of Isolated Microalgae
Microalgae C. reinhardtii were isolated from their culture media

and stored in darkness. The effect of temperature in the preser-
vation process (room temperature, RT or 4 °C) was evaluated for
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up to 8 weeks (Figure 1). At different time points, cells were re-
suspended in media and allowed to recover for 72 h in the pres-
ence of light. The overall morphology of the microalgae was as-
sessed by optical microscopy, showing a clear deterioration of
cells stored at RT compared to those stored at 4 °C. The lat-
ter maintaining their characteristic round shape and green color
even after 8 weeks of storage (Figure 1A). To quantify and com-
pare the effect of the different preservation settings on cell mor-
phology, the diameter of microalgae was evaluated by flow cy-
tometry using calibrated beads (Figure 1B). The results showed a
diameter of ~8 um before preservation (fresh), which remained
constant throughout storage at 4 °C. However, for microalgae
stored at RT, cell diameter was increased after 2 weeks of stor-
age, while significantly decreased at week 4. At weeks 6 and 8, no
microalgae could be detected and quantified. To determine the
effect of preservation on the photosynthetic capacity of the cells,
oxygen production was quantified (Figure 1C). At all measured
times, results showed that the oxygen production rate was unaf-
fected after storage at4 °C, while from week 4 to 8, no production
was detected in the group stored at RT. Similar results were ob-
tained when evaluating the growth capacity of the preserved cells,
as proliferation on agar plates could not be detected after preser-
vation at RT for 4 to 8 weeks (Figure 1D). Finally, cell viability
was quantified and compared by flow cytometry (Figure 1E). The
results showed that the effect of temperature was not significant
after 2 weeks of preservation. However, for the group preserved
at RT, a significant reduction of about 60-70% was observed af-
ter 4 weeks, while no survival was detected at subsequent time
points. On the other hand, when cells were preserved at 4 °C, no
significant differences were detected among all the time points.

2.2. Preservation of Photosynthetic Scaffolds

After demonstrating that isolated C. reinhardtii can be preserved
through a hibernation-inspired strategy, photosynthetic scaffolds
were prepared as described in the Experimental Section and
subjected to the same hibernation-inspired protocol. Scaffolds’
structure and composition were analyzed at different preserva-
tion time points for up to 8 weeks (Figure 2). A macroscopic
evaluation of the preserved scaffolds did not show overall differ-
ences compared to freshly prepared scaffolds. The characteristic
green color of the microalgae and its distribution within the scaf-
fold remained unaffected for up to 6 weeks. However, a reduc-
tion in color intensity was consistently observed after 8 weeks
of preservation (Figure 2A). To better study this phenomenon,
fluorescent microscopy was performed to visualize the autofluo-
rescence of collagen and chlorophyll, thereby examining the in-
teraction between the scaffold and microalgae (Figure 2B). Re-
sults showed that the overall structure of the scaffold appeared
to be unaffected by the hibernation-inspired process, as no ob-
vious differences in the density and distribution of the collagen
sheets were observed. As for the microalgae, chlorophyll was de-
tected throughout the analyzed times, exhibiting the characteris-
tic shape of the C. reinhardtii chloroplast. Since the microalgae
were seeded and attached to the scaffolds with fibrin, scanning
electron microscopy (SEM) imaging was performed to observe
the microstructure and integrity of all components within the
preserved scaffolds (Figure 2C). The SEM images of fresh and

© 2023 Wiley-VCH GmbH
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Figure 1. Preservation of microalgae C. reinhardtii. Microalgae were stored either at 4 °C or RT, in darkness for up to 8 weeks, and then recovered during
72 h of light exposure at RT. A) Overall appearance and morphology of the microalgae is shown after preservation and compared to fresh microalgae. B)
Cell diameter was quantified by flow cytometry before and after preservation at RT or 4 °C. C) Metabolic activity or photosynthetic oxygen production of
the microalgae is shown before (fresh) and after preservation at RT or 4 °C. D) Microalgae growth capacity in agar plates after inoculation of preserved
microalgae is shown. E) Assessment of microalgae viability after preservation at RT or 4 °C was also assessed by flow cytometry. Scale bars in (A) and
(D) represent 50 pm and 1 cm, respectively. Data are expressed as mean + SEM; N = 3; number signs (#) indicate no value for that time point due
to absence of chlorophyll positive cells; asterisks (*) indicate significant differences compared to fresh microalgae with p < 0.05; ns: nonsignificant
(one-way ANOVA, Tukey's posteriori comparison).

preserved scaffolds clearly showed microalgae surrounded by fib-
rin fibers distributed in the pores of the collagen scaffold. How-

ever, at week 8, fibrin fibers were scarce within the scaffold.

After evaluating the effect of the preservation on the over-
all morphology and structure of photosynthetic scaffolds, other
key features related to their functionality were assessed. The im-
pact of preservation on the chlorophyll content was first exam-
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ined (Figure 3A) and the results showed that the chlorophyll con-
tent remained stable for up to 6 weeks after hibernation-inspired
preservation of the scaffolds. However, a significant decrease
was observed after 8 weeks. Then, the photosynthetic capacity
of the microalgae was evaluated by quantifying the oxygen pro-
duction rate of the scaffold upon illumination (Figure 3B). The
results showed that the photosynthetic capacity was maintained

© 2023 Wiley-VCH GmbH
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Figure 2. Morphology and structure of preserved photosynthetic scaffolds. Photosynthetic scaffolds were preserved for up to 8 weeks at 4 °C. A) Macro-
scopic imaging from the top and side view of the scaffolds. B) Scaffolds were analyzed by fluorescence microscopy, where microalgae and collagen
autofluorescence are observed in red and green, respectively. C) SEM images were obtained to observe microalgae (green arrows), collagen sheets
(black arrows), and fibrin fibers (white arrows). Dotted-line boxes in (B) and (C) indicate magnified areas shown below. Scale bars represent A) 5 mm,
B, upper) 100 pum, B, lower) 25 pm, C, upper) 20 um, C, lower) and 5 pm.
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Figure 3. Functional characterization of preserved photosynthetic scaffolds. Photosynthetic scaffolds were stored for up to 8 weeks at 4 °C. A) Chlorophyll
content of photosynthetic scaffolds was quantified before and after preservation. B) Oxygen production of the photosynthetic scaffolds was also studied
before and after preservation. C) Growth capacity of microalgae in photosynthetic scaffolds after preservation was assessed by agar plating and imaged
after 7 d. D) Production of VEGF from preserved photosynthetic scaffolds fabricated with genetically modified microalgae expressing recombinant VEGF
was assessed and compared to freshly prepared scaffolds. Scale bars in (C) indicate 1cm. Data are expressed as mean + SEM; A,B) N =4 and D) N =3;
asterisks (*) indicate significant differences compared to fresh photosynthetic scaffolds with p < 0.05; ns: nonsignificant (one-way ANOVA, Tukey’s

posteriori comparison).

for up to 6 weeks, but no oxygen production was detected af-
ter 8 weeks of scaffold preservation. Additionally, the prolifera-
tion capacity of the microalgae was studied and it was found that
cells were able to grow on agar plates at all the measured time
points (Figure 3C). Finally, photosynthetic scaffolds were seeded
with genetically modified microalgae, and the release of recombi-
nantvascular endothelial growth factor (VEGF) after preservation
was examined (Figure 3D), showing a stable release after 2 and
4 weeks of preservation, but a significant decrease after 6 and 8
weeks.

2.3. Safety of Preserved Photosynthetic Scaffolds In Vivo

As the safety of this preservation approach is crucial for its clin-
ical translation, hibernation-inspired preserved photosynthetic
scaffolds (P-PS) were implanted in a bilateral full-skin defects
mouse model. Control scaffolds without microalgae (CS) and
freshly prepared photosynthetic scaffolds (F-PS) were also im-
planted and several parameters were studied and compared. Over
the course of the following 10 d, animals were closely moni-
tored and weight, temperature, and overall health were daily mea-
sured (Figure 4). After surgery, all groups of animals showed a
temporary decrease in weight, which was rapidly recovered in
the following days (Figure 4A). Normal temperatures were ob-
served at all time points; however, differences were observed at

Adv. Therap. 2023, 6, 2300299
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day 3 between groups implanted with control and fresh photo-
synthetic scaffolds (Figure 4B). The health score was calculated
as described in the Experimental Section, where a score of 15
represented the humanitarian endpoint for the experiment. An-
imals showed a slight increase in health score during the initial
days after surgery, but decreased to 0 in all groups before the end
of the experiment. Statistical difference was observed between
groups receiving fresh and preserved photosynthetic scaffolds at
day 3; however, health score was low for both groups (Figure 4C).
On day 10, animals were imaged to evaluate the general appear-
ance of the wounds (Figure 4D). The results indicated that in all
groups, scaffolds adhered to the wound bed without any signs of
local inflammation, infection, or contraction. Furthermore, both
fresh and hibernation-inspired preserved photosynthetic scaf-
folds maintained their original green color and no macroscopic
differences could be observed between these groups.

On day 10 postimplantation, animals were euthanized and the
presence of viable microalgae in the photosynthetic scaffolds (ei-
ther fresh or preserved) was evaluated (Figure 5). Optical mi-
croscopy showed that microalgae in both groups appeared in-
tact, exhibiting their characteristic green color and round shape
(Figure 5A). To assess the viability of these microalgae, the pres-
ence of mRNA from the RuBisCO large subunit (RBCL) was as-
sessed by reverse transcription polymerase chain reaction (RT-
PCR;Figure 5B). RuBisCO mRNA was found in seven out of eight
samples of the photosynthetic scaffold group, and in all samples

© 2023 Wiley-VCH GmbH
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Figure 4. Scaffold implantation in full-skin defect in vivo. Control, fresh photosynthetic, and hibernated photosynthetic scaffolds (CS, F-PS, and P-PS
respectively) were implanted on mice full-skin defects and animals were monitored for 10 d. A) Body weight, B) body temperature, and C) health scores
were monitored daily to assess overall mice wellness. D) General aspect of mice and implanted scaffolds after 10 d is shown. Data in (A)—(C) are
expressed as mean + SD; N = 4; number signs (#) and asterisks (*) indicate differences between F-PS and P-PS groups and between CS and F-PS
groups respectively, with p < 0.05 (two-way ANOVA, Tukey's posteriori comparison). Scale bars in (D) represent 5 mm.
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Figure 5. Microalgae presence and viability after scaffold implantation. A) After scaffold removal at 10 d post implantation, optical microscopy of control,
fresh and preserved photosynthetic scaffolds (PS) was performed to evaluate the presence of microalgae. B) Microalgae viability was assessed by RT-PCR
testing RBCL mRNA expression (154 bp) at 10 d after implantation. Abbreviations: L, ladder; WB, wound bed before scaffold implantation; CS, control
scaffold after 10 d of implantation; DO, scaffolds at day 0 before implantation; 1-8, individual scaffolds after 10 d of implantation on mice; +, positive C.
reinhardtii control. Scale bars in (A) represent 25 pm.
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Figure 6. Macro and microscopic analysis of scaffolds after 10 d of implantation. A) Control scaffolds and fresh and preserved photosynthetic scaffolds
were excised after 10 d and macroscopically imaged using a transilluminator to evaluate the presence of vascular structures. B) Scaffolds were stained
with Hoechst 33342 nuclear staining and visualized by fluorescence microscopy. Collagen from the scaffold (green autofluorescence), microalgae (red
autofluorescence) and mice cell nuclei (blue) can be observed. C) Scaffolds were evaluated histologically by hematoxylin and eosin staining. Black arrows
in (A) and (C) indicate vascular structures and cell nuclei, respectively. Asterisks (*) in (B) and (C) indicate titanized mesh used between the scaffold
and the wound bed. Dotted-line boxes indicate magnified areas. Scale bars represent A, left images) 2.5 mm, A, right magnified areas; B, upper) 500 um,
B, lower left magnified areas; C, upper) 250 pm, and B, lower right magnified areas; C, lower) 100 pm.

from the group which received preserved photosynthetic scaf-
folds.

observed in all individuals (Figure 6A). Subsequently, scaffolds
were fixed and processed as described in the Experimental Sec-

Once the presence of viable microalgae was confirmed in
both the fresh and preserved photosynthetic scaffolds, it was
important to assess the local interaction between the pho-
tosynthetic microorganisms and host tissue (Figure 6). For
this purpose, the scaffolds were harvested and imaged using
a transilluminator. Except for the color, no main differences
were observed among groups and newly formed vessels were

Adv. Therap. 2023, 6, 2300299
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tion. Cryosections of the scaffolds were stained and examined
using fluorescence microscopy to visualize the infiltrating cells
(Figure 6B) and images showed proper biomaterial integration
and cellular infiltration in all groups. Furthermore, in both fresh
and preserved photosynthetic groups, microalgae were found
throughout the entire scaffold, showing colocalization with the
host cells. To further study in more detail scaffold composition
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Figure 7. Inflammatory response of mice after scaffold implantation. A) After euthanasia at day 10, lymphatic organs (spleen, thymus, and lymph nodes)
were recovered from animals that received control scaffold (CS), fresh photosynthetic scaffolds (F-PS), or preserved photosynthetic scaffolds (P-PS). B)
Organ weight relative to total animal body weight was calculated. C) Systemic and D) local inflammatory cytokines were quantified from serum and tissue
samples by flow cytometry, respectively. Scale bars in (A) represent 1 cm. Data are expressed as mean + SEM; B,C) N = 4, D) N = 8; ns: nonsignificant

(one-way ANOVA, Tukey's posteriori comparison).

and appearance after implantation, hematoxylin and eosin stain-
ing was performed (Figure 6C). Compared to the control group,
the presence of fibrin used to encapsulate the microalgae in the
scaffolds was clearly observed in the sections obtained from the
photosynthetic scaffolds. The images showed that the overall
appearance and density of collagen were similar across the dif-
ferent groups. Collagen fibers and fibrin did not exhibit any clear
differences after hibernation-inspired preservation when com-
pared to nonpreserved fresh photosynthetic group. Additionally,
in accordance with fluorescence microscopy data, infiltration of
cells from native tissue was detected throughout the scaffolds in
all groups.

To evaluate the potential effects of scaffold preservation on
inflammation, both systemic and local parameters were exam-
ined (Figure 7). In order to assess systemic inflammation, lym-
phatic organs and blood were extracted. When comparing the
spleen, thymus and lymphatic nodes among groups, no macro-
scopic differences were observed in terms of size, structure, and
color (Figure 7A). The organs were weighted and normalized
to the body weight of the corresponding mice and no statisti-
cal differences were found among the groups (Figure 7B). Sys-
temic inflammatory cytokines, including monocyte chemoattrac-
tant protein 1 (MCP-1), interferon y (IFN-y), tumor necrosis fac-
tor (TNF) and interleukin (IL) 6, 10 and 12, were quantified in
the blood serum by flow cytometry (Figure 7C). TNF showed a
slight increase in animals implanted with fresh photosynthetic
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scaffolds, while the rest of the measured cytokines showed no
significant differences between the groups. Similarly, the inflam-
matory cytokines (IL-6, TNF, IL-12, INF-y, and IL-10) present in
the scaffolds were quantified and no significant differences were
observed among the groups (Figure 7D).

3. Discussion

While photosynthetic biomaterials offer a promising platform for
the local production and delivery of oxygen in tissues,”! their
potential clinical impact is currently limited due to the lack of
preservation protocols. Therefore, this study aimed to investigate
the possibility of extending the shelf-life of these biomaterials by
inducing microalgae to enter a dormant state through a hiberna-
tion like-protocol, obtaining a more reliable, scalable, and cost-
effective technology.

C. reinhardtii are known to reduce their metabolic activity un-
der harsh conditions, such as low temperatures, lack of nitro-
gen and darkness.*'*2] Hence, the impact of these factors on
the preservation of the microalgae was studied here. Previous
works have described the possibility of storing Chlamydomonas
for extended periods by placing the microalgae on solid cotton
support.**l These studies reported a loss in the photosynthetic
potential of algae after storage in the dark at either RT or 4 °C,
which was subsequently recovered after several days in standard
culture conditions. Contrarily to the aforementioned findings,
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the results presented here showed that effective storage of iso-
lated microalgae C. reinhardtii was strongly dependent on the
preservation temperature, as cell integrity and functionality were
completely lost after storage at RT, but maintained for at least 8
weeks at 4 °C. Therefore, a storage temperature of 4 °C was cho-
sen to set up a hibernation-inspired protocol for the preservation
of photosynthetic biomaterials.

A previously described photosynthetic biomaterial was cho-
sen for this study due to its in vitro and in vivo validations,!'*!?]
as well as its ongoing evaluation in a human phase I clin-
ical trial?"??l This biomaterial is composed of a collagen-
glycosaminoglycan matrix, fibrin glue, and C. reinhardtii as a pho-
tosynthetic oxygen generator. This microalga has been used as
model for studying cold stress adaptation in plants,*?) and abun-
dantliterature describes changes in cell proliferation,*! oxidative
status,® and photosynthetic ratel***’l induced by low tempera-
tures, which can be potentially recovered after restoring optimal
culture conditions.*?! Therefore, it represents a good candidate
for hibernation-inspired protocols aiming to preserve photosyn-
thetic capabilities of the biomaterials.

Interestingly, the results obtained in this work showed that mi-
croalgae seeded on the collagen-based scaffolds maintained their
growth capacity for at least 8 weeks and their oxygen-producing
capacity for up to 6 weeks of preservation, which is shorter com-
pared to isolated microalgae that maintained functionality for at
least 8 weeks. Although more studies should be performed to
fully address this point, this could be explained by the higher
density of cells in the pellets compared to the scaffolds, which
has been previously shown to play a key role in protecting other
microorganisms from environmental stress.**! Moreover, the for-
mation of multicellular structures such as palmelloids or aggre-
gates are highly described as a strategy used by Chlamydomonas
to survive environmental stress.’”’ However, the fact that cells
within the photosynthetic scaffolds are trapped in a fibrin matrix
may be negatively affecting this survival strategy. Additionally, be-
sides oxygen, the preservation protocol described here allowed
for the maintenance of the biomaterial’s capacity to release re-
combinant growth factors for up to 4 weeks of storage. As photo-
synthesis and protein synthesis and secretion rely on different
cell mechanisms, this result may hint that storage of microal-
gae under harsh conditions causes specific effects among dif-
ferent cellular structures, affecting diverse signaling pathways.
Moreover, it has been broadly described that the expression of
recombinant proteins in certain microorganisms induces high
metabolic stress for the cells.*”! Therefore, additional cold stress
might have caused a reduction in protein yield to optimize the
essential metabolic pathways.

It has been described that in response to certain environ-
mental stressors, some microalgae produce harmful compounds
such as microcystins and saxitoxins.*'*?! In the case of C. rein-
hardtii, some effects of cold exposure are unknown and remain
to be elucidated.|*”) However, many others have already been de-
scribed. These effects include the secretion of specific proteins
(such as cold-shock proteins), changes in the cell membrane, and
overaccumulation of oxygen species, among others.*>¥’] Due to
the potential implications of these factors in the clinical transla-
tion of this preservation approach, one of the main objectives of
this work was to evaluate the safety of hibernation-inspired pre-
served photosynthetic biomaterials in vivo.
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After implanting the photosynthetic scaffolds (both freshly
prepared and preserved) in an already established full-skin
wound model,'*2#] high biocompatibility was observed be-
tween the biomaterials and mice, as no overall changes in the
health of the animal and viability of the microalgae were detected.
These observations agree with previous work implanting fresh
photosynthetic scaffolds,|'?) suggesting that preserved biomateri-
als through a hibernation-inspired strategy can produce and de-
liver oxygen to tissues for at least 10 d as well. Moreover, the
proper interaction between preserved microalgae and the host
tissue was confirmed by histology, and similar cell migration lev-
els were observed in both of the implanted photosynthetic bio-
materials, showing colocalization of microalgae and autologous
cells within the regenerating tissue. Additionally, a more in-depth
study of the local and systemic effects of the implanted mice sup-
ports the conclusion that no toxic stress-related proteins or com-
pounds were present in the preserved scaffold, as no differences
were observed in the immune organs of animals or the levels
of local inflammatory cytokines. Regarding systemic inflamma-
tory cytokines, no differences were observed among them, ex-
cept for TNF, which presented increased values in animals im-
planted with fresh photosynthetic scaffolds. However, the values
obtained lay within the normal ranges of TNF plasma levels in
C57BL/6 mice.*** This agrees with previous studies showing
that certain fresh microalga and cyanobacteria can be safely deliv-
ered or implanted into mice,!!!2#%l and even humans.?!l How-
ever, such a similar response for preserved photosynthetic bio-
materials had never been described before.

As scaffold integrity and its further biodegradation are essen-
tial for tissue repair,"’] these aspects were also investigated in
vitro and in vivo and no differences could be observed among the
analyzed groups. This is important not only for the clinical trans-
lation of the approach but also because it shows that when C.
reinhardtii are subjected to different stresses, they do not modify
their microenvironment in a clinically relevant manner, empha-
sizing the short-term potential applicability of this preservation
platform in a clinical context.

While this protocol has been validated in a specific photosyn-
thetic scaffold that is already being tested in human patients,?!]
this technology could be adapted to different photosynthetic
biomaterials, such as perfusable photosynthetic solutions,*!
sutures,?’) patches,") or hydrogels.['"'*15] Therefore, a broader
validation should be conducted, where different photosynthetic
microorganisms that have also shown to be promising for pho-
tosynthetic therapies could be evaluated.l*”) Additionally, since
there are several differences between skin structure and physi-
ology between mice and humans,? the preservation approach
described here should be further validated in a phase I clinical
trial before its implementation.

Altogether, the results presented here describe a simple and
cost-effective approach to significantly enhance the shelf-life of
photosynthetic biomaterials. Despite the fact that cryopreserva-
tion protocols using cryoprotective agents have been described
for the storage of microalgae,|?*%°] the presented work enables to
increase the operational window of photosynthetic biomaterials
without the need of additional reagents, which are known to
be toxic and therefore have to be removed before biomaterial
use. This work optimizes the overall photosynthetic bioma-
terial fabrication process, allowing the standardization, mass
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production, and transport of these biomaterials, thereby support-
ing the worldwide implementation of photosynthetic therapies
in clinics.

4. Experimental Section

Microalgae Culture: Cell-wall deficient UYM4 C. reinhardtii strain®']
was grown photomixotrophically at 24 °C in sterile liquid tris-acetate-
phosphate medium (TAP) with constant agitation and kept always in the
exponential growth phase and constantillumination (30 uEm~2s~"). A ge-
netically modified C. reinhardtii UVM4 human-VEGF producing strain was
used only for growth factor release assayl'?l and cultured as described
above.

Photosynthetic Scaffold Fabrication: ~Photosynthetic scaffolds were fab-
ricated as previously described.!'%2] Briefly, biopsy punches of Integra
matrix (Integra Life Science Corporation) were cut and slightly dried on
a sterile gauze. For 1cm? scaffolds, 5 x 10° microalgae were resuspended
in 68 pL of TAP medium mixed with human fibrinogen (EVICEL, Johnson
and Johnson) in a 1:1 ratio. UVM4 C. reinhardtii strain were used for all
in vitro and in vivo experiments, except for growth factor release assay,
where a genetically modified C. reinhardtii UVM4 human-VEGF producing
strain was used. The mixture of microalgae and fibrin was seeded in the
scaffolds, followed by the addition of 34 pL of human thrombin (EVICEL,
Johnson and Johnson). In order to ensure fibrinogen conversion to fibrin,
scaffolds were left undisturbed for 1 h, and further covered with sterile TAP
medium. Photosynthetic scaffolds were cultured under constant illumina-
tion for 72 h until use.

Microalgae and Photosynthetic Scaffold Preservation: Microalgae were
maintained in exponential growth phase. Cells were counted and adjusted
to a final concentration of 107 microalgae mL™". Next, microalgae sus-
pensions of 107 cells were centrifuged at 2000 rpm for 5 min. The super-
natant was discarded and microalgae were washed by adding 1 mL of TAP
medium, resuspending, and centrifuging. The supernatant was discarded
and tubes containing pellets of 107 microalgae cells were stored either at
RT (24 °C) or 4 °C, protected from direct light for up to 8 weeks. At each
specific time point (2, 4, 6, or 8 weeks), microalgae were “woken up” by
adding 1 mL of TAP per tube (at the same storage temperature, RT, or
4 °C), gently resuspending, and incubating them at RT with constant illu-
mination for 72 h.

For the preservation of the photosynthetic scaffolds, these were pre-
pared as described above. After 72 h of culture with TAP medium and con-
stant light exposure, scaffolds were placed in 1.5 mL tubes without TAP,
and stored at 4 °C, protected from direct light for up to 8 weeks. At each
specific time point (2, 4, 6, and 8 weeks), scaffolds were placed on 35 mm
plates and were “woken up” by adding 3 mL of TAP per plate and incubat-
ing them at RT with constant illumination for 72 h. For in vivo experiments,
scaffolds were preserved for 5 weeks, and “woken up” as described before
implantation.

In Vitro Microalgae Viability Assays: ~Several assays were performed to
assess microalgae viability, depending on the sample. For microalgae in
suspension or for photosynthetic scaffolds in vitro, viability was deter-
mined by examining microalgae growth after 7 d of inoculation in agar
plates. Additionally, as viability probe of microalgae in suspension, C. rein-
hardtii were incubated for 1 h with 25 um of fluorescein diacetate (F1303,
Life Technologies) and analyzed by flow cytometry. A death control was
performed by heating C. reinhardtii at 85 °C for 10 min. 10° events per
sample were acquired in BD FACSCanto Il analyzer (Becton Dickinson).
Data were analyzed with FlowJo software (Becton Dickinson).

Microalgae Morphology and Diameter: General morphology of the mi-
croalgae was evaluated by optical microscopy (DM500, Leica) as well as
by flow cytometry (BD FACSCanto Il analyzer, Becton Dickinson). In or-
der to calculate cell diameter, marker beads of 4, 6, and 10 um were used
(Life Technologies) and 10° events were recorded in the chlorophyll pos-
itive microalgae gate. Data were analyzed with FlowJo software (Becton
Dickinson).

Optical Microscopy: Imaging of microalgae was performed by optical
microscopy (DM500, Leica). For in vitro assays, photosynthetic scaffolds
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were macroscopically imaged using a standard stereoscope (Leica S6D).
Moreover, in vivo implanted scaffolds were fixed in 4% paraformaldehyde
(PFA) for 24 h. Next, samples were stored in 30% sucrose for at least 24 h
and then mounted in Tissue-Tek O.C.T. (Sakura). Cryosections of 20 um
were obtained (Cryostat CM1520, Leica) and visualized using optical mi-
croscope (Primovert, Zeiss).

Confocal Microscopy: For in vitro experiments, scaffolds were stored
in 4% PFA, and further analyzed by confocal microscopy (Airyscan, Zeiss),
where chlorophyll and collagen autofluorescence were observed in red and
green channels, respectively.

Confocal microscopy was also performed on implanted scaffolds. Scaf-
folds were fixed in 4% PFA for 24 h. Next, samples were stored in
30% sucrose for at least 24 h and further mounted in Tissue-Tek O.C.T.
(Sakura). Cryosections of 20 um were obtained (Cryostat CM 1520, Leica)
and stained with Hoechst 33342 (1:5000, Life Technologies) for 10 min.
Cryosections were mounted with Fluoromount (Sigma) and stored at 4 °C
until microscopy. Images were obtained with Airyscan microscope (Zeiss).

SEM: Scaffolds were fixed in 2% glutaraldehyde for 24 h and dehy-
drated with graded ethanol solutions and final 100% acetone. Samples
were then air-dried overnight, sputtered with 20 nm gold (Varian Vacuum
Evaporator PS10E), and analyzed using an acceleration voltage of 15 kV
(TM3000, Hitachi).

Oxygraphy: Metabolic activity of the microalgae was measured using
a Oxygraph+ System (Hansatech Instruments). Samples (microalgae sus-
pension, or 8 mm in diameter scaffolds) were introduced in the electrode
chamber with 1 mL of TAP medium, and subjected to 10 min of darkness,
followed by 10 min of illumination. Dissolved oxygen concentration was
recorded over time. Metabolic rates were calculated from the slopes of the
oxygen concentration curves.

Chlorophyll Quantification: Microalgae pellets or photosynthetic scaf-
folds were stored individually at —20 °C until analysis. Samples were
thawed and 500 pL of dimethyl sufoxide (DMSO; Sigma) was added. Sam-
ples were then vortexed and disrupted with a plastic pestle following in-
cubation at RT for 40 min, covered from direct light. Finally, supernatant
absorbance was measured at 665 and 648 nm using a microplate reader
(Epoch, BioTek) and total chlorophyll content was calculated asl®

Chlorophyhll (:n'—gL) = 7.49. ASSS 4 20.34 . A5 )

Growth Factor Release: Photosynthetic scaffolds (8 mm in diameter)
fabricated with C. reinhardtii expressing recombinant human-VEGF protein
were prepared and preserved as described in the sections above. At each
specific time point (0, 2, 4, 6, or 8 weeks), scaffolds were washed to remove
any possible remaining VEGF and “woken up” for 72 h at RT with TAP
medium and constant illumination. Next, the medium was discarded, and
scaffolds were placed in 12-well culture plates, and covered with 400 pL of
phosphate buffer saline (PBS) 1X. Scaffolds were then incubated for 1h at
RT, with constant illumination and gentle agitation (110 rpm). PBS 1X su-
pernatant was removed from the wells and stored at —80 °C until analysis.
For growth factor release quantification, Human VEGF Quantikine ELISA
kit (R&D Systems) was used, following the manufacturer’s instructions.

Mouse Breeding and Procedures: All the experimental animal proce-
dures were previously approved by the Scientific Ethical Committee for
Animal Care at Pontificia Universidad Catélica de Chile (Approval number:
220106001). Female C57BL/6 mice (10-15 weeks old) were bred at the
institutional animal facilities and maintained under standard conditions
(12/12 h of light/dark cycles, 20-24 °C) until experimental procedures.

Scaffold Implantation in Full-Skin Defect In Vivo: Surgical procedures
were carried out as previously reported.l'243] Briefly, animals were anes-
thetized by inhalation of 1-2% isoflurane (Baxter). Animal dorsal hair
was removed using a shaving machine followed by shaving cream (Veet,
Reckitt Benckiser) and skin was properly rinsed with lukewarm sterile wa-
ter and cleaned with 2% chlorhexidine gluconate solution (Difem Labora-
tories). To maintain animal wellness during surgery, ophthalmic gel was
applied to prevent eye damage (Nicotears, Saval Laboratories) and 300 pL
of meloxicam (5 mg kg™') in saline solution was subcutaneously injected
for analgesic treatment and to avoid dehydration. Next, two 10 mm in di-
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ameter full-skin defects were surgically created at the back of the animals,
using fine surgical tweezers and scissors. 12 mm in diameter titanized
meshes (TiMesh, Pfm medical) were placed on the wound sites, under
the wound edges. Control, photosynthetic, and preserved scaffolds (for 5
weeks) were placed on top of the mesh and sutured to the wound edges
with six single knots using nonabsorbable surgical sutures (Ethilon 5/0,
Johnson and Johnson). The back of the animal was then covered with a
transparent dressing (Tegaderm, 3 M). For each experimental group, four
animals were used (eight independent scaffolds per group).

Animal Maintenance and Health Assessment. Animals were main-
tained individually in cages after surgery. In order to promote the photo-
synthetic activity of the microalgae, red light-emitting diode (LED) lights
were adapted to the animal cages. Animals were subjected to circadian
cycles of 12/12 h of red light/darkness. During the next 3 d postsurgery,
300 pL of meloxicam (5 mg kg™') in saline solution was subcutaneously
injected for analgesic treatment and to avoid dehydration. Moreover, tem-
perature and animal weight were monitored for up to 10 d. General health
was assessed based on Grimace Scale, quantifying weight loss, general
aspect of hair, wound aspect, spontaneous behavior, and behavior in re-
sponse to manipulation. These parameters were scored between 0 and 3
as previously described.[*]

Euthanasia and Tissue Samples Collection: After 10 d of scaffold im-
plantation, animals were euthanized by intraperitoneal overdose of ke-
tamine/xylazine (30/300 mg kg~! respectively). Blood was collected via
cardiac puncture, allowed to clot at RT for 1 h, and further centrifuged at
1500 g for 10 min. Blood serum was then stored at —80 °C until analysis.
Tegaderm dressing was removed and skin defects were imaged. Scaffolds
were harvested and divided for protein extraction (immediately immersed
in dry ice and stored at —80 °C), microscopy (fixed in 4% PFA), oxygraphy
(stored in saline solution), and RNA quantification (stored in RNAlater
solution, Thermo Fisher Scientific). Lymphatic organs, including spleen,
thymus and lymph nodes, were also harvested, weighted, and imaged.

In Vivo Microalgae Viability Assessment: After 10 d of implantation,
scaffold biopsies were preserved in RNAlater solution (Thermo Fisher
Scientific) at 4 °C. RNA was isolated using TRIzol reagent (Thermo
Fisher Scientific) following manufacturer’s instructions. RNA samples
were treated with 1 U of DNase | (Thermo Fisher Scientific) in the
presence of 2.5 mm MgCl, at 37 °C for 30 min. A total of 0.5 pg of
RNA was used for cDNA synthesis using MultiScribe reverse transcrip-
tase with random primers p(dN)6 (Thermo Fisher Scientific) accord-
ing to manufacturer’s instructions. Conventional PCR was performed us-
ing SapphireAmp Fast PCR Master Mix (Takara Bio). Specific primers
for C. reinhardtii RBCL subunit gene were used. Primer sequences for
RBCL were: forward 5'-ACGCATGTCTTCAGTTCGGT-3' and reverse 5'-
GCTGAACGAATTACGTCGCC-3".

Histology of the Scaffolds: ~Scaffolds were harvested after 10 d of im-
plantation and fixed in 4% PFA for 24 h. Next, samples were dehydrated in
70% ethanol and embedded in Paraplast (Leica Biosystems) at 60 °C. Mi-
crosections of 4 um were obtained and stained with Hematoxylin—Eosin.
Images were obtained using Primovert optical microscope (Zeiss).

Cytokine Quantification: Cytokines were quantified from serum and
harvested tissue samples. In order to extract proteins from tissues, these
were weighted and disrupted with a plastic pestled in 300 uL of lysis buffer
(150 mm NaCl, 1% v/v Triton X-100, 0.5% w/v sodium deoxycholate and
50 mm Tris) on ice. Next, samples were sonicated for 15 s twice and
incubated at 4 °C for 1 h. Finally, samples were centrifuged at 13000 x g
for 20 min at 4 °C and supernatants were collected. Cytokines from
serum samples and tissue protein extracts were quantified using Mouse
Inflammation Kit (BD Cytometric Bead Array) following manufacturer’s
instructions. For tissue samples, data were normalized to the weight of
each sample.

Statistical Analysis: ~ All in vitro assays were performed in at least three
independent experiments. For in vivo experiments, four animals with two
implanted scaffolds each were used per group. Data in graphs are pre-
sented as mean + SEM or mean + standard deviation (SD), and compari-
son of conditions was performed by t-test, One-way or Two-way analysis of
variance (ANOVA) followed by a Tukey’s multiple comparison test when
necessary (details are specified at each figure legend). In all cases, signif-
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icance was defined as p < 0.05. Statistical analysis was carried out using
GraphPad Prism 8 software.
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