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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: 

1. To develop a novel hydrogel-based photosynthetic biomaterial. 

2. To study 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 I) 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 II) 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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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 

(11). 

 

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).  
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Table 1: Photosynthetic biomaterials designed for wound oxygenation. 

Biomaterial 
type 

Biomaterial 
composition 

Photosynthetic 
microorganism 

Main findings Reference 

Scaffolds for 
dermal 

regeneration 

Bovine Collagen 
and GAGs 

Chlamydomonas 
reinhardtii 

• Reduced hypoxia in vitro. 
(22) 

Bovine Collagen, 
GAGs, and fibrin 

Chlamydomonas 
reinhardtii 

• Biocompatibility in vivo in athymic 
nude mice. (23) 

Bovine Collagen, 
GAGs, and fibrin 

Chlamydomonas 
reinhardtii 

• Recombinant human VEGF 
release. 

• Biocompatibility in vivo. 
(18) 

Bovine Collagen, 
GAGs, and fibrin 

Chlamydomonas 
reinhardtii 

• Safety validation after 
implantation in human full 
thickness skin wounds. 

(24,25) 

Alginate, GelMA, 
and CaCl2 

Chlorella 
pyrenoidosa 

• In situ bioprinting strategy 
enhanced wound healing in vivo. (26) 

Topical 
hydrogels 

Alginate, CaCO3, 
GDL and CaCl2 

Chlamydomonas 
reinhardtii 

• Oxygenation of tissues. 

• Growth factor and antibiotic 
release. 

• Safety in healthy human skin. 

(1) 

Hyaluronic acid Synechococcus 
elongatus 

• Enhanced healing in burn and 
ischemic wound model in vivo. 

(27) 

Chitosan Spirulina platensis • Photosynthetic and photodynamic 
effect. 

• In vitro and in vivo validation. 
(28) 

Chitosan, 
alginate, genipin, 
and berberine 

Spirulina platensis • Oxygen and antibacterial 
molecules release. 

• Enhanced healing in infected 
diabetic wounds in vivo. 

(29) 

Hyaluronic acid Chlorella sp • Oxygenation upon illumination, 
inactivation of chlorella 
respiration at night. 

• In vitro and in vivo validation in 
diabetic wound models. 

(30) 

Pluronic powder 
and 
polydopamine 

Chlorella 
pyrenoidosa 

• Oxygen production promoted 
Bacillus subtilis growth and 
eliminated pathogenic bacteria. 

•  Enhanced wound healing in vivo. 

(31) 

Topical 
patches 

Alginate 
encapsulated in a 
PTFE membrane 

Synechococcus 
elongatus 

• Effective penetration of oxygen in 
skin. 

• In vitro and in vivo validation. 
(32) 

PVA and GelMA 
microneedles 

Chlorella vulgaris • Enhanced wound healing in vivo. 
(33) 

Surgical 
sutures 

Polylgactin 
surgical sutures 

Chlamydomonas 
reinhardtii 

• Oxygen and recombinant growth 
factor release in vitro. 

(20) 

 

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

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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Figure 2: Development of a photosynthetic hydrogel wound dressing for the release of oxygen and other 

bioactive molecules. Graphical abstract from Publication I (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 
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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. reinhardtii, 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 II) describes the development of a preservation method based 

on hibernation-inspired conditions to increase the clinical translation of photosynthetic 

biomaterials (Figure 3) (2).  

 

Figure 3: Development of a hibernation inspired preservation strategy for photosynthetic biomaterials. 

Graphical abstract from Publication II (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 I 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. 

 

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 I 

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 

I 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, I designed the experimental approach, which 

was discussed and adjusted with the team before execution.  

Execution of the research activities 

I 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 (CaCO3) 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, I 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, I performed the structural and mechanical analysis 

of the photosynthetic hydrogel. First, I optimized a protocol for the fixation and preparation of 
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hydrogels for scanning electron microscopy (SEM). Once I obtained the SEM images, I analyzed 

them by calculating the pore size and distribution using Fiji Software. In parallel, I also performed 

swelling and compressive tests to study the mechanical properties of the photosynthetic 

hydrogels. Next, I 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). I 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, CaCO3, GDL and C. reinhardtii had not been described previously 

in clinics, I adapted the Primary Skin Irritation (PSI) test from ISO-10993-10-2010 guidelines, to 

study the biocompatibility of the photosynthetic hydrogels on healthy skin of human volunteers. 

As human volunteers were involved, I 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. I 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, I 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. I 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, I 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. I 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, I 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 

I actively participated in data collection, including data from assays performed by co-authors, 

which involved overseeing and supervising all experiments. Additionally, I 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, I led the writing of the manuscript, drafting the initial 

version. I acted as the primary contact for co-authors, incorporating all their feedback through 

the preparation process. Once the manuscript was finished, I ensured it adhered to the specific 

guidelines of the journal (Acta Biomaterialia), including formatting and citation style. I also 

prepared additional documents such as the graphical abstract and supplementary materials for 

the submission.  

2.2 Contribution to paper II 

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 

I 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, I 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 

I played a leading role in all research activities. I 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, I 

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. I 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, I assessed the oxygen production capacity of the microalgae, as well as 

their growth capacity by means of agar plating. Finally, I 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, I 

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, I 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, I quantified chlorophyll content, oxygen 

production and growth capacity of the microalgae. Moreover, as a proof of concept, I 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 

quantification 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, I 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, I 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, I 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, I 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. I 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 

I performed data collection, including all in vitro and in vivo experiments. Additionally, I 

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, I was in charge of writing and generating the initial draft 

version of the manuscript. After the review of all co-authors, I incorporated their feedback 

through several correction rounds. Once the manuscript was finished, I ensured it adhered to 

the specific guidelines of the journal (Advanced Therapeutics), including formatting and citation 

style. I also prepared supplementary documents such as the graphical abstract and the 

statement of significance for the final manuscript submission.  
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