University
of Glasgow

bl

Yu, Jingwen (2025) Hydrogel based smart bandage for chronic wound
healing. PhD thesis.

https://theses.gla.ac.uk/84954/

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten@aglasgow.ac.uk



https://theses.gla.ac.uk/84954/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

Hydrogel based smart bandage for

chronic wound healing

8
Jingwen Yu

Department of Biomedical Engineering

University of Glasgow

This dissertation is submitted for the degree of
Doctor of Philosophy

College of Science and Engineering

Advanced Bioengineering (AB)

Oct 2024






Acknowledgements

Firstly, I would like to give a massive thank you to my supervisors, Professor Jonathan
Cooper, Professor Julien Reboud, and Dr. Bernhard Schmidt. Jon, we met during the chal-
lenge period, but we have now successfully gotten through it. Thank you for your guidance,
generous encouragement, and always believing in me. It’s been a lucky experience to do my
PhD project in our AB group. Julien, you have always been supportive of every experiment |
wanted to try, and your generous encouragement has helped me to be more confident about
my work. Bernhard, thanks for always being patient and considerate of my confusion. With
your help, I got the chance to become a more multidisciplinary researcher. I am so grateful
to you three for all the support you have given me over the years, which has helped me grow
into a better researcher.

I would specifically like to give a thank you to our Dr. Andrew Glide, who gave me so
much help in all kinds of aspects of my PhD project. Andrew, thank you for always helping
me with your kindness and profound knowledge. I am eternally grateful for your support and
for showing me the magic world of microscopy and chemistry.

To all the past and present members of the AB group who have helped me a lot, thank
you, Fan, Bo, Maha, Narina, Sitang, Tao, Tom, Xin and Xiaobo. Particularly, I would like
to thank Pawel for always being nice and patient and helping me with the bacteria work.
Olivia, thank you for joining our AB group and encouraging me in my every frustrated and
unconfident moment.

To my best friends, Jiaxing, Yana and Zhuoer, you have always been around for every-
thing and every moment; we accompany and support each other on both dark and brightening
days, and this four-year life has been sparkling with happiness because of you; I will forever
be grateful to have you all in my life.

Lastly, I would like to thank my lovely family—mum, dad, and grandma. I am so lucky
to have been born into such a family full of laughter, happiness, and humour. I am who I am
because they will always be there for me.

Life is a big maze made up of endless choices, may you walk towards yourself among
these countless choices.

This PhD journey is going to arrive at the station, see you next time in our new life.






Declaration

I hereby declare that except where specific reference is made to the work of others,
the contents of this dissertation are original and have not been submitted in whole or in
part for consideration for any other degree or qualification in this, or any other university.
This dissertation is my own work and contains nothing which is the outcome of work done
in collaboration with others, except as specified in the text and Acknowledgements. This
dissertation contains fewer than 40,000 words including appendices, bibliography, footnotes,
tables and equations and has fewer than 100 figures.

Jingwen Yu
Oct 2024






Abstract

Wound healing is one of the most complex natural processes!!; it requires the spatial
and temporal synchronisation of different types of cells with distinct roles in the overlap-
ping stages of haemostasis, inflammation, re-epithelialisation and remodelling. Most acute
wounds can undergo regular self-healing and recover to intact tissue in a few weeks. Dysreg-
ulated wound repair events will lead to delayed healing and develop into chronic wounds,
which tend to stall in the inflammation phase even for several months. Thus, timely and
effective wound management during the healing process is of great significance for defencing
bacterial infection and improving tissue healing. Skin wound repair requires the coordination
of various host cells, which are also mediated by occupied microorganisms in the wound
ecosystem. Therefore, appropriate management of bacterial contamination without disturbing
the supportive host cells is crucial for chronic wound site treatment; very few works have
been done in this field.

In this work, we have developed a visible light polymerised hydrogel with a semi-
conductor material doping, graphitic carbon nitride (g-C3N,4) material, which acts as both
initiator and reinforcer in the hydrogel polymerisation system. This work aims to provide an
effective hydrogel system that can be used as a chronic wound healing bandage with desir-
able properties of wound site management patches!?!, such as good biocompatibility, better
conformity, and suitable water vapour exchange. The successful development of such a new
hydrogel can be significant in point-of-care devices. Quantitative reactive oxygen species
(ROS) can be formed from our visible light-activated hydrogel system in a controllable
manner; it can effectively inactive different bacterial strains. In alignment with the urgent
demand for a solution to antimicrobial resistance (AMR)!3], our photocatalytic-generated
ROS can realise bacterial killing without drug inducement. In particular, g-C3Ny4 hydrogel
system can selectively kill bacteria over mammalian cells in the co-existed environment; this
work provides insights into the novel chronic wound management method that can stop the
bacterial infection and restore the host cell environment through the homeostasis regulation
using strictly controlled redox biological process!*l. In parallel, this system can also destroy
the compact biofilm to break the being seriously hindered healing process. The results of
this thesis suggested that our developed g-C3N,4 hydrogel system can be used as a promising
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chronic wound healing bandage material; it can effectively break the biofilm covering for
wound healing sequences initiation and improving the healing process by ROS participation,
realising bacterial infection elimination but also shaping the host immune response to against
future invasions by signalling pathways transduction.

In all, our g-C3N4 hydrogel platform provides a promising concept that ROS released
from the photocatalyst-doped hydrogel can successfully be used for complex chronic wound
environment regulation, and visible light irradiation also gives an opportunity for wearable

device development.
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Immunofluorescence stain of fibroblast cells after irradiating with LED and
UV light in both acute and chronic exposure. The scale bar is 20 yum.
Analysis of immunofluorescence images after irradiating with LED and UV
light in both acute and chronic exposure. Data are presented as mean £+ SD (n
= 20). Statistical analysis was performed using one-way ANOVA followed
by Turkey’s post hoc test to compare all groups. P < 0.05 was considered
statistically significant (ns = not significant, * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001). Statistical analysis was conducted using GraphPad
Prism 10.0. . . . . . ..o
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Chapter 1

Introduction

1.1 Diabetes mellitus (DM) disease and related chronic

wounds

1.1.1 Diabetes mellitus (DM) disease

Diabetes mellitus (DM) is a common, constantly, and potentially fatal medical condition
that has increased in prevalence over the past decades. According to the World Health Organi-
zation (WHO) report, no longer a disease in predominantly developed countries, people with
diabetes are steadily increasing all over the world, especially markedly in middle-income
countries, contributing to the major public health challenge.

As a chronic long-term disease, diabetes requires continued medical monitoring, timely
intervention, and high self-management of patients. The number of adults who live with
diabetes has increased from 108 million in 1980 to 422 million in 2014 in the world!® 171,
and this number is predicted to increase to 693 million by 2045, accounting for 6% to 7% of
the global population!!'®- 191,

In 2012, diabetes caused about 1.5 million deaths, and another 2.2 million deaths were
due to unstable blood glucose levels (Figure 1.1), which usually leads to the risk of ab-
normal macrovascular, such as coronary heart disease, stroke, peripheral arterial disease,
and microvascular conditions, such as diabetic kidney disease, retinopathy, and peripheral
neuropathy. Of these 3.7 million deaths, 43% of them occur before the age of 70 years old;
in developing countries, death caused by high blood glucose occurs earlier than the age of 70.
In recent years, diabetes caused complications that turned into a more complex situationl>.

In 2019, diabetes was estimated to be the eighth leading cause of death and disability

combined in the world; nearly 460 million people of all countries, ages and genders live with
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this disease. Diabetes brings a substantial economic burden both to the public health system
and individual families, and the International Diabetes Federation (IDF) investigated shows
that 537 million people worldwide with diabetes in 2021, resulting in $966 billion in health
expenditures globally; this number could increase to over $1054 billion by 205412, In the
UK, 4.9 million people now live with diabetes, which is equivalent to one in 14 people!?!.
During the period March 2020 to January 2021, there was an excess of 2696 deaths caused
by diabetes, showing an increase of 24 7% compared to the average number of five years

before the pandemic!?% 23!,

Diabetic Peripheral
kidney disease Retinopathy neuropathy Cancer Infections Liver disease

| )

Traditional Emerging

complications

complications

i i 1 : i )
Coronary heart Stroke Peripheral Functional Cognitive Affective
disease and vascular disability disability disorders
heart failure disease

Fig. 1.1 Evolution of diabetes induced complications from (left panel) traditional complica-
tions including vascular diseases to recent emerging complications (right panel) including
more complex infectious diseases. (Figure adapted from reference[5]).

Diabetes is a group of metabolic diseases characterized by an elevated blood glucose
concentration in the body over an extended period. Hyperglycaemia is caused by defects
in insulin function, including insulin secretion, contact with tissue cells, receptor synthesis,
and insulin action within cells. Diabetes is classified according to different etiologies; the
most recent classification criteria were issued by the WHO in 201912 231 Type I diabetes is
usually defined as the result of cellular-mediated autoimmune dysfunction of pancreatic 3
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cells, leading to absolute deficiency of endogenous insulin!?* 261, People with type I diabetes
can survive with exogenous insulin supplements, but are susceptible to diabetic ketoacidosis.
This group represents 5%-10% of all cases of diabetes. Genetic predisposition and possible
virus attack from type I diabetes have no strong relationship with individual lifestyle.

The relative insulin deficit characterises type II diabetes due to pancreatic 8 cell
malfunction!?’!; the number of type II diabetes could be over 90% of the total popula-
tion with diabetes. These patients have a very gradual progression of insulin insufficiency,
which means that they may remain asymptomatic for many years; 50% of them are unde-
tectable before being affected by the disease. People with type II diabetes can manage their
blood glucose levels with lifestyle changes. However, many of them eventually require
insulin due to chronic exhaustion of 3 cell function.

Gestational diabetes (type IIT) occurs when a woman is pregnant!?®l; placental growth
hormone (PGH) and some other pro-inflammatory cytokines, like tumour necrosis factor-
alpha (TNF-o), were produced by the placenta; this spontaneous hyperglycaemia developed
due to the impaired insulin intolerance during pregnancy, these condition does not appear in
all pregnant women and the related syndrome would largely subside after the delivery of a
child. The diabetes diagnosis criteria recommended by the American Diabetes Association
(ADA) in 2021 and approved by the WHO!?! the International Diabetes Federation (IDF)

are shown below:

1. Fasting plasma glucose (FPG) > 126 mg/dL (7.0 mmol/L) - Fasting is defined as no
claoric intake for at least 8h

2. 2h plasma glucose (PG) > 126 mg/dL (11.1 mmol/L) during oral glucose tolerance
test (OGTT) - The test should be performed, recommeded by WHO, using a glucose

load containg the equivalent of 75g anhydrous glucose dissolved in water

3. HbAc > 6.5% (48 mmol/mol) - The test should be performed in a laboratory us-
ing a method that is NGSP-certified and standardized to the DCCT assay. (NGSP:
National Glycohemoglobin Standardization Program; DCCT: Diabetes Control and

Complications Trial)

4. A random plasma glucose > 200 mg/dL (11.1 mmol/L) - A person with classic

symptoms of hyperglycaemia or hyperglycaemic crisis.

Fasting glucose and HbAlc are both used to diagnose diabetes, but they measure
different aspects of blood sugar regulation, fasting blood sugar measures the blood sugar
level after an overnight fast (at least 8 hours without eating), while the HbAlc (Glycated

Hemoglobin) the average blood sugar levels over the past 2-3 months, based on glucose
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attaching to haemoglobin in red blood cells. Thus, the HbA 1c measurement is more suitable
for long-term assessment but the fasting glucose is more reliable in reflecting the single-time

status of blood sugar.

1.1.2 Diabetic foot ulcers (DFUs)

Most malignancy results do not come from diabetes mellitus itself but from other severe
complications, which could be classified into microvascular diseases or macrovascular dis-
eases in origin. Diabetic foot ulcers (DFUs) are one of the devastating chronic complications
of diabetes?"]; the specific pathophysiological factor could be attributed to the impairment
of the peripheral vascular during the very early stage, then combined diabetic sensory, motor
and autonomic neuropathy dysfunction, resulting in foot deformity, skin pressure increasing
with walking.

In the UK, diabetic foot ulcers have become a significant health burden, contributing to
the main reason for hospitalisation among people with diabetes, and it has been considered
the single most common reason for morbidity and mortality*!. Every 2% - 3% of diabetes
patients are thought to live with an active foot ulcer within a lifetime; the risk of developing
diabetic foot ulcers is as high as 25%3%]. 20% of people with diabetic foot ulcers will
possibly go through lower extremity amputation'>3!, which is mainly caused by the infection
and progressive gangrene; 50% of diabetic foot ulcers become infected eventually.

As we mentioned, the development of diabetic foot ulcers is a complicated progressed
consequencel**, which is caused by the co-existing of peripheral sensory neuropathy, pe-
ripheral motor neuropathy, autonomic neuropathy and peripheral artery abnormalities'>>!. In
diabetic foot ulcer patients, the impaired peripheral motor fibres will result in a partial loss of
sensory and motor function, then muscle atrophy, further leading to foot deformities, such
as hammer-toe and ankle deformity. The damaged sensorimotor neurones alter sensation,
temperature, and local pressure, further affecting weight bearing and pain proprioception.
Autonomic system dysfunction leads to the impairment of the sweat gland, so the viscoelas-
ticity of the skin changes; it becomes drier and eliminates its functionality as a barrier to
prevent microorganism invasion, and the risk of dermal infection and callus formation is
increased as well (Figure 1.2).

Persistent hyperglycaemial®-38] and unstable glucose metabolism lead to endothelial
damage, hyperlipidemia, and elevated platelet viscosity and activity, all of which increase the
possibility of atherosclerosis development. The peripheral artery occlusive disease will also
induce long-term skin perfusion reduction, and then the ischemic ulcer or severe gangrene
will develop. The integrity of the skin is damaged due to inadequate perfusion, which then
facilitates the invasion of tissue infection. The infections that happen in diabetic foot ulcers
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E Pathways to diabetic foot ulcer development
Patient with diabetes
Peripheral sensory neuropathy Peripheral motor neuropathy Autonomic neuropathy Peripheral artery disease

Decreased pain, pressure, and Small muscle wasting Sympathetic autonomic dysfunction Decreased lower extremity
temperature sensation Foot deformities (eg, decreased sweating and dry skin perfusion
Impaired proprioception Biomechanical abnormalities resulting in less protection from injury) | | chronic imb-threatening ischemia

' I ' l

Mechanical pathways Vascular pathway
Continuous stress Repetitive stress High stress Necrosis
Constant low pressure damage Moderately increased abnormal Direct mechanical trauma
leading to ischemic necrosis pressure during weight bearing (eg, from foreign body in shoe)
(eg, from ill-fitting shoes)

Callus formation
e PN |
RS Foot ulcer development

Development of a typical diabetic foot ulcer from mechanical stress

@ Abnormal pressures on the foot that are not felt @ Inflammation and/or minor trauma @ Callus removal reveals ulcer extending
during weight bearing due to lack of sensation from impact can induce hemorrhage through the epidermis and dermis
can lead to superficial callus formation beneath the callus. into the subcutaneous tissue.

SUBCUTANEOUS TISSUE, Aa
T ey it

Callus Diabetic foot ulcers sometimes extend

ST = o deeper into muscle and bone

Fig. 1.2 Pathways to Diabetic Foot Ulceration. Part A. Diabetic foot ulcers developed from
impaired mechanical sensing and vascular conditions; Part B. Explanations and schematic
figures along the diabetic foot ulcers development process in the perspective of mechanical
stress changes. (Figure adapted from reference[6]).

could differ from uncomplicated cellulitis to life-threatening necrotising fasciitis, even sepsis.
30% - 40% of diabetic foot ulcer cases might be infected with several bacteria®**3], and the
amputation risk increases when the diabetic foot infection involves resistant bacterial strains,
especially methicillin-resistant Staphylococcus. aureus.

Evaluation of diabetic foot ulcers usually needs a comprehensive examination of the
ulcer site and foot status. According to the assessment guidelines recommended by the
National Institute of Clinical Excellent[** 43! in the annual test of diabetic foot ulcer patients,
they should have:

1. Neurological test of wounded foot for four different sites.
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2. Foot shape check, including prominent metatarsal heads/claw toes, hallux valgus,

muscle atrophy or Charcot’s foot.
3. Dermatological test for callus formation, erythema and sweating conditions.
4. Lower-extremity vascular condition, especially on foot pulses and ankle-brachial index.

For an appropriate intervention for diabetic foot ulcers, a reliable descriptive classifica-
tion system could be helpful for the outcome prediction. The Wagner and University of Texas
(UT) classifications are two standard classification systems used worldwide!*®!. Wagner
Ulcer classification system is usually used to evaluate the duration of hospital stay of the
patient, which is based on the depth and penetration of the wound, the presence or absence
of osteomyelitis or gangrene, the extent of tissue necrosis on the wound site, shown below:

1. Grade 1: superficial diabetic ulcer.

2. Grade 2: Ulcer deprivation involving ligament, tendon, joint capsule or fascia shows

no local swelling or osteomyelitis.
3. Grade 3: Deeper ulcer with abscess or osteomyelitis.
4. Grade 4: Severe gangrene on the foot.

The UT classification is based only on the depth and penetration of the wound site,
but it also considers the presence or absence of infection and ischemia. When taking all
involved factors together, The Wound, Ischemia, and Foot Infection (WIfI) classification
system was developed and validated to evaluate the risk of amputation for patients with
diabetic foot ulcers more accurately*”- 481 Tt assists clinicians and patients in identifying the
severe extent of diabetic foot ulcers in individuals and deciding on further interventions of
multidisciplinary clinical care. Usually, a higher score from the WIfI system leads to a lower
amputation risk and morbidity.

In general, people with active diabetic foot ulcers heal after appropriate therapy!®- 201,
such as controlling glycaemia more carefully, debridement through different methods, off-
loading of local pressure, negative pressure wound therapy, treating the infection using
pharmacological methods, or even re-vascularisation. The need for amputation would also
be changed.

The other efficient method for curing diabetic foot ulcer wounds is wound dressings,
with or without modification. Dressings usually provide external protection for the open
wound and act as a barrier, which is the previously intact skin. They also maintain a moist

environment and manage the exudate from the diabetic foot ulcer wound site.
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1.1.3 Diabetic heart failure (HF)

To date, heart failure has been described as ‘heart failure with preserved ejection
fraction” (HFpEF) heart failure with preserved ejection fraction or ‘heart failure with reduced
ejection fraction’ (HFrEF), which is characterised by the left ventricular function?1731, As
a global epidemic, heart failure shortens longevity and impairs the life quality of patients
severely. 10%-15% of the general population have diabetes mellitus worldwide, and the data
from recent studies show that 44% of patients hospitalised for HF have diabetes mellitus.
Approximately 40 million adults worldwide are affected by HF>4,

Diabetes could induce significant changes in the myocardium in both structural and
functional ways (Figure 1.3), which increases the risk of heart failure largely. For years,
several studies have discovered a dramatically increased incidence of heart failure (HF)
in patients with diabetes, which is hardly explained by traditional risk factors, such as
obesity, hypertension, dyslipidaemia, age, region, lifestyle, coronary artery disease and
severe valvular disease. People who live with diabetes mellitus show over twice the chance
of developing heart failure; usually, the outcomes are mortality or hospitalisation for heart
failure. According to the Framingham Heart Study, diabetes mellitus increases the risk of
HF independently, which is up to 2-fold in males and 5-fold in females compared with the
same-age parallel subjects. Patients with diabetes show a higher risk of developing heart
failure due to the abnormal cardiac metabolic process involving glucose and free fatty acids
(FFAs)33-571,

In diabetes mellitus, patients live with compromised glucose metabolism, which usually
leads to dysfunctions starting from unstable blood glucose levels, then causes structural and
functional abnormalities of the heart, ending in cardiac system breakdown eventually. Cardiac
dysfunction in diabetic patients is caused by several different mechanisms comprehensively
and synergistically; the characterised feature of cardiac metabolism is its flexibility, which
means that the heart can switch among different substrates to meet its energetic demands
with different sufficient nutrients at a specific moment. Under normal conditions, energy
generation of the heart primarily relies on fatty acid as its primary source, which accounts
for 60% to 90%%), with a significant contribution from glucose oxidation around 10% to
40%, production of ketone bodies, lactate and amino acids is relatively low, their contribution
to myocardial function is considered less than 10%°-6!1. While the glucose is taken up
via insulin-dependent glucose transporter type 1 (GLUTI1) and glucose transporter type
4 (GLU4), the ATP is generated in mitochondria through phosphorylation oxidation after
glycolysis/62641,

In type 1 diabetes mellitus (TIDM), the glucose transport across the sarcolemmal
membrane to the myocardium at a slow rate, leading to a reduction of the myocardial
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Fig. 1.3 Mechanisms for Cardiac phenotype of diabetes mellitus development. The
potential contributing mechanisms, including microenvironmental oxidative stress (OS), in-
flammation, impaired calcium ions (Ca2+) fluxing, cascaded alterations in internal metabolic
process, insulin signaling, gene regulation, dysfunction of mitochondria and endoplasmic
reticulum (ER), as well as cardiac cell death. AGE, advanced glycation end product; CD36,
cluster differentiation 36; GLUTA4, glucose transporter 4; LV, left ventricle; and ROS, reactive
oxygen species. (Figure adapted from reference[7]).

concentration of glucose transporter type 1 (GLUT1) and glucose transporter type 4 (GLU4),
reducing the glycolysis and glucose oxidation!®>=68] The heart in TIDM patients relies
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more on fatty acid oxidation as glucose metabolism is impaired. Increased blood glucose
and ketone body production also require more effort. Continuous generation of higher
energy supply is critical for maintaining heart function. As the increased utilisation of FFA
becomes the primary source of energy generation in the heart, the §-oxidation of fatty acid is
much less efficient than glycolysis oxidation; this long-term insufficiency leads to decreased
energy reservation and cardiac efficiency, exacerbating cardiac dysfunction morel% %1,
Thus, diabetic heart failure is commonly characterised by diminished high-energy phosphate
production (ATP) generation in the heart.

However, in type 2 diabetes mellitus (T2DM), the metabolic substrate switch mechanism
is still unclear now because there is not enough evidence to prove the activation of peroxisome
proliferator-activated receptors (PPAR) o and 7, which is considered as the trigger of the
metabolic substrate switch!’%-72]. Another possible explanation of the fatty acid involved in
glycolysis suppression could be the hyperacetylation of one of its essential enzymes.

Imaging studies on diabetic heart failure show that the left ventricular concentric
remodelling could be one of the characterisations of diabetic myocardium, which is the
consequence of damaged myocardial energetics and decreased systolic strain. The increased
extracellular volume caused by collagen deposition and fibrosis in the myocardium could
be an indicator of mortality and heart failure in patients with diabetes as well. Mounting
research has found a strong association between microvascular damage and cardiomyocyte
stiffness caused by advanced glycation end-product deposition.

Energetic metabolic changes in the myocardium are the critical factors for cardiac
dysfunction in diabetes. Heart failure severely affects cardiac metabolism and leads to a
shift of cardiac substrate utilisation from fatty acids towards glucose oxidation, which is
opposite to the conditions in diabetes. This change happens because glucose oxidation is
more oxygen-efficient than fatty acid oxidation!”3!,

Before considering the specific interventions for patients with diabetic heart failure, the
decision is usually made according to the particular situations in individuals. Generally, it
goes into two groups: 1) the treatment for heart failure therapy in patients with diabetes and
2) diabetes treatment in patients with heart failure. When diabetes and diabetic heart failure
co-exist, heart failure always shows a much poorer prognosis than diabetes mellitus. It is

always better to make heart failure a priority.
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1.2 Cellular events in the acute and chronic wound healing

process

The skin is the largest organ in our body, covering all the tissues to prevent injury
from external harms!7#!, such as intense ultraviolet radiation, mechanical damage, high and
low-temperature exposure, and bacterial infection!”> 761,

Our intact skin is the primary physical barrier; the outer epidermis is an impermeable
layer that can defend against harsh conditions. The dermis comprises the extracellular matrix
(ECM), vascular system, and mechanoreceptors responsible for strength, nutrients, and
immunity supplements!’’!. Adipose tissue is under the dermis for energy preservation and
is a source of growth factors transported to the dermis. Thus, our skin also works as an
immunity barrier against possible pathogenic attacks.

The skin is exposed to various external and internal pressures, making it susceptible to
injuries and damage. Once the integrity of the skin architecture, a mucosal surface, deep
tissue, and even bone is lost due to any external damage, this results in cell damage and
the formation of wounds. A wound is defined as the disturbance of the standard anatomic
structure and function!’® 71,

1.2.1 Acute wound healing

Wound healing is a complicated biological process involving various cell types sequen-
tially (Figure 1.4). Once damage occurs to tissue, organ, or body, multiple relative pathways
are activated and all these cells, factors, and mediators interact with each other in an ex-
tremely sophisticated cascade of cellular events. Generally, the wound healing process/3%-82]
goes through the following stages: hemostasis, inflammation, angiogenesis, growth phase,
re-epithelialization, tissue maturation, and remodeling phase; they proceed sequentially and
overlap.

In the haemostasis stage!3> 84 all events usually happen on a macro- and micro-
vascular level; the whole haemostasis process is tightly controlled by the balance among
coagulation, endothelial cells, thrombocytes and fibrinolysis. Once the wound is formed, the
first response is that the blood vessels on the wound site are contracted immediately, and then
the platelet is activated to form a fibrin clot to stop bleeding. When entering the secondary
hemostasis stage, the coagulation cascade is activated to reinforce the platelet plug by fibrin
mesh and form a thrombus, which acts as the scaffold for upcoming inflammatory cells, such
as neutrophils, monocytes, macrophages and other adaptive immune cells, to promote the

healing process goes into the next phase.
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Fig. 1.4 Process of wound healing. (a) Schematic of wounded skin structure and functional
part involved in the healing phase. (b) coagulation phase, the platelet helps stop bleeding
once the tissue gets injured. (¢) Inflammation phase, after then the wound inflammatory
response, the inflammatory cells, including neutrophils, and macrophages are recruited.
(d) Angiogenesis phase, granulation forms to refill the missing connective tissue to further
support the wound angiogenesis, fibroblast cell migration and new collagen matrix deposition.
(e) Cell migration and proliferation phase, once the granulation tissue is reformed, the re-
epithelialization will be initiated by epidermal cell migration to reconstruct the intactness of
the skin barrier. (f) Remodelling phase, finally the open wound heals as the wound edges
merge, however different wounds remodel to different extents, usually with scar tissue left.
Abbreviations: DAMPs, damage-associated molecular patterns; ECM, extracellular matrix;
PAMPs, pathogen-associated molecular patterns; VEGF, vascular endothelial growth factor.
(Figure adapted from reference[8].)

Inflammation is the primary nonspecific immune response against external harmful
signals!!!, such as microorganism infection, damage to the biological tissue and invasion
of any other toxic substances. Injury-induced signals trigger the inflammation response,
characterised by swelling, pain, tissue redness and cellular dysfunction. As the tissue gets
injured immediately, a significant increase of intracellular calcium ions (Ca?*) forms a cal-
cium wavel®> 861 These increased Ca* leads to the modifications of several transcriptional
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pathways, besides the other cellular responses and damage signals, including reactive oxygen
species (ROS), damage-associated molecular patterns (DAMPs), pathogen-associated molec-
ular patterns (PAMPs) from bacterial components, lipid mediators, related cytokines and
chemokines activate the transcriptional-independent pathways to attract the inflammatory
cells as well.

The inflammatory phase could be divided into early and late inflammatory phases. The
early inflammatory phase is initiated from the late coagulation stage; neutrophils are the first
responders; they destroy the infectious threats by releasing reactive oxygen species (ROS),
proteolytic enzymes, and neutrophil extracellular traps (NETs). In the late inflammatory
phasel®”- 881 various cytokines and breakdown products recruit more phagocytotic cells at
the wound site; the attracted macrophages then start the phagocytosis process to clear the
pathogens and toxic substances. During this time, macrophages also show a phenotype con-
version from M1-macrophage (pro-inflammatory macrophage) to the alternatively activated
macrophage (M2-macrophage); the M2-macrophages mainly participate in the angiogenesis
process to generate new blood vessels for promoting proliferation and re-epithelialisation
process.

Once the initial immune response is completed, that is the signal of the inflamma-
tory phase ends, and the healing process proceeds into tissue re-epithelialisation. The
re-epithelialisation is the main stage for lost tissue repair and refilling so that the open
wound can be reclosed and the biological tissue functions through the combination of pro-
cesses of angiogenesis, fibroblast proliferation, re-epithelialisation, neovascularisation and
immunomodulation. In this stage, the granulation tissue, extracellular matrix (ECM) and
collagen are formed by activated fibroblasts and endothelial cells®”); the fibroblast then
synthesises new ECM, secret cytokines and growth factors to regulate the immunomodulation
in the healing process. Granulation tissuel’’! is eventually replaced by new connective tissue,
and the fibroblast cells are presented in the connective tissue to maintain the integrity and
plasticity of the structure. The microvascular endothelial cells (ECs) are mainly responsible
for forming new blood cells, activated by the signals secreted from the adjacent cells. The
angiogenesis process is initiated when the ECs sense the proangiogenic activation signals
secreted from the adjacent cells!®” °!. The ECs migrate within the fibrin/fibronectin-rich
clot, and the activated ECs are devoted to establishing and strengthening the interaction with
the perivascular cells. ECs usually exhibit heterogeneity during angiogenesis when acting
as tip and stalk cells. This heterogeneity is regulated by Notch pathways triggered by the
mediators secreted by the proliferation of keratinocytes, subcutaneous adipose stromal cells
and macrophages in the wound environment. During the angiogenesis process!®?> %31, the

ECs present as the tip cells sense VEGF and many other signalling molecules to extend their
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filopodia, which is used for control and organise the formation of new capillaries; the stalk
ECs commonly follow the tip cells to support the integrity of the vascular system. Pericytes
and circulating progenitor cells!®* %! play critical roles in the stage of neovascularisation
during the wound healing process. The pericyte cells are embedded in the basement mem-
brane of the vascular system, playing an essential role in maintaining the stabilisation of
the microvasculature system and defence against bacterial invasion by forming the vascular
barrier. The pericytes show multipotent generation capacity!®® *7l; they promote wound
healing by interacting with ECs and hematopoietic cells (HCs) and depositing ECM on the
wounded site. The hematopoietic stem cells and endothelial progenitor cells bind to the
endothelial cells at the hypoxia/ischemic tissue site to form new blood vessels to accelerate
wound healing. It is necessary for maintaining nutrient delivery and oxygen homeostasis!’’;
cellular proliferation and tissue regeneration could happen. Circulating progenitor cells
contribute to neovascularisation during wound healing. First, the injured tissue releases the
chemokines, which cause the bone marrow-derived progenitor cells to enter circulation. Then,
these circulating progenitor cells are attracted by the increased chemokine gradients and bind
to the hypoxia or ischemic tissue of the wound sitel®® %1 After this, these progenitor cells
embed into the sprouting endothelium, where the stem cells and progenitor cells differentiate
into endothelial cells. Fibroblast cells are the most commonly present in the connective tissue
of every organ!!%l; they mainly contribute to ECM deposition and remodelling. There is
strong evidence to reveal the heterogeneity among fibroblasts derived from different tissues.
This heterogeneity allows fibroblasts to differentiate into various phenotypes of subpopula-
tions that participate in different stages of wound healing, including ECM deposition and
re-organisation, growth factors and chemokines secretion and immunomodulation!101- 1021,
Fibroblast heterogeneity shows positional differences. Data shows that the initial dermal re-
pair is due to the lower lineage fibroblasts that express myofibroblast markers like o-smooth
muscle actin (@-SMA), and these cells synthesise a large amount of ECM for scarring
formation. In addition to positional and origin-specific differences, fibroblasts also change
because their activation status, like some fibroblasts in the wound healing process, needs
more contractile phenotype by expressing 8- and y-cytoplasmic actin and a-SMA to convert
into contractile myofibroblasts.

Wound contraction is one of the significant parts of wound healing!!?> 1941 which
encloses the open wound area and helps accelerate the re-epithelialisation process. During
this process, the generated collagen fibrils are arranged perpendicularly to the wound edge,
so the mechanical strength of the tissue is increased significantly. This stiffness change in
the wound environment promotes the fibroblast cells that migrate into the wound centre to

convert into myofibroblasts with &t-SMA expression. The myofibroblast cells are one of the
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transitional cells, contributing to the ECM deposition and showing similar characteristics of
contractile smooth muscle. These cells are formed when normal fibroblasts generate bundles
of microfilament, and the primary source of myofibroblast cells is usually the normal fibrob-
last within the uninjured dermis. One of the mechanisms of myofibroblasts that help with
wound contraction is that they attach to the polymerised fibronectin via their integrins and
pull the fibres towards the wound centrel!%]. The apoptosis process clears the myofibroblasts
when the injured tissue is finally restored.

Open wound closure is commonly considered the end of wound healing, but the re-
modelling process can continue for several months or even a year. The tissue remodelling
includes neovasculature regression!'%-1981 'ECM deposition, and scar tissue replacing pre-
vious granulation tissue. In this process, collagen I synthesis and collagen III lysis happen
coincidently, and collagen III is gradually replaced by the more robust collagen I, resulting
in ECM reconstruction!””l. Once the healing process is complete, myofibroblasts usually
undergo apoptosis. If the cells within granulation tissue fail to go through apoptosis after
tissue remodelling, hypertrophic scars form. These processes are how acute wounds heal;
they usually follow these orderly and timely reparative processes that bring a sustained

reconstruction of cellular function and tissue integrity.

1.2.2 Chronic wound healing

Chronic wounds occur when one of the normal healing processes is disrupted once or
several times in the phases of haemostasis, inflammation, proliferation, and remodelling,
indicating that the chronic wound does not follow the timely healing cascades.

They are usually stuck in the inflammation phase and then challenging to transfer into
the proliferation phase. The high mitogenic activity usually happens in acute wounds is
significantly decreased in chronic wounds. The local tissue hypoxia, repetitive trauma and
severe bacterial invasion, combined with the impaired cellular and internal host responses to
the external stimuli, cause a harmful cycle that hinders the healing process moving towards
the proliferative phase of healing. In chronic wounds, multifactorial applied stimuli create
an unfriendly microenvironment where the sophisticated balance between pro-inflammatory
cytokines and anti-inflammatory cytokines is disturbed. All these complex factors together
stop the injury from healing within the expected timel!%-111],

The reason for the non-healing process present in the chronic wound is complicated and
multifaced (Figure 1.5). Firstly, several abnormal events happen in different cells, involving
chronic healing. Excessive neutrophil infiltration!!!% 1131 is a crucial event that impairs
the normal cycle of inflammation and is usually considered a biological marker of chronic

wounds. Overloaded neutrophils in the microenvironment generate many reactive oxygen
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Fig. 1.5 The microenvironment of chronic wounds. The innate inflammatory response
is insufficient to defend against the invaded infectious factors; An imbalanced level of
inflammatory/proinflammatory factors leads to a persistent inflammation stage; Then the
angiogenesis, collage matrix deposition and re-epithelialization process are hindered as well,
resulting in the non-healing chronic wound. Abbreviations: ECM, extracellular matrix; MMP,
matrix metalloproteinase; TIMP, tissue inhibitor of MMP. (Figure adapted from reference[9].)

species (ROS), which could directly damage the ECM and cell integrity and even promote
cell senescence. These neutrophils also release several proteases!!'*! such as elastase and
matrix metalloproteinases (MMPs)[!13]; elastase usually degrades essential growth factors,
while collagenase could degrade and inactive the component of ECM; on the other hand, both
neutrophils and activated macrophages produce various pro-inflammatory cytokines, such as
interleukin-1f (IL-1f) and tumour necrosis factor-o (TNF-), which further increase the
MMP production but decrease the production of their inhibitor, this imbalance accelerates
ECM degradation, prevents cell migration, reduces fibroblast proliferation and collagen
synthesis. Wound fluid is one of the characterisations of a non-healing chronic wound; it is
also rich in several pro-inflammatory cytokines, like IL-18 and TNF-c«. The byproducts that
come from ECM degradation will further promote inflammation, and this forms a self-feeding
circle. The typical healing cascade can be initiated when the debridement or cleaning breaks
this sustainable deleterious cycle. In addition, growth factors secreted in acute wounds
usually help with the healing process proceeding; they are also significantly decreased in the
chronic wound environment.

Chronic non-healing wounds also result from several coexistent components! 16 1171,

such as ageing-caused systemic alteration, repeated injury in local tissue and microorganism
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colonisation; these signals prolong inflammation status and delay the normal healing process.
During the process, reduced angiogenesis is also an important factor causing the impaired
proliferation and migration of endothelium progenitor cells, keratinocytes and fibroblasts,
diminishing the re-epithelialisation process. Finally, biofilm structure formation at the injured
wound site is another critical feature for chronic wounds!!'® 1191 Compact biofilm is highly

resistant to antibiotic interventions and perpetuates the persistence of non-healing wounds.

1.2.3 Biofilm in chronic wound

Biofilm is usually defined as the congregation of microorganisms attached to the substra-
tum surface and enclosed in the extracellular polymeric substance (EPS)1'? a significant
characterisation of the biofilm. Not a single bacterial infection, the biofilm is a complex
microbial ecosystem constituted by several bacteria and fungi. Several factors regulate
biofilm formation!!2!- 1221 including type of bacteria, bacterial surface expression, hydrody-
namics, cell-cell interactions, cell-host interactions, and oxygen and nutrient supplements.
The biofilm formation process is commonly categorised into three main stages: surface
attachment, maturation, and final dispersal and detachment (Figure 1.6).

The first stage of the attachment is reversible attachment; the extracellular DNA
(eDNA) initiates the microbe to generate the matrix, which is finally replaced by the com-
plex protein and polysaccharide structure. In this stage, the planktonic bacteria will first
come into contact with the possible surface where they can attach; this attachment could
be reversible or irreversible. The reversible attachment is usually loose and fragile, which
could be destroyed easily. When bacteria attach to the abiotic surface, this is mediated
mainly by some physiochemical interactions, such as electrostatic, van der Waals force and
hydrophobic interaction. However, the attachment between bacteria and biotic surfaces
(including aortic walls, heart valves and chronic open wound tissue) mainly relies on specific
ligand-receptor interactions. Studies show that most bacterial surfaces present a negative
charge due to the bacterial envelope and cellular wall components; this might generate a
repulsive electrostatic force in the simple physical contact process, but the unique organelles
in bacteria, such as flagella or pili would act as an additional propeller or hooks to help
with the attachment. The irreversible attachment tends to be permanent and develops into
biofilm. Colonised bacteria usually promote this process by secreting adhesins to bind to the
substratum, and the attachment is gradually transferred from the weak irreversible attachment
to the solid irreversible attachment. After this boarding, the whole process will proceed into
the maturation of the cells in the matrix.

Maturation is the second stage of biofilm formation. In this stage, the attached bacterial
aggregation will proliferate firstly, producing the sticky extracellular polymeric substance
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Fig. 1.6 Schematic explanation of five-step biofilm formation. Reversible attachment:
planktic bacterial cells attach to the surface via their flagellum; Irreversible attachment:
then this attachment transits into irreversible status as the flagella reversal rates are reduced,
biofilm matrix components are released and attached bacteria present drug tolerance as well.
Maturation I: A cell cluster with the thickness of several cells is formed and embedded
into the existing biofilm matrix. Maturation II: The maturation stage is then fully finished
with microcolonies formation. Dispersion: The external environment can trigger the biofilm
to degrade, some bacterial cells detach from the formed biofilm, returning to the planktic
cells and re-attach on a new surface, continuing the biofilm cycle. (Figure adapted from
reference[10].)

(EPS), which is highly hydrated, with more than 90% of water and exopolysaccharide poly-
mer, proteins, lipids, nucleic acids and nutrients; this monolayer protects the embedded
bacteria from cleaning and damaging. The bacterial cells within the structure then form
the micro-colonies; when the thickness of the biofilm is around 10 - 25 [,Lm[123], the base
of the biofilm turns to be anaerobic; this is a signal of biofilm maturation. After this, the
bacterial cells in this micro-colony begin the specific cell-to-cell communication called
the quorum sensing (QS) mechanism!!'?*l. Several events, such as bacterial cell density,
genetic expression change, biofilm colonisation, and antimicrobial resistance, are regulated
by this quorum sensing mechanism. Quorum sensing can generally be divided into two types.
One is intraspecies signalling, and in this situation, gram-negative bacteria usually use acyl
homoserine lactone (AHL) for communication!!?>!, Furthermore, the gram-positive bacteria
use a peptide-based signalling system to communicate intraspecies. Another is interspecies
signalling!!?%], which happens to gram-positive and gram-negative bacteria with the luxS
gene.

This cell-to-cell communication makes the irreversible attachment stronger. The bacte-
rial cell division rate remains low, but they become resistant to detergent clearing. Meanwhile,
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the bacterial cells mature and construct a three-dimensional biofilm structure to recruit more
planktonic cells and assemble them into the architecture. The recruiting process makes
the thicker biofilm structure much more challenging to be disrupted by the surface tension
change or detergent application; external mechanical stress is needed now.

Complex EPS structure acts as the protective layer, and biofilm maturation is supple-
mented by rapid cell division and development. The protection of the EPS structure causes
the involution of a more complicated biofilm architecture with the generation of channels and
holes. Moreover, the new structure promotes the redistribution of bacteria around the attached
substratum. The most critical event of maturation is the generation of an absolutely different
protein profile!'?”], which is absent in their planktonic counterparts. This novel protein
profile supports the biofilm as highly resistant to the applied shear force and antibiotics in
high concentrations.

In the final stage, some mature cells detach from the biofilms and float as planktonic
cells to form a new biofilm in a new environment. Most of the bacteria are dispersed pas-
sively as the result of external shear force, but they also periodically actively disperse!!2% 1291,
Generally, this detachment and disperse phenomenon is a complex and dynamic process reg-
ulated by multiple genetic factors and signalling mechanisms. Destroying biofilm structure
is important for promoting the effective treatment of non-healing chronic wounds. However,
there is yet to be a reliable point-of-care diagnosis method for detecting biofilm at a very
early stage. For the future development of chronic wound healing, timely monitoring of
biofilm formation should be included to assist with further interventions.

1.2.4 Therapeutic strategies for chronic wound healing

From the clinical perspective, chronic wound management focuses on the shield of the
open wound site. One specific wound management system is called “TIME’[13% it has been
usually used as a standard guide for chronic wound management, including four different
parts as follows: ‘T’ for tissue, evaluation and debridement of the inactivated biological tissue
is critical for the wound bed preparation and the very first step for tissue repair. It could be
realised through low-frequency ultrasound implementation, surgical process and enzymatic
reagents. ‘I’ for infection; in this step, some antibiotics are used to prevent infection and
biofilm formation after appropriately clearing the wound site. ‘M’ for moisture balance,
exudate is one of the essential components of the wound site; it is a reliable reflection of
wound bed physiology. Wound moisture equilibrium is necessary for wound management;
too much exudate causes surrounding skin damage, but less wound exudate is not beneficial
for wound healing involving cellular activities. ‘E’ for epithelial, wound edge contraction
during the wound healing process to reduce the exposed open wound area is a significant
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signal for practical wound treatment evaluation. The steps in the TIME system are standard
processes to manage wound healing sequentially and timely.

In the past few years, many novel therapy methods have been developed with a better
understanding of the physiological details of chronic non-healing wounds; they can be gener-
ally divided into dressing-free methods and wound-dressing therapies.

Dressing-free therapeutic methods usually rely on drug delivery, like antibiotics, to
achieve therapeutic effects!!>!=133] Systemic administration has several disadvantages, such
as the systemically administrated antibiotics hardly breaking down the biofilm structure at the
wound site to initiate the healing process. Furthermore, the overall systemic administration
shows lower accuracy on specific target binding, leading to adverse effects due to the overall
circulating process.

Because of the low effectiveness and potential adverse effects of systemic administra-
tion, local therapeutic methods are now the most accepted intervention for cutaneous chronic
wound healing. In this case, drugs and several growth factors are used as the administration
reagents for the localised treatment. To improve the drawbacks of the short half-life time
of some delivered growth factors, more delivery systems, like encapsulation techniques
using micro- or nanocarriers and nanoparticle modifications, are investigated to get a better
therapeutic result and a longer active period.

Another widely accepted therapeutic method for open chronic wounds is skin grafting!!3%
which helps to reconstruct different kinds of skin defects and is considered the gold standard
for the care of most injuries, especially thermal-caused trauma. When the grafted skin
contains the whole epidermis and part of the dermis, that is called a split-thickness skin
graft (STSG). They are usually used for injury with large open areas and do not need a
well-established vascular system to survive. Still, they suffer from tissue contraction during
the healing process. Another graft constituted by the epidermis and the whole dermis is
called full-thickness skin graft (FTSG); they require a better vascular system condition in the
grafted zone but contract less during the healing process, so they are the better choice for the
exposed areas of the body. Skin grafts can come from the same patient, called autografts,
from dead or alive patients, that is, allografts, or from other animals that are xenografts. All
these skin grafts are restricted by limitations to some extent, such as high cost and inevitable
host immune rejection.

The conception of wound dressing therapy!!36-13%1 has become mainstream due to
the fast development of material science; they can be classified into different categories
according to different characterisations. In the beginning, conventional wound dressings
focus on the bleeding stopping; they promote the healing process in a passive method; the

main characterisations of the conventional patches are protecting the open wound site from

135]
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external stress, keeping the moisture condition of the wound site, manage the exudate in a
suitable level, and preventing infection.

However, in recent years, the wound dressing design has evolved due to the new theory
that a moist environment is beneficial for wound healing processing! 4% 1411, So, the most
used materials for chronic wound dressing turn into absorbent materials, such as hydrocol-
loids and hydrogel; both are effective for maintaining a high moisture wound environment
because of their strong absorb capability, but they tend to create a hypoxia environment and
excessively moisture condition increase the risk of infection potentially. Other common
dressing materials are foam and film!'3% 142-1441: they are generally easy to manipulate and
permeable to gas exchange, especially the foam, which can easily fit with wound shape and
be left there for up to seven days.

Considering that the wound healing process is a complicated and well-organised process
with several different cellular events happening simultaneously, the healing extent mainly
depends on many factors, like wound status, health conditions of the patient, selected dressing
and therapeutic methods used. The single functional passive wound dressing cannot meet all
demands to manage and intervene in the wound healing process in a timely response way.
Thus, drugs, antibiotics and several growth factors are combined with different polymeric
wound dressings to accelerate the healing. Moreover, an ideal wound care device is expected
to have these significant features: 1) keep a suitable moisture and clean environment, 2)
prevent the open wound from secondary mechanical or bacterial infection, 3) show good gas
exchange capability to keep the wound site fresh, 4) deliver practical therapeutic components
to promote the healing process in both spatial and temporal manner, which means the simple
assembled wound dressing still faces with a significant demand on improving the diagnosis,
continuing monitoring and a timely feedback to reveal the specific process, giving the suit-
able intervention decision making. The next-stage smart bandage!!*>~148] for chronic wound
healing is expected to integrate the multi-zone sensing function, on-demanded therapeutic
function, signal reading and transmission in a single platform to realise a close-looped
multifunctional health care process (Figure 1.7).

Generally, in this specific field, some critical points still need to be taken into consider-
ation and improved: 1) Suitable substrate materials!!#!, as the chronic wound is presented as
the damaged skin structure, so the wound dressing is used as a temporary skin to cover the
wound and provide protection to against the external infections. Among all previously men-
tioned materials, hydrogels have gradually become the most competitive candidates because
they usually show good performance on biocompatibility, hydrophilicity and intrinsic three-
dimensional network structure much closer to the original extracellular matrix (ECM); all

these features make them get the attention of researchers. 2) Microenvironment management
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Fig. 1.7 Schematic illustration of wearable bioelectronics design for wound biosensing
and on-demand therapy administration, including specific wound conditions, necessary vi-
tal/physiochemical signal monitor, controllable therapeutic methods and predictive modulates
integration. (Figure adapted from reference[11].)

with the multiplexed sensing!!'>% 31 part: previously, wound dressing covered the wound
site for protection and allowed the healing process to proceed in the ’black box’. As the
healing process is dynamic and complex, the information from every specific healing status
is vital for next-step decision-making. Moreover, chronic wounds show different statuses
compared with normal tissue, such as the pH being naturally acidic in intact skin, with a
value between 4.0 — 6.0, and the tissue underlying skin showing a more neutral pH value of
7.4. When injured tissue is infectious, the pH value could elevate to 1012, Temperature
change and oxygen concentration at the wound site could also reflect the wound status to
help heal. Apart from these physical indicators, many growth factors and cytokines secreted
during the immune response also matter when evaluating the healing stage. 3) Therapeutic
approach: Proper and timely drug delivery to the wound site is critical to accelerating healing.

However, the old passive delivery methods are incapable of adjusting the release scheme
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automatically. So, the actively responsive therapeutic methods are expected to be integrated
into the platform to meet the requirements of precise treatment of different stages and avoid
the potential drug resistance caused by overdose. 4) Closed-loop!!>3! health care system:
guided by the breaking-through development of the algorithm and network, a closed-loop
system is possible for the integrated wound healing bandage. Under this scheme, four
indispensable components are included: a) the multiplexed biosensor module works for
the signal collection, b) well-trained algorithms for input signal analysis and transduction,
¢) an on-demanded!'>*! therapeutic system to initiate the suitable intervention, d) wireless
communication for data collection and transmission. All these features, combined with the
progressing fabrication techniques, give a chance to achieve an ideal remote, personalised

and precise wound care.

1.3 Graphitic carbon nitride (g-C;N,) material

High demands for energy lead to large consumption of fossil fuels; these traditional
energy sources are not environmentally friendly, thus further causing environmental damage,
global warming and climate change. In this situation, solar energy conversion provides a
green and promising solution because of the possibility of being sustainable, clean, and having
unlimited characterisations. In addition to the abundant solar light as the driving force, photo-
catalysis requires an effective semiconductor to proceed with the catalytic reactions!!>-1571,

Graphitic carbon nitride (g-C3N4) material has attracted much attention due to its
tunable optoelectrical properties and metal-free semiconductor!!>8. Bulk g-C3Ny is analo-
gous to graphene in the layer-by-layer structure, which is attached to weak Van der Waals
force and easily exfoliated by external forces. g-C3N4 material is easily prepared by several
nitrogen-containing precursors such as melamine, dicyandiamide, cyanamide, urea, thiourea
and ammonium thiocyanate through thermal polymerisation. The molecular structure of

sU139-1611 " tri_s-triazine (CgN7) or s-triazine

g-C3N4 mainly consists of two different unit
(C3N3) rings connected via tertiary amines (Figure 1.8). From the energy theory perspec-
tive, tri-s-triazine is considered the most stable structure under ambient conditions. Unlike
graphene, graphitic carbon nitride contains carbon and nitrogen, which are sp? hybridised,
forming an m-conjugation graphitic plane. Studies prove that prepared g-C3Ny4 shows a
3D configuration with misalignment of tri-s-triazine-based layers; this misalignment helps
eliminate the 7-electrons induced repulsive forces in adjacent layers.

Graphitic carbon nitride materials also show excellent electric properties due to their
nw-conjugated delocalised system formed by the hybridisation of carbon and nitrogen. As a

typical n-type semiconductor, g-C3N,4 material could also be explained through the band gap
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Fig. 1.8 Building blocks of g-C3Ny: s-Triazine (top) and tri-s-triazine (bottom). (Figure
adapted from reference[12].)

theory!!>8]; the bandgap is usually defined as the void region between the top of the filled
valence band (VB) and the bottom of the vacant conduction band (CB), according to the
calculation from Density Functional Theory (DFT), the bandgap of g-C3Ny4 is about 2.7¢V,
with the edge of the conduction band and valence band lying at -1.0V and +1.6V (vs. NHE)
respectively, which enables light absorption of g-C3Ny4 up to 450nm to 480nm, located in
visible light region in the spectrum.

All these factors allow g-C3Ny to be photosensitive, which means that the photo-induced
electron-hole pairs!!% 1631 could initiate the oxidation and reduction reactions with the reac-
tants from the surrounding environment. The photo-excited electron-hole pairs generation
process or the basic photocatalytic process of g-C3Ny4 material could be generally described
as following steps: At the beginning, a photon with energy equal to or even more significant
than the energy of the bandgap is absorbed, this action results in the excitation of an electron
from the valence band to the conduction band, leaving behind an empty state which is present
as a positive hole. Once they are separated spatially, the specific charge carriers under the
excited states migrate to the g-C3Ny surface, initiating the redox reactions for the photo-
catalytic conversion of attached reactant molecules. The activated reactive sites could be
either on the g-C3Ny surface where the photoexcitation occurs immediately or across another
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semiconductor’s or its cocatalyst’s interface. However, g-C3N4 material could be chemically
stimulated only when the photo-induced electron-hole pairs are consumed efficiently before
recombination occurs within almost nanoseconds. Noticeably, only the successfully migrated
charge carriers meet with acceptor molecules, which leads to the reduction and oxidation
process. Alternatively, they could also get back to the de-excited status through several
recombination processes, including surface recombination, which occurs on the particle
surface, and volume recombination, which occurs on the way of migration.

The recombination process always hinders the photocatalytic efficiency; when this
happens, the excited electrons fall back to the valence band, dissipating the extra energy
through the formation of heat instead of reacting with molecules near the g-C3Ny4 surface.
Thus, several requirements are critical for an effective photocatalyst: 1) light absorption in a
wide range: They should have a suitable bandage to absorb light in a broader spectrum and
an intrinsic high absorption coefficient to converse the energy from absorbed incident light.
2) Efficient charge carrier generation and separation: The material is capable of generating
enough electron-hole pairs efficiently once the light is absorbed, relying on its high quantum
efficiency (QE), then minimizing the recombination of photogenerated electron-hole pairs
and getting efficient charge carrier transfer and migration, which requires the high conductiv-
ity of materials. 3) Chemical stability: The material should remain stable under irradiation
without severe degradation and resist oxidation or other chemical reactions that may occur
during the photocatalytic process.

Thus, different methods are used to modify or improve the performance of g-C3N4 to get
a better photocatalytic property. Exfoliation is one of the standard methods; In this way, the
low force of Van der Waals is broken between every single layer, and then the layer-by-layer
attached structure (three-dimensional) of bulk g-C3N4 material would be transformed into
two-dimensional, such as nanosheet even quantum dots, this helps the g-C3N4 materials get a
large surface area and give more chance for reactions to occur. The shortened diffusion path
length essentially decreases the recombination rate, which improves the electronic properties
of g—C3 N4.

The g-C3N4 materials provide a promising solution to meet the sustainability require-
ments as a metal-free semiconductor, but it still has some drawbacks, such as structural
disorder and poor dispersibility. Thus, some strategies were explored to combine carbon
nitride material with polymers to generate a g-C3N4/polymer combination (Figure 1.9).
The formation of the hydrogel can broaden the applications of g-C3N4 material or intro-
duce new properties. At the same time, the incorporated g-C3N4 material can also modify
the chemical and mechanical properties of the formed polymer. In general, the present
investigation of g-C3zNa/polymer cooperation mainly through four methods: 1) g-C3Ny
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acts as the photo-initiator in the polymerisation system, 2) polymer-modified g-C3Ny to
improve the dispersibility, 3) g-C3N4/polymer hybrid materials prepared via physical bond-
ing and 4) g-C3Ny based hydrogels. The related g-C3N4/polymer hybrids research is still
in an early phase, and most of the research about g-C3N4 materials is mainly focusing

[164,165] 'photocatalysis!!%®), and photovoltaics!'®’! areas. Some preliminary

on biosensing
biomedical studies!'®® 191 jnvolving drug delivery and bioimaging are entirely based on
two-dimensional g-C3Ny materials and are always limited by complicated modification
techniques. The research of g-C3N,4 materials in biomedicine is still in its infancy; more

efforts for exploration could be put into it.
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Fig. 1.9 Structure of g-C3Ny4 and polymers (top) functions of g-C3Ny in g-C3N4/polymer
combination and (bottom) possible morphologies of g-C3N4/polymer. (Figure adapted from
reference[13].)

1.4 Reactive oxygen species (ROS) and redox medicine

1.4.1 What are reactive oxygen species (ROS)?

Free radical or radical species are specific species that could exist independently with
one or more unpaired electrons in their outer orbit. Their unpaired electron could be
generated by the loss or gain of a single electron from another non-radical species; the free
radicals are easily generated when a covalent bond is broken by homolytic fission. They are
highly reactive due to their unpaired electron and can trigger chain reactions with contacted
molecules to generate more byproducts of radicals or non-radicals (Figure 1.10).

Reactive species is a broader term, a relative conception, including free and non-free
reactive radicals. They are a large family that includes reactive nitrogen, sulfur, carbon,

selenium, electrophile and halogen species; all of them can undergo redox reactions and
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induce oxidative effects!!’"! on different biological macromolecules, participating in redox
signalling and biological processes.

Reactive oxygen species (ROS)!!”! could be considered a subset of reactive species;
they come explicitly from O;, which shows much higher activity than O,. ROS includes
oxygen-centred free radicals and some non-radical derivatives from O,. Hence, all oxygen
radicals are ROS, but not all ROS are radical species.

Based on our work, we will mainly focus on specific ROS, including superoxide
anion, hydrogen peroxide, hydroxyl radical (Figure 1.10), and singlet oxygen molecules.
Superoxide anion and hydroxyl radicals belong to free radicals with only one single electron,

while hydrogen peroxide and singlet oxygen molecules are non-radical ROS with two paired

electrons.
Fe3*
> HO -
Hydroxyl radical
Nox/Duox SOD MPO
o — > 0, —> H,0, —8> Hocl
Molecular Superoxide Hydrogen Hypochlorous acid
oxygen L peroxide
( > ONOO-
Peroxynitrite
NO
Nitric oxide
Signaling/ Macromolecular
antimicrobial damage/antimicrobial

Fig. 1.10 Mechanism of reactive oxygen species (ROS) generation. Superoxide anion
(O 7) can be generated from both NADPH oxidase (Nox) and dual oxidase (Duox) enzymes.
Hydrogen peroxide (H,O;) will follow formed from two molecules of superoxide anion
via a dismutation reaction, which can be accelerated by the superoxide dismutase (SOD)
enzyme. Then, the hydroxyl radicals ((OH) can be formed once the H,O, encounter iron-
sulfur cluster or transition ions through the metal-catalysed reaction. While other reactive
species, such as hypochlorous acid (HOCI), Nitric oxide (NO) and peroxynitrite (ONOO™)
will also formed as by-products. The colour indicates the relative activity of corresponding
molecules: green, unreactive; brown, low reactivity; purple, moderate reactivity; red, high
reactivity and damage with no specificity). Abbreviations: myeloperoxidase (MPO). (Figure
adapted from reference[14].)

Superoxide anion (O ") is formed by one-electron reduction of O, through electron

transport chains (ETCs), which usually happens in mitochondria, endoplasmic reticulum
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and plasma membrane, and sometimes it is also formed by enzymes!!7?l. Its negative sign
indicates that it is an anion. Superoxide anion is the first product of various metabolic
processes!! 73], Due to its high reactivity, it exists at deficient concentrations, but cells usually
keep a low superoxide anion concentration to prevent oxidative damage. Its cell concentra-
tion is commonly between nanomolar to micromolar, depending on the specific cell type;
generally, it is between 1-10 nM under normal physiological conditions!!74]. One of the
significant consumptions of superoxide anion is dismutation with another superoxide anion to
generate O, and H,O, spontaneously. Superoxide dismutase (SOD) is the involved enzyme
that usually accelerates this process.

Hydrogen peroxide (H,0,) acts as a pleiotropic oxidant signalling agent!!73! in physio-
logical processes. It is a two-electron oxidant, showing relatively stable properties compared
to other ROS, except when encountering specific protein Cys proteins, which participate in
selective and specific signalling!!76],

Hydroxyl radical ({OH) is the most reactive biological oxidant with an unpaired electron;
it is the reduction product from H>O, involving metal-catalysed Fenton chemistry with free
iron. Hydroxyl radicals exist for an extremely short time, and the unpaired electron renders
it highly reactive and oxidises all biomolecules at a diffusion-controlled rate; it is the main
reason for lipid peroxidation. Different from other ROS species mentioned above, singlet
oxygen is an electronically excited species of O, generated by energy transfer from ultraviolet
or visible light with a suitable sensitiser. It also shows a high level of reactivity and is easy to

react with unsaturated organic molecules, such as lipids and some amino acids!!7"].

Sources of reactive oxygen species

Chemically, the formation of ROS species relies on UV irradiation or other electron
reduction processes of oxygen initiated by transition metals or reducing radicals. The biolog-
ical sources of ROS could be endogenous or exogenous.

In the endogenous approaches!!’8-189 phagocyte NADPH oxidases were the first iden-
tified enzyme system that generates ROS primarily, not just as the byproducts. This ROS
generation system in mammalian cells was the NOXs of phagocytes (Phox), mainly including
neutrophils and macrophages, which initiates the respiratory burst. This oxidase will only
be activated by exposure to microorganisms or inflammatory mediators, generating ROS
without mitochondria involved.

NOX1 is the first homologue of gp91phox (NOX2)!81-183] "discovered in 1999. This
enzyme came from a colon epithelial cell complementary DNA library. NOX1 generates a
low amount of ROS when expressed in cells, but once it co-expresses with a novel regulatory
subunit, a large amount of ROS will be produced. NOX1, NOX3 and NOX4 are almost the
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same as gp91phox (NOX2) in size and structure; they all have significant electron transfer
centres that could deliver the electron from NADPH to molecule oxygen to produce superox-
ide. NOXS have an amino-terminal calmodulin-like domain on the base of the gp91phox
structure, which contains four extra calcium binding sites.

The specific process of ROS generated from NADPH starts from activating NADPH
oxidase; NOX is a typical transmembrane enzyme consisting of catalytic and regulatory
subunits. It is usually activated by the stimulations from growth factors, cytokines and stress
signals. During activation, the cytosolic regulatory subunits combine with the membrane-
bound catalytic subunits. After this, the NADPH will bind to the catalytic subunit of the
assembled NOX complex, donating two electrons to convert NADPH to NADP™ and release
one single proton. The transferred electrons reduce molecular oxygen into superoxide anion,
as the primary product of NADPH involved enzymatic pathway. Besides this, it is well
established that the mitochondrial'®3! are another significant source of cellular ROS. The
generation of ROS in mitochondria occurs primarily within the oxidative phosphorylation
process in the electron transport chain (ETC). The production of ROS that occurs in ETC is
caused by premature leakage of electrons, which do not follow the typical transfer sequence
but directly leak out of the ETC and interact with molecular oxygen to generate superoxide,
which is further dismutase into hydrogen peroxide (Figure 1.11).

The mitochondrial electron transport chain of mammalian cells (ETC) consists of
complexes I-IV, ubiquinone electron transporter, and cytochrome ¢. Complex I has two
identified superoxide anion generation sites, site I (FMN site) and site Iy ( CoQ binding
site); with the forward transfer of two electrons from NADH, the ubiquinone (CoQ) is fully
reduced into ubiquinol (QH>), the leaked electron during this process reacts with oxygen to
generate superoxide anion. Another mechanism of superoxide anion generation in Complex
I relies on reverse electron transport (RET). When the Q pool is highly reduced, and the local
O, tension is high, the energy is high enough to drive electron transport against the redox
potential gradient of ETC and the electrons are forced back from ubiquinol to complex I.
Complex II generated ROS at site IIf, related to succinate dehydrogenase. However, the
ROS generated from site IIr under normal conditions is negligible. Complex III is another
ROS-dominating generator within ETC, specifically at the site of QH; oxidation. Two
electrons were carried by QH, when it binds to complex III; then they are transferred in the
order of QH> to the Rieske Fe-S cluster and then to cytochrome c¢. One stays on the Q cycle
to form a transient formation of semiquinone radical, which further reacts with oxygen to
generate a superoxide anion. ROS generated by complex III and other related enzymes are
usually released into the mitochondria matrix and the intermembrane side.

In addition to NOX, ETC, ROS is also generated by other enzymes in subcellular local-
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Fig. 1.11 Reactive oxygen species (ROS) from mitochondrial oxidative phosphorylation
process, which occurs in the electron transport chain (ETC) located in the inner mitochondrial
membrane. This process includes protein complexes I, II, III, IV, and V and two electron
carriers — CoQ and cyt c. Electrons from NADH are transferred to CoQ by complex 1.
Complex II transfers the electrons from succinate to CoQ, and complex III transfers all
electrons from CoQ to cyt ¢, then complex IV continues to transfer the electrons from cyt ¢
to molecular oxygen and reduces it into water. Complex V (ATP synthase) is responsible
for ATP production, it uses the energy generated from complex I — IV to drive the phos-
phorylation of ADP to ATP. Abbreviations: CoQ, coenzyme Q; cyt ¢, cytochrome complex;
NADH, reduced form of nicotinamide adenine dinucleotide; ADP, adenosine adenosine
diphosphate; ATP, adenosine triphosphate; OMM, outer mitochondrial membrane; IMS,
inner mitochondrial space; IMM, inner mitochondrial membrane; GSH, glutathione; FAD,
flavin adenine dinucleotide; NADPH, reduced form of nicotinamide adenine dinucleotide
phosphate. (Figure adapted from reference[15].)

izations, such as the endoplasmic reticulum (ER) and peroxisomes or by several superoxide
dismutase enzymes (SOD1-SOD3).

1.4.2 Reactive oxygen species (ROS) functions in wound healing process

In recent years, increasing studies have revealed that ROS acts as critical second
messengers[184‘186] involved in many different intracellular events, such as oxidative mecha-
nisms, essential in immune system function, especially wound healing. They act as critical
signal mediators and become involved in many complicated processes.

The wound healing process usually involves a sophisticated combination of reconstruc-
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tion and degradation processes with various cellular events. ROS could mediate them to
seal tissue and fight bacterial infection sequentially. Many immune cells and proteins react
during wound healing in the initiated immune reaction and inflammation phase. ROS can act
as signaling molecules and host defense mediators such as these secreted proteins, such as
cytokines and growth factors. A basic level of ROS within the wound is beneficial for the
healing process, especially the migration and proliferation of keratinocytes, which is pro-
moted by the low level of H,O, through the activation of the MAPK/ERK pathway! 87 1381,
Fibroblasts, which play an essential role in wound healing by their proliferation and secreting
collagens to promote matrix deposition, are also affected by ROS. Studies show that ROS
could mediate the phenotype of fibroblast differentiation in myofibroblast by influencing p38
and JNK signaling cascades!!8% 1901,

Although overdosed ROS can cause irreversible tissue damage and long-term inflamma-
tion, maintaining a baseline ROS level is critical to rapid and efficient tissue repair. Thus, the
optimal balance of ROS level and application period is crucial in wound healing management

to synergistically regulate the antibacterial effect and tissue remodeling.

1.4.3 Research gap and challenges

Chronic wounds, including diabetic foot ulcers (DFUs) and pressure ulcers (PUs) are
difficult to heal due to the external infections caused by alterations in the microenvironment,
resulting in imbalanced anti-inflammatory / pro-inflammatory cytokine secretion and per-
sistent inflammation stage. Furthermore, microorganism infection will also affect several
cellular events, such as cell migration, proliferation, and angiogenesis, all of which hinder
tissue remodeling and open wound closure.

In recent years, reactive oxygen species (ROS) involved in noninvasive bacterial inacti-
vation and microenvironment reconstruction have become promising solutions for chronic
wound environment management!!®!l. Combined with the development of hydrogel ban-
dages, ROS-generating materials have attracted more attention because of their ability to kill
bacteria through oxidative stress, regulate the healing process by modulating the balance of
the anti-inflammatory and pro-inflammatory environment and promoting tissue remodeling.

However, despite this remarkable progress, several key research gaps remain:
* Selectively kill bacteria without damaging surrounding healthy mammalian cells;
* Precisely controlled ROS generation and dosage optimization;
* Better understanding of specific ROS functions in the wound healing process;

* Biocompatible ROS-generating method exploration;
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* Development of wearable devices with advanced therapeutic methods;
* Clinical translation from laboratory to real-world application

ROS-generating material shows a bright future for chronic wound management, but the
challenges mentioned above still need to be solved. Based on these demands, the work
presented in this thesis is aimed at addressing these research gaps and helping to accelerate
the development of a next-generation comprehensive chronic wound management platform

that acts ROS as both an antibiotic and a signaling factor.

1.5 Aims of this project

Aim 1: To develop the visible light photo-crosslinked hydrogel with graphitic carbon
nitride (g-C3N4) material and characterize the essential properties.

Aim 2: To evaluate the formation of reactive oxygen species and their related interac-
tions with cells.

Aim 3: To explore the selectively kill property in a cocultured group of bacteria and
mammalian cells and identify possible damage targets.

In this work, g-C3Ny4 hydrogel as a chronic wound healing bandage material was evalu-
ated from its intrinsic properties to its effects on encountered bacteria and mammalian cells
systematically as shown in Figure 1.12.

The background investigation in Chapter 1 gives a comprehensive understanding of di-
abetes mellitus-induced chronic wounds and their threat to both the public healthcare system
and individuals, mechanisms of non-healing chronic wounds and roles of ROS in the wound
healing process, revealing the existing challenges that need to be addressed, demonstrating
the necessary of this research work.

In Chapter 2, experimental materials used in this work are described in detail, and all
involved reagents and equipment are listed as well.

In Chapter 3, the polymerisation process of g-C3N,4 hydrogel is explained, and the basic
physiochemical and biocompatible properties of prepared g-C3Ny4 hydrogels are explored.
In detail, a batch of g-C3Ny4 hydrogel including 0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0%
of g-C3N,4 material are prepared, the optical properties of g-C3N4 dispersion are confirmed
to support the free-radical based polymerisation mechanism. The water retention capability
and swelling ratio of g-C3N4 hydrogels are studied to verify the hydrogel performance as a
wound bandage material. Finally, biocompatibility is demonstrated in different methods to
prove its safety as a biomedicine material.

In Chapter 4, reactive oxygen species (ROS) generation from all prepared g-C3Ny
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hydrogel is quantified and the interactions between hydroxyl radical and bacteria/mammalian
cell groups are investigated. Specifically, g-C3N4 hydrogel-generated ROS, including su-
peroxide anion, hydrogen peroxide and hydroxyl radical, is quantified using the calibration
curve obtained from chemical reactions. After this, the highly active species hydroxyl radical
is selected as the target to figure out the viability change of bacteria and mammalian cell
groups along the variations of intracellular hydroxyl radical concentration in different time
scales.

In Chapter 5, ROS-induced selective killing of bacteria over mammalian cells is evalu-
ated in an RFP-expressed E. coli/fibroblast cells cocultured model, biofilm eradication and
essential mammalian cell functions after treatment are also evaluated in detail. Additionally,
the possible interpretation of selectively killing is explored through the measurements of
ROS attack targets in bacteria and mammalian cells.

Overall, this thesis proves the ability of g-C3N4 hydrogel to work as a chronic wound
management material completely and comprehensively. The possible improvements and
future work is then discussed in Chapter 6.
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Chapter 2

Materials and Methods

2.1 Reagents and equipements list

Table 2.1 Experimental material list

Product Catalogue Company
Acrylamide A3553 Sigma-Merck
N,N’-Methylene bisacrylamide (MBA) 146072 Sigma-Merck
Viability/cytotoxicity assay for bacteria L7012 ThermoFisher
N,N-Dimethylacrylamide 274135 Sigma-Merck
Melamine M2659 Merck
Cyanuric acid 8203580250 Merck
Xanthine X7375 Sigma-Merck
Nitro Blue Tetrazolium N5514-25TAB  Sigma-Merck
Iron(II) chloride-FeCl, 372870 Sigma-Merck
Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit A22188 ThermoFisher
Coomassie Brilliant blue G 250 1.15444 Sigma-Merck
50% Hydrogen peroxide solution 516813 Sigma-Merck
LB Agar, powder 22700025 ThermoFisher
LB Broth Base 12780052 ThermoFisher
Brain Heart Infusion Broth 53286 Sigma-Merck
Brain Heart Infusion Agar 70138 Sigma-Merck
DAPI, FluoroPure™ grade D21490 ThermoFisher
Rhodamine Phalloidin R415 ThermoFisher
LIVE/DEAD™ Viability/Cytotoxicity Kit L3224 ThermoFisher
2’,7’-Dichlorofluorescin diacetate D6883 Sigma-Merck
Xanthine Oxidase X1875 Sigma-Merck
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Table 2.2 Experimental material list-2

Product Catalogue Company
N-Lauroylsarcosine 61739 Sigma-Merck
Ammonium persulfate A3678 Sigma-Merck
N,N,N’,N’-Tetramethyl ethylenediamine 1.10732 Sigma-Merck

HPF H36004 Thermofisher
N-Phenyl-1-naphthylamine 104043 Sigma-Merck
Polymyxin B sulfate salt P4932 Sigma-Merck
ONPG 34055 Thermofisher
Anti-rabbit IgG (H+L)

F(ab’)2 Fragment 4412 Cell signalling technology
Phospho-Histone H2A.X (Ser139)

(20E3) Rabbit mAb 9718 Cell signalling technology
Normal Goat Serum 5425 Cell signalling technology
CellMask™ Green Actin Tracking Stain AS57243 Thermofisher
NucRed™ Live 647 ReadyProbes™ Reagent R37106 Thermofisher
HUVECs Basal Medium (formerly Medium 200) M?200500 Thermofisher
Large Vessel Endothelial Supplement (LVES) A1460801 Thermofisher
Matrigel® Basement Membrane Matrix 356234 Corning

Table 2.3 Experimental equipment list

Product Catalogue Company
50 W COB Light Emitter IDGL-JC-50W-CW  Amazon/CHANZON Store
Chanzon LED Driver 1500mA BOIN25KCGI Amazon

Hammond RL6585BK Project Enclosure
GPABS 175x125x100mm

General Purpose Black 31-1513 Hammond

Heatsink with fan 158-540 RS Components
32 V power supply 124-4713 RS Components
12 V power supply 815-3124 RS Components
Fisherbrand™ Sterile Syringes 15859152 Fisher Scientific

2.2 Experimental methods

2.2.1 Agarose gel preparation

To obtain the 1% agar gel, acting as the blank control gel in the whole test, 0.1 g of
ultrapure agarose powder (ThermoFisher) was dissolved in 10 mL deionised water. The

solution was heated in the microwave, using higher mediate power. The solution status was
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checked every 30 seconds, and the heating stopped immediately when the solution went
boiling. Dissolved agar solution was transferred into 3 mL syringes as soon as possible.
Leave the syringes at room temperature, waiting for their gelation. The agar gel was kept in
deionised water and changed daily to keep it fresh and moist.

2.2.2 N, N-dimethylacrylamide (DMA) hydrogel preparation

Here the polymerisation system includes comonomers N, N-dimethyl acrylamide (DMA,
Sigma, 0.962 g/mL) / N, N’-methylene-bis-acrylamide (MBA, Sigma, 0.008 g/mL), the
redox couples are ammonium persulfate (APS, Sigma, 5.175 mg/mL) and N, N, N’, N’-
tetramethylethylenediamine (TEMED, Sigma, 0.78 g/mL). All the compositions were gener-

ally mixed and gelated at room temperature.

2.2.3 g-C3N4 precursor preparation

The g-C3N4 precursor can be prepared by the thermal condensation process using a lot of
abundant and low-cost rich organic precursors, such as melamine, cyanamide, dicyandiamide
and urea. Here, the precursors we used were prepared a modified literature procedurel!??].
Melamine (5.0 g, 39.7 mmol) and cyanuric acid (5.0 g, 38.8 mmol) were mixed in 200 mL
of deionized water, and then, the mixture was shaken overnight. Afterward, the precipitate
was filtered and freeze-dried. The white solid was placed into a tube furnace and heated in
nitrogen atmosphere to 550 °C for 4 h, with a heating rate of 2.3 °C /min . After cooling to

ambient temperature, CN (1.9 g, 19%) was collected as a yellow powder.

2.2.4 g-C3N4 hydrogel preparation

For the g-C3N4 hydrogel formation, 0.06 g prepared g-C3Ny4 precursor powder was
briefly added to 9.2 g distilled water and ultrasonic used 70% power for 30 minutes with
ice bath protection to obtain a well-dispersed mixture. After this, 0.8 g N, N-dimethyl
acrylamide (DMA) and 0.06 g N, N’-methylene-bis-acrylamide (MBA) were added in,
mixing for 1 min; the mixture was then transferred into a tightly sealed container. Continuous
N, was bubbled for 20 minutes. Here the continuous N introduced into the polymerisation
was aimed to remove the dissolved oxygen molecules as much as possible, protecting the
generated electron-hole to activate the DMA radical, initiating the poly(DMA) chain grow
and increase the polymerisation efficiency. After the N, flush, solutions were quickly
transferred into a sealed polymerisation container and placed between the face-to-face LED
(50 W) light sources to initiate the polymerisation process. Obtained g-C3N,4 hydrogels were
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immersed in deionised water for purification, changing the water daily for one week, until
have no exfoliations dropped from hydrogels. For future experimental requirements, six
concentrations of g-C3N4 hydrogels were prepared here: 0.1%, 0.2%, 0.4%, 0.6%, 0.8% and
1.0%.

2.2.5 Bacterial culture
E. coli- DH 5«

E. coli - DH 5a was cultured in LB Broth Base (Thermofisher) medium. For medium
preparation, 20 g LB Broth Base powder was dissolved in 1 L distilled water; after it was
dissolved, the medium was sterilised in an autoclave at 120 °C for 1 hour.

First, to recover the frozen E. coli - DH 5a bacteria from glycerol stock, the frozen
bacteria from -80 °C was scrapped using a sterile loop without thawing the rest of the glycerol,
then the picked bacteria was streaked on the prepared LB agar plate and incubated in the
incubator at 37 °C overnight in an inverted position. The next day, from each of the streaked
LB agar plates with the rehydrated strains, three separate E. coli - DH 5a colonies were
picked by sterile loop and inoculated into three tubes of prepared LB Broth liquid medium
by submerging the picked colonies in the sterile medium and the bacteria was dissolved by
moving the loop up and down. These tubes were incubated in the incubator at 37 °C for 12
hours. Then, the prepared E. coli - DH 5a bacterial solutions were kept in a 4 °C fridge for
future use.

Staphylococcus. epidermidis

S. epidermidis was cultured in Brain Heart Infusion (BHI) Broth Base (Millipore)
medium. For medium preparation, 37 g BHI Broth powder was dissolved in 1 L distilled
water and then sterilised by autoclaving at 121 °C for 15 minutes. First, to recover the
frozen S. epidermidis bacteria from glycerol stock, the frozen bacteria from -80 °C was
scrapped using a sterile loop without thawing the rest of the glycerol stock, then the picked
bacteria was streaked on the prepared Brain Heart Infusion (BHI, Millipore) agar plate and
incubated in the incubator at 37 °C overnight in an inverted position. The next day, from
each of the streaked BHI agar plates with the rehydrated strains, three separate S. epidermidis
colonies were picked by sterile loop and inoculated into three tubes of prepared BHI Broth
liquid medium by submerging the picked colonies in the sterile medium. The bacteria were
dissolved by moving the loop up and down. These tubes were incubated in the incubator at
37 °C for 12 hours. The prepared S. epidermidis bacterial solutions were collected and kept
in a 4 °C fridge for future use.
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Red fluorescent protein (RFP)-expressed E. coli - DH 50

A glycerol stock of pexp5-plasmid transfected E. coli - DH 5o was kept at -80 °C
freezer and inoculated into 5 mL of LB base liquid medium with 5 uLL ampicillin solution
(Sigma, 100 mg/mL), then this inoculated bacterial solution was cultured in an incubator
at 37 °C, 200 rpm overnight. The collected bacterial solution was diluted into 1:100 in
another 5 mL fresh LB base liquid medium with 5 uLL ampicillin solution (Sigma, 100
mg/mL); continue culture another 4 hours in the incubator at 37 °C, 200 rpm, after this, 5 uL.
isopropyl-betaD-thiogalactopyranoside (IPTG, 1 M) was added in, culturing another 3 hours
in the same condition. The prepared RFP-expressed E. coli - DH 5a bacterial solutions were
collected and kept at 4 °C for future use.

2.2.6 Mammalian cell culture

hTERT Fibroblast cell culture

The hTERT fibroblast cells were used in this work; after obtaining the cryopreserved
vial of hTERT fibroblast cells, the cells were thawed and recovered, then cultured and
expanded to get stock. The cell culture medium was prepared with Dulbecco’s Modified
Eagle Medium (DMEM) in high glucose (4.5 g/L), with glutamine, phenol red, sodium
bicarbonate, without sodium pyruvate and HEPES (ThermoFisher), then 10% Fetal Bovine
Serum (FBS, ThermoFisher), 1% Penicillin Streptomycin (Pen/Strep, Gibco) were added
to prepare completed medium. Following the standard cell culture, the fibroblast cells were
cultured in a T-75 plastic cell culture flask in a humidified incubator at 37 °C, 5% CO;,
atmosphere.

HUVEC: cell culture

The Human umbilical vein endothelial cells (HUVECSs) were used in this work; the
delivered cryopreserved vial of HUVECs was thawed in a water bath as quickly as possible;
the cryopreservation solution was diluted with cell culture medium and then centrifuged and
discarded. The cells were cultured and expanded to create a stock for subsequent experiments.
Following the standard protocols for HUVECs culture, here the cell culture medium is Human
Large Vessel Endothelial Cell Basal Medium (ThermoFisher) supplied with Large Vessel
Endothelial Supplement (ThermoFisher); the cells were cultured in the plastic cell culture
flask in a humidified incubator at 37 °C, 5% CO, atmosphere.
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2.2.7 LED light source conditions
LED light assembly

LED light assembly g-C3N4 based hydrogel is polymerised through the free-radical
polymerisation system; when the doped g-C3N,4 material is worked as the initiator in this
polymerisation system, then the wavelength of irradiation light source should match with
the absorption wavelength. Here, the maximum absorption wavelength of g-C3Ny precursor
powder was around 450 nm to 480 nm. As shown in Figure 2.1, the irradiation light source
was assembled with chip-on-board (COB) light emitter components diode 50 W bulb and fan
used as the cooling part. The polymerisation light system was two of these 50 W LED light
sources placed face-to-face; the distance of the two LEDs was 20 cm to keep the distance
between the light sources and the sample 10 cm.

Fig. 2.1 Picture of LED light set-up used for experiments in lab.

The power density of LED light

As the energy of LED light usually decreases gradually along the direction perpendicular
to the cross-section, the power density was measured using a power meter with the thermal
power sensor detection head (Thorlabs, S425C). The specific power density of the LED light

source was measured from 1 to 10 cm.

Temperature control of light source

This LED system is designed for the bacterial and mammalian cell test in the next step;
thus, the temperature generated from the whole system is an essential factor to be considered.
For the measurement, 2 mL of deionised water and DMEM cell culture medium were added

to a multi-well plate. LED light was placed at a 10 cm distance, the same as the conditions
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for the further cell experiment. The temperature variation was continuously monitored by the

thermos-couple meter (PicLog) for 60 minutes.

2.2.8 Physicochemical properties of g-C;N, hydrogel
Water retention capability of g-C;N,4 hydrogel

Water content and water retention capability of all prepared hydrogel, including 0.2%
agar gel, DMA hydrogel and g-C3N4 hydrogels with different content of g-C3N4 precursor
(0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0%), was evaluated by leaving the water immersed
cylinder-shaped hydrogels (diameter = 10 mm, thickness = 2 mm) to the environment with
the 47% relative humidity (RH) and temperature at 21 °C. Then, their weight was recorded
at every interest time point (0, 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12 and 25 hours) using an
electronic scale, the water content of all hydrogels at a specific time is calculated using
Equation (2.1) and the water retention rate of all tested hydrogels at every time is calculated
using Equation (2.2):

W, — W,
Water content = —- 0

x 100% 2.1)

t

W, —Wy
s — Y0

Water retention rate =

x 100% 2.2)

Where W is the weight of dried hydrogel disc.
W, is the weight of hydrogel at every timepoints.
W is weight of swollen hydrogels.

Swelling capability of g-C;N, hydrogel

To measure the swelling ratio of g-C3N4 hydrogels, all prepared hydrogels were cut
into hydrogel discs (10 mm in diameter and 2 mm in thickness) and exposed to the open area
with 47% relative humidity and 21 °C to get dried hydrogel. All of them were immersed
in 5 mL of deionised water for 24 hours to get the equilibrium status; the deionised water
was removed, all hydrogels were wiped gently with a tissue roll to remove extra attached

water, and their weight was measured again using an electronic scale, the swelling ratio is
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then calculated by Equation (2.3):

Ws - W()
Wo

Swelling ratio(g/g) = x 100% (2.3)
Where W is the mass of dried hydrogel.
W is the mass of swelling equilibrium hydrogel.

2.2.9 Spectroscopic properties of g-C3;N, hydrogel
Absorbance wavelength of g-C;N, dispersion

UV-Vis diffuse reflectance spectra were obtained using a UV-Vis spectrometer (Biochrom
Ultraspec 9000) using the g-C3Ny4 dispersion and deionised water as the reference. The

absorption of the g-C3N4 solution from 300-800 nm was measured in a 1 nm step.

The photothermal effect of g-C;N,4 hydrogel

1 mL of deionised water and 0.4% g-C3Ny dispersion was added to the multi-well plate
and irradiated using visible LED light (centre wavelength is 460 nm) at a 10 cm distance.
During the irradiation period, the temperature change of deionised water and 0.4% g-C3N4
solution was continuously measured using a thermocouple meter (PicL.og) every 1 minute

for 60 minutes.

2.2.10 Intrinsic antibacterial properties of g-C;N,4 hydrogel

S. epidermidis (ATCC 12228) and E. coli - DH 5o (ATCC 8739) were used to evaluate
the intrinsic antibacterial properties of all g-C3N,4 hydrogel; bacterial culture is described
previously.

Bacterial growth curve measurement

For the continuous growth curve measurement, freezing bacterial strain was inoculated
into 5 mL of fresh bacterial culture medium, Brain Heart Infusion (BHI) base for S. epider-
midis and LB broth base for E. coli — DH 5a, 1 of the tested cylinder-shaped hydrogels with
10 mm in diameter and 2 mm in thickness was put into the bacterial culture medium as well.
They were together cultured in the shaking incubator under 37 °C, 200 rpm, for 100 hours.
The optical density of all bacterial solutions was measured using a UV-Vis spectrometer
((Biochrom Ultraspec 9000) at 600 nm at every specific time point; here are 0, 1, 2, 3, 4, 5,
10, 15, 20, 25, 50, 75 and 100 hours, every data was measured for three times.
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Colonies forming units (CFU) counting

For assessment of colonies forming units (CFU), the exponential liquid culture of S.
epidermidis and E. coli — DH 500 (ODgop = 0.8) from the samples mentioned above was
diluted into 1:1000 with fresh bacterial culture medium; they were spreading on the BHI agar
plate, and LB agar plate respectively, a bacterial solution without hydrogel immersed in was
used as the negative control. After 20 hours of incubation under 37 °C, 5% CO, atmosphere,
grown colonies were counted, and the survival ratio (SR) was calculated according to
Equation (2.4):

CFU;

Survival ratio(%) = CF < 100% (2.4)
0

Where CFU; is the CFU number from specific tested hydrogel immersed bacterial solution.

CFUj is the CFU number of bacterial cultured in the original bacterial culture medium.

Fluorescence imaging of Live /Dead bacteria

The bacterial live/dead viability direct contact with all hydrogels was further confirmed
with fluorescence imaging. The frozen bacterial strain was inoculated into the liquid medium
culture in the shaking incubator at 37 °C, 200 rpm overnight; all the bacterial solutions were
collected at exponential phase and diluted into ODgpo = 0.1. Prepared bacterial solutions were
seeded into a 24-well plate and cultured in the incubator under 37 °C, 5% CO; environment
for 4 hours to get the attachment. Then, the tested hydrogels were placed on top of the
attached bacterial single layer, and all samples were put back into the incubator for another
24-hour culture. After this, tested hydrogels were removed, and bacteria were stained using
LIVE/DEAD™ BacLight™ Bacterial Viability Kits according to the manufacturer’s protocol.
The Live / Dead stained cells were imaged immediately using a Zeiss inverted fluorescence
microscope (Zeiss, Axvio Z1) with a 40x objective lens; the FITC filter was used to capture
the live cell signals from green fluorescence and the TRITC filter for the red fluorescence,
of dead cell signals. Random places were imaged for one sample to show the viability of

bacteria after treatment.

2.2.11 Cytocompatibility of g-C3;N, hydrogel

The cytocompatibility test of g-C3N4 hydrogels was implemented in two schemes: 1)
conditional medium culture and 2) direct contacts.
In the first scenario, the general idea was to prepare a conditional cell culture medium

by immersing hydrogels in the fresh medium for various time points and then investigate the
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medium for its influence on the cultured cells. Generally, at time zero, three circular g-C3Ngy
hydrogels were placed in a 25 mL complete cell culture medium (DMEM with 10% Fetal
Bovine Serum, 1% penicillin/streptomycin and 1% L-glutamine).

They were placed in a 37 °C, 5% CO; environment. At every time point of interest, here
is 24 hours and 48 hours, hydrogels were removed from the medium, filtered with 0.2 um
cellulose filter, then frozen in the freezer. After all test time points, a conditional medium
was prepared, and the medium was thawed and used to culture the cell line for the following
assays described below. Thus, the potentially harmful substances released from the g-C3Ny

hydrogels are assessed in this cumulative pattern.

Indirect cytocompatibility - PrestoBlue test of fibroblast cells

PrestoBlue assay was used for measuring conditional medium cultured cell viability;
the active ingredient is resazurin, a non-toxic, cell-permeable compound that is blue and
originally non-fluorescent. Once entering the live cells, resazurin will be reduced to resorufin
by the intracellular reducing environment, changing into red with high fluorescence. Viable
cells continuously convert resazurin to resorufin, leading to an apparent medium colour
change and fluorescence enhancement; therefore, cell viability could be measured by the
change in absorbance wavelength or fluorescence intensity.

Briefly, for this indirect viability measurement of fibroblast cells, fibroblast cells were
seeded in a 96-well plate in different concentrations of 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 x 10*
cells per well in 100 uL of fresh complete medium for overnight to get attached cells. Then,
the previous medium was discarded, and continuously, the cells were with the prepared
conditional medium (24-hour conditional medium and 48-hour conditional medium) for
another 24 hours. After this, the conditional medium was removed, and cells were incubated
with the Prestoblue reagent and fresh medium in the ratio of 1:9 (10 uL of PrestoBlue reagent
and 90 uL of fresh medium). Then, the samples were incubated in the incubator prevent from
light irradiation for 30 minutes; results of viability were measured by fluorescence intensity,
excitation wavelength of 560 nm and emission wavelength of 590 nm, or the absorbance
of reagent at 570 nm, using BIOTEK microplate reader. The absorbance and fluorescence
intensity of the sample without cells with 100 uL of PrestoBlue reagent were extracted from
each sample to remove the background signal. The control group was treated with the fresh

medium all the time. The cell viability was then calculated by the following Equation (2.5):

A
Viability(%) = A—’ x 100% (2.5)
0
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where A; is the absorbance of tested samples at 570nm.

Ay is the absorbance of control samples at 570 nm.

Direct cytocompatibility — Live / Dead imaging of fibroblast cells covered by g-C;N4
hydrogel

After direct contact with all hydrogels, the fibroblast cell viability test was performed
below. First, test cells were seeded in 24-well plate in 4 x 10* cells/mL per well cultured
overnight to get attached to the cell layer; afterwards, all hydrogels were directly put on the
top of the cell layer, co-incubating under 37 °C, 5% CO, atmosphere for interested time
points. After this, test hydrogels were removed gently, and cells were washed with warm
DPBS 3 times, then stained using LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian
cells, following the protocol from manufacture, 0.5 uL of Calcein-AM stock solution and 1
uL of ethidium homodimer-1 was added into 1 mL of complete cell culture medium (DMEM,
with 10% Fetal Bovine Serum, 1% Penicillin/Streptomycin and 1% Lgluamine). 200 uL of
prepared Live/Dead work solution was added into samples and kept at room temperature
for 30 minutes; then the dye solution was removed and washed with DPBS three times, and
another 200 uL of fresh DPBS was added to cover the samples before imaging. Stained
fibroblast cells were imaged immediately using a Zeiss inverted fluorescence microscope
(Zeiss, Axvio Z1) with a 10x objective lens; FITC filter was used for the live cell signals from
green fluorescence and TRITC filter for the red fluorescence of dead cell signals. Random
places were imaged for one sample to show the general view of fibroblast cell viability after

covering by the test hydrogels. Obtained images were analysed using Image J software.

2.2.12 Evaluation of mammalian cell functions after covered by g-C;N4

hydrogels
Migration of fibroblast cell

The migration behaviour of the hydrogel-covered fibroblast cells was tested using an
in vitro wound healing assay. Briefly, the 80% confluency fibroblast cells were suspended
in the complete cell culture medium (DMEM, with 10% Fetal Bovine Serum, 1% Peni-
cillin/Streptomycin and 1% L-glutamine) at 3 x 10> cells/mL, and 70 uL cell solution was
pipetted into each chamber of the cell culture insert (Ibidi, United Kingdom), the cell culture
insert with cell solution inside was put back into cell culture incubator for overnight co-
incubating. After this, the cell culture inserts were removed, a cell-free gap was formed, each
sample was washed with warm DPBS three times, tested hydrogels were put in and covered
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on the whole cell attached area, co-incubating in cell culture incubator was implemented for
another 24 hours. After this, all tested hydrogels were removed, and cells were washed with
warm DPBS and changed with a fresh, complete cell culture medium. After 12 hours, 24
hours and 48 hours of continuous culture, cells were stained with 2 M Calcein-AM solution,
cell migration status was observed using a fluorescence microscope with a 5x objective lens

under the FITC channel, and images were analysed using Image J software.

Morphology of fibroblast cell

First, 80% confluence fibroblast cells were prepared into cell suspension in 4 x 10°
cells/mL and seeded into a 24-well plate in 1 mL. Samples were cultured in the cell culture
incubator (37 °C, 5% CO, atmosphere) for well attached. All tested hydrogels were put on
top of the attached cell layer and co-incubated for another 24 hours in the incubator. After
this, tested hydrogels were removed, and the cells were stained with Rhodamine-Phalloidin
(Thermofisher) for the cell skeleton and DAPI (Sigma) for the cell nucleus. The previous
cell culture medium was removed, and cells were washed with DPBS three times. Then, the
samples were fixed using 3.7% methanol—free formaldehyde solution for 15 minutes at room
temperature; after this, the samples were permeabilised in 0.1% Triton X-100 in PBS for 15
minutes, then 1% Bovine Serum Albumin (BSA Protein, Sigma) solution was added in to
avoid non-specific background staining. After removing the BSA solution, diluted fluorescent
Phalloidin (1:400) was added to cover the sample area and incubated at room temperature
for 60 minutes. Rhodamine Phalloidin solution was removed, and samples were washed
with DPBS three times; DAPI solution in 0.1 pg/mL was added and incubated for another
5 minutes to stain the cell nucleus. When staining processes were finished, samples were
washed with fresh DPBS to reduce the background signal and immersed with another 500
uL of DPBS, imaging with a fluorescence microscope using a 20x objective lens, TRITC

channel for a signal from cell skeleton and DAPI channel for a signal from the cell nucleus.

Tube formation of HUVECs

Another critical function of supportive mammalian cells is angiogenesis, which accel-
erates the wound healing process. Here, the angiogenic performance of Human Umbilical
Vein Endothelial Cells (HUVECs:) after being covered by all tested hydrogels was evaluated.
Briefly, 100 uL of Matrigel (Corning, USA) in a fridge (4 °C) was pipetted into the 24-well
plate to coat the bottom layer, followed by solidification at 37 °C for 1 hour. Then, 4 x
10* cells/cm?> HUVECS suspensions were seeded onto the Matrigel-coated 24-well plate

and tested hydrogels were added. Plates were then put back into a cell culture incubator.
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After 6 hours, the HUVECs were stained with Calcein-AM solution for 30 minutes, and the
capillary-like structures were observed using fluorescence microscopy (Zeiss, Germany) with
a 5x objective lens. Generated branches and nodes were quantified by Image J software with
six randomly selected fields.

2.2.13 Evaluation of bacterial and fibroblast cells adhesion on g-C3N4
hydrogel

The distance between bacteria / mammalian cells and our tested hydrogels is important
for biocompatible performance and reactive oxygen species (ROS) interaction efficiency.
Here, the adhesion and spreading of bacteria and fibroblast cells on prepared g-C3Ny hy-
drogels were evaluated through fluorescence imaging, respectively. For E. coli - DH 5«
the bacterial strain was inoculated into the liquid Luria-Bertani (LB) medium and cultured
for 16 hours; the bacterial solution was collected and diluted into a ready sample solution
with ODgoo = 0.5. The fibroblast cells were cultured till 80% confluency and prepared into
sample solutions at a density of 1 x 10° cells/mL. Then, all the tested hydrogels were placed
into a 48-well plate, and the prepared bacterial and fibroblast cell solutions were added in;
plates with samples were put back into a cell culture incubator for 24 hours co-incubating.
After this, all bacterial / fibroblast cell solutions were removed and tested hydrogels were
stained using Calcein-AM solution at room temperature for 30 minutes. Stained hydrogels
with bacteria/fibroblast cells were observed using upright fluorescence microscopy (Zeiss,
AxioObserver) with a 40x and 5x objective lens, respectively. All obtained images were

quantified with Image J software.

2.2.14 Measurement of Reactive oxygen species (ROS) generated from
g-C3N4 hydrogels

Reactive oxygen species (ROS) are the active molecules used in this project, so here,
the specific hydroxyl radical (OH), superoxide anion (O;") and hydrogen peroxide (H>0,),
generated from prepared g-C3Ny hydrogels was measured quantitatively.

Measurement of hydroxyl radical ((OH)
Calibration of Hydroxyl radical ((OH) using chemical reaction

Hydroxyl radical (‘OH) in calibration was implemented in three steps: (1) calibration of

ferrous ions (Fe?* ) in 1-10 uM; (2) hydroxyl radical concentration confirms using Fenton



48 Materials and Methods

reaction; (3) hydroxyl radical concentration measurement using Coomassie Brilliant Blue
(CBB) solution.

(1) Concentration of ferrous ions was confirmed using the 1,10-phenanthroline so-
lution as the indicator; in addition to its ferrous ion (Fe**) form, iron also can exist in a
ferric ion (Fe>*) form. The complex formed by 1,10-phenanthroline and Fe?*, ferrous tris
(1,10-phenanthroline) iron (II) or [Fe(phen)3]2+, is a bright orange colour, showing apparent
absorption at 520 nm. To keep the Fe* stable, hydroxylamine hydrochloride solution is
added to reduce any Fe** in the solution to Fe?* before adding the phenanthroline to form
the complex.

(2) Fe3* formed after the Fenton reaction is confirmed using the same colourimetric
method; consumed Fe”* could be calculated from the decreased absorption value.

(3) Generated hydroxyl radical could be measured by the Coomassie Brilliant Blue
(CBB) degradation using the BIOTEK microplate reader at 588 nm.

For ferrous ion (Fe%*) calibration, Iron (II) chloride tetrahydrate was used to prepare the
ferrous ions solution from 1 to 10 uM; every 25 mL of ferrous ions solution was mixed with
another 1 mL of 10% hydroxylamine hydrochloride solution, to keep the solution in reducing
environment (Equation 2.6). After this, 2 mL of 0.12% o-Phenanthroline solution was added
as the colourimetric indicator (Equation 2.7). The absorption at 510 nm of ferrous ions
solution from 1 to 10 uM was measured using a BIOTEK microplate reader; every test was
repeated three times.

2Ft +2NH30H' — 2Fe?t + N, +2H,0 +4H (2.6)

Fe? ' 4 3phen — [Fe(phen)®]> * (2.7)

After this, ferrous ion solution and hydrogen peroxide solution were mixed in a ratio of
1:1.5 molar concentration to undergo the Fenton reaction (Equation 2.8); mixed reactants
were placed at room temperature for 30 minutes to react completely, 0.12% o-Phenanthroline
solution was added in and residual Fe>* was evaluated using a microplate reader at 510
nm. The Fenton reaction generated a hydroxyl radical concentration similar to consumed
ferrous ions. Then, another total same Fenton reaction (Fe** from 1 — 10 uM, Fe2*:H,0,
= 1:1.5 in molar concentration) was reacted with 10 uM Coomassie Brilliant Blue (CBB)

solution, absorption degradation at 588 nm, which is caused by hydroxyl radical oxidation,
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AA (Equation 2.9) was measured to calculate the standard curve.

Fe? T +Hy0y — Fe+ + OH+ OH™ (2.8)

A = Ag— A, (2.9)

Ay 1s the original absorption of CBB solution at 588 nm.
A; 1s the absorption of CBB solution at 588 nm after degrading by hydroxyl radical from
Fenton reaction.

Quantification of g-C3N4 hydrogel generated hydroxyl radical (OH) generated from
g-C3N4 hydrogels

Hydroxyl radical generated from g-C3Ny4 hydrogels after light irradiation was measured
in two different schemes: (1) continuous mode: continuous irradiation for 30, 60, 90, 120,
150 and 180 minutes; (2) ON-OFF-ON mode: irradiation for 30 minutes, turn off the light
for 30 minutes, irradiating for another 30 minutes.

For the specific method to measure hydroxyl radicals from g-C3N4 hydrogels after
irradiation, 10 uM of Coomassie Brilliant Blue (CBB) solution was also used as the indicator.
Agar gel and DMA hydrogel were used as the control groups in all tested hydrogels. All
tested hydrogel discs (10 mm in diameter and 2 mm in thickness) were immersed in 10 uM
CBB solution; the samples were irradiated by our assembled LED light source from the top
side at a 10 cm distance for interested time points. Absorption of CBB solution before and
after irradiation was measured at 510 nm using a BIOTEK microplate reader, absorption
change was calculated, and the specific hydroxyl radical concentration from every tested

group was calculated using the calibration curve obtained before.

Measurement of superoxide anion (0, ~)
Calibration of Superoxide anion (0, ~)

Superoxide anion (O, ™) calibration was performed using the enzymatic reaction of
xanthine (X7375, Sigma) and xanthine oxidase (X4500, Sigma) as Equation 2.10. Generally,
the xanthine was dissolved in 1 M NaOH to prepare a series of solutions in 15.63 uM, 31.25
uM, 62.5 uM, 125 uM and 250 uM; the corresponding superoxide anion was generated
using xanthine oxidase, 1 mg/mL of Nitrobule tetrazolium (NBT) solution was used as the

indicator, formed superoxide anion was then measured through the absorbance change at 560
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nm.

Xanthine oxidase

Xanthine + HO +20, =———"""", Urine+20, ~ +2H" (2.10)

Quantification of g-C3N4 hydrogel generated superoxide anion (O, ~) generated from
g-C3N4 hydrogels

Superoxide anion (O ) generated from g-C3N4 hydrogels after light irradiation was
measured in two different schemes: (1) continuous mode: continuous irradiation for 30, 60,
90, 120, 150 and 180 minutes; (2) ON-OFF-ON mode: irradiation for 30 minutes, turn off
the light for 30 minutes, irradiating for another 30 minutes.

For the specific method to measure hydroxyl radicals from g-C3N4 hydrogels after
irradiation, 1 mg/mL of Nitrobule tetrazolium (NBT) solution was used as the indicator. Agar
gel and DMA hydrogel were used as the control groups in all tested hydrogels. All tested
hydrogel discs (10 mm in diameter and 2 mm in thickness) were immersed in 1 mg/mL
of NBT solution; the samples were irradiated by our assembled LED light source from
the top side at a 10 cm distance for interested time points. After this, all tested hydrogels
were immersed in the dimethyl sulfoxide (DMSO) solution overnight to release the formed
formazan due to superoxide anion generation; the whole process needed to protect from
light irradiation. After this, the absorption of released formazan in DMSO solution and pure
DMSO solution was measured at 560 nm using a BIOTEK microplate reader, absorption
change was calculated, and the specific superoxide anion concentration from every tested
group was calculated using the calibration curve obtained before.

Measurement of hydrogen peroxide (H,0;)
Calibration of hydrogen peroxide (H,0;)

Hydrogen peroxide (H,0O;) calibration was finished with a 30% H,O; solution and the
commercialised Amplex Red kit (Equation 2.11). Diluted H>,O, solutions in the 1 — 10 uM
range were reacted with the Amplex Red work solution in 1:1 stoichiometry to produce the
red-fluorescent oxidation product. The fluorescence signal of the reacted products reflected

the H,O, concentration.

Amplex Red + H,O, E Resorufin + H,O (2.11)
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Quantification of hydrogen peroxide (H,0>) generated from g-C3N4 hydrogels

Hydrogen peroxide (H>O;) generated from g-C3N,4 hydrogels after light irradiation was
measured in two different schemes: (1) continuous mode: continuous irradiation for 30, 60,
90, 120, 150 and 180 minutes; (2) ON-OFF-ON mode: irradiation for 30 minutes, turn off
the light for 30 minutes, irradiating for another 30 minutes.

For the specific method to measure hydrogen peroxide from g-C3N4 hydrogels after
irradiation, the commercialised assay kit Amplex Red was used as the indicator. Agar gel
and DMA hydrogel were used as the control groups in all tested groups. All tested hydrogel
discs (10 mm in diameter and 2 mm in thickness) were immersed in 1 mL of deionised water;
the samples were irradiated by our assembled LED light source from the top side at a 10
cm distance for interested time points. Deionised water in tested samples was immediately
transferred into a 96-well plate and mixed with prepared Amplex Red work solution in a
1:1 stoichiometry to produce the red-fluorescent oxidation product, resorufin, which has
excitation and emission wavelength around 571 nm and 585 nm. The fluorescence intensity
caused by (H>,O,) was measured using a BIOTEK microplate reader, and the specific (H,0O»)
concentration from every tested group was calculated through the calibration curve obtained
before.

2.2.15 Bacterial cell number counting

All bacterial killing tests in the next step need to keep the same bacterial cell number in 1
x 108 cells per sample. Thus, the relationship between the optical density of bacterial solution
at 600 nm and specific cell number was evaluated in detail first. Briefly, S. epidermidis and
E. Coli — DH 5 strain was inoculated and cultured in the liquid bacterial culture medium,
continuous culturing for 16 hours at 37 °C, 200 rpm. After this, the bacterial solutions were
collected and adjusted ODgqg into 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. All these
bacterial solutions were then spread onto prepared LB agar plates (for E. Coli — DH 5at) and
BHI agar plates (for S. epidermidis), and then all agar plates were cultured in a cell culture
incubator for 18 hours. Formed colonies form units (CFU) on every agar plate were counted,
and the calibration curve was calculated. Every data was repeated three times.

2.2.16 Live/ Dead calibration curve of bacteria and fibroblast cells
Live / Dead calibration curve for bacteria

30 ml cultures of either S. epidermidis and E. coli — DH 5a were grown in 30 mL until

the late log phase in a liquid medium. 25 mL of cultured bacterial solution was centrifuged at
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5000 rpm for 15 minutes. The supernatant was removed, and the cell pellet was resuspended
in another 2 mL of 0.85% NaCl solution. 1 mL of this suspension was added into two falcon
tubes containing either 20 mL of 0.85% NaCl (for live bacteria) or 20 ml of 70% isopropyl
alcohol (for killed bacteria). Both samples were incubated at room temperature for 1 hour,
mixing every 15 minutes. After incubation, both samples were pelleted by centrifugation
at 5000 rpm for 15 minutes; then, the cell pellet was resuspended in two tubes of 10 mL
0.85% NaCl solution separately. Then, the samples were centrifuged again and resuspended
in another two fresh 10 mL 0.85% NaCl solution separately. Standard sample solutions were
prepared as follows (Table 2.1):

Table 2.4 Standard Live / Dead sample

Live percent 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Live sample 0 10 20 30 40 50 60 70 80 90 100
Dead sample 100 90 8 70 60 50 40 30 20 10 0

After this, all prepared standard Live / Dead samples were stained using commercialised
LIVE/DEAD BacLight Bacterial Viability Kits, with 3.34 mM SYTO-9 solution for live
bacteria and 20 mM Propidium iodide solution for dead bacteria. Briefly, 1.5 uL. of SYTO-9
solution (3.34 mM) and 1.5 uL of Propidium iodide solution (20 mM) were mixed evenly
for 1 mL of suspension bacterial sample, dye solution and standard bacterial solution were
mixed thoroughly and then incubated at room temperature in the dark for 15 minutes. After
staining, all standard bacterial solution samples were centrifuged at 14500 rpm for 5 minutes
and resuspended in fresh DPBS solution; this step was repeated three times to wash the
background signal in the sample solution. The fluorescence signal of all these standard
samples was measured using a BIOTEK microplate reader; a fluorescence channel of 495 +
15 nm was used for the SYTO-9 signal, and a fluorescence channel of 535 + 15 nm was used

for the PI signal; every data was repeated three times.

2.2.17 Antibacterial effects of ROS generated from different g-C3;N4
hydrogels

g-C3Ny4 hydrogels were prepared with different g-C3Ny4 concentrations, including 0.1%,
0.2%, 0.4%, 0.6%, 0.8% and 1.0%. For the aim of selecting one best-performance g-C3Ny
hydrogel, g-C3N4 hydrogels in all concentrations were used to interact with bacteria (S.
epidermidis and E. coli — DH 5a) for 10 minutes and 60 minutes, live dead signal of bacteria

were measured to evaluate the killing efficiency caused by g-C3N4 hydrogels. First, bacteria
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(S. epidermidis and E. coli — DH 5a) were cultured following the previously mentioned
method, and the bacterial cell number was adjusted into 1 x 103 cells per sample, according
to the bacterial cell number counting curve in 2.3.16. 1 x 108 bacterial cells were resuspended
in 1 mL of DPBS, and one g-C3Ny4 hydrogel disc (10 mm in diameter and 2 mm in thickness)
was immersed in the bacterial solution; an LED light source was used to irradiate the sample
from the top side at 10 cm distance, after 10 minutes and 60 minutes, all immersed g-
C3Ny hydrogel discs were removed. Bacterial solutions were collected and centrifuged at
14500 rpm for 5 minutes; the cell pellet was resuspended in fresh DPBS and stained with
commercialised LIVE/DEAD BacLight Bacterial Viability Kits, SYTO-9 for live signal and
propidium iodide for dead signal, the fluorescence signal of all tested samples was measured
using BIOTEK microplate reader, fluorescence channel of 495 + 15 nm was used for SYTO-9
signal, Fluorescence channel of 535 + 15 nm was used for PI signal, every data was repeated
for six times.

The same test was also implemented on red fluorescent protein—expressed E. coli —
DH 50 (RFP-E. coli), the same as before, RFP-E. coli was adjusted into 1 x 103 cells per
sample, suspended in 1 mL of DPBS, and then tested hydrogels were immersed in these
prepared bacterial samples, irradiating under an LED light source, at a 10 cm distance. After
an interesting period, bacterial suspensions were collected and centrifuged at 14500 rpm
for 5 minutes; the bacterial cell pellet was resuspended in fresh DPBS. The fluorescence
intensity of red fluorescent protein from samples was measured using a BIOTEK microplate
reader; 532 nm wavelength was used for excitation, and 588 nm wavelength was used for

emission. Every data was repeated four times.

2.2.18 Fibroblast cells damage induced by ROS generated from differ-
ent g-C3N4 hydrogels

To further test the influence of g-C3N,4 hydrogel on fibroblast cells, fibroblast cells were
cultured until 80% confluency and detached using trypsin-EDTA (0.25%). Then, the cell
suspension was prepared in 1 x 10° cells per sample in DPBS. Fibroblast cell suspension
and tested hydrogels were added to a 24-well plate. Samples were irradiated using LED
light at a 10 cm distance for 10 and 60 minutes separately. After treatment, tested hydrogels
were discarded, and fibroblast cells were collected, centrifuged at 14500 rpm for 5 minutes,
and cell pellets were resuspended in another 1 mL of fresh DPBS. Collected fibroblast cell
samples were stained using LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
(L7012, Thermofisher), 2 uL of the supplied 2 mM EtdD-1 stock solution and 5 uL of the

supplied 4 mM Calcein-AM stock solution was added into 1 mL of collected sample, cells
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were then incubated at room temperature for 30 - 45 minutes, washed using fresh DPBS for
three times. Fluorescence signals were measured using a BIOTEK microplate reader; the live
signal was measured using 495 nm excitation wavelength and 515 nm emission wavelength,
and the dead signal was measured using 535 nm excitation wavelength and 617 nm emission

wavelength. Every data was repeated six times.

2.2.19 Quantification of intracellular hydroxyl radical concentration
using HPF probe

To quantify the intracellular hydroxyl radical signal, which should be the main attack
species responsible for bacterial killing, 3’-(p-hydroxyphenyl) fluorescein (HPF) (H36004,
ThermoFisher) was used as the intracellular hydroxyl radical probe (20 uM), it can work in
both extracellular and intracellular.

First, a new calibration curve was obtained using this HPF probe and a 1, 2, 3,4, 5,6, 7,
8,9, and 10 u M hydroxyl radical formed from the Fenton reaction described above. The
generated hydroxyl radical was measured using an HPF probe, and the fluorescence intensity
was measured using a BIOTEK microplate reader. The 495 nm channel is the excitation
wavelength and the 515 nm channel is the emission wavelength.

After this, the fluorescence intensity of the hydroxyl radical in bacteria and fibroblast
cells after treatment with 0.4% g-C3;N4 hydrogel and light system was also collected using
the BIOTEK microplate reader, then calculated through the calibration curve obtained to
obtain the intracellular hydroxyl radical concentration.

In this work, the Live/Dead signal and intracellular hydroxyl radical concentration were
compared in parallel, but the fluorescence channel overlapped, thus duplicated experimental
samples were set and treated under the same conditions, and the Live/Dead staining and
intracellular hydroxyl radical labeling were implemented, respectively.

2.2.20 Antibacterial effects of ROS from 0.4% g-C;N4 hydrogel and
visible light system

For the specific killing pattern caused by 0.4% g-C3N4 hydrogel, selected as the best-
performance hydrogel, the killing pattern for bacteria and mammalian cells and the specific
relationship with ROS from g-C3N4 hydrogels were investigated in detail. In the bacterial
killing part, same as the work mentioned in 2.3.18, all bacterial solutions were prepared into
the samples with 1 x 108 cells per sample in 1 mL of DPBS, 0.4% g-C3Ny4 hydrogel discs in

10 mm diameter and 2 mm thickness were put into the bacterial solution to create an even
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and random interaction possibility with 0.4% g-C3Ny4 hydrogel formed ROS. Samples were
added to a 24-well plate and irradiated using LED light from the top side at a 10 cm distance;
treated bacterial solutions were collected after irradiating for 1, 2, 4, 6, 8, 10, 30, 60, 120, and
180 minutes, washed using fresh DPBS for three times. Then, all samples were stained with
the commercialised LIVE/DEAD BacLight Bacterial Viability Kits (L7012, ThermoFisher),
SYTO-9 for live signal and propidium iodide for dead signal, fluorescence signal of all tested
samples were measured using BIOTEK microplate reader, fluorescence channel of 495 +
15 nm (excitation), was used for SYTO-9 signal, and fluorescence channel of 535 + 15 nm
(excitation), 595 + 15 nm (emission) was used for PI signal, every data was repeated for three

times.

2.2.21 Measurement of intracellular hydroxyl radical concentration in
bacteria after treatment with 0.4% g-C3;N4 hydrogel and visible
light system

Meanwhile, intracellular hydroxyl radical diffused from 0.4% g-C3Ny4 hydrogel was
also measured. Bacterial suspensions were prepared with 1 x 103 cells per sample in 1 mL
of DPBS, and HPF stock solution was added in to make 20 uM final concentration. All
bacterial solutions were incubated for 60 minutes at 37 °C, then washed with fresh DPBS
three times to remove the unloaded probe. All probe-loaded samples were directly contacted
with 0.4% g-C3N4 hydrogel discs and irradiated using an LED light source from 10 cm
away for 1, 2, 4, 6, 8, 10, 30, 60, 120, and 180 minutes. Bacteria solution after treatment
was collected and washed with DPBS as quickly as possible to remove the extra signal in a
solvent. Intracellular hydroxyl radical concentration after 0.4% g-C3N4 hydrogel treatment
was measured using a BIOTEK microplate reader, using 495 nm as the excitation wavelength
and 515 nm as the emission wavelength. Every data was repeated three times. Specific
hydroxyl radical concentration in bacterial cells was calculated through the calibration curve
obtained in 2.2.19.

2.2.22 Fibroblast cells damage induced by the ROS from 0.4% g-C3;N4
hydrogel and visible light system

Sample preparation is same as 2.3.19; 1 x 10 cell suspension was prepared as samples
and added into a 24-well plate, one 0.4% g-C3N4 hydrogel disc with 10 mm diameter and 2
mm thickness was put into every sample, LED light was used at 10 cm distance from the
top side (hydrogel side), for 1, 2, 4, 6, 8, 10, 30, 60, 120, and 180 minutes. After treatment,
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hydrogel discs were discarded, and fibroblast cells were collected and washed with fresh
DPBS three times. Fibroblast cells were stained using LIVE/DEAD® Viability/Cytotoxicity
Kit for mammalian cells (L7012, Thermofisher), 2 uL of the supplied 2 mM EtdD-1 stock
solution and 5 uL of the supplied 4 mM Calcein-AM stock solution was added into 1 mL of
collected sample, cells were then incubated at room temperature for 30 - 45 minutes, washed
using fresh DPBS for three times. Fluorescence signals were measured using a BIOTEK
microplate reader; the live signal was measured using 495 nm excitation wavelength and
515 nm emission wavelength, and the dead signal was measured using 535 nm excitation

wavelength and 617 nm emission wavelength. Every data was repeated three times.

2.2.23 Measurement of intracellular hydroxyl radical in fibroblast cells
after treatment with 0.4% g-C;N4 hydrogel and visible light
system

For the intracellular hydroxyl radical in fibroblast cells after 0.4% g-C3N,4 hydrogel
treatment, the HPF probe was mixed with 1 x 10° fibroblast cell suspension in 1 ml of DPBS,
confirming the final concentration of HPF is 20 uM. All samples were incubated in the cell
culture incubator at 37 °C, 5% CO, atmosphere for 60 minutes; after this, cell suspensions
with HPF were washed three times to remove excess probes. Fibroblast cells with an HPF
probe were contacted with 0.4% g-C3N4 hydrogel discs, irradiating for 1, 2, 4, 6, 8, 10, 30,
60, 120, and 180 minutes. The fibroblast cells were collected and quickly washed with DPBS,
and the fluorescence signal of intracellular hydroxyl radical was using a BIOTEK microplate
reader; fluorescence excitation and emission are 495 nm and 515 nm as emission wavelength.
Every data was repeated three times. Hydroxyl radical diffused from immersed 0.4% g-C3N4

hydrogel disc into fibroblast cells was calculated using the equation obtained in 2.3.20.

2.2.24 Co-culture of bacteria and mammalian cell

This work constructed a bacteria and mammalian cell co-cultured model to explore the
initiatively selective killing property of g-C3Ny4 hydrogel.

A red fluorescent protein expressed — E. coli — DH 5o was accepted as the bacteria
component, and the hTERT fibroblast cell was the mammalian cell in this model. Briefly,
hTERT fibroblast cells were cultured with high glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine and 1%
antibodies, grown in the cell culture incubator at 37 °C in 5% CO, with suitable humidity.
hTERT fibroblast cells were passaged at 80% confluency with 0.25% trypsin-EDTA and
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prepared into 1 x 10° cells suspension in 1 mL fresh cell culture medium. The 24-well plates
were pretreated with 0.01% poly-L-lysine (P4707, Sigma) for one hour in a cell culture
incubator and rinsed three times with fresh DPBS before seeding. Prepared hTERT fibroblast
cells sample with 1 x 10° cells in 1 mL were seeded into tissue culture treated 24-well plate,
culturing in cell culture incubator overnight to get attached. pexp5-mCherry E. coli were
grown for 16 hours from a single colony under the previously described bacterial culture
conditions, and 100 pg/mL ampicillin sodium salt (J63807.06, Thermo Fisher) was added to
maintain the plasmid. Previous DMEM medium was removed from the hTERT fibroblast
cell cultures, 1 x 103 bacterial cells and 100 pg/mL ampicillin sodium salt in 1 ml of DMEM
was added. Plates with samples were put back into a cell culture incubator with 5% CO; at
37 °C for interested periods.

2.2.25 Evaluation of RFP-expressed bacteria accumulation in the co-

cultured group

hTERT fibroblast cell and RFP-expressed E. coli were cultured as 2.3.25; the co-group
was cultured for 2, 4, 6, 8, 12 and 24 hours. The previous cell culture medium was removed,
and intracellular F-actin was stained using CellMaskTM Actin Tracking Stains (A57243,
ThermoFisher); briefly, the stock solution was diluted into 1x in the cell culture medium.
A prepared work solution was applied to samples to cover the fibroblast cells adhering
fully to the bottom. Plates with samples were incubated for 30 minutes at 37 °C and 5%
CO; atmosphere. A nuclear stain (NucRed, R37106, Thermo Fisher) was added at 1x
concentration, and another was incubated for another 30 minutes in the incubator. All
stain solutions were removed, and samples were rinsed with DPBS three times at 37 °C.
Fluorescence images were collected using a Zeiss inverted fluorescence microscope (Zeiss,
Axvio Z1) with a 40x objective lens; FITC filter was used for the F-actin signals from green
fluorescence, CyS5 filter for the deep red fluorescence of nucleus signals and TRITC filter for
the fluorescence signal from red fluorescent protein. Random places were imaged for every
sample to display the general view of the RFP-expressed E. coli accumulation tendency in
the co-cultured group; every sample was set triplicated. Statistic colocalisation analysis was

performed using Image J software.

2.2.26 Measurement of fibroblast cell viability in the co-cultured group

The live status of the h"TERT fibroblast cell was also evaluated in the same condition
to establish a robust co-culture model and exclude the misleading that might be caused
by bacterial invasion. hTERT fibroblast cell and RFP-expressed E. coli were cultured as
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2.3.25; the co-group was cultured for 2, 4, 6, 8, 12 and 24 hours. Cell culture medium was
discarded, 2 uM of Calcein-AM solution and 4 uM EthD-1 solution (L7012, ThermoFisher)
were mixed and added to cover all cells attached on the bottom entirely. Plates with all
samples were incubated for 30 minutes at room temperature; after staining, Calcein-AM
solution was removed, and samples were washed with DPBS three times to suppress the
background signal. Fluorescence images were collected using a Zeiss inverted fluorescence
microscope (Zeiss, Axvio Z1) with a 10x objective lens; the FITC filter was used for the
live signal of fibroblast cells, and the TRITC filter was for the fluorescence signal from red
fluorescent protein and dead cells. Random places were imaged for every sample to display
the general live dead status of fibroblast cells in these co-cultured groups; every sample was
set triplicated. Live dead signals and red fluorescent protein signals were extracted using

Image J software.

2.2.27 Evaluation of Selectively killing effects of ROS generated from
0.4% g-C3N4 hydrogel and visible light system in the co-cultured

group

To quantitatively assess the selective killing due to the ROS from 0.4% g-C3N4 hydrogel,
pexp5-mCherry E. coli were grown for 16 hours from a single colony under the previously
described bacterial culture conditions, and 100 pg/mL ampicillin sodium salt (J63807.06,
ThermoFisher) was added to maintain the plasmid. Collected bacteria were prepared into
samples with 1 x 108 cells per sample in 0.5 mL of DPBS with 100 pg/mL of ampicillin
sodium salt. 80% confluency hTERT fibroblast cells were suspended in 0.5 mL of DMEM
with 1 x 10° cells. These bacterial samples and hTERT fibroblast cell samples were mixed.
One 0.4% g-C3Ny4 hydrogel disc and 1 mL of bacteria—mammalian cell co-group were added
into 24-well plate, irradiating with LED light source at 10 cm distance for 1, 2, 4, 6, 8,
10, 30, 60, 120, and 180 minutes, cells were collected and washed with fresh DPBS for
three times, fibroblast cells were stained with LIVE/DEAD® Viability/Cytotoxicity Kit
for mammalian cells (L7012, Thermofisher) according to manufacturer’s protocol. After
staining, all samples were washed with fresh DPBS three times to remove the extra dye
and the viability of fibroblast cells and RFP-E. coli in the co-group was evaluated using a
BIOTEK microplate reader, a live signal of fibroblast cells was measured using 495/515
nm as excitation and emission wavelength, a dead signal of fibroblast cells was measured
using 535/617 nm as excitation and emission wavelength, live percent of RFP-E. coli was
confirmed by the red fluorescent protein signal after treatment. Fluorescence images were
collected after 10 minutes and 60 minutes of irradiation; the FITC filter was used for the live
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signal of fibroblast cells, and the TRITC filter was used to collect both the dead signal of
fibroblast cells and the red fluorescent protein signal for live RFP-E. coli. Every sample was

set triplicated, and analysis was implemented using Image J software.

2.2.28 Measurement of intracellular hydroxyl radical in co-cultured
group after treatment with 0.4% g-C;N4 hydrogel and visible
light system

The intracellular hydroxyl radical concentration change is also investigated using the
previously mentioned HPF probe. pexp5-mCherry E. coli were grown for 16 hours from a
single colony under the previously described bacterial culture conditions, and 100 pg/mL
ampicillin sodium salt (J63807.06, Thermo Fisher) was added to maintain the plasmid.
Collected bacteria were prepared into samples with 1 x 103 cells per sample in 0.5 mL
of DPBS with 100 ug/mL of ampicillin sodium salt. 80% confluency hTERT fibroblast
cells were suspended in 0.5 mL of DMEM with 1 x 10 cells. These bacteria and hTERT
fibroblast cell samples were mixed to obtain a co-group sample. Different from live dead
signal collecting, here, 20 uM of HPF probe was loaded into co-group through incubating
for 60 minutes at 37 °C, 5% CO,, then samples were washed with fresh DPBS three times
to remove the unloaded HPF probe. Every 1 mL of co-group sample and one 0.4% g-C3Ng4
hydrogel disc was added into a 24-well plate; LED light irradiated the samples from the top
side for 1, 2, 4, 6, 8, 10, 30, 60, 120, and 180 minutes. Cells were collected and washed with
DPBS as quickly as possible. Intracellular hydroxyl radicals were measured using a BIOTEK
microplate reader with 495 nm and 515 nm as the excitation and emission wavelengths
separately. Everyone was set triplicated; fluorescence images were collected using a Zeiss
inverted fluorescence microscope (Zeiss, Axvio Z1) with 20x objective lens, FITC filter was
used for the hydroxyl radical signal of co-group, TRITC filter for the fluorescence signal from
red fluorescent protein. Random places were imaged for every sample to display the hydroxyl
radical distribution in the co-cultured groups after treating with 0.4% g-C3Ny4 hydrogel disc;
every sample was set triplicated. Hydroxyl radical and red fluorescent protein signals were

extracted using Image J software, and all data were analysed using Prism software.

2.2.29 Biofilm eradication
Crystal violet stain of biofilm

S. epidermidis and E. coli — DH 5a were grown for 16 hours from a carefully picked
single colony under the previously described bacterial culture conditions. Bacterial solution
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was collected, and bacterial cell number was adjusted into 1 x 10% cells per sample using a
liquid bacterial culture medium. 500 uL of the prepared bacterial solution was added to a
48-well plate. Plates were cultured in the bacterial cell culture incubator for 24 hours at 37 °C.
After incubation, the liquid medium was removed gently, preventing destroying the formed
biofilm. Tested 0.4% g-C3N4 hydrogel discs with 10 mm diameter and 2 mm thickness were
put on top of the formed biofilm, and DPBS was carefully added to keep the environment
moist. LED light was applied to the hydrogel-covered samples from 10 cm away; irradiating
periods were 10, 30, 60, 120 and 180 minutes. The control group have no treatment. After
this, hydrogels were removed carefully; samples were rinsed with DPBS gently three times,
and plates were placed in the fume hood to dry the residual biofilm. 500 uL of 0.1% (v/v)
crystal violet (CO775, Sigma) solution was added and reacted for 5 minutes.

Crystal violet solution was discarded, and sample wells were washed with 0.85% NaCl
solution to remove unbonded crystal violet dye. Samples were dried in a fume hood again,
and 500 uL of 30% acetic acid (695092, Sigma) was added to release the crystal violet for
30 minutes at 37 °C. Absorption at 590 nm was measured using a BIOTEK microplate reader.

Every sample was repeated three times, and the data was analysed using Prism software.

Confocal laser scanning microscope imaging of biofilm

Confocal laser scanning was applied to evaluate the eradication caused by 0.4% g-C3N4
hydrogel-generated ROS. Mature biofilm was obtained by adding the bacterial suspension (1
x 10% cells/mL in liquid medium) to a tissue culture-treated 48-well plate, cultured for 24
hours at 37 °C. The liquid medium was removed, and 0.4% g-C3Ny4 hydrogel disc was added;
samples were treated using an LED light source for 180 minutes. Control groups include a)
blank control, no treatment; b) hydrogel control, 0.4% g-C3N4 hydrogel was covered on the
biofilm but had no LED light irradiation; c) light control, only LED light was applied, having
no 0.4% g-C3N4 hydrogel covering on biofilm sample.

After treatment, residual biofilm was washed with DPBS gently and stained with
commercialised LIVE / DEAD BacLight Bacterial Viability Kits, using 1.5 uL. of SYTO-9
solution (3.34 mM) and 1.5 uL of Propidium iodide solution (20 mM) was mixed in 1 mL
of DPBS solution, biofilm was stained with the ready dye solution at room temperature in
the dark for 15 minutes. Bacteria in biofilm after treatment were observed using confocal
laser scanning microscopy (Zeiss, LSM510) with 10x objective lenses, 1024 x 1024 pixels,
scanning thickness of 35 um, layered by every 0.5 — 1.0 um, whole scanned area of 850
um x 800 um. Every sample was repeated three times, and the obtained image data was

analysed using Image J software.
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2.2.30 Evaluation of mammalian cell functions after treatment of 0.4 %
g-C3N, hydrogel and visible light system

To obtain robust results of selectively killing caused by the ROS from g-C3Ny4 hydrogel,

the functions of mammalian cells were checked under the same treatment conditions.

Fibroblast cell migration

In the fibroblast cell migration test, 80% confluency fibroblast cells were suspended
in the complete cell culture medium (DMEM, with 10% Fetal Bovine Serum, 1% peni-
cillin/streptomycin and 1% L-glutamine) at 3 x 10° cells/mL, and 70 uL cell solution was
pipetted into each chamber of the cell culture insert (Ibidi, United Kingdom), the cell cul-
ture insert with cell solution inside was put back into cell culture incubator for overnight
co-incubating. After this, the cell culture inserts were removed, a cell-free gap was formed,
and each sample was washed with warm DPBS three times; for the treatment groups, 0.4%
g-C3N4 hydrogel disc with 10 mm diameter and 2 mm thickness was added in to fully cover
the attached cell area with a gap, and irradiated under the LED light for 10, 30 and 60 minutes.
Except for the treatment group, the effect of g-C3N4 on cell migration performance was
explored in detail with three other different treatment conditions: 1) blank control: have no
intervention at all; 2) 0.4% g-C3N4 conditional medium treated group: conditional medium
was prepared as a previously mentioned method, and the formed gap model was cultured
with conditional medium for 3 days. After this, all tested hydrogels were removed, and cells
were washed with warm DPBS and changed with a fresh, complete cell culture medium.
After 12 hours, 24 hours and 48 hours of continuous culture, cells were stained with 2 uM
Calcein-AM solution, cell migration status was observed using a fluorescence microscope
with a 5x objective lens under the FITC channel, and images were analysed using Image J

and Prism software.

Fibroblast cells morphology

The morphology changes of fibroblast cells after the same treatment as the selectively
killing part, 80% confluence fibroblast cells were prepared into cell suspension in 4 x 10°
cells/mL, seeded into a 24-well plate in 1 mL. Samples were cultured in the cell culture
incubator (37 °C, 5% CO, atmosphere) for well attached. 0.4% g-C3N4 hydrogel disc (10
mm in diameter and 2 mm in thickness) were added to cover all attached cells, and then
10, 30, and 60 minutes irradiation was applied from the top side at a 10 cm distance. To
fully reveal the influence of g-C3N4 hydrogel on fibroblast cells, the different extent of test
conditions was applied on 1) blank control group, having no treatment; 2) 0.4% conditional
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medium treated group: conditional DMEM medium was prepared as 2.3.12 mentioned, the
fibroblast cells were treated with this conditional medium for the whole process; 3) 0.4%
g-C3Ny hydrogel covered group: seeded fibroblast cells were covered with 0.4% g-C3Ny
hydrogel disc for 24 hours before staining. CellMaskTM Actin Tracking Stains (A57243,
ThermoFisher), briefly, the stock solution was diluted into 1x in cell culture medium. A
prepared work solution was applied to samples to thoroughly cover the fibroblast cells
adhering to the bottom. Plates with samples were incubated for 30 minutes at 37 °C and
5% CO, atmosphere. A nuclear stain (NucRed, R37106, ThermoFisher) was added at 1 x
concentration, and another was incubated for another 30 minutes in the incubator. All stain
solutions were removed, and samples were rinsed with DPBS three times at 37 °C. After
treatment, all hydrogels were removed, and the cells were stained with CellMask Actin
Tracking Stains (A57243, ThermoFisher) cell skeleton and Nuclear stain (NucRed, R37106,
ThermoFisher) for cell nucleus. Briefly, the previous cell culture medium was removed,
cells were washed with DPBS three times to remove the detached parts, and then these live
cell samples were stained with these two different dye solutions in 1x concentration for
30 minutes at 37 °C. After the staining process, dye solutions were discarded. Cells were
washed with fresh DPBS to decrease the background signal. Another 500 uL of DPBS was
added to the moisture of the samples, which were imaged using a fluorescence microscope
using a 20x objective lens, FITC channel for a signal from the cell skeleton and Cy5 channel

for a signal from the cell nucleus.

HUVEC tube formation

The angiogenesis capability of endothelial cells was also evaluated after the same
treatment conditions to confirm the hard harm to mammalian cell function. Same as the
previous test sample preparation, 24-well plates were pre-coated using 100 uLL of Matrigel
(Corning, USA) and incubated at 37 °C for 1 hour to finish the coating process. Then, 4 x
10* cells/cm? HUVECS suspensions in 200 uL were seeded on the Matrigel-coated 24-well
plate; the 1) blank control group had no treatment; 2) 0.4% conditional medium treated
group: conditional DMEM medium was prepared as 2.3.12 mentioned, the HUVECs were
resuspended in this conditional medium and seeded on the Matrigel-coated 24-well plate; 3)
0.4% g-C3N4 hydrogel covered group: seeded HUVECs were covered with 0.4% g-C3Ny4
hydrogel disc for 1 hours before they were put back the incubator for tube formation. 4) the
test group was firstly covered by 0.4% g-C3N,4 hydrogel disc, then shone with LED light at a
10 cm distance from the top side for 10, 30 and 60 minutes, then the hydrogels were removed,
and plates were put back into the incubator for normal tube formation process. After another

6 hours of incubation, all samples were stained with 2 uM Calcein-AM solution for 30
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minutes. Formed capillary-like structures were observed using fluorescence microscopy
(Zeiss, Germany) with a 5x objective lens. Generated branches and nodes were quantified

by Image J and Prism software with six randomly selected fields.

2.2.31 Oxidative stress measurement

Possible oxidative stress caused by the applied light source was evaluated by YH2Ax
phosphorylation via acute and chronic exposure to compare the performance of UV light and
our LED light.

Briefly, 4 x 10* cells in 1 mL were seeded into a 24-well plate, culturing overnight to
get an attached single-cell layer. Then, the samples were treated following the two specific
models: 1) acute exposure: fibroblast cells seeded in 24-well plates were irradiated for two
20-minute cycles within 2 hours in a single day. 2) chronic exposure: seeded fibroblast
cells in 24-well plates were irradiated for 20 minutes on three consecutive days. After the
treatment, cells were fixed using 4% methanol-free formaldehyde solution for 10 minutes
at room temperature. A 0.1% Triton X-100 solution was used to permeabilise the sample
for 10 minutes. Then, block it with 5% normal goat serum (5425, Life Technologies) for 60
minutes.

After this, YH2Ax antibody (9718, Cell Signalling Technology) was diluted into work
concentration to cover all sample areas, incubating at 4 °C overnight. The next day, A
fluorochrome-conjugated Alexflour-488 anti-rabbit secondary antibody (4412, Cell Signalling
Technology) was added to label the specific antibody; samples were then incubated for
another 1 hour at room temperature. Fibroblast cell skeleton and nuclear were stained using
Rhodamine phalloidin and DAPI solution. All samples were imaged using a Zeiss inverted
fluorescence microscope (Zeiss, Axvio Z1) with 20x and 40 x objective lenses; the FITC
filter was used for the YH2Ax signal, the TRITC filter for the cell skeleton signal and the
DAPI filter was used for the nuclear signal. Random places were imaged for every sample to
display phosphorylation of the YH2Ax after irradiation using different light sources under
different exposure models; every sample was triplicated. YH2Ax signal from every cell was

extracted using Image J software; all data were analysed using Prism software.

2.2.32 Assessment of target sites affected by ROS generated from 0.4 %
g-C3N4 hydrogel

Specific damage sites were explored to obtain more details and explain why these

g-C3Ny4 hydrogel-generated ROS could selectively kill bacterial cells over mammalian cells.
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Membrane integrity

For the damage of g-C3Ny4 hydrogel generated ROS to the bacterial inner and outer
membrane, Gram-positive bacterial strain S. epidermidis and Gram-negative bacterial strain
E. coli — DH 5a were cultured in liquid medium for 16 hours from picked single colony
following previously described bacterial culture conditions. Then, the bacterial solutions
were collected, and the bacterial cell number was adjusted into ODgpg = 2.0 using fresh
DPBS. The negative control group have no intervention. The light control group was only
irradiated using LED light from the top side at a 10 cm distance for 60 minutes. The hydrogel
control group added 0.4% g-C3Ny4 hydrogel disc for 60 minutes in the dark. The test group
was treated with 0.4% g-C3N4 hydrogel and irradiated with LED light for 60 minutes. Outer
membrane positive control was treated with Polymyxin B solution (128 uM) for 60 minutes,
and inner membrane positive control was treated using 0.1% Triton X -100 for 60 minutes.
After treatment, bacterial cells were collected and incubated with 40 uM Propidium iodide
(PI) solution or 50 uM N-phenyl-1-naphthylamine (NPN) solution, incubating in the dark
for 30 minutes. Then, the fluorescence intensity was measured using a microplate reader
(BIOTEK Instrument, synergy H1) (PI: ex/em is 535 nm and 617 nm; NPN: ex/em is 350 nm
and 420 nm). Every sample was repeated six times, and the data was analysed using Prism

software.

Protein damage

The bacterial internal enzyme activity was measured to evaluate the g-C3Ny hydrogel
generated ROS to bacteria, bacterial suspension (S. epidermidis and E. coli — DH 5a)
in DPBS (ODgpp = 2.0) was treated with only LED light irradiation for 60 minutes, or
only 0.4% g-C3N4 hydrogel was added in and co-incubated in the dark for 60 minutes,
or 0.4% g-C3N4 hydrogel was added in first then irradiated with LED light source for 60
minutes. After treatments, bacterial solutions were collected and centrifuged, the supernatant
was discarded, and bacterial cell pellets were resuspended in DPBS. Then, the bacterial
suspensions were physically lysed using an ultrasonic material dispenser (22 kHz) on the ice
and then centrifuged at 14500 rpm for 5 minutes. The supernatant containing 3-galactosidase
was collected to characterise the internal enzyme activity. 50 uL of prepared bacterial
supernatant was mixed with 50 uL of 10 mg/mL o-nitrophenol--Dgalactoside (ONPG) and
incubated at 37 °C with shaking for 4 hours. The optical density value was then measured at
420 nm using a microplate reader (BIOTEK Instrument, Synergy HT). Every sample was
repeated three times, and the data was analysed using Prism software.
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2.2.33 Fluorescence intensity data collect

All the fluorescence intensity data in this work were collected using a BIOTEK mi-
croplate reader. Samples were triplicated and repeated, and the final data analysis was

completed using Prism 10.

2.2.34 Fluorescence images collect and image analysis

All the images were acquired using the Zeiss AxioObserver Z1 inverted fluorescence
microscope, Zeiss AxioObserver Z1 upright fluorescence microscope and Zeiss LSM510

confocal microscope. Obtained data were analysed using Image J software.






Chapter 3

Preparation and Characterisations of
Graphitic carbon nitride (g-C;Ny)
hydrogel

3.1 Introduction

Chronic wounds happen because the cells do not follow the original healing process,
both spatial and temporal; changes in various cells involved in the different phases of wound
healing stage of haemostasis, inflammation, re-epithelialisation and remodelling results in the
delay of the biological tissue reconstruction!'?3!, Different from acute wound healing, often,
the chronic wound is stuck in a long-term inflammation stage; high levels of proinflammatory
cytokines, proteases and senescent cells exist in the chronic wound environment, and all the
dysfunctional ROS levels and stem cell behaviour stop the chronic wound healing through
cascade cellular events and damage skin closure.

Diabetic foot ulcers (DFUs) are typical refractory chronic wounds and are mainly caused
by diabetic neuropathy, peripheral vascular lesions, foot malformations and trauma; as a
significant complication of diabetes mellitus (DM). It is difficult to cure and always leads to
an increase of morbidity, mortality or limb amputation of diabetic patients, due to the limited
monitoring and untimely intervention.

Many patches have been developed towards different types of chronic wounds. The
majority of chronic wound healing patches are dry, passive and cannot meet several specific
requirements. Our original intact skin can prevent bacterial infection, manage the substance
exchange and resist injuries caused by heat or cold environments. The ideal chronic wound
healing bandage is expected to mimic the basic properties of the skin barrier and could be
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modified according to specific demands!'*l. The bandage needs to manage the exudate fluid
on the wound site appropriately to keep a suitable moisture level and provide an oxygen-rich
environment to accelerate wound healing. These make hydrogels an ideal candidate for
next-stage chronic wound healing bandage development.

Hydrogels are a three-dimensional network of crosslinked polymer chains; they can
absorb and keep water or tissue fluid due to their hydrophilicity. This water absorption
capability is closely related to the molecular structure of the crosslinking network, and
different water content helps hydrogels present various softness to comfort with different
biological tissues, combined with their excellent biocompatibility, which makes hydrogels
show great potential in biomedical applications. Hydrogels!!?! could be polymerised through
different crosslink modes, such as physical, chemical and enzymatic. Photo-crosslinked
hydrogels have attracted more attention due to their simple and tunable reaction process.

Different kinds of photo-crosslinked hydrogels!!?®! have been used for drug delivery,
cell encapsulation, and regenerative tissue engineering. Various sophisticated modifications
meet different demands but also prevent them from clinical translation.

This section introduces a graphitic carbon nitride (g-C3Ny4)-based hydrogel polymerised
by photo-crosslinking with free radicals under visible light irradiation. Instead of other
photo-polymerised hydrogel systems using UV light, our hydrogel could be prepared under
gentle visible light, reducing risks from UV irradiation and possible underlying damages.
The visible light responsive property provides an excellent opportunity for our further photo-
modulated wearable device towards personalised biomedical therapeutic applications.

As a candidate for wound healing bandage material, the optimal wound healing system
is expected to be biocompatible with the open wound site and display no toxicity during
the healing process while guaranteeing the provision and maintenance of the environmental
moisture and air exchange. Besides, in this study, the significant factors for wound healing
are the controllable reactive oxygen species (ROS) generated from g-C3Ny4 hydrogel, so the
photo-initiated properties of g-C3Ny4 hydrogel are evaluated first.

3.2 Results

3.2.1 Photo-crosslinked g-C;N, hydrogel preparation

The g-C3Ny initiated hydrogel formation, and polymerisation steps were carried out!!°7- 1981,
as shown in Figure 3.1. Graphitic carbon nitride (g-C3N4) material was added to the mix-
ture, acting as both initiator and reinforcer. Free radical-based polymerisation formed this
photo-crosslinked hydrogel. When the whole system is exposed to a suitable wavelength
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of light, the embedded g-C3N4 material will produce free radicals inside and, on its sur-
face, providing a lot of active sites for monomer (DMA) and crosslinker (MBA) to form
3D network structures, finishing the gelation process. Different concentrations of g-C3Ny
affect the polymerisation time, toughness of hydrogel, and free radical release capability. To
systematically investigate the performance of g-C3Ny hydrogel, different contents of g-C3Ny
0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% were used. In addition, agar gels were prepared
to provide essential information about the cellular system with a biocompatible additive,
and DMA hydrogel was used as the control group of g-C3Ny4 hydrogel because they were
synthesised using the same monomer and crosslinker in the polymerisation system (Figure
3.1).
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Fig. 3.1 Schematic of g-C3N4 hydrogel polymerisation system and pictures of prepared
agar gel, DMA hydrogel, 0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% g-C3N,4 hydrogels.
Polymerisation process: g-C3Ny consists of tri-s-triazine (C3Ny) units linked via conjugated
C-N bonds in a 2D layered structure. Once the g-C3Ny4 material is activated by induced
visible light, C=N will contribute to the electron delocalization, 7-electrons in C=N bonds
become excited into the conduction band, weakening the bond and a hole (h*) remains in the
valence band. ‘OH will be generated after the reaction between H,O and h*, breaking the
C=C =m-bond in DMA, forming a C-centered radical (C') on the ¢t-carbon. Then, the DMA
radical propagates by attacking the C=C bond of another DMA monomer, leading to a new
C-C o-bond formation, this process repeats, forming poly(DMA) chains. MBA contains
two acrylamide (- CH=CH-CONH3) groups, allowing it to covalently crosslink growing
poly(DMA) chains. When a growing poly(DMA) radical attacks one of the C=C bonds in
MBA, it forms a C-C o-bond, crosslinking through the —CH, — bridge of MBA, resulting in
a crosslinked 3D hydrogel network.
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In this work, LED light with a 460 nm centre wavelength was assembled and applied
for both hydrogel polymerisation and experimental implementation. The power density of
the LED light source was measured to keep the experimental conditions consistent, and a 10
cm distance was set for the following work.

As shown in Figure 3.2A, light power density was decreased as the measure distance
changed from 1 cm to 10 cm. The specific value at 10 cm was 48.15 mW/cm?, which is
satisfactory for a biomedical device, compared with existing photo-modulated biomedical
devices; the power density of most applied light sources is around 1-5 W/cm?; our LED light
is much lower than this. A temperature change of 2 mL of deionised water within 1-hour
irradiation was also measured in Figure 3.2B, as the ploymerisation dispersion was also
kept between 2 - 3 mL, increase of temperature from room temperature (18 °C) to 25 °C
occurs within the first 10-minute irradiation; the maximum temperature is stable at 28 °C
until 60 minutes, this proves that this g-C3Ny initiated hydrogel could be prepared in a simple

condition, making it easier to be prepared and getting more chance to be translated.
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Fig. 3.2 Properties of LED light source (A) Power density of the LED at different distances

(1 - 10 cm) (B) Temperature change of 2 ml of deionized water under the LED irradiation for
60 minutes.

3.2.2 Physicochemical properties of g-C3N, hydrogels

The remarkable mechanical properties of g-C3Ny-initiated hydrogel were studied by
previous research!!'3], such as excellent stretchability and keep toughness and flexibility at
the same time. Hydrogel formation with other photoinitiator instead of g-C3N4 showed weak
properties, while the g-C3Ny4 hydrogel possessed G’ up to 8.3 kPa when the g-C3N4 material
content is 11 wt%! %81, This is because of the specific structure of g-C3Ny, allowing it to
act as a colloidal dopant by forming a secondary network of inorganic structures within the

hydrogel, providing extra strength to the formed hydrogel. Moisture is necessary to accelerate
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the wound healing process. Moist wound healing means providing and maintaining suitable
hydration of the open wound tissue rather than letting the exposed wound site dehydrate and

dry out.

Water retention capability

To this consideration, the water retention capability of prepared g-C3Ny hydrogels, agar
and DMA hydrogel were evaluated. As shown in Figure 3.3A, both agar gel DMA hydrogels
lose contained water rapidly within the first 6 hours when exposed to the air. Because of their
porous structure, water molecules could escape from the matrix easily due to the large pore
size. After 6 hours of exposure, almost no water remains in both agar gel and DMA hydrogel,
which is not ideal for a wound patch material, as its rapid water loss makes it challenging to
keep the open wound site moist.

The g-C3N4 hydrogels present a much better water retention capability through 25
hours; in the first 6 hours of exposure, 0.8% and 1.0% g-C3N4 hydrogels showed similar
water loss tendency as agar gel and DMA hydrogel, which could be attributed to the higher
concentration of dopped g-C3Ny4 materials, leading to a higher density of crosslinked matrix,
decreasing the capability of water storage. 0.1%, 0.2% and 0.6% g-C3Ny4 hydrogel kept 35%
- 40% percent after 6 hours of exposure and 25% - 30% of water remaining after 25 hours
test.

0.4% g-C3N4 showed a moderate water retention capability, with 20% of the water
remaining after the first 6 hours of exposure and only 5% more water evaporating over the
next 20 hours. This water vapour is beneficial for the chronic wound healing process, as the
controllable water loss rate provides a moisture environment and allows excess wound fluid
absorption.

Swelling ratio

Water uptake of g-C3N4 hydrogels in different concentrations was evaluated and com-
pared to the agar and DMA hydrogel. The swelling test indicated that all the g-C3Ny
hydrogels reached equilibrium swelling after being immersed in DPBS for 24 hours. All
swelling ratios of tested hydrogels shown in Figure 3.3B revealed no significant difference
among all g-C3Ny hydrogels for different percent of g-C3N,4 doping. The similar swelling
ratio shown in the obtained data is unmistakable evidence that adding this reinforcer (g-C3N4)
does not affect the water absorption capability of g-C3N4. For the detail, 0.1% and 1.0%
g-C3Ny hydrogels could get back to their initial weight after 24 hours of immersion, and
0.2%, 0.4%, 0.6% and 0.8% g-C3N4 hydrogels show around 80% recovery capability.
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Fig. 3.3 Physiochemical properties of g-C3Ny4 hydrogel (A) Water retention capability and (B)
Swelling ratio of agar gel, DMA hydrogel, 0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% g-C3N4
hydrogel. Data are presented as mean £ SD (n = 3). Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was considered statistically
significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.

However, a significant difference was seen between agar gel and DMA hydrogel, with a
swelling ratio of 15% to 120%, respectively. These results further confirmed that the g-C3Ny4
hydrogel could be an ideal candidate material for a wound patch because it is capable of
absorbing fluid on the wound site but will not expand to form extra pressure, which will
cause a secondary injury to the chronic wound and then hinder the healing process.

These swelling ratio tests provided evidence for the fully polymerised g-C3N,4 hydrogel.
Hydrogels typically swell in water, but fully cross-linked hydrogels will have limited swelling
compared to under-cross-linked ones, the results obtained from our g-C3Ny4 hydrogels in
Figure 3.3B only presented an 80% swelling ratio, indicating the completed polymerisation.

3.2.3 Spectroscopic properties of g-C3;N4 hydrogel

This g-C3Ny4 hydrogel is expected to generate reactive oxygen species through the photo-
activated catalytic process!!??]. Therefore, the spectroscopic properties of prepared g-C3Ny
hydrogels were investigated to confirm that they satisfied the requirement of photodynamic
process initiation.
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Absorbance wavelength of g-C;N, dispersion

One of the most critical components of a photodynamic process is the absorption of
applied material at a specific wavelength. Here, 0.4% g-C3N4 powder was well dispersed
in deionised water, and the UV-Vis absorption spectra were measured between 300 nm and
800 nm. Figure 3.4A revealed a characteristic peak around 420 nm, corresponding to the
presence of g-C3Ny in the mixed liquid system!! %],
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Fig. 3.4 Spectroscopic properties of g-C3N,4 hydrogels. (A) Absorbance spectra of 0.4%
g-C3Ny dispersion. (B) Photothermal effect of 0.4% g-C3Ny4 dispersion under 460 nm LED
irradiation for 60 minutes

Photothermal properties of g-C;N4 hydrogel

The two most common processes activated by induced photoirradiation are the photody-
namic process (PDT) and photothermal effect (PTT). To make sure all results in this work are
caused by the only reactive oxygen species (ROS) involved process, the temperature change
of 1 mL 0.4% g-C3N4 solution, which will be polymerised into 0.4% g-C3N4 hydrogel, and
I mL of DPBS solution were continuously measured in 60 minutes of irradiation. Obtained
results showed that the temperature of 1 mL DPBS was increased from 21 °C to 33 °C
after 60 minutes of irradiation while the final temperature of 0.4% g-C3N4 solution at 60
minutes was 36 °C (Figure 3.4B), the temperature difference between these two groups were
kept within 3 degree , which means that the photothermal conversion efficiency of g-C3Ny

material is too low to trigger the photothermal effect.
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3.2.4 Antibacterial properties of g-C;N,4 hydrogel

Following the physical and chemical characterisations, the intrinsic biological perfor-
mances of prepared g-C3Ny hydrogels were also assessed to evaluate their biocompatibility.
For this purpose, the antibacterial properties of agar gel are as follows: DMA hydrogel and
all g-C3Ny hydrogels against S. epidermidis and E. coli - DH 50 were explored through both
indirect and direct contact methods, as shown in Figure 3.5.

1x108 bacterial cells in DPBS

l ‘ y Stain with Live/Dead solution

N = SNy i

Fluorescence imaging

Directly covered by immersed g-C;N, hydrogel disc

Fig. 3.5 Schematic figure of direct (below) and indirect (top) contact method for antibacterial
properties test of g-C3Ny4 hydrogels

In the indirect contact experiments, bacterial growth curves and colonies forming unit
(CFU) counting were implemented to prove the antibacterial properties of g-C3N4 hydrogels.
For S. epidermids, agar gel, DMA hydrogel and g-C3N4 hydrogels in all concentrations were
co-incubated with bacterial strain after they were inoculated into the liquid culture medium,
at the specific timepoints, the immersed hydrogels were removed and the bacterial liquid
was collected. Turbidity of bacterial solutions was measured at 0, 1, 2, 3, 4, 5, 10, 15, 20,
25, 50, 75 and 100 hours as shown in (Figure 3.6A). The 16-hour co-incubated sample was
spread onto an agar plate, and formed bacterial colonies below 50% percent compared to no
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hydrogel added to the group; 1.0% g-C3N4 hydrogel immersed sample showed the highest
colonies form units number around 5 x 108 CFU/mL, survival ratio was calculated about
30%.
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Fig. 3.6 Antibacterial properties against S. epidermids. (A) Growth curve of S. epidermids
after co-incubating with all tested hydrogels for 100 hours. (B) Colonies forming units (CFU)
pictures of 16-hours co-incubated S. epidermids. (C) Colonies forming units (CFU) number
from data B. (D) Survival ratio calculated from data C. Data are presented as mean 4+ SD (n
= 3). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post
hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p < 0.01, *** p <
0.001, **** p < 0.0001). Statistical analysis was conducted using GraphPad Prism 10.0.

E.coli — DH 5o showed the same results as S. epidermidis; compared to the control
group, the bacterial growth curve through 100 hours presented no noticeable change among
all tested groups; CFU numbers counted from the agar plate were located around 5 x 108
CFU/mL; it is 50% of the control group. 1.0% g-C3Ny4 hydrogel treated group showed the
highest CFU counting number in this E.coli — DH 5o test group as well; one different point
is that the survival ratio of 1.0% g-C3Ny treated E.coli — DH 5o group was around 110%,
showing no damage (Figure 3.7).

In the direct contact experiments, bacteria were seeded in a multi-well plate to obtain an

attached monolayer; all tested hydrogels were directly covered on the top of the bacterial
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Fig. 3.7 Antibacterial properties against E.coli — DH 5o . (A) Growth curve of E.coli —
DH 5 after co-incubating with all tested hydrogels for 100 hours. (B) Colonies forming
units (CFU) pictures of 16-hours co-incubated E.coli — DH 5¢. (C) Colonies forming units
(CFU) number from data B. (D) Survival ratio calculated from data C. Data are presented as
mean £ SD (n = 3). Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p <

0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis was conducted using GraphPad
Prism 10.0.

monolayer for 24 hours, and then the viability of bacteria was evaluated vis a Live / Dead
staining experiment. Experiments were also carried out on the S. epidermidis and E. coli DH
Sa to explore the viability of Gram-positive and Gram-negative cultures. Live /Dead images
were quantified using image analysis to calculate the fluorescence signals that came from
the Live (green) group and the Dead (red) group (Figure 3.8, 3.9). Compared to the blank
control group, no obvious bactericidal activity was observed after 24 hours of co-incubation
with all tested g-C3N4 hydrogel and agar gel. The DMA-covered samples presented 30% and
20% dead groups in S. epidermidis and E. coli — DH 5., respectively (Figure 3.8D, 3.9D).
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Fig. 3.8 (A) Live / Dead images of 24-hours tested hydrogels covered S. epidermidis, the
scale bar is 50 um. (B) Live signal from A. (C) Dead signal from A. (D) Dead ratio calculated
from A. Data are presented as mean £ SD (n = 3). Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was considered statistically
significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.
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Fig. 3.9 (A) Live / Dead images of 24-hours tested hydrogels covered E. Coli — DH 5., the
scale bar is 50 um. (B) Live signal from A. (C) Dead signal from A. (D) Dead ratio calculated
from A. Data are presented as mean £ SD (n = 3). Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was considered statistically
significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.)

3.2.5 Mammalian cell function influenced by g-C;N4 hydrogels

Successful wound healing requires both the bacterial elimination and the activation of

mammalian cells. The specific re-epithelialisation phase in wound healing depends on skin
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epithelial cells dragging themselves to cover and form the new wound matrix. Therefore, the

health and mobility of these cells are crucial for wound closure.

Morphology change of fibroblast cells covered by g-C;N,4 hydrogels

Nucleus F-actin Merge
o -
- -
B -

Fig. 3.10 Morphology change of fibroblast cells covered by agar gel and DMA hydrogel,
nucleus was stained by DAPI and F-actin was stained with Rhodamine-Phalloidin. The scale
bar is 50um.

First, as the predominant stromal cell in soft connective tissues, the morphology of
fibroblast cells covered by g-C3N4 hydrogels was observed using F-actin and nucleus staining.
Compared to the blank control group, fibroblast cells covered by all tested hydrogel (agar,
DMA, 0.1% g-C3Ny, 0.2% g-C3Ny4, 0.4% g-C3Ny, 0.6% g-C3N4, 0.8% g-C3N4 and 1.0%
g-C3Ny) showed similar F-actin and nucleus staining, with stretched fibres, plump spindle
shape and centrally placed oval nucleus (Figure 3.10, 3.11, 3.12).

Single cell area, aspect ratio, and roundness (Figure 3.13) were quantified from the
obtained fluorescence images. No statistical difference was discovered between the negative
control group and the hydrogel-covered groups, meaning only hydrogel-covering has no

observed adverse effect on fibroblast structure.
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0.2% g-C3N,

0.4% g-C;N,

Fig. 3.11 Morphology change of fibroblast cells covered by 0.1%, 0.2% and 0.4% g-C3N4
hydrogel, nucleus was stained by DAPI and F-actin was stained with Rhodamine-Phalloidin.
The scale bar is S0um.

Nucleus F-actin Merge

0.6% g-C3N,

0.8% g-C3N,

1.0% g-C3N,

Fig. 3.12 Morphology change of fibroblast cells covered by 0.6%, 0.8% and 1.0% g-C3Ny
hydrogel, nucleus was stained by DAPI and F-actin was stained with Rhodamine-Phalloidin.
The scale bar is SOum.

Migration of fibroblast cells covered by g-C3;N,4 hydrogels

After this, the migration capability of fibroblast cells under the same condition was also
evaluated. A wound healing or scratch assay was used for the in vitro migration experimental
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Fig. 3.13 Analysis of fibroblast cells morphology after covered by hydrogels. (A) Single
cell area. (B) Aspect ratio of fibroblast cells. (C) Roundness of fibroblast cells. Data are
presented as mean & SD (n = 35). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted using
GraphPad Prism 10.0.

model. The formed gap was covered by hydrogel for 24 hours, and then the cells were
cultured with fresh complete DMEM for 12, 24, and 72 hours (Figure 3.14, 3.15, 3.16).

Control

Agar

DMA

Fig. 3.14 Migration assay of fibroblast cells covered by hydrogels. Control group, agar gel
and DMA hydrogel group. Dy is the gap formed originally; Ty, is the gap after co-incubating
without and with covered hydrogels for 12 hours; D is the gap after co-incubating without
and with covered hydrogels for 1 day (24 hours); D3 is the gap after co-incubating without
and with covered hydrogels for 3 days (72 hours). The scale bar is 200um.

To evaluate the effect of g-C3Ny4 hydrogels on the migration behaviour of fibroblast
cells, time-dependent fluorescence images were collected, and the wound closure rate was

assessed by the width of the gap. The corresponding scratch closure rate is calculated as
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0.4% g-C;N,

Fig. 3.15 Migration assay of fibroblast cells covered by hydrogels. 0.1% g-C3N,4 hydrogel,
0.2% g-C3Ny4 hydrogel and 0.4% g-C3N,4 hydrogel group. Dy is the gap formed originally;
Ty, is the gap after co-incubating without and with covered hydrogels for 12 hours; Dy is the
gap after co-incubating without and with covered hydrogels for 1 day (24 hours); D3 is the
gap after co-incubating without and with covered hydrogels for 3 days (72 hours). The scale
bar is 200y m.

0.6% g-C3N,

0.8% g-C3N,

1.0% g-C3N,

Fig. 3.16 Migration assay of fibroblast cells covered by hydrogels.0.6%, 0.8% and 1.0%
g-C3N4 hydrogel group. Dy is the gap formed originally; Ty, is the gap after co-incubating
without and with covered hydrogels for 12 hours; D is the gap after co-incubating without
and with covered hydrogels for 1 day (24 hours); D3 is the gap after co-incubating without
and with covered hydrogels for 3 days (72 hours). The scale bar is 200um.

below:

Wo—W;
0

Scratch closure rate(%) = x 100 (3.1)
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Where Wy, is the width of initial wound.
W; is the width after treatment of interested period.

After the first 12-hour culture (Figure 3.17A), DMA-covered fibroblast cells presented a
lower migration and proliferation activity with a 14% closure rate, which the strong oxidative
effect of DMA hydrogel might cause. Agar gel and 0.1% g-C3N4 hydrogel-covered fibroblast
showed 27.9% and 29.7% closure rates, respectively, higher than the negative control group,
which showed a 27% closure rate after 12 hours of refreshing. Statistical difference was
observed in the rest of the test groups, with around 20% migration capability.

After 24 hours of culture (Figure 3.17B), the DMA group still showed a compromised
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Fig. 3.17 Analysis of fibroblast cell migration covered by agar, DMA and 0.1%, 0.2%, 0.4%,
0.6%, 0.8% and 1.0% g-C3Ny4 hydrogels for 24 hours, then the migration status of scratched
fibroblast cells were measured after normal culture for another (a) 12-hours, (b) 1 day and (c)
3 days. Data are presented as mean £+ SD (n = 3). Statistical analysis was performed using
one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was considered statistically
significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.

closure status, with a 35% closure rate compared to the control group (44%). On the contrary,
the 0.4% g-C3N4 hydrogel-treated group displayed a significant difference from other groups,
with a 64.7% closure rate. Continuously culture to 72 hours (Figure 3.17C), all test groups
showed a great wound closure performance with around 80% gap covering. According to
the obtained data, no apparent impairment in the migration and proliferation behavior of
fibroblast cells is observed after they are covered by all hydrogels, giving positive support for
their intrinsic cytocompatibility.
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3.2.6 Cytocompatibility of g-C3N, hydrogel

As the hydrogel is to interface with an open wound environment, where different types
of mammalian cells are presented, cytocompatibility of g-C3Ny in all concentrations was
evaluated, and DMA hydrogel was the synthetic control hydrogel.

The cytocompatibility test was performed in vitro using hTERT fibroblast cells. Two
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Fig. 3.18 Indirect cytocompatibility of g-C3Ny4 hydrogels. (A) Cytocompatibility using 24-
hours conditional medium from g-C3Ny in different concentrations. (B) Cytocompatibility
using 48-hours conditional medium from g-C3Ny4 in different concentrations. Data are
presented as mean + SD (n = 3). Statistical analysis was performed using Two-way ANOVA
followed by Turkey’s post hoc test. P < 0.05 was considered statistically significant (* p <

0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted using
GraphPad Prism 10.0.

different test schemes were applied here; in the first scheme, conditional cell culture medium
was prepared by immersing tested hydrogel disc (10 mm in diameter and 2 mm in thickness)
into complete DMEM for 24 hours and 48 hours, different number of fibroblast cells were
cultured with the obtained conditional medium to evaluate the damage caused by harmful
substances released from g-C3N4 hydrogels. PrestoBlue assay was carried out to quantify the
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Fig. 3.19 Direct cytocompatibility covered by g-C3Ny. (A) Live / Dead fluorescence image
of fibroblast cells covered by all g-C3Ny4 hydrogels. Scale bar is 100um. (B) Live cell area
from fluorescence images. (C) Dead cell area from fluorescence images. (D) Dead ratio of
fibroblast cells from figure A. Data are presented as mean = SD (n = 3). Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was
considered statistically significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001).
Statistical analysis was conducted using GraphPad Prism 10.0.

viability of conditional medium cultured fibroblast cells; 24-hour samples showed excellent
viability in all tested hydrogel groups with different cell numbers, and a slight viability
decrease was observed in 1.0% g-C3N4 conditional medium cultured 1.6 x 10* cells and
3.2 x 10* cells (Figure 3.18A), with average viability of 95% and 92%, respectively. No
significant viability decline was shown in 48-hour conditional medium test groups (Figure
3.18B); these data showed that g-C3N,4 conditional medium has no impairment on cell live
status within all tested periods.

After this, fibroblast cell viability was studied by exposing attached bacterial cell layers
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to g-C3Ny hydrogel with various g-C3Ny4 material concentrations, 0.1%, 0.2%, 0.4%, 0.6%,
0.8% and 1.0% for 24 hours of co-incubation, all tested hydrogels showed no obvious harm
to fibroblast cells live status (Figure 3.19).

Live (Figure 3.19B) and dead (Figure 3.19C) cell number extracted from fluorescence
images are varied, because the extracted data is heavily affected by the cell number under the
view, thus, normalised dead ratio of every sample was calculated (Equation 3.2) to compare

the viability among all tested groups to blank control.

) Fluorescence intensit
Dead ratio(%) = ek Ybead %100 (3.2)
Fluorescence intensityy jye + Fluorescence intensitypeaq

It was observed that, after 24 hours the nomalised dead ratio of all tested groups was
lower than 2% (Figure 3.19D), which proves the biocompatibility performance of g-C3Ny
hydrogel at all concentrations.

3.2.7 Cell attach capability on g-C3N4 hydrogel surface

To further optimise the contact method between g-C3N4 hydrogel and bacterial/mammalian
cells, the attach capability was investigated by seeding the bacteria and fibroblast cells on all
g-C3Ny hydrogels and co-incubating for 24 hours. The attached bacteria and fibroblast cells
were stained with the Live / Dead assay kit for bacteria and mammalian cells. Fluorescence
images were collected to reveal the details. The attached E. coli—DH 5a cell number was
around 1 x 10° cells per cm? (Figure 3.20B). 0.2% g-C3N4 hydrogel showed the lowest bac-
terial attach capability. No statistical differences were observed among all g-C3N,4 hydrogels,
showing no obvious effect of doped g-C3N4 material. The attachment could be attributed to
the small size of the bacteria, making it easier for them to be trapped on the hydrogel surface.

For the fibroblast cells, around 5000 fibroblast cells were counted on the hydrogel
surface after co-incubating. Live / Dead staining was carried out on cells attached to the
hydrogel surface (Figure 3.21). Images collected from samples can only represent the
fibroblast cell roughly attach capability because the completely stretched cell area is around
2000 um?, and the cross-section area of the tested hydrogel is only 0.785 cm?.

Obtained images were quantified and compared to the cells seeded on a tissue culture
petri dish with 2000 gm? area. The fibroblast cells on the hydrogel surface in 1000 m? are
much smaller (Figure 3.22A); this might be caused by the stiffness and chemical bonds of the
hydrogel surface, leading to a different mechano-interaction. The aspect ratio accumulated
between 1-2 (Figure 3.22B) instead of 2-6, indicating the adhesion of fibroblast cells on
g-C3Ny hydrogel might partially be embedded into hydrogels, so they tended to have a
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Fig. 3.20 Bacterial attach capability. (A) Fluorescence images of E. coli - DH 5o attached
on different g-C3N4 hydrogel surface. The scale bar is 20 um. (B) Bacterial cell number
counting on g-C3N4 hydrogel surface after co-incubating for 24 hours. Data are presented as
mean + SD (n = 3). Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p <

0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis was conducted using GraphPad
Prism 10.0.
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Fig. 3.21 Fibroblast cells attach capability. (A) Fluorescence images of fibroblast cells
attached on different g-C3Ny hydrogel surface. The scale bar is 50 um. (B) Fibroblast cell
number counting on g-C3Ny hydrogel surface after co-incubating for 24 hours. Data are
presented as mean = SD (n = 3). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p <

0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted using
GraphPad Prism 10.0.

spherical morphology (Figure 3.22C) and lack actin stress fibres.
No significant difference in fibroblast cell adhesion on g-C3N4 hydrogel was observed



88 Preparation and Characterisations of Graphitic carbon nitride (g-C3N,4) hydrogel

4000 = 3 ld 1.5=

3000 ns
° T ° o o
2000~ 2 7] el A -~ T . -t
° } ‘ g 0. o o ¢ | o ‘ o
1000 s T e %o i, & | !
| 3 <
ove o i

Area (um?)
5
1

Roundness
o
3,
1
(

-1000 T T T T T T 0 T T T T T T 0.0 T T T T T
> 3 > 3 » 3 > b > 3 >
& & & & < < < < < < <
O I S R A RIS S S L R SR S R I
TSRS S AR AN TN AN N RS N o o o S P NS

Fig. 3.22 Analysis of fibroblast cells on g-C3Ny4 hydrogel surface. (A) Area of fibroblast
cells on g-C3Ny4 hydrogel surface. (B) Aspect ratio of fibroblast cells on g-C3N4 hydrogel
surface. (C) Roundness of fibroblast cells on g-C3Ny4 hydrogel surface. Data are presented as
mean + SD (n = 10). Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p <
0.01, *** p <0.001, **** p < (0.0001). Statistical analysis was conducted using GraphPad
Prism 10.0.

across all g-C3Ny hydrogels; results revealed that fibroblast cells showed lower attach
capability than bacteria cells after culturing on the hydrogel.

3.3 Discussion

The first step of this work is to create a light-responsive hydrogel suitable for open
chronic wound environments by doping g-C3N4 materials into a polymerisation system
already developed in our previous study mentioned above.

g-C3Ny hydrogel was prepared. It is a photo-crosslinked hydrogel polymerised using
graphitic carbon nitride (g-C3Ny), a metal-free photocatalyst material, as both initiator and
reinforcer. It can easily be polymerised using visible light irradiation at room temperature.
Spectroscopic characterisations confirmed that the intrinsic semiconductor properties of the
added g-C3N,4 material were retained in this hydrogel form, so the material could be used as
the bandage for the nonhealing wound site while further LED light activation process was
not impaired.

Water retention capability tests revealed a moderate water vapour in g-C3Ny4 hydrogels;
the specific chronic wound site may continuously generate excess wound exudate fluid; when
the hydrogel is applied, this water escape helps with the absorbance of wound fluid on the
covered wound site, creating a clean and moist environment for improved healing! 140 1411,
The examination of swelling capability among all hydrogels suggested that g-C3N4 hydrogel

showed significant recovery after drying out but no additional swelling; this makes it a great
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candidate for chronic wounds. This moderate swelling ratio aids fluid absorption while
maintaining its structure and effectiveness, reducing the risk of hydrogel structure breakdown
or degradation. Moreover, this appropriate swelling ratio is beneficial for hydrogel adherence
and secondary injury to the wound site due to extra pressure from the swollen hydrogel might
also be avoided effectively.

Biocompatibility is a significant factor that needs to be evaluated for all biomedical ma-
terials. First, the intrinsic antibacterial properties of g-C3Ny4 hydrogels against S. epidermidis
and E. Coli — DH 5a were tested. All assays were performed by examination of the bacterial
activity upon direct contact of the bacteria with g-C3Ny4 hydrogels. The growth curve of
bacteria showed no difference compared to the negative control groups, but colonies forming
units counting decreased obviously in the g-C3Ny treated group; one possible explanation
could be that the proliferation of bacterial was not impaired, but the viability was affected by
the covalent bond and degraded substance from g-C3N,4 hydrogel.

Further, Live / Dead staining confirmed that direct cover of g-C3N,4 hydrogel does not
introduce damage to bacteria and fibroblast cells, implying its outstanding biocompatibility
with no light illumination. Morphology staining and migration of HUVECs excludes that only
g-C3N4 hydrogel covering leads to no possible adverse effect, such as hypoxia condition!””!,
to hinder the normal functions of mammalian cells. In this work, active species released
from g-C3N4 hydrogel after light irradiation is a significant factor for the subsequent work.
Thus, the attachment capability of bacteria and fibroblast cells was tested first; compared to
bacteria, the attachment capability of fibroblast cells on g-C3Ny is much lower, with around
4000 cells per cm?; this evidence showed that the mammalian cells had no affinity to the
g-C3Ny hydrogel, the higher number of bacteria attached on hydrogel surface could attribute
to its small volume or surface properties, general, these results gave us a clue that the bacteria
are capable of staying much closer to the g-C3N,4 hydrogel, getting more chances to be
exposed to the active species from g-C3Ny4 hydrogels.

3.4 Conclusion

In this chapter, a batch of g-C3N4 hydrogels, including 0.1%, 0.2%, 0.4%, 0.6%,
0.8% and 1.0% g-C3N,4 materials contained, were prepared through the free-radical based
polymerisation process. The light source was the 460 nm catered visible LED light with
48.15 mW/cm? of power density at 10 cm. Before the polymerisation process is initiated, the
light-induced temperature variation was monitored using the Piclog thermocouple under 60
minutes of irradiation of 2 mL of deionised water - as the polymerisation solution of g-C3Ny

hydrogels is also kept between 2 mL to 3 mL, obtained maximum temperature is 28 °C at
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60 minutes, which demonstrate this polymerisation proceeded under a moderate condition,
different from previous free radical polymerised hydrogels[zoo’ ! that are initiated under
strict conditions, such as UV light irradiation, high-temperature dissolve and long periods of
gelation. The water retention capability and swelling ratio of prepared g-C3N,4 hydrogels
were measured using the method described in Chapter 2; hydrogels contained lower g-C3Ny4
materials, including 0.1%, 0.2%, 0.4% and 0.6% g-C3N4 materials, showing 40% of water
remaining after 6 hours of exposure in room temperature and 25% of water after 25 hours of
exposure. But 0.8% and 1.0% g-C3Ny4 hydrogel kept less water with lower than 10%. All
prepared g-C3N4 hydrogels presented moderate swelling capability after being immersed in
deionised water for 24 hours, which is beneficial for the wound site to avoid second-pressure
damage.

The UV-Vis spectrometer measured absorption wavelength proves the optical properties
of g-C3N,4 material were kept in the 0.4% g-C3Ny4 dispersion, indicating the extra optical
property endowed in the g-C3Ny4-based hydrogel. The temperature measurement of 0.4%
g-C3Ny dispersion further excludes the potential of the photothermal effect.

The intrinsic antibacterial properties and cytocompatibility of g-C3N4 hydrogels were
evaluated using the methods adapted from previous work[???]. Antibacterial properties of
g-C3N4 hydrogels were assessed using optical density measurement and colonies forming
units counting method, showing the impaired viability of bacterial cells after co-incubating
with immersed g-C3N4 hydrogel disc. In the direct contact test, bacterial cells under the
cover of g-C3Ny4 hydrogels presented no obvious damage, as the calculated dead ratio of
bacteria cells in the test group is statistically higher than the value in the control group. The
cytocompatibility of fibroblast cells was also studied using PrestoBlue test and Live/dead
staining methods, demonstrating good biocompatibility with a dead ratio of covered fibroblast
cells below 2%. Under the simple cover of g-C3Ny4 hydrogels, fibroblast cell morphology
and migration performance were measured using fluorescence images, confirming that the
hydrogel coverage will not affect the basic functions of cells in the absence of light source
irradiation. Attachment tests of bacteria and mammalian cells on the hydrogel surface proved
that the bacteria are much easier resident on the g-C3N,4 hydrogel surface than fibroblast
cells under the same test conditions.

In all, in this part, we described the prepared visible light polymerised hydrogel with
g-C3Ny material doped in. This hydrogel successfully retains the optical properties of two-
dimensional g-C3N4 materials while forming a well-behaved and biocompatible hydrogel
format, which could be used for wound healing bandages. The present work suggests that
our g-C3Ny hydrogel has excellent potential as a visible LED light-activated biomaterial for

wound healing applications.



Chapter 4

Interactions of Reactive Oxygen Species
(ROS) Generated by g-C;N4 Hydrogels
with Bacteria and Mammalian Cells

4.1 Introduction

Reactive oxygen species (ROS) is a generic term for various highly active molecules
derived from oxygen; they belong to a large family of reactive species, including reactive
nitrogen, sulfur, carbon and so on, undergoing redox (reduction-oxidation) reactions to
generate oxidative modifications on biological molecules, participating into downstream
redox signalling and biological functions!!’®!. This collective term of ROS includes not only
oxygen radicals with hydroxyl radical ((OH) and superoxide anion (O, ) but also some
non-radical derivatives of O, such as hydrogen peroxide (H20O3). Their activity is also a
relative description; hydrogen peroxide (H>O;) and superoxide anion (O ™) existed with
moderate activity; they present unreactive with most biomolecules; however, the hydroxyl
radical (‘OH) attacks every molecule within the effective radius.

Down to the specific species, superoxide anion (O, ™) primarily generated by one-
electron transfer to O, in mitochondrial electron transport chains (ETC), it existed at a
very low concentration of about 10 ~1 M7 much lower than that of HyO; at 10 ~8 M.
Comparing to hydroxyl radical, superoxide anion (O, ™) possess weak oxidative and reduces
capability as it is a one-electron radical, usually reacts with Fe-S clusters and other transition
metal ions to release iron, it also react rapidly with encountered radicals to give secondary
products but the primary fate of superoxide anion is fast dismutation with another Oy~ to
form O, and H,O».
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H,0; is a significant redox signalling factor with pleiotropic functions!!””! Intracellular
H>0O; keeps a low concentration at approximately 1-100 nM; this concentration of H,O»
plays a similar role as Ca>* in cells. The steady-state physiological flow of H,O, to specific
destinated proteins results in reversible oxidation, affecting protein activity and interactions,
thus leading to various cellular functionalisation and evolution, such as cell proliferation, dif-
ferentiation and angiogenesis. H,O; 1s mainly produced by mitochondrial electron transport
chains, NADPH oxidases combing with superoxide dismutase, and other enzymes.

Hydroxyl radical (‘OH) is the most reactive ROS, which oxidises the molecules non-
specifically at a diffusion-controlled rate. It usually forms through the catalyse of H,O, by
metal ions such as Fe>* and Cu?*; thus, the possible oxidative target of ‘OH could roughly
be determined by the location of transition metals and hydrogen peroxide due to its short life-
time and highly reactivity. Most oxidative stress in cells is caused by hydroxyl radicals/?%3!,
presenting as damaged DNA, oxidised protein, severe lipid peroxidation, and even cell
lysis. ROS can be generated by various sources through both endogenous and exogenous
processes, and it is well-known that the supraphysiological concentration of ROS could cause
irreversible damage. Thus, maintaining redox balance in the cellular environment is essential
for normal metabolic processes.

Considering the specific environment of chronic wounds, progenitor cell recruitment,
proliferation and growth factor release are impaired, causing compromised cellular func-
tions and persistent inflammation stage!' !, Tn addition to the affected cellular factors, the
open wound site is also a host to various bacteria. These microbes can be deleterious to
immunocompromised individuals to prolong the healing process. Some occupying bacteria
strains can also be devastating pathogens, which are especially difficult to treat due to their
biofilm-forming characterisation, leading to immune evasion and antibiotic resistance. Thus,
the applied wound bandages are expected to clear the bacteria in the complex environment of
chronic wounds.

In Chapter 3, we developed the light-responsive hydrogel system composed of visible
light cross-linkable graphitic carbon nitride (g-C3N4) material as a photo-initiator and rein-
forcer. The g-C3Ny4 hydrogel showed excellent properties as hydrogels for wound healing
bandages; great biocompatibility presented no observed harm to directly contacted bacteria
and fibroblast, satisfying the biomedical material. In addition, the developed g-C3Ny4 hy-
drogel also presented characterised optical properties as two-dimensional g-C3N4 material.
Thus, the release of reactive oxygen species is expected.

Here, we further studied the capability of g-C3N, to produce detectable reactive oxygen
species (ROS) with visible light irradiation; generated ROS was measured quantitatively,

and the ROS release pattern was monitored in different schemes. After this, the interaction
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between g-C3Ny4 hydrogels and bacteria and fibroblast cells were evaluated, and the bacterial
killing caused by g-C3N4 hydrogel generated ROS was confirmed with Live / Dead assay.
We also determined why g-C3N4 hydrogel kills bacteria by introducing hydroxyl radicals in
bacterial cells.

4.2 Results

4.2.1 Quantification of hydroxyl radical generated by g-C3N, hydrogels

The Fenton reaction (Equations 4.1 and 4.2) was accepted to produce the hydroxyl
radical in different concentrations to obtain a standard calibration curve to quantify the

hydroxyl radical from g-C3Ny4 hydrogel.

Primary reaction : Fe’ ™ +H,Op — Fe’t + OH™ + OH “4.1)

Secondary reaction : Fe3t + H,0, — Fe*™ +HO,- +H* (4.2)

First, a ferrous ion solution in 1-10 uM concentration was prepared. The o-phen was
used for the photometric determination of ferrous ion (Fe’*) with a prominent absorption
peak at 510 nm (Figure 4.1A, Equation 4.3), and a linear calibration curve was obtained
between standard ferrous ion solution and absorbance value at 510 nm (Figure 4.1B).

o-pen reaction : 3CjyHgN, + Fe?™ — [Fe(C2HgN,)]* ™ (4.3)

The Fenton reaction was initiated with a molar ratio of Fe2* : H,O, in 1:1.5; the
concentration of ferric ions in production presented the same molar concentration as the hy-
droxyl radical (Figure 4.1C), which is further confirmed by the degradation of the Coomassie
brilliant blue (CBB) solution at 588 nm. Therefore, the standard calibration curve for the
hydroxyl radical of 1-10 u M was calculated using the change in absorbance values (Figure
4.2).

To confirm whether the hydroxyl radical will be generated from g-C3N4 hydrogel,
prepared g-C3Ny4 hydrogel disc with 10 mm in diameter and 2 mm in thickness was immersed
in 10 uM CBB solution, 460 nm cantered LED light was applied to the hydrogel immersed
CBB solution, after 30, 60, 90, 120, 150 and 180 minutes of irradiation, absorbance of CBB
solution was measured, concentration of hydroxyl radical in the solution was calculated

according to the obtained calibration curve in Figure 4.2D.
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at 510 nm. (C) Measurement of Fe?* consumption before and after Fenton reaction. Data
represent mean + SD from three independent experiments (n = 3).

Hydroxyl radicals from all hydrogels tested are shown in Figure 4.3; there is no gen-
eration of hydroxyl radicals from agar gel during all irradiation periods. During the same
irradiation time, hydroxyl radical production from g-C3N4 hydrogels slightly increased as
the g-C3Ny concentration increased. Within 180 minutes of shining, the generation of the
hydroxyl radical from 0.1% and 0.2% g-C3;N4 hydrogel was between 8 — 23 uM. When the
irradiation time was up to 150 minutes, a noticeable jump in hydroxyl radical production
occurred at 0.4%, 0.6%, 0.8% and 1.0% hydrogels with 25 - 30 uM of hydroxyl radical,
whereas 0.2% g-C3Ny4 hydrogel can only form 17 uM under the same conditions. The
maximum hydroxyl radical was 32.6 uM after 180 minutes of irradiation for 1.0% g-C3N4
hydrogel.

To further explore whether the hydrogel could release hydroxyl radicals in a sustainable
pattern (Figure 4.3B), the same measurement was carried out in an ON-OFF-ON cycle
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Fig. 4.2 Hydroxyl radical (‘OH) calibration. (A) Chemical strucutre of Coomassie Brilliant
Blue (CBB). (B) Absorption spectrum between 400 - 700 nm of CBB solution in different
concentrations. (C) Absorption spectrum of CBB solution under different treatment condi-
tions. (D) Standard calibration curve of 1 - 10 uM hydroxyl radical from Fention reaction.
Linear fitting equation: Y = 0.01702X + 0.032, R? = 0.9255. Data represent mean = SD from
three independent experiments (n = 3).

with a duration of 30 minutes for each cycle. The supernatant was collected after the entire
process and the released hydroxyl radical was measured using 10 uM CBB solution as an
indicator. Compared with the hydroxyl radical from continuous irradiation, the production
concentration under the ON-OFF-ON mode showed a slight increase in the concentration
of generated hydroxyl radical. A sharp increase in the formation of hydrogen radicals from
the DMA hydrogel was observed because in the DMA test group, degradation of the CBB
solution was caused by the strong oxidative of DMA hydrogel.

4.2.2 Quantification of superoxide anion generated by g-C3;N4 hydrogels

For superoxide anion measurement, a specific concentration of superoxide anion was
formed by the enzymatic reaction initiated using xanthine and xanthine oxidase, shown in
Equation 4.4. Nitrobule tetrazolium (NBT) was used as an indicator, as the superoxide anion
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Fig. 4.3 Hydroxyl radical from g-C3N4 hydrogel. (A) Hydroxyl radical generated from all
hydrogel discs with 10 mm in diameter and 2 mm thickness (Agar, DMA, 0.1%g-C3Ny,
0.2% g-C3Ny, 0.4% g-C3Ny, 0.6% g-C3Ny, 0.8% g-C3N4 and 1.0% g-C3Ny) under 460 nm
centered LED light irradiation for 30, 60, 90, 120, 150 and 180 minutes. (n=3) (B) Hydroxyl
radical measurement from all hydrogel discs under continuous 60 minutes of irradiation and
ON-OFF-ON mode with a 30 minutes duration for one cycle. Data represent mean + SD
from three independent experiments (n = 3).

generated in the solution would react with the NBT solution to form formazan (Figure 4.4),
which causes an apparent change in absorption at 560 nm after being released in DMSO
solution.

Xanthine oxidase
%

Xanthine + HO 420, Urine+20, ~ +2H" “4.4)

First, the standard calibration curve (Figure 4.5) of enzymatically formed superoxide
anion in 31.25, 62.5, 125, 250 and 500 uM was confirmed using 1 mg/mL NBT solution.
After this, to evaluate the superoxide anion generation from all hydrogels, including agar,
DMA and g-C3Ny, all hydrogel discs were immersed into 1 mg/mL of NBT solution,
irradiated by the 460 nm centred LED light for 30, 60, 90, 120, 150 and 180 minutes. As the
formed formazan in hydrogels is dissoluble in aqueous, all tested hydrogel discs were then
immersed in DMSO overnight to release the formazan. As obtained data shown in Figure
4.6, agar gel and DMA hydrogel did not generate superoxide anion at all. No superoxide
anion was detected from agar gel and DMA hydrogel, which also proves that the apparent
decline in the absorption of CBB solution is due to the strong oxidation of the component in
the DMA polymerisation system.

Superoxide anion released from 0.1% and 0.2% g-C3Ny4 hydrogel showed very slight
growth from 15 uM to 30 uM (Figure 4.6A). When the doped concentration of g-C3Ny
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Fig. 4.4 Illustration figure of formazan formation after react with generated superoxidea
anion. (A) Chemical reaction between Nitrobule tetrazolium (NBT) and superoxide anion.
(B) Picture for display the g-C3N, difference before and after superoxide anion generation.
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Fig. 4.5 Stanadard curve of superoxide anion from enzymatic xanthine reaction. Linear
fitting equation: Y = 0.0008339X + 0.004431, R? = 0.9976. Data represent mean + SD from
three independent experiments (n = 3).

material up to 0.4%, 0.6%, 0.8% and 1.0% generated superoxide anion under 30 minutes
of irradiation also rose to 30 — 50 uM, after 180 minutes of irradiation, formed superoxide
anion concentration were between 57 — 83 uM, much higher than the value from 0.1% and
0.2% g-C3N4 hydrogel, which were between 19 — 41 uM. In the ON-OFF-ON mode of

irradiation (Figure 4.6B), superoxide anion generation also presented a similar tendency as
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before, under all different periods of irradiation, measured superoxide anion concentration
in the second mode higher than the value from continuous 60 minutes of irradiation, with
a 10 uM increment in a lower concentration of g-C3N,4 hydrogel and 20 uM in a higher
concentration of g-C3N, hydrogel.
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Fig. 4.6 Superoxide anion from g-C3Ny4 hydrogels. (A) Superoxide anion generated from
all hydrogel discs with 10 mm in diameter and 2 mm thickness (Agar, DMA, 0.1% g-C3Ny,
0.2% g-C3Ny4, 0.4% g-C3Ny, 0.6% g-C3Ny4, 0.8% g-C3Ny4 and 1.0% g-C3N4) under 460
nm centered LED light irradiation for 30, 60, 90, 120, 150 and 180 minutes. (n=3) (B)
Superoxide anion measurement from all hydrogel discs under continuous 60 minutes of
irradiation and ON-OFF-ON mode with a 30-minute duration for one cycle. Data represent
mean + SD from three independent experiments (n = 3).

4.2.3 Quantification of hydrogen peroxide generated by g-C;N, hydro-
gels

The hydrogen peroxide calibration curve was measured using the commercialised kit
and standard 30% H;O» solution. Briefly, the 30% H;O, solution was diluted into 1-10 uM.
The fluorescence signal was detected after reacting with an Amplex red solution in a ratio
of 1:1. The calibration curve was calculated using the linear relationship between H,O;
concentration and their corresponding fluorescence signals, as shown in Figure 4.7.

Hydrogen peroxide released from 0.1% and 0.2% g-C3N4 hydrogel grew gradually as
the irradiation period extended from 30 minutes to 180 minutes (Figure 4.8A), with the
increment of hydrogen peroxide from 11 uM to 33 uM. When the doped concentration of
g-C3Ny4 material increased to 0.4%, 0.6%, 0.8%, and 1.0%, hydrogen peroxide formed under
30 minutes of illumination rose from 14 uM in 0.2% g-C3N4 hydrogel to 25 uM.
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Fig. 4.8 Hydrogen peroxide from g-C3Ny4 hydrogels. (A) Hydrogen peroxide generated from
all hydrogel discs with 10 mm in diameter and 2 mm thickness (Agar, DMA, 0.1%g-C3Ny4,
0.2% g-C3Ny, 0.4% g-C3Ny, 0.6% g-C3Ny4, 0.8% g-C3N4 and 1.0% g-C3Ny4) under 460 nm
centered LED light irradiation for 30, 60, 90, 120, 150 and 180 minutes. (n=3) (B) Hydrogen
peroxide measurement from all hydrogel discs under continuous 60 minutes of irradiation
and ON-OFF-ON mode with a 30 minutes duration for one cycle. Data represent mean + SD

from three independent experiments (n = 3).

While the hydrogen peroxide increments in higher concentrations of g-C3Ny4 hydrogel
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exhibited a lower rate, the maximum concentration of generated hydrogen peroxide in all
g-C3N4 hydrogels was around 33 uM after 120 minutes of irradiation. When the irradiation
time was prolonged to 150 and 180 minutes, the measured hydrogen peroxide concentration
dropped to 28 uM and 23 uM on average, respectively. The rapid degradation rate could
explain this decrease of hydrogen peroxide under prolonged irradiation; under the more
extended irradiation period, hydrogen peroxide generation became slower due to the limited
active sites on g-C3Ny material, whereas the decomposition was caused by both H>,O,
reaction and light-induced degradation, thus, more extended time irradiation formed lower
concentration of hydrogen peroxide from g-C3N4 hydrogel.

In the ON-OFF-ON mode test (Figure 4.8B), hydrogen peroxide generation displayed
a different pattern from hydroxyl radical and superoxide anion, getting a lower concentration
than the continuous irradiation; this could be due to the instability of hydrogen peroxide,
leading to an extra degradation during the light off cycle. Therefore, hydrogen peroxide from

the latter mode is close to the continuous mode but with a 3-5 uM decline.

4.2.4 Antibacterial activity of g-C3N,4 hydrogel-generated ROS against
S. epidermidis and E. coli—- DH 5q.

As the experiments carried out above, various reactive oxygen species (ROS), including
hydroxyl radical, superoxide anion and hydrogen peroxide, could be released from all
concentrations of g-C3Ny4 hydrogels under the LED light irradiation. The final aim of this
hydrogel is expected to be applied to chronic open wounds. Thus, the interactions between
the generated ROS and the bacteria and cells encountered become crucial. Firstly, the killing
efficiency of separately cultured bacteria and mammalian cells caused by g-C3N4 hydrogels

in all concentrations was evaluated under 10 and 60 minutes of irradiation.

Bacterial number calibration

Before the experimental implementation, the bacterial cell number was fixed to ensure
that all obtained results were comparable. Generally, bacterial solutions were collected at the
log phase and diluted into different concentrations with the optical density at 600 nm from 0.1
to 1.0. Then, these bacterial solutions were spread on an agar plate for culture. The bacterial
cell number calibration curve was analysed from optical density, and the corresponding
colonies form units counted from the agar plate, as shown in Figure 4.9.

The bacterial cell number was fixed in 1 x 108 cells/mL with ODgp = 0.1 in all following
experiments. S. epidermidis, the most common strain in skin infection, was used as the gram-

positive bacteria model, and E. coli - DH 5o was chosen as the gram-negative bacterial strain.
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Fig. 4.9 Bacterial cell number calibration. (A) Calibration curve of S. epidermidis, linear
fitting equation Y = 1005X - 15.71, R? = 0.9764. (n=3) (B) calibration curve of E. coli - DH
5o, linear fitting equation Y = 1101X - 27.31, R? = 0.9775. Data represent mean + SD from
three independent experiments (n = 3).

Standard bacterial samples with 0% to 100% live bacterial cells were prepared to confirm the
slight viability change could be detected by a Live / Dead assay kit; the fluorescence signal
was measured using a BIOTEK microplate reader and obtained data shown in Figure 4.10A
for S. epidermidis and Figure 4.10C for E. coli - DH 5, all bacterial solutions with 10%
viability difference could be distinguished very well.

Thus, all g-C3Ny4 hydrogel disc concentrations were directly contacted with 1 mL of S.
epidermidis and E. coli - DH 5 solution, 460 nm centred LED light was applied for 10 and
60 minutes, respectively. The killing percent of collected sample solutions was calculated
using the following equation:

Fluorescence intensitypeaqd

Killing percent(%) = x 100 (4.5)

Fluorescence intensityy jyve + Fluorescence intensitypead

In Figure 4.10B, agar gel has no damage to S. epidermidis after 10 minutes and 60
minutes of irradiation; the killing from DMA hydrogel was due to its oxidative effect rather
than ROS generation. After 10 minutes of irradiation, all g-C3N,4 hydrogels presented around
10% antimicrobial efficiency to S. epidermidis and increased to 70% after 60 minutes; no
significant difference was observed among all g-C3Ny4 hydrogels. Samples treated for 60
minutes were stained using a Live / Dead assay kit; fluorescence images were collected in
Figures 4.11, 4.12 and 4.13; the live signal in the FITC channel was decreased rapidly while
the signal for dead bacterial cells was evident.

In the E. coli — DH 5a group (Figure 4.10D), 10 minutes of irradiation caused 30%
killing of bacterial cells, and this efficiency of bacterial eradication up to 65% after 60

minutes of irradiation; no noticeable difference was exhibited in g-C3N4 hydrogels with
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Fig. 4.10 Killing efficiency of S. epidermidis and E. coli - DH 5a caused by ROS from
g-C3N4 hydrogels. (A) Live / Dead calibration curve of S. epidermidis. (B) Killing percent
of S. epidermidis after irradiating by 460 nm LED for 10 minutes and 60 minutes. (n=6) (C)
Live / Dead calibration curve of E. coli - DH 5a. (D) Killing percent of E. coli - DH 5a. after
irradiating by 460 nm LED for 10 minutes and 60 minutes. Data are presented as mean +=SD
(n = 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s
post hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p < 0.01, ***
p < 0.001, **#* p <0.0001). Statistical analysis was conducted using GraphPad Prism 10.0.

various concentrations of g-C3N,4 dopant. Fluorescence images displayed in Figures 4.14,
4.15 and 4.16 are the E. coli — DH 5a samples irradiated with LED light for 60 minutes,
same as S. epidermidis, comparing to the control and agar treated groups, g-C3Ny4 hydrogel
treated group showed dead bacterial cell signal in TRITC channel, and the live cell signal
was declined significantly.

Obtained data proved that the ROS generated from g-C3N4 hydrogels kills both gram-
positive and gram-negative bacteria efficiently, and in these two shining periods, g-C3Ny4
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Fig. 4.11 Fluorescence images of S. epidermidis after treating with agar and DMA hydrogel
for 60 minutes. The scale bar = 50 um.
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Fig. 4.12 Fluorescence images of S. epidermidis after treating with 0.1%, 0.2% and 0.4%
g-C3N4 hydrogels for 60 minutes. The scale bar = 50 um.

hydrogels with different concentrations of additive presented not much difference in killing
percent, which is aligned with the results acquired in ROS quantify section 4.2.1 — section
4.2.3. Within 60 minutes of irradiation, the concentration of ROS released from all g-C3Ny
hydrogels showed slight variation within 10 uM.
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Fig. 4.13 Fluorescence images of S. epidermidis after treating with 0.6%, 0.8% and 1.0%
g-C3N4 hydrogels for 60 minutes. The scale bar = 50 um.
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Fig. 4.14 Fluorescence images of E. coli — DH 5 after treating with agar and DMA hydrogel
for 60 minutes. The scale bar = 50 um.

4.2.5 Antibacterial efficiency of g-C;N,4 hydrogel generated ROS against

red fluorescent protein expressed E. coli

Figure 4.17 showed the results of antibacterial effects on mCherry — E. coli using
different g-C3Ny4 hydrogels and the fluorescence images (Figure 4.18) of mCherry — E. coli
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Fig. 4.15 Fluorescence images of E. coli — DH 5o after treating with 0.1%, 0.2% and 0.4%
g-C3N4 hydrogels for 60 minutes. The scale bar = 50 ym.
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Fig. 4.16 Fluorescence images of E. coli — DH 5o after treating with 0.6%, 0.8% and 1.0%
g-C3Ny4 hydrogels for 60 minutes. The scale bar = 50 um.

killed by ROS were presented as the obviously diminished red fluorescence from expressed
red fluorescent protein. Another evidence of the damaged mCherry — E. coli is that the

bacteria gradually decomposed into several fragments instead of intact bacterial cell shape.
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Fig. 4.17 Antibacterial effects of ROS generated by g-C3Ny4 hydrogels on mCherry - E. coli.
(A) Live / Dead calibration curve of mCherry - E. coli. n=3. (B) Killing percent of mCherry -
E. coli after irradiating by 460 nm LED for 10 minutes and 60 minutes. Data are presented as
mean + SD (n = 4). Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p < 0.05, **p <
0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis was conducted using GraphPad
Prism 10.0.

In general, the obtained data showed similar variation to the E. coli — DH 5o sample, making

it possible to be used as the component of the co-cultured group.

4.2.6 Interactions between ROS generated by g-C3;N4 hydrogels and
contacted fibroblast cells

As the chronic open wound is a complex environment occupied by both bacteria and
mammalian cells, in this work, the interactions between fibroblast cells and ROS from g-
C3Ny hydrogels were also investigated in detail. Standard fibroblast cell samples, including
different numbers of live cells, showed steady fluorescence signal growth and certified the
detectable viability change in mixed cell groups, as shown in Figure 4.19A. When 1 x
10° fibroblast cells made contact with g-C3Ny4 hydrogel under LED light irradiation for 10
minutes and 60 minutes, different from the data in bacteria groups, treated fibroblast cells
showed no damage from ROS from g-C3;N4 hydrogels. After 10 minutes and 60 minutes
of irradiation (Figure 4.19B), fibroblast cells maintained over 85% viability; these gave

us positive support for further selective killing exploration in bacteria and mammalian cell
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Fig. 4.18 Fluorescence images of mCherry — E. coli after treating with agar, DMA, 0.1%,
0.2%, 0.4%, 0.6%, 0.8% and 1.0% g-C3N4 hydrogels for 60 minutes. The scale bar = 50 ym.

co-cultured groups.

Corresponding Live / Dead fluorescence images of fibroblast cells treated with all
hydrogels were also collected and shown in Figure 4.20, Figure 4.21 and Figure 4.22. Live
signals were labelled with Calcein-AM, which presented as green, and dead signals were
labelled with Ethidium Homodimer-1 (EthD-1), which presented as red.

4.2.7 Quantification of intracellular hydroxyl radical using HPF probe

The reactive oxygen species considered in this work include hydroxyl radical, super-
oxide anion and hydrogen peroxide. According to their intrinsic properties and functions,
the hydroxyl radical is one of the most reactive and invasive ROS species; it could react and
damage all molecules in an effective radius indiscriminately, causing oxidative damage. Thus,
it could take the primary responsibility of killing encountered bacteria. The quantification of
hydroxyl radical in the last chapter can only implemented ex vivo using CBB solution as the
indicator. To figure out the relationship between hydroxyl radical concentration and cell live
status, the diffused hydroxyl radical needs to be further captured using a probe hydroxyphenyl
fluorescein (HPF), which can work both in extra and intracellular environments to make

the detected hydroxyl radical signal comparable. Standard hydroxyl radical solution from
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Fig. 4.19 Mammalian cell damage effects of ROS generated by g-C3Ny4 hydrogels on fibrob-
last cells. (A) Live / Dead calibration curve of fibroblast cells. (n=3) (B) Killing percent of
fibroblast cells after irradiating by 460 nm LED for 10 minutes and 60 minutes. Data are
presented as mean £ SD (n = 6). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post hoc test. P < 0.05 was considered statistically significant (* p <
0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted using
GraphPad Prism 10.0.

1-10 uM was detected using a hydroxyphenyl fluorescein (HPF) probe, shown in Figure 4.23.

4.2.8 Relationship between intracellular hydroxyl radical and viabil-
ity in S. epidermidis bacteria after treating with 0.4% g-C;Ny
hydrogel system

After the general test using g-C3Ny hydrogel with different contents of g-C3N,4 materials,
0.4% g-C3N4 hydrogel was selected as the best-performing hydrogel for all following
tests. This revealed ROS-caused bacterial killing and the relationship between intracellular
hydroxyl radicals, accepted as the highly active killing factor in this work.

For the exhaustive understanding of hydroxyl radical-induced killing to S. epidermidis,
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Fig. 4.20 Fluorescence images of fibroblast cells after treating with agar and DMA hydrogel
for 60 minutes. The scale bar = 100 ym.
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Fig. 4.21 Fluorescence images of fibroblast cells after treating with 0.1%, 0.2% and 0.4%
g-C3Ny4 hydrogels for 60 minutes. The scale bar = 100 pum.

LED light was applied to 1 x 108 bacterial cells for a more extended treatment period with
different time points, including 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes, variation

of dead S. epidermidis cell percent and intracellular hydroxyl radical concentration were
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Fig. 4.22 Fluorescence images of fibroblast cells after treating with 0.6%, 0.8% and 1.0%
g-C3N4 hydrogels for 60 minutes. The scale bar = 100 um.
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Fig. 4.23 Intracellular htdroxyl radical calibration using HPF as the indicator. Linear fitting
equation: Y = 12.2X + 7.803, R? = 0.9655. Data represent mean + SD from three independent
experiments (n = 3).

measured, and fluorescence images for Live / Dead assay and hydroxyl radical signal were

collected after 10 minutes, 30 minutes and 60 minutes of LED treatment (Figure 4.24 and
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Fig. 4.24 Live / Dead and intracellular hydroxyl radical images of S. epidermidis treated with
only 0.4% g-C3N4 hydrogel and only LED light irradiation for 60 minutes. The scale bar is
50 um.

Figure 4.25). S. epidermidis damage was shown in Figure 4.26A; the first 10 minutes of
treatment led to a small amount of bacterial cell killing, with 13% killing percent at 10
minutes. In the next 20 minutes, the percentage of killed bacteria rapidly grew to 55%, and
80% of S. epidermidis died after 2 hours of LED irradiation with 0.4% g-C3Ny4 hydrogel
immersed. After 180 minutes of the test, 90% of the killing percent was realised, showing an
excellent antibiotic property of 0.4% g-C3N,4 hydrogel released ROS.

The hydroxyl radical diffused into bacterial cells was measured under the same test
condition to find a clue between this killing performance and intracellular hydroxyl radical
concentration. In the first 10 minutes, the hydroxyl radical signalled a gradual growth from
2 to 43 (Figure 4.26B), which means that the intracellular Hydroxyl radical concentration
increases to 2.8 uM at 10 minutes. After this, the change of intracellular hydroxyl radical
concentration is comparable to that of the tendency of dead percent displayed in Figure
4.26C, showing a sharp rise from 2.8 uM to 6.8 uM at 30 minutes (Figure 4.26), the highest
concentration within 180 minutes of treatment. When irradiation time went longer, different
from the killing percent, the measured intracellular hydroxyl radical concentration slightly
decreased to 4 uM at 60 minutes and 2.3 uM at 180 minutes (Figure 4.26C). The bacterial
structure was damaged due to the sustained diffused hydroxyl radical; the previous intact
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Fig. 4.25 Live / Dead and intracellular hydroxyl radical images of S. epidermidis treated with
0.4% g-C3Ny4 hydrogel and LED light irradiation for 10, 30 and 60 minutes. The scale bar is
50 um.

structure was also broken; thereby, the intracellular hydroxyl radical probe could be leaked
and lose signal. The highest detected hydroxyl radical in cells almost reached 45-fold (Figure
4.26D) compared to the control group. The 90% S. epidermidis was killed as a consequence

of the hydroxyl radical generation and oxidation.

4.2.9 Relationship between intracellular hydroxyl radical and viabil-
ity in E. coli-DH 5o bacteria after treating with 0.4% g-C3;Ny
hydrogel system

For gram-negative bacteria, the behaviour of E. coli-DH 50 was also monitored under
the conditions: 1 x 10 bacterial cells were illuminated with a 460 nm-centred LED after
0.4% g-C3Ny4 hydrogel was immersed in. Treatment times were 0, 1, 2, 4, 6, 8, 10, 30, 60,
120, and 180 minutes. Both viability and intracellular hydroxyl radical concentration were
measured. Obtained fluorescence images of Live / Dead and intracellular hydroxyl radical
images are shown in Figure 4.27 and Figure 4.28.

In the first 10 minutes, 30% of E. coli-DH 5o was killed(Figure 4.29A); this value is

18% higher than that in the S. epidermidis group. However, there was not a rapid increase
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Fig. 4.26 Antibacterial effects and intracellular hydroxyl radical accumulation caused by ROS
generated from 0.4% g-C3Ny4 hydrogels in the S. epidermidis group. 0.4% g-C3N4 hydrogel
and visible light system induced (A) Antibacterial efficiency (B) Intracellular hydroxyl
radical fluorescence signal (C) Intracellular hydroxyl radical concentration in S. epidermidis
after 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes of irradiation. (D) Highest intracellular
hydroxyl radical concentration change fold in S. epidermidis after 30 minutes of irradiation
with 0.4% g-C3N4 hydrogel immersion. Data represent mean + SD from three independent
experiments (n = 3).

in the next 20 minutes; the killing percent of E. Coli-DH 5 showed a gradual increase,
reaching 50% at 60 minutes, 60% killing percent at 120 minutes, and finally, almost 70%
of E. coli-DH 5a was killed by the ROS from light irradiated 0.4% g-C3N4 hydrogel. The
intracellular hydroxyl radical concentration in E. coli-DH 5o was shown in Figure 4.29B
and Figure 4.29C; what can be seen in this figure is the continual growth of hydroxyl radical
concentration, which reached 2.06 uM at 30 minutes and peaked at 60 minutes with 5.6
uM of intracellular hydroxyl radical. The maximum concentration of hydroxyl radicals in
E. coli-DH 50 was 2.1 uM lower than that in S. epidermidis; it was 25-fold higher than
the control group (Figure 4.29D). Compared to S. epidermidis, the intracellular hydroxyl
radical variation in E. coli-DH 5a is moderate, taking longer to get the highest concentration,

which is also lower than the value in S. epidermidis. This situation can be attributed to the
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Fig. 4.27 Live / Dead and intracellular hydroxyl radical images of E. coli-DH 5 treated
with only 0.4% g-C3N4 hydrogel and only LED light irradiation for 60 minutes. The scale
bar is 50 ym.

membrane structure difference between gram-positive bacteria and gram-negative bacteria;
a more complex membrane structure helps E. coli-DH 5o defend the invasion of hydroxyl
radicals, alleviating the leading damage, thus causing a compromise killing percent, which is
66% at 180 minutes.

Given the later use of mCherry -E. coli, the same tests were also implemented against
it; see the fluorescence images in Figure 4.30. The obtained data was plotted in Figure
4.31; the data tendency in mCherry — E. coli was almost the same as E. coli-DH 5o.; 80%
of bacteria were killed after 180 minutes of treatment (Figure 4.31A). The concentration
of intracellular hydroxyl radical peaked at 60 minutes (Figure 4.31B and Figure 4.31C),
the same as E. coli-DH 5a.; the value is 3.78 uM, 18-fold increased than the control group
(Figure 4.31D). It is acceptable for this slight discrepancy between mCherry — E. coli and E.
coli-DH 5, so the mCherry — E. coli was used in the later co-culture group to represent the

behaviour of bacteria in the co-culture group.
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Fig. 4.28 Live / Dead and intracellular hydroxyl radical images of E. coli-DH 5. treated
with 0.4% g-C3N4 hydrogel and LED light irradiation for 10, 30 and 60 minutes. The scale
bar is 50 um.

4.2.10 Relationship between intracellular hydroxyl radical and viabil-
ity in fibroblast cells after treating with 0.4% g-C;N, hydrogel
system

After testing different bacteria, the ROS-induced killing pattern was explored in fi-
broblast cells. The obtained fluorescence images are presented in Figures 4.32 and 4.33.
After different irradiation time points, the live status of treated fibroblast cells was measured.
Figure 4.34A showed that the viability of fibroblast cells was all over 80%, presenting no
significant difference compared to the other control groups.

The highest intracellular hydroxyl radical signal is 20 in fluorescenc signal intensity
after 60 minutes of irradiation (Figure 4.34B), increasing 6.7-fold compared to the control
group (Figure 4.34C), revealing that the diffused hydroxyl radical in the fibroblast cell is too
low to damage. These results are consistent with the previous data, and further verification

of its reliability was obtained.
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Fig. 4.29 Antibacterial effects and intracellular hydroxyl radical accumulation caused by
ROS generated from 0.4% g-C3Ny4 hydrogels in the E. coli-DH 5o group. 0.4% g-C3Ny
hydrogel and visible light system induced (A) Antibacterial efficiency (B) Intracellular
hydroxyl radical fluorescence signal (C) Intracellular hydroxyl radical concentration in E.
coli-DH 5« after 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes of irradiation. (n=3) (D)
Highest intracellular hydroxyl radical concentration change fold in E. coli-DH 5¢ after 60
minutes of irradiation with 0.4% g-C3N4 hydrogel immersion. Data represent mean + SD
from three independent experiments (n = 3).

4.3 Discussion

In the work mentioned above, we studied the reactive oxygen species generation in
g-C3Ny hydrogel under the 460 nm centred LED light, as the two-dimensional g-C3Ny
material is one of the photocatalyst; that is also the reason why the doped g-C3N4 material
could initiate the free radical based polymerisation after visible LED light irradiation. g-C3Ny4
exhibits a band gap energy as one of the semiconductor materials/!>®!, following the energy
band theory, when the semiconductor absorbs incident light with energy equal to or higher
than its bandgap, electrons will be excited from the valence band (VB) to the conduction
band (CB), and an equal number of holes left in the valence band (VB) (Equation 4.6).
Then, these separated charge carriers in the excited states will migrate to the surface of
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Fig. 4.30 Live / Dead and intracellular hydroxyl radical images of mCherry - E. coli treated
with only 0.4% g-C3Ny4 hydrogel, only LED light irradiation and 0.4% g-C3N4 hydrogel and
LED light irradiation for 10, 30 and 60 minutes. The scale bar is 50 pm.

g-C3Ny4 and be responsible for the photocatalytic conversion with the surrounding oxygen
water molecules. Thus, high-activity molecules, such as superoxide anion (O, ™), hydrogen
peroxide (H,O;) and hydroxyl radical ((OH), would form through these processes.

Photocatalyst+hav — e~ +h™ (4.6)

Based on this, specific reactive oxygen species, including hydroxyl radical (fOH), super-
oxide anion (O> ™) and hydrogen peroxide (H>O;), were measured from g-C3Ny4 hydrogels
after visible light irradiation.

To quantify the hydroxyl radical in all concentrations of g-C3N4 hydrogel, 1-10 uM
of the standard sample was prepared using the Fenton reaction and the generated Hydroxyl
radical concentrations were reflected by the absorbance value change of Coomassie Brilliant
Blue (CBB) solution at 588 nm. As the intrinsic properties of hydroxyl radicals have ex-
tremely high reactivity and short lifespan, indirect capture methods are limited. Thus, the
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Fig. 4.31 Antibacterial effects and intracellular hydroxy radical accumulation induced by
ROS generated from 0.4% g-C3Ny4 hydrogels in mCherry - E. coli group. 0.4% g-C3Ny
hydrogel and visible light system induced (A) Antibacterial efficiency (B) Intracellular
hydroxyl radical fluorescence signal (C) Intracellular hydroxyl radical concentration in
mCherry - E. coli after 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes of irradiation. (n=3)
(D) Highest intracellular hydroxyl radical concentration change fold in mCherry - E. coli
after 60 minutes of irradiation with 0.4% g-C3Ny4 hydrogel immersion. Data represent mean
+ SD from three independent experiments (n = 3).

spontaneous reduction caused degradation was accepted for the quantitative measurement
in this work. According to the verification test, the absorption of CBB solution at 588 nm
showed a noticeable change under different treatment conditions, indicating the sensitivity
of the generated hydroxyl radical. Hydroxyl radical release was measured in all g-C3Ny4
hydrogels in two schemes: continuous irradiation for different periods and ON-OFF-ON
mode with 30 minutes for one cycle. Under continuous irradiation, every g-C3Ny hydrogel
with a specific concentration of g-C3N4 materials showed a gradually increase amount of
Hydroxyl radical generation as the irradiation time extended, which means a longer period of
irradiation-induced more photon energy to the doped g-C3zN4 materials, more charge carriers
were excited for the redox reaction. When the g-C3Ny hydrogel is doped with more g-C3Ny

materials, providing more opportunity for electron-hole pairs formation and migration!'%?];
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Fig. 4.32 Live / Dead and intracellular hydroxyl radical images of fibroblast cells treated
with only 0.4% g-C3N4 hydrogel and only LED light irradiation for 60 minutes. The scale
bar is 100 um.

therefore, under the same time irradiation, released hydroxyl radical concentration also
increases as the g-C3Ny4 materials amount increases in the g-C3Ny4 hydrogel system.

For the superoxide anion measurement, the same method was used with Nitrobule tetra-
zolium (NBT) as the colourimetric indicator; the measured superoxide anion concentration
lay between 10 uM to 60 uM, obviously higher than the value of hydroxyl radical because
the photocatalytic reactions, superoxide anion is the one-electron reduction product firstly
formed by the charger carrier react with surrounding oxygen, as shown in Equation 4.7:

Oy+e =0y~ “4.7)

Then, the formed superoxide anion (O ™) further generates hydrogen peroxide as

reactions shown below:
Oy + 2H  +e™ — H,O, 4.8)

Alternatively, forming the hydrogen peroxide through disproportionation in aqueous medium
(Equation 4.9):
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Fig. 4.33 Live / Dead and intracellular hydroxyl radical images of fibroblast cells treated

with 0.4% g-C3N4 hydrogel and LED light irradiation for 10, 30 and 60 minutes. The scale
bar is 100 um.

0y 40, +2H" - H,0,+0, (4.9)

Obtained hydrogen peroxide from all g-C3N4 hydrogels in different irradiation periods
ranged from 10 uM to 35 uM, which is similar to the concentration of hydroxyl radical, as
the hydroxyl radical is one of the products from hydrogen peroxide (Equation 4.10)

H,O2+e¢” — OH+OH™ (4.10)

One interesting thing observed in the hydroxyl radical measurement is that the DMA
hydrogel degrades the CBB solution after irradiation because of the strong oxidative effect
in its polymerisation system, which could be further supported by superoxide anion and
hydrogen peroxide data. However, in our g-C3N4 hydrogel system, the g-C3N4 material
was used as the initiator, neutralising the intense oxidative damage very well and providing
excellent biocompatibility. ON-OFF-ON irradiation mode was implemented to investigate
the sustainable release of ROS in g-C3Ny4 hydrogel through this photocatalytic mechanism;
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Fig. 4.34 Mammalian cell damage effects and intracellular hydroxyl radical accumulation
induced by ROS generated from 0.4% g-C3Ny4 hydrogels in fibroblast cell. 0.4% g-C3Ng4
hydrogel and visible light system induced (A) Viability Data represent mean + SD from
independent experiments (n = 11). (B) Intracellular hydroxyl radical fluorescence signal in
fibroblast cells after 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes of irradiation. (n=3) (C)
Highest intracellular hydroxyl radical concentration change fold in fibroblast cells after 60
minutes of irradiation with 0.4% g-C3zN4 hydrogel immersion. Data represent mean + SD
from three independent experiments (n = 3).

obtained data suggested that g-C3N4 hydrogels could continuously form reactive oxygen
species in the light-off cycle; this makes it more competitive as a wound healing bandage
material.

After detailed confirmation of reactive oxygen species generation in g-C3N4 hydrogel
under visible light illumination, the Live / Dead assays were implemented against gram-
positive, gram-negative, and fibroblast cells. All prepared g-C3Ny4 hydrogels presented a
practical bacterial killing effect in gram-positive bacteria and gram-negative bacteria, but
no apparent fibroblast cell damage was observed. Based on this information and previous
ROS generation and polymerisation data, 0.4% g-C3N,4 was selected for the further detailed
exploration sample.

Extended irradiation with different interested time points was applied to the 0.4% g-
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C3Ny4 hydrogel-interpreted bacteria and mammalian cell systems to fully understand the
ROS-caused bacterial killing pattern in different cells. Live / Dead assay, fluorescence images
and intracellular hydroxyl radical concentration were monitored in parallel experiments. Our
results showed that the ROS-caused killing efficiency in gram-positive bacteria was higher
than the value in gram-negative bacteria; combing with the intracellular hydroxyl radical
concentration variation, intracellular hydroxyl radical in gram-positive bacteria reached
highest concentration after 30 minutes of irradiation of immersed 0.4% g-C3;N4 hydrogel, and
maximum concentration of hydroxyl radical appeared in gram-negative bacteria 30 minutes
later than that in gram-positive bacteria, showing around 2.1 uM lower than the value in gram-
positive bacteria as well. Meanwhile, the killing efficiency in gram-positive bacteria reached
90% after 180 minutes of irradiation, and a sharp increase in killing occurred after 30 minutes
of irradiation, which resulted from the maximum hydroxyl radical accumulation in bacterial
cells at 30 minutes. Moreover, the tendency in gram-negative bacteria differed; killing
efficiency increased gradually, with a final killing percentage at around 70%. Intracellular
hydroxyl radical concentration measured in gram-positive bacteria and gram-negative bacteria
samples also showed a significant difference; in the gram-positive bacterial group, the highest
intracellular hydroxyl radical concentration enhanced 45-fold compared to the negative
control group and only 25-fold of intracellular hydroxyl radical concentration increased in
gram-negative bacteria.

Their membrane structure disparity can explain this killing difference caused by ROS
between gram-positive and gram-negative bacterial?*); the existing structural discrepancy
plays a crucial role in how bacteria encounter attack and respond to different reactive oxygen
species, leading to varying degrees of susceptibility. Gram-positive bacterial only have one
layer of membrane, which mainly consists of a thicker peptidoglycan layer around 20 — 80
nm; this relatively porous structure presents higher permeability, allowing ROS to diffuse
through quickly, getting into contact with inside components such as lipids and DNA, leading
to rapid cell lysis and death. As we considered the hydroxyl radical as the primary attack
factor in this work, it possesses high activity but is limited by diffuse distance; however, as
the simple structure of gram-positive bacteria, more severe damage will be caused once the
hydroxyl radical is attached and penetrated.

Lower killing efficiency in gram-negative bacteria could be attributed to several factors.
Compared to the gram-positive bacteria, gram-negative bacteria have two membrane layers.
The outer membrane comprises lipopolysaccharides (LPS), which consume encountered
ROS effectively, acting as an extra protective layer for gram-negative bacterial?®>l. Besides
this, the hydrophobic character of the constructed outer membrane could also be against

the invasion of hydroxyl radicals due to its hydrophilic affinity. Moreover, the periplasmic
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space between the outer and inner cytoplasmic membranes extends the distance between
outside and intracellular, decreasing the risk of hydroxyl radical diffusion. All these effective
depletions and physical defence against hydroxyl radicals protect gram-negative bacteria
from being killed very well. We further confirmed no significant damage in fibroblast cells,
because fibroblast cells!??6! have more complex intracellular structures than bacterial cells
and possess more comprehensive antioxidative mechanisms. Previous attachment test reveals
that bacteria tended to attach on the surface of 0.4% g-C3N4 hydrogel, and these closely
attached bacteria consume most of the highly active hydroxyl radical; the rest of the species
existed in an average physiological concentration; they mainly act as the signalling factor in
redox biological processes.

As a promising material for chronic wound healing bandage, our developed g-C3Ny4
hydrogel embedded the semiconductor material into the hydrogel system and obtained the
ideal hydrogel with the same optical properties as its two-dimensional material but eliminated
its potential toxicity and avoided the necessity for inducing another extra material into the
open wound site. Under the physiological concentration, ROS commonly stay low and react
with specific targets for highly organised cellular proceedings. In contrast, when this tight
control of ROS concentration is broken, it means in an oxidative stress environment, the
formed concentration difference of ROS would break the maintained steady state of the target.
The essential redox balance in the microenvironment is an opportunity for this controllable
photocatalytic reaction generated reactive oxygen species to defend the invasion pathogen as
well, in the bacteria mammalian cells co-occupied chronic wound site, to clear bacteria and
restore the environment through a method of relatively breaking the internal physiological
homeostasis then reconstruct by using the moderate ROS as signalling transduction factor,
effectively avoiding extra drug-induced resistance. As all biological processes are regulated
in a dose-dependent manner, our quantified ROS generation made it more predictable and
reliable.

4.4 Conclusion

In this chapter, the reactive oxygen species (ROS), including hydroxyl radical, super-
oxide anion and hydrogen peroxide, generated from all g-C3N4 hydrogels were quantified
in detail. The calibration curve of hydroxyl radical was obtained using the Fenton reaction,
and the Coomassie brilliant Blue (CBB) solution was used as the indicator. Under the irradi-
ation of visible light for different periods, the hydroxyl radical generated from all g-C3Ny
hydrogels is between 8 — 32.6 uM. Superoxide anion was calibrated by the standard curve

from the xanthine/xanthine oxidase reaction, Nitrobule tetrazolium (NBT) was used as the
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probe, and g-C3N4 hydrogel generated superoxide anion ranged from 19 uM to 83 uM with
different irradiation periods. Hydrogen peroxide was measured using the Amplex red assay
kit, and the calibrated hydrogel peroxide from g-C3N4 hydrogels under different irradiation
periods ranged from 10 uM to 33 uM.

To select the best-performance g-C3N4 hydrogel, S. epidermidis, E. coli-DH 5S¢,
mCherry-E. coli-DH 5o and fibroblast cells were treated with all g-C3Ny hydrogels with 60
minutes of visible light irradiation; the Live/Dead staining and fluorescence images were
conducted, combined with the preparation conditions, 0.4% g-C3N4 hydrogel was chosen for
the following experiments.

When the ROS generation concentration was quantified with all g-C3N,4 hydrogels
under different irradiation periods, the hydroxyl radical was selected, as it is the main source
of damage. After this, the relationship between viability and intracellular hydroxyl radical
concentration was explored in bacteria and mammalian cell groups, all of which were treated
using 0.4% g-C3N4 hydrogel under different times of irradiation. The obtained results
showed that the gram-positive bacteria are much more easily diffused and inactivated by
hydroxyl radical from g-C3N4 hydrogel than gram-negative bacteria. However, the fibrob-
last cells presented much less intracellular hydroxyl radical concentration after the same
treatment, implying the different oxidative defence situations among gram-positive bacteria,
gram-negative bacteria and mammalian cells.

The work in this chapter confirmed that the visible light illuminated g-C3N,4 hydrogel
could quantitatively form various reactive oxygen species following the subsequent pho-
tocatalytic process. 0.4% g-C3Ny hydrogel released reactive oxygen species that could
kill different bacteria to different extents and showed no severe harm to fibroblast cells.
Monitored intracellular hydroxyl radicals also exhibited a similar tendency to kill efficiency
in different cell groups, indicating the consistency of results. This work reveals a promis-
ing hydrogel system to effectively treat the complex chronic wound environment in novel

drug-free methods for the future development of antibacterial strategies for wound healing.



Chapter 5

Selective Antibacterial Action of ROS
Generated by g-C;N, Hydrogels

5.1 Introduction

As the largest organ, the intact skin barrier protects underlying biological tissue from
invasion by exogenous and pathogenic microorganisms. A wound is formed when the skin
barrier gets injured; without the shielding of the barrier skin!’®the exposed wound bed and
vulnerable biological tissue are susceptible to contamination, leading to infection. Regular or
acute wound repair follows well-organised and overlapping phases, including haemostasis,
inflammation, re-epithelialisation and remodelling. The immunocompromised conditions
could cause these events to be dysfunctional and lead to chronic wounds; these nonhealing
chronic wounds pose a dramatic threat to the whole globe due to the aging population and
increased obesity, diabetes and systemic disease. Understanding the complexity of the chronic
wound environment and its underlying mechanisms is essential for improving the healing
process and developing appropriate therapeutic methods. From a cellular perspective, wound
healing requires the devotion and coordination of various host cells, including keratinocytes,
fibroblasts and immune cells. However, the invasive and colonised microorganisms could
hinder the healing progression across the healing stages by dysregulating the mammalian cell
function and resulting in systematic infection. Thus, it is crucial to selectively kill bacteria
over mammalian cells in the infected chronic wound site.

In addition, chronic wounds are commonly polymicrobial, and the colonised bacteria in
chronic wounds usually alter the microenvironment to impair wound healing; some of them
can form a biofilm, which is the structured bacterial communities enclosed by extracellular
polymeric substance (EPS) that protect the colonised bacterial resident. More than 80%
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of chronic wounds are covered by biofilms!19], considered one of the severe obstructions
during wound healing. Thus, improving wound healing involves appropriately inactivating
bacteria over mammalian cells while regulating and reshaping the coordinating sequence of
cell signalling events.

We have previously studied the reactive oxygen species generation in our developed g-
C3Ny4 hydrogel, and the controllable release of ROS was confirmed in g-C3Ny4 hydrogel after
visible light irradiation. The ROS molecules formed effectively inactivate the bacteria in both
Gram-positive and Gram-negative conditions but show no apparent damage to the fibroblast
cells. However, the potential of selective damage was detected in the separately cultured
bacterial group and fibroblast group. Here, to further confirm the selective antibacterial
effect of ROS against bacteria on mammalian cells in a wound-similar environment, a simple
bacteria mammalian cell co-culture group was constructed to mimic the chronic wound site
situation, 0.4% g-C3Ny4 hydrogel was applied to the co-culture group in a controllable format.
First, the evolution of bacteria accumulation and fibroblast cell viability in a coculture model
was studied to determine the robustness of the basement of the coculture mode. Based on
this, the viability of bacteria and fibroblast cells was evaluated after direct contact with 0.4%
g-C3Ny hydrogel after different irradiation times. The performance of biofilm eradication

and the essential functions of mammalian cells were also determined in detail.

5.2 Results

5.2.1 Accumulation of RFP-expressed bacteria in the co-culture group

The bacteria and mammalian cell co-culture model was constructed with RFP-E. coli
(mCherry-E. coli) and fibroblast cells to mimic the chronic wound environment. As our
aim in this part is to check whether the bacteria in the co-culture group will be killed and
leave the mammalian cell to live well, the accumulation status of RFP—E. coli was monitored
throughout different co-culture periods. After 2, 4, 6, 8, 12 and 24 hours, co-cultured samples
were stained with CellMask TM Actin Tracking Stains and NucRed for the skeleton and
nucleus of fibroblast cells, respectively.

Fluorescence images were collected, as shown in Figure 5.1A, and then the number
of RFP-E. coli accumulated around the fibroblast cells at specific time points was analyzed
using colocalization analysis. In Figure 5.1B, different from the images of 2 hours, 4 hours,
and 6 hours, when the co-culture period increases to 8 hours, it is evident that the RFP-E. coli
cells gradually become close to the fibroblast cells, attaching to the fibroblast cells, moving
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Fig. 5.1 RFP-E. coli accumulation status in co-cultured group. (A) Fluorescence images of
co-cultured group after 2, 4, 6, 8, 12 and 24 hours of co-culture. The scale bar is 50 um. (B)
Co-localization analysis of images in figure A.

The data from the co-localization analysis suggested that almost no red fluorescent
protein signal was observed along with the cell skeleton signal after 2 hours of co-incubation,
and the signals gradually increased after 4 -6 hours of co-culture. 12- and 24-hour co-culture
led to a high co-localise between fibroblast cell signal and accumulated RFP-E. coli signal
and captured fluorescence images showed the same condition. Slightly less RFP-E. coli
bacterial cell number in the fluorescence images (Figure 5.1A) resulted from the washing
step in fluorescence sample preparation because, after 24 hours of co-culture, earlier biofilm
was formed, which is easily destroyed by repeated washing, flushing more RFP-E. coli cells

away.
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5.2.2 Viability of fibroblast cells in the co-cultured group

Another vital factor in this co-cultured model is the viability of fibroblast cells. To
selectively kill bacteria over mammalian cells, the live status of the co-group needs to be
confirmed first to avoid any possible misinterpretation for the next step of work. Thus, the
fibroblast cells in the co-cultured group were stained with a Live / Dead assay kit after
2,4, 6, 8, 12 and 24 hours of co-culture, and then fluorescence images and fluorescence
signal from the live channel were measured as well. No unmistakable dead signal of
fibroblast was observed in both fluorescence images and fluorescence intensity across all
co-cultured periods (Figure 5.2A and Figure 5.2B). Meanwhile, a red fluorescent protein
signal was also detected; data shown in Figure 5.2C presented the same variation as data
in the co-localisation analysis. The obtained red fluorescent protein signal grew steady as
the incubation period extended, and a noticeable drop was observed in the 24-hour sample.
No significant damage was exhibited; 8 hours of co-culture were used as the co-incubating
period for all following co-cultured work.

5.2.3 Selectively inactivation in bacteria over mammalian cells by ROS
generated from g-C;N, hydrogel in the co-cultured group

To find the evidence for the hypothesis that hydroxyl radical from 460 nm catered LED
light irradiated 0.4% g-C3Ny is capable of killing bacteria over mammalian cells, even in
the co-cultured group. They verified the co-culture group with RFP-E. coli and fibroblast
cells were treated using 0.4% g-C3N4 under different irradiation times, viability of fibroblast
cells and RFP-E. coli was monitored using both microplate data reading and fluorescence
microscopic images.

As the data shown in Figure 5.3A, after the first 10 minutes of treatment, 20% of
RFP-E. coli cells were damaged, and the kill percent of fibroblast cells was about 6%. From
the view of intracellular hydroxyl radical concentration change, the detected hydroxyl radical
signal in the co-cultured group after 10 minutes was 111 in fluorescence intensity (Figure
5.3B), corresponding to 8.46 uM of hydroxyl radical inside. Fibroblast cell killing percent
in the co-cultured group was kept lower than 10% within 180 minutes of treatment, while
the RFP-E. coli was killed 30% after 60 minutes, 50% after 120 minutes and 70% after 180
minutes of treatment, showing similar development in the single group treatment.

Regarding intracellular hydroxyl radical concentration in the co-cultured group, the
highest concentration reached at 30 minutes, the same as S. epidermidis but earlier than
the E. coli - DH 50 group due to the contributions from two species. At 30 minutes, the
fluorescence intensity of hydroxyl radical in the co-group was 225 with 18 uM in exact
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Fig. 5.2 Viability of fibroblast cells in the co-cultured group. (A) Fluorescence images
of fibroblast cells in co-cultured group. Scale bar is 50 um. (B) Live signal of fibroblast
cells in co-cultured group, (n=6) (C) Red fluorescent protein signal from RFP-E. coli in
the co-culture group, (n=6). Data are presented as mean + SD (n = 6). Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s post hoc test. P < 0.05 was
considered statistically significant (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001).
Statistical analysis was conducted using GraphPad Prism 10.0.

intracellular hydroxyl radical concentration. The detected hydroxyl radical signal dropped
gradually as irradiation time lasted (Figure 5.3C). Fluorescence images of Live / Dead
staining and intracellular ROS were collected after 10 and 60 minutes of irradiation (Figure
5.4 and Figure 5.5), showing the same results as plotted data in Figure 5.3. Live signal of
RFP-E. coli was diminished gradually without disturbing fibroblast cells, and the hydroxyl
radical signal could be seen slightly.

5.2.4 Biofilm eradication

One significant factor contributing to the complex microenvironment in chronic wounds

is that they are easily occupied by bacterial strains that hinder wound healing. Some of
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Fig. 5.3 Selectively killing and intracellular hydroxyl radical concentration caused by ROS
from 0.4% g-C3N4 hydrogel in RFP-E. coli and fibroblast cells co-cultured group. 0.4%
g-C3Ny hydrogel caused (A) selectively Killing efficiency (B) intracellular hydroxyl radical
fluorescence signal (C) intracellular hydroxyl radical concentration in co-cultured group
after 0, 1, 2, 4, 6, 8, 10, 30, 60, 120 and 180 minutes of irradiation. (n=3) (D) Highest
intracellular hydroxyl radical concentration change fold in co-cultured group after 30 minutes
of irradiation with 0.4% g-C3;N4 hydrogel immersion. Data represent mean + SD from three
independent experiments (n = 3).

these strains can form biofilm, a sophisticated microenvironment consisting of bacteria and
polysaccharides, proteins, lipids and nucleic acids. The biofilms are commonly persistent,
difficult to destroy, and may lead to severe infectious diseases. Thus, in this work, the
performance of ROS released from g-C3N4 hydrogel against the compact biofilm was also
studied. Biofilms were formed using S. epidermidis and E. coli - DH 5« after 24 hours of
culture. 0.4% g-C3N,4 hydrogel was applied onto the formed biofilm for 30 minutes and 60
minutes of treatment; a quantified assessment was carried out using crystal violet staining
and confocal laser scanning to evaluate the efficiency of biofilm eradication. S. epidermidis
elimination effect was shown in Figure 5.6; after 30 minutes of irradiation, 80% of biofilm
was destroyed and reached 93.8% after 60 minutes of irradiation (Figure 5.6A). In the CLSM

images, almost no intact biofilm structure remains after 60 minutes of treatment (Figure
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Fig. 5.4 Live / Dead fluorescence images of co-cultured group after the treatment with
0.4% g-C3Ny4 hydrogel and LED light irradiation. Dark control, only co-cultured group
with no treatment; 0.4% g-C3;N4 hydrogel control, the co-cultured group covered by 0.4%
g2-C3Ny hydrogel for 60 minutes without light irradiation; Light control, the co-cultured
group irradiated using visible light for 60 minutes without 0.4% g-C3Ny4 hydrogel; Treat 10
minutes, the co-cultured group covered with 0.4% g-C3N,4 hydrogel and irradiated using
visible light for 10 minutes; Treat 60 minutes, the co-cultured group covered with 0.4%
g-C3Ny hydrogel and irradiated using visible light for 60 minutes; Row BF is the bright field
images of co-cultured group; Row Fibroblast is the Live/Dead staining images of fibroblast
cells in the co-cultured group after the different treatments, green is the live fibroblast cells,
red is the dead fibroblast cells; Row RFP-expressed E. coli is the Live/Dead images of
RFP-expressed E. coli in the co-cultured group after the different treatments, orange is the
fluorescence signal of RFP-expressed E. coli, which is decreased and disappeared as viability
of RFP-expressed E. coli decreased and dead; Row fluorescence merging is the merge
of the Live/Dead fluorescence images of fibroblast cells and RFP-expressed E. coli in the
co-cultured group; Row all merging is the merge of fluorescence merging images with bright
field images. Green is the live fibroblast cells, red is the dead fibroblast cells; and orange is
the fluorescence signal from RFP. The scale bar is 100 um.

5.6B), aligned with the crystal violet staining data. Another interesting point observed is that
the only light-irradiated control sample showed slight degradation, possibly because the S.



132 Selective Antibacterial Action of ROS Generated by g-C3N4 Hydrogels

Dark control  0.4% g-C;N, control Light control Treat 10 min Treat 60 min

BF

RFP-expresse
E.coli

_—— e

Fluorescence merging

All merging

Fig. 5.5 Intracellular hydroxyl radical in co-cultured group after treatment of 0.4% g-C3Ny
hydrogel and LED light irradiation. Dark control, only co-cultured group with no treatment;
0.4% g-C3sN,4 hydrogel control, the co-cultured group covered by 0.4% g-C3N4 hydrogel
for 60 minutes without light irradiation; Light control, the co-cultured group irradiated using
visible light for 60 minutes without 0.4% g-C3Ny4 hydrogel; Treat 10 minutes, the co-cultured
group covered with 0.4% g-C3Ny4 hydrogel and irradiated using visible light for 10 minutes;
Treat 60 minutes, the co-cultured group covered with 0.4% g-C3N4 hydrogel and irradiated
using visible light for 60 minutes; Row BF is the bright field images of co-cultured group;
Row Fibroblast is the intracellular hydroxyl radical images of fibroblast cells in the co-
cultured group after the different treatments, green is the fluorescence signal of intracellular
hydroxyl radical; Row RFP-expressed E. coli is the intracellular hydroxyl radical images
of RFP-expressed E. coli in the co-cultured group after the different treatments, orange
is the fluorescence signal of RFP-expressed E. coli, which is decreased and disappeared
as the intracellular hydroxyl radical increase in bacterial cell, because of the bacterial cell
membrane broken, here, no obvious hydroxyl radical signal observed is also affected by the
size difference and signal intensity difference between bacteria and fibroblast cells; Row
fluorescence merging is the merge of intracellular hydroxyl radical in fibroblast cells and
RFP-expressed E. coli; Row all merging is the merge of fluorescence merging images
with bright field images. Green is the intracellular hydroxyl radical signal; orange is the
fluorescence signal from RFP. The scale bar is 100 pum.

epidermidis is much easier to break.
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Fig. 5.6 S. epidermidis formed biofilm eradication. (A) Crystal violet stainning test and (B)
Confocal Laser Scanning microscopic images of S. epidermidis formed biofilm after treated
by 0.4% g-C3N4 hydrogel and LED light irradiation. Purple is the biofilm stained with
Crystal violet solution. Green is the bacteria in biofilm stained with SYTO-9 dye. Data are
presented as mean + SD (n = 6). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post hoc test to compare each treatment group with the control. P <
0.05 was considered statistically significant (ns = not significant, * p < 0.05, ** p < 0.01,
*k% p < 0.001, #*** p < 0.0001). Statistical analysis was conducted using GraphPad Prism
10.0.

Hydrogel (+)

In the E. coli - DH 5a test, the biofilm eradication rate was also over 88% after
30 minutes and 92% after 60 minutes of treatment (Figure 5.7A). The obtained confocal
scanning images show an effective biofilm intactness decomposition. The data collected in
this part confidently support that the ROS from 0.4% g-C3N4 hydrogel eradicate compact
biofilm very well; it is beneficial for chronic wound environment management.

5.2.5 Effects of 0.4% g-C3;N,4 hydrogel treatment on mammalian cell
functions

To obtain robust results for our selectively killing work, we investigated in detail the
live status and essential functions of fibroblast cells in this co-culture group after treatment.

Measurement of migration in fibroblast cell

Firstly, the migration capability of fibroblast cells was evaluated after 10 minutes, 30
minutes and 60 minutes of treatment; fluorescence images were collected after 12 hours,
24 hours and 3 days of continuous culture (Figure 5.8A), and the wound healing rate was

analysed for every specific time. 12 hours of data was shown in Figure 5.8B 10 and 30
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Fig. 5.7 E. coli - DH 50 formed biofilm eradication. (A) Crystal violet stainning test and (B)
Confocal Laser Scanning microscopic images of E. coli - DH 5¢¢ formed biofilm after treated
by 0.4% g-C3Ny4 hydrogel and LED light irradiation. Purple is the biofilm stained with
Crystal violet solution. Green is the bacteria in biofilm stained with SYTO-9 dye. Data are
presented as mean £ SD (n = 6). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post hoc test to compare each treatment group with the control. P <
0.05 was considered statistically significant (ns = not significant, * p < 0.05, ** p < 0.01,
*k% p < 0.001, #**%* p < 0.0001). Statistical analysis was conducted using GraphPad Prism
10.0.

minutes irradiation samples presented 11% and 14% gap closing, slower than the control
group with a 19% closure rate. 60 minutes treated sample migrated 17% after 12 hours of
culture, showing no significant difference from the control group. After 24 hours of culture,
there is no obvious statistical difference between the control, 10-minute, and 30-minute
treated samples, with around 30% healing. 60 minutes irradiated sample presented the
highest closure rate with 42% (Figure 5.8C). 3 days later (Figure 5.8D), the gap was nearly
closed, and all treated groups showed an 80% closure rate, the same as the control group.
Therefore, the migration behaviour of treated fibroblast cells proved that hardly impairment
was induced by LED irradiated 0.4% g-C3N4 hydrogel, which means the released ROS did
not affect the proliferation and migration capability of fibroblast cells.

Assessment of morphology change in fibroblast cells

Then, the morphology of fibroblast cells was checked after treatment. The area of
fibroblast cells was located at 2000 um? on average (Figure 5.9B). Obtained data suggested
that cell attachment status remained unaffected by either 0.4% g-C3N4 covering and ROS
released after LED irradiation (p-value > 0.05). The area analysis data is consistent with

previous samples that only covered g-C3N4, which means that the fibroblast cells can maintain
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Fig. 5.8 Fibroblast cells migration capability after treated with 0.4% g-C3zN4 hydrogel and
LED light irradiation. (A) Fluorescence images of 0.4% g-C3Ny4 hydrogel and LED light
treated fibroblast cell migration after 12 hours, 1 day and 3 days, scale bar is 100 um. Scratch
closure rate of treated fibroblast cells after (B) 12 hours, (C) 1 day and (D) 3 days. Dy is the
gap formed originally; T;2 is the gap after co-incubating without and with covered hydrogels
for 12 hours; Dy is the gap after co-incubating without and with covered hydrogels for 1
day (24 hours); D3 is the gap after co-incubating without and with covered hydrogels for 3
days (72 hours). Data are presented as mean == SD (n = 3). Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post hoc test to compare each treatment group
with the control. P < 0.05 was considered statistically significant (ns = not significant, * p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted
using GraphPad Prism 10.0.
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good attachment and stretch under the selective killing treatment condition. The aspect ratio
data was in the range of 2 — 5; this data represented how elongated or stretched the cells are,

calculated using the formula below:

Length of the cell

A io =
spectratio = < the cell

(5.1)

When the aspect ratio is close to 1, the cell is shaped more circularly, indicating impaired
cell attachment. If the aspect ratio is greater than 1, like the data in Figure 5.9C, the cell is
spindle-shaped, a typical status for healthy fibroblast cells. Combing with the roundness data
defined as:

4xA
Roundness = x - rea 3 (5.2)
7 X (Perimeter)
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In Figure 5.9D, the roundness of fibroblast cells after treatment was lower than 0.5, and
no statistical difference was observed between the roundness of the fibroblast cells irradiated
from different time points compared to the culture without 0.4% g-C3N4 hydrogel immersion
or LED irradiation. This low roundness of all treated fibroblast cells suggested a more
stretched and elongated shape, revealing no alteration in its functional state under selective

killing conditions.
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Fig. 5.9 Fibroblast cells morphology change after 0.4% g-C3N,4 hydrogel and LED light
irradiation treatment. (A) Fluorescence images of fibroblast cells after 0.4% g-C3N4 hydrogel
and LED light irradiation treatment. The scale bar is 50 um. Analysis of (B) area (C) aspect
ratio and (D) roundness of fibroblast cells after treatment. Green is the skeleton of fibroblast
cells stained with CellMaskTM Actin Tracking Stains and the purple is the cell nucleus
stained with NucRed. Data are presented as mean + SD (n = 35). Statistical analysis was
performed using one-way ANOVA followed by Dunnett’s post hoc test to compare each
treatment group with the control. P < 0.05 was considered statistically significant (ns = not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.

Assessment of tube formation in HUVECs

Human umbilical vein endothelial cells (HUVECS) are also vital for chronic wound
healing, playing a crucial role in angiogenesis. In chronic wounds, impaired angiogenesis is a
critical issue that hinders organised healing. Thus, the angiogenesis function of HUVECs was
also evaluated under the same conditions as that of selective killing. Fluorescence images and
characterisation data were collected to discover the effect from either 0.4% g-C3N4 hydrogel
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contact or ROS diffusion after LED irradiation. In Figure 5.10B, extremities from all groups

were analysed using the collected fluorescence images (Figure 5.10A). An extremity or

A

Control 10 minutes 30 minutes 60 minutes

[o1)
m

a
o
o
=3
S
o
S

»
S
S
IS
S

=}
t=

@
=3
S
@
13

N
=3
153
[
[

Number of extremity
a
o

Number of node
Number of branch
Number of segment
Number of mesh

-
o
S

=

o

> &
O’ = N
¢ & &
& &

S & &

> & & e

O Q Q Q
& & & &
S S S S

o>
& s o

Fig. 5.10 Angiogenesis capability of HUVECs after 0.4% g-C3N4 hydrogel and LED light
irradiation treatment. (A) Fluorescence images of HUVECsS after treatment, scale bar is 200
um. Analysis of (B) extremity (C) node (D) branch (E) segment and (F) mesh number in
figure A. The HUVECs were seed on matrigel then treated with and without 0.4% g-C3Ng4
hydrogel and visible light irradiation, then all samples were put back to cell culture incubator
for 6-hour of incubation, after this, the tube formation was assessment to evaluate the effect
of ROS from 0.4% g-C3N4 hydrogel to HUVECs function. Phase-contrast images were
analyzed using Image] with the AngioTool plugin to quantify number of extremity, node,
branch, segment, and number of mesh. Images were converted to grayscale, thresholded, and
skeletonized before analysis. Data are presented as mean £ SD (n = 3). Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s post hoc test to compare each
treatment group with the control. P < 0.05 was considered statistically significant (ns = not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis
was conducted using GraphPad Prism 10.0.

endpoint in the angiogenesis sample refers to the terminal end of a tubule in the network. In
Figure 5.10B, the 10-minute treated sample had an increased number of extremities than the
other groups, which means a lower connection formed after 10 minutes of irradiation with
0.4% g-C3N4 hydrogel covered, generating an immature network during the angiogenesis
process. Node is defined as a point where two or more tubules intersect or branch out,
representing regions where endothelial cells are actively forming connections, which is a key
indicator of formed network complexity. In the count of nodes from fluorescence images
(Figure 5.10C), the 10-minute treated sample generated a lower number of nodes, implying

a lower degree of branching and interconnection, which aligns with the extremity number
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counting. No obvious difference was observed in the 30-minute and 60-minute irradiated
samples compared to the control group without intervention, indicating a better angiogenic
potential. Brach is the extension of a tubule that starts from a node or junction and extends
outward to connect with other nodes or form a new extremity. The number of branches
indicates the extent of vascular development; Figure 5.10D displayed a significant difference
between the 10-minute treatment sample androl group, revealing a positive angiogenic
response caused by early ROS stimulation. Segment and mesh numbers were counted
in Figure 5.10E and Figure 5.10F, except for the lower maturity shown in 10-minute
samples; 30-minute and 60-minute irradiated samples presented a well-developed capillary-

like network, which means an unaffected angiogenesis performance.

5.2.6 Target site of ROS generated from 0.4% g-C3;N4 hydrogel system

Reactive oxygen species (ROS), a group of highly active molecules, have cytotoxicity
against bacterial and mammalian cells. When the co-cultured group containing bacteria and
mammalian cells is exposed to released ROS from 0.4% g-C3Ny4, the damage efficiency
should be technically close. Thus, this section investigated the possible reason for the

selective killing properties observed in our work.

Membrane integrity measurement

ROS is considered the ROS-killing mechanism. It can directly attack the lipid bilayer
of bacterial or mammalian cell membranes, causing lipid peroxidation. ROS can lead to
membrane disruption, increasing permeability, and cell lysis. Gram-negative and gram-
positive bacteria have different membrane structures, which could explain their different
killing efficiency.

This work assessed the killing efficiency with potential membrane-permeabilising
effects using fluorescence probes N-phenyl-1-naphthylamine (NPN) and propidium iodide
(PI). NPN is one of the hydrophobic dyes with very low fluorescent emission when dissolved
in only water; the fluorescence signal steeply increases when NPN binds with nonpolar
molecules. The outer membrane of gram-negative bacteria prevents NPN from binding to
the inside hydrophobic tail of phospholipids; this allows us to detect the intactness of the
outer membrane, as the fluorescence intensity of NPN will increase sharply when outer
membrane rupture occurs. PI is a red-fluorescent nucleic acid stain that tends to bind to DNA
and RNA by intercalating the bases. This binding leads to a 20 to 30-fold enhancement of
PI fluorescence intensity. This membrane-impermeable stain can only label bacteria with a

damaged inner membrane.
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Based on this, the membrane integrity of two different bacteria was evaluated after
treatment with 0.4% g-C3N4 hydrogel and LED light. Outer membrane intactness was only
detected in gram-negative bacteria, E. coli — DH 5S¢ using NPN as a probe; the positive group
was treated with polymyxin B, which is a typical antibiotic that disrupts the outer membrane
of gram-negative bacteria, allowing the binding of NPN to the tail of inside phospholipids,
obtained data was plotted in Figure 5.11.
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Fig. 5.11 Outer membrane intactness of E. coli - DH 5o after 0.4% g-C3Ny4 hydrogel and
LED light irradiation, control groups: negative, only 0.4% g-C3Ny4 hydrogel, only LED light
irradiation, positive control treated with polymyxin B. Data are presented as mean 4+ SD
(n = 6). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s
post hoc test to compare each treatment group with the control. P < 0.05 was considered
statistically significant (ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p
< 0.0001). Statistical analysis was conducted using GraphPad Prism 10.0.

0.4% g-C3Ny4 hydrogel showed no impair to the intactness of outer membrane, fluo-
rescence signal from LED light treated sample increased slightly compared to the negative
control group, because the light irradiation could induce oxidative process in bacteria. When
the sample was treated with 0.4% g-C3N4 hydrogel and LED light irradiation for 60 minutes,
a significant difference was observed compared to the negative control group, indicating the
effective break of the outer membrane with the 1.42-fold signal enhancement of NPN binding.
For further exploration, inner membrane integrity was detected using PI as the fluorescence
probe. Here, the positive group was treated with 0.1% Triton X-100, a non-ionic surfactant;
the bacterial inner membrane disruption results from its amphipathic nature, leading to a
permeability increase of inner membrane and PI probes binding to DNA. Figure 5.12A, the
tested group of S. epidermidis showed strong damage by ROS released from 0.4% g-C3Ng4
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hydrogel, causing the effect to be close to the positive control group. Regarding E. coli
— DH 5a (Figure 5.12B), the measured PI signal showed a statistical difference between
the ROS-treated group and the negative control. Still, it was much lower than the positive
control group. These obtained data suggested that gram-positive bacteria with only one outer
membrane consisting of peptidoglycan could be oxidised easily, leading to further content
leakage and lysis. In the gram-negative bacteria, the existing outer membrane provides
protection to some extent; ROS released from 0.4% g-C3N4 hydrogel was consumed; thus,

the inner membrane could avoid severe disruption.
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Fig. 5.12 Inner membrane intactness of (A) S. epidermidis and (B) E. coli - DH 5o after 0.4%
g-C3Ny hydrogel and LED light irradiation, control groups: negative, only 0.4% g-C3Ny
hydrogel, only LED light irradiation, positive control treated with 0.1% Triton X-100. Data
are presented as mean = SD (n = 6). Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s post hoc test to compare each treatment group with the
control. P < 0.05 was considered statistically significant (ns = not significant, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < (0.0001). Statistical analysis was conducted using

GraphPad Prism 10.0.

Protein damage measurement

In addition, damage to proteins inserted on bacterial membranes was also studied here;
the activity of 3-galactosidase from the S. epidermidis group (Figure 5.13A) is considerably
lower than that of the E. coli — DH 5o group (Figure 5.13B), revealing that the two-layer
structure of gram-negative bacteria can effectively protect their structural integrity and the
gram-positive bacteria with simple membrane structure is much more relying on their proteins

to neutralizing the oxidation from ROS.
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Fig. 5.13 Protein damage measurement of (A) S. epidermidis and (B) E. coli — DH 5.
Data are presented as mean &= SD (n = 6). Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s post hoc test to compare each treatment group with the
control. P < 0.05 was considered statistically significant (ns = not significant, * p < 0.05,
** p < 0.01, #** p < 0.001, **** p < (0.0001). Statistical analysis was conducted using
GraphPad Prism 10.0.

5.2.7 Oxidative stress measurement

Compared to previous light-based biomedical devices, most of them rely on Ultraviolet
(UV) light; simple visible LED light was implemented in this work. Therefore, light-induced
auto-oxidative could be different; forming reactive oxygen species (ROS) from only light
irradiation can also lead to extra oxidation of molecules such as lipids, proteins and nucleic
acids. Different light source performances might support our robust selective killing results
in bacterial and mammalian cells co-cultured groups. Fibroblast cells were irradiated using
UV and our visible LED light in two different schemes to reveal the auto-oxidative effect
caused by different light sources, and the genotoxicity of fibroblast cells was evaluated using
YH2Ax immunofluorescence (Figure 5.14). Statistically significant increases in the signal of
YH2Ax were measured in irradiated fibroblast cells for all types of exposure compared to
control cells (Figure 5.15).

Under UV light irradiation, the fluorescence intensity of YH2Ax in fibroblast cells
increased 21.8-fold for acute exposure and 40.7-fold for chronic exposure. However, the data
obtained from our visible LED light showed no noticeable difference in acute and chronic
exposure (p-value > 0.99), suggesting this LED light led to negligible oxidative stress. Thus,
the killing effect resulted mainly from the ROS from 0.4% g-C3N4 hydrogel, making the
selective killing more controllable.
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Fig. 5.14 Immunofluorescence stain of fibroblast cells after irradiating with LED and UV
light in both acute and chronic exposure. The scale bar is 20 um.
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Fig. 5.15 Analysis of immunofluorescence images after irradiating with LED and UV light
in both acute and chronic exposure. Data are presented as mean = SD (n = 20). Statistical
analysis was performed using one-way ANOVA followed by Turkey’s post hoc test to
compare all groups. P < 0.05 was considered statistically significant (ns = not significant, *
p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Statistical analysis was conducted
using GraphPad Prism 10.0.
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5.3 Discussion

ROS release from our developed g-C3N4 hydrogel was confirmed previously, and effec-
tive bacterial killing was also observed in different methods. However, the chronic wound
environment is a complex biological situation encompassing functional mammalian cells
and bacterial residents. The damage caused by ROS formed from 0.4% g-C3N4 hydrogel
to the bacteria and fibroblast cells in the single cultured group may altered in the co-culture
group, in which the fibroblast cells stay close with the co-cultured bacteria, and both of them
encounter with ROS molecule equally. In contrast to normal wound healing, proliferation,
angiogenesis, and stem cell activation for further extracellular matrix remodelling have all
been impaired in chronic wounds!’8. At the same time, long-term inflammation has also been
persistent and damaging. These nonhealing chronic wounds allow polymicrobial occupation
and entry to the underlying biological tissue to colonise and grow. Interactions of symbiotic
microorganisms with supportive skin cells in the normal wound healing process could be
helpful for the immune response. However, pathogenic bacteria play a substantial role in
the delayed healing of wounds!!' 6], Thus, analysing the co-group composed environment in
an impaired chronic wound is indispensable for identifying a novel treatment strategy for
chronic wound healing improvement. First, the basic information of the co-culture group was
investigated from bacteria accumulation and viability change of fibroblast cells. mCherry-E.
coli was used as the bacteria, and the fibroblast cell was accepted as the mammalian cell to
study the specific details through data and image collection. Bacteria and fibroblast cells
were co-cultured for 2, 4, 6, 8, 12 and 24 hours to study the mCherry-E. coli occupation
status in the previously seeded fibroblast cell group. mCherry-E. coli number increased as the
co-culture period increased, showing the gradual attachment and colonisation of bacteria in
the fibroblast cell. The longer the co-culture, the more bacteria were shown in the view with
the accumulation tendency from the outline of cells towards the nucleus. The co-localisation
analysis also proved the same results (Figure 5.1). The viability of fibroblast cells was
also assessed to provide a reliable baseline for our selectively killing test; with the bacterial
number increase, no obvious cell damage was detected(Figure 5.2). Thus, this constructed
co-culture group provided a model to explore the possible effect after the 0.4% g-C3Ng4
hydrogel released ROS interacting with the co-cultured group.

Most developed chronic wound treatment strategies have faced significant challenges in
clinical application, such as manipulating the therapeutic approach to find a reliable strategy
that ensures the bacteria is killed rather than mammalian cells. A previous attempt was imple-
mented using nanoenzyme-generated surface-bond ROS to selectively kill?%’l. However, the
synthesis process of nanoenzymes is complicated, and extra exogenous material was intro-

duced into the biological system, which is not good for long-term physical conditions. In this
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work, the selective killing effect was confirmed in the bacteria and fibroblast cells co-cultured
group when exposed to the 0.4% g-C3N4 hydrogel formed ROS molecules(Figure 5.3); up to
180 minutes of irradiation, gradually increased bacterial killing was observed. Fibroblast cell
impairment was kept lower than 10% at the same time(Figure 5.3A). Intracellular hydroxyl
radical concentration, which should be the main damage factor within the three specific ROS
molecules we investigated, shows a similar tendency as in the single culture S. epidermidis
group when the co-cultured group with mCherry-E. coli. A Rapid maximum hydroxyl radical
concentration accumulation was observed due to a large number of cells in the co-cultured
group (Figure 5.3B). As a biocompatible hydrogel, 0.4% g-C3N4 released ROS kept in a
mammalian cell tolerated range, while the most effective hydroxyl radical is highly limited
by the diffuse distance when the bacterial cells in co-group showed greater affinity preference
than mammalian cells, the primary damage was caused in bacterial cells. Compared to
bacteria, fibroblast cells have more complex intracellular structures and various antioxidant
defence mechanisms; after the consumption caused by bacteria penetration, the rest of the
ROS species would potentially act as the signalling transduction factor in fibroblast cells
rather than damaged molecules. We developed a method that can selectively kill bacteria
over mammalian cells non-invasively, even in a co-existed environment, which is typically
suited for chronic wound environment management.

Breaking the compact biofilm in the wound site is the beginning of wound healing
initiation. Thus, wound healing materials are expected to be effective in biofilm damage. Our
developed g-C3Ny4 hydrogel eradicates the formed biofilm very well, further broadening the
application. In addition, this biofilm-breaking process would consume a lot of highly active
ROS molecules, alleviating the possible damage to underlying mammalian cells and further
confirming the excellent performance as a chronic wound healing bandage material (Figure
5.6 and Figure 5.7).

Wound healing is an intricate process requiring several cells to work sequentially, con-
tributing to different cellular events, including proliferation, migration and vascular formation.
Thus, functions in different cell types were investigated under the previous treatment condi-
tion. Normal fibroblast cell morphology with stretched fibres and healthy nuclei can maintain
structural integrity. The well-organised structure allows them to behave well for proliferation
and adhere to the extracellular matrix for damaged tissue reconstruction?%8!, Moreover, the
typical morphology of fibroblast cells is essential for collagen formation and the strength
of newly formed tissues. (Figure 5.9) As a critical cell in tissue repair, fibroblast cells are
responsible for migrating to the wound site and producing collagen, providing the basic
structure for newly formed healing tissue. Our test proved that this treatment does not harm

the migration capability of fibroblast cells, which is more robust evidence for this selectively
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killing work (Figure 5.8). Angiogenesis is a crucial process for the vascular system remod-
elling. The well-behaved endothelial cells in angiogenesis are involved in growth factor
release for further tissue repair, cell migration, and proliferation. The appropriate diffusion
of ROS promotes tube formation in the treatment of HUVECs, which is essential for the
formation of new connective tissue and the reconstruction of blood vessels. (Figure 5.10)
All mammalian cell function measurements provide strong support for this material.

As the obtained results demonstrated, in our constructed co-cultured model, 0.4%
g-C3Ny hydrogel generated ROS can selectively kill bacteria over mammalian cells and
participate in essential mammalian cells work well; it can be explained as the formed ROS
are primarily consumed by firstly encountered bacterial cells, stopping an oxidative stress
accumulation in mammalian cells. Moreover, different bacterial strains also presented dif-
ferent tolerance to the ROS attack; results about membrane (Figure 5.11 and Figure 5.12)
and protein (Figure 5.13) damage measurements explained that the gram-positive bacteria
quickly lose their structural integrity and sacrifice the protein to defend against the attack
from ROS molecules, which is aligned with our observation in Chapter 4.

Different from most previous studies, this work was based on low-power visible light,
making wearable bandages feasible. The light source is one of the limitations of photo-
activated biomedical applications; most of them rely on laser power or UV light, which
hinders the utilisation as a point-of-care device due to their lab-based properties and possible

damage to the skin[?%]

. Excessive ROS accumulation in biological tissue could lead to
oxidative stress, leading to delay or impairment of wound healing; light source could be one
of the essential factors to induce unnecessary ROS formation. Phosphorylation of H2Ax
at Ser 139 (YH2Ax) was used to express the light source-induced genomic damage(Figure
5.14); data obtained from immunofluorescence presented slightly double-stranded DNA
breaks after our visible light irradiation (Figure 5.15), which is different under the UV light
irradiation. On the other hand, this negligible oxidative stress caused by the light source
in our system was also beneficial for precise ROS regulation, which is important for the

selective killing process, as biological events are highly dependent on the applied dosage.

5.4 Conclusion

In this chapter, a bacteria/mammalian cell cocultured group was constructed to verify the
selective killing in a similar environment as a chronic wound. First, the coculture conditions
were clarified, and an 8-hour coculture period was used to obtain a comparable cell number in
both bacteria and fibroblast cells in the co-group. The viability of bacteria and fibroblast cells

was also measured, reassuring the coculture group was in good condition. After that, this
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co-group was treated using 0.4% g-C3Ny4 hydrogel under different periods of light irradiation,
Live/Dead staining and intracellular hydroxyl radical label was implemented in parallel set
experimental groups to explore the details of hydroxyl radical-induced selectively killing
in this cocultured group. Obtained results proved that in the cocultured group, bacteria
presented a faster intracellular hydroxyl radical accumulation than fibroblast. The selective
killing of bacteria over mammalian cells was also achieved due to this hydroxyl radical
concentration difference. Fluorescence images were collected both in the Live/Dead test and
intracellular hydroxyl radical diffusion test group, showing the same tendency as plotted
data.

The biofilm eradication efficiency was evaluated both with crystal violet staining and
confocal image scanning after 30 minutes and 60 minutes of treatment with 0.4% g-C3N4
hydrogel and visible light irradiation, 80% biofilm was destroyed in gram-positive bacteria
and gram-negative bacteria, showing great biofilm degradation efficiency.

Considering the bacteria and mammalian cell co-occupy situation in the chronic
wound environment, previous treatment approaches were limited by the inevitable dam-
age to healthy mammalian cells and few work realized the selectivity killings using only
hydrogel(?07- 2102111 " Here, the mammalian cell functions were also evaluated under the
same treatment conditions. Results from fibroblast cell morphology and migration showed no
obvious impairment, and the tube formation ability of HUVECs also presented no significant
statistical difference after 30 minutes and 60 minutes of treatment. Providing the evidence
for avoiding damage to surrounding mammalian cells. The membrane intactness and protein
activity tests support the killing efficiency difference in gram-positive and gram-negative
bacteria. The negligible oxidative stress caused by LED light source is also helpful to the
ROS dosage control in the whole g-C3Ny hydrogel system. Generally, the developed g-C3Ny4
hydrogel system presented excellent selectively killing properties in the co-cultured E. coli
and fibroblast cells group. In contrast, all the necessary mammalian cell functions work well.
The visible light-activated g-C3N4 hydrogel system was effective in bacterial inactivation
over mammalian cells in the co-cultured group and showed excellent biofilm eradication
performance. Applied light source leads to no side effects and is suited for wearable device
development. This work verified a feasible hydrogel system to realise the selective killing
of bacteria in the complex chronic wound environment, providing a promising material that
realises a drug-free and redox homeostasis regulation cooperated method to manage chronic

wounds.



Chapter 6

Summary and Outlook

6.1 Innovations and limitations

* A visible light-triggered hydrogel platform was developed using a free-radical poly-
merized g-C3Ny4 material, N, N-dimethylacrylamide (DMA) and N, N’-methylene-bis-
acrylamide (MBA), this new hydrogel system is light-responsible and biocompatible,

and is the first time used in chronic wound management.

» Reactive oxygen species (ROS) are generated under visible light irradiation using
the -C3N4 hydrogel only, and the released ROS were quantified in detail in this work,
helping with the ROS dosage optimisation.

* The possible relationship between intracellular hydroxyl radical concentration and
bacteria/mammalian cell viability is evaluated on a timely scale in detail.

* Selectively killing bacteria without damaging surrounding mammalian cells through
ROS dosage control is achieved for the first time using a simple hydrogel system in a

bacteria/mammalian cell cocultured model.

* The possible limitation or improvement of this work is that the visible light source is
now a lab-based version, for the wearable device development demands, a minimised

visible light patch should be fabricated to meet the requirements of the device.

6.2 Overall Discussions

The rapid growth of antimicrobial resistance (AMR) is recognised as an urgent threat

to global health. Previous antimicrobial approaches, including biological molecules, or-
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ganic molecules and metallic materials, usually deactivate bacteria through one or several
mechanisms; however, these methods also adversely disrupt the live status of surrounding
mammalian cells, challenging and compromising chronic wound site management, making it
difficult to kill the bacteria without damaging of surrounding mammalian cells. Hydrogel-
based smart bandages have become useful in research and translational fields to further
nonhealing wound management. The development of wound bandages with the potential to
monitor and analyse the wound healing process in real-time, give the appropriate intervention,
and collect and report the overall signals of individuals have made the smart wound bandage
emerge as a promising solution for remote and long-term wound care management. The
tendency of cutting-edge wound bandage development is to mimic the native skin func-
tions to provide a suitable microenvironment and therapy to accelerate the healing process.
Hydrogel has been used for chronic wound treatment since 1989, and its physiochemi-
cal properties have been continuously improved by researchers to satisfy the open wound
environment. Moreover, compared to other bandage materials, such as films and foams,
the unique three-dimensional network structure of hydrogels makes them more similar to
native ECM structures to support cellular functions; thus, most natural hydrogels, such as
chitosan, hyaluronan, and alginate have attracted more attention. However, chronic wounds
are complex environments that are suspicious of infection; this promotes the development
of the combination of hydrogel with other functional molecules, such as growth factors,
nanomaterials, and antibiotics, to meet the purpose of therapy.

The overall aim of this project was to develop a promising hydrogel for the fabrication of
chronic wound healing bandages that can be adequately managed and intervened in the open
wound site. The work presented in this thesis provides a g-C3N4 material doped polymerisa-
tion system, the g-C3N4 was used as a photoinitiator for the polymerization reaction to obtain
the g-C3N4 hydrogel under visible light irradiation. The doped g-C3N4 material alleviates
the strong oxidative effect and forms a biocompatible hydrogel that is suitable for biomedical
devices, retaining the optical properties of g-C3N4 material allow this hydrogel to generate
reactive oxygen species (ROS). We have also evaluated this light-responsibility property
with different amounts of g-C3N4 material addition, and all prepared g-C3N,4 hydrogels were
illuminated with visible light to explore ROS generation in detail.

We then showed that portable LED light can be used as a source to activate the g-C3Ny
hydrogels, and ROS can also be formed by a precisely controlled method, which makes it
possible for antimicrobial purposes and immune microenvironment reshaping. Based on this,
the relationship between viability and intracellular hydroxyl radical concentration of bacteria
and mammalian cells was monitored in different time scales, shining a light on the potential

to discriminate kill bacteria over mammalian cells. To further confirm and solve the challenge
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that remains in chronic wound healing, this work proved the ability of the g-C3N,4 hydrogel
system to kill bacteria over mammalian cells in a co-cultured model selectively. This appro-
priately provided a system that can specifically manage the chronic wound environment and
provide a new solution to alleviate the burden of antibiotic-induced antimicrobial resistance,
realising a possible approach to cover and cure the nonhealing wounds with a multifunctional
endogenous biomolecule, avoiding extra drug or macromolecule introduction.

Generally, all the superior properties of g-C3Ny hydrogel proved in this work, such
as easy preparation, visible-light response and great biocompatibility, make it perfect for
wearable wound healing bandage material. Reactive oxygen species (ROS) are controlled to
act as high-activity chemical molecules and ‘second messengers’ in biological processes. In
a microenvironment containing mammalian cells and bacteria, this g-C3N4 hydrogel system
can achieve a well-controlled selective kill of bacteria over mammalian cells through their
biological structure differences and affinity for the g-C3N,4 hydrogel surface. The biological
processes are usually dose dependent. Thus, this precisely controlled ROS provide a promis-
ing solution to complex environment management, avoiding the concerns of introduced drug
uptake, efflux and efficiency target recognition. This g-C3Ny4 hydrogel platform uncovers a
new pathway to manage chronic wound and develop the next-generation healthcare device.

6.3 Key findings

1. g-C3N4 can work well in the polymerisation system, providing the extra light-responsive
capability for the formed hydrogel and modifying the oxidative effect of involved chem-

ical components, making excellent biocompatible hydrogel possible.

2. As a semiconductor material, g-C3N4 can keep its physiochemical properties to gener-
ate reactive oxygen species under visible light irradiation, and the generation rate can

be controlled precisely.

3. This controllable released reactive oxygen species can selectively kill bacteria without
damaging healthy mammalian cells through the well-controlled ROS generation, which

makes this g-C3N4 perfect for chronic wound care.

6.4 Outlook for future work

ROS extensively affects cellular processes such as cell cycle progression, apoptosis,
quiescence, and differentiation. This evidence gives us insight into that ROS also acts as a

signalling mediator that could influence stem cell fate through various metabolic regulations.
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Thus, investigations involving ROS regulation on stem cell differentiation and maintenance
of self-renewal capability could contribute to the in vitro stem cell culture system, embryonic
stem cell development, and fate control for the following therapeutic applications.

Several studies!?12- 2131 already found some clues for this; one of the pieces of evidence
is that embryonic stem cells (ESCs) differentiation towards cardiac lineage is dependent
on HyO, mediated signalling induced by NOX4 upregulation. Apart from this, differentia-
tion of mesenchymal stem cells (MSCs) towards adipocytes and neuron-like cells has also
been proved to be affected by NOX4-mediated H,O» and other mitochondrial ROS[?!4- 2151,
Increasing research results also implicate a considerable effect from ROS on MSCs differenti-
ation into mesodermal lineage, including adipocytes, osteocytes, chondrocytes and myocytes;
several pathways that affect the transcription machinery significant to MSCs differentiation
are involved, such as Wnt, Hedgehog, and FOXO signalling cascades!?!6- 2171,

ROS has been considered a negative factor for cell function and metabolic processes
for many years, it has gradually been noticed in various critical physiological processes!'®.
However, most of the research is limited by ROS generation control and measurement meth-
ods; it still needs to be determined which species are implicated in the specific metabolic
process. Thus, there is still a huge research gap on ROS-mediated stem cell development,
including 1) How to manipulate the ROS-mediated metabolism to control the stem cell fate
and differentiation into various lineages. 2) The role of different ROS species in specific
pathways. 3) What is their optimal concentration? 4) Is it possible for exogenous ROS to act
the same as endogenous ones? Further detailed exploration might reveal a promising area for
stem cell-based therapy. Combined with the work in this thesis, the following sections of
future work may be considered to advance the hydrogel system.

The g-C3Ny4 hydrogels in this thesis were studied with the basic physiochemical proper-
ties and primary function as a wound care bandage material; however, further characterisa-
tions in mechanical properties may be beneficial for the wound tissue contraction evaluation,
which is also essential for the wound healing process initiation. Several animal studies have
revealed that the reduced contractibility of diabetic wounds is one of the significant reasons
for impaired diabetic wound healing!?!8:21°1. Thus, mechanical modulation can be one of
the effective methods to promote open wound closure and then activate the timely responses
of stem cells.

For the aim of the development of an integrated device for diabetic wound healing, an
ideal smart bandage platform should combine with both sensing and stimulation components
for autonomous, closed-loop wound management!??%- 11- 2211 Besides, it may be helpful to
integrate with microstructures to improve the in situ vital signal detection and analysis.

The role of reactive oxygen species (ROS) has been challenging in clinical transla-



6.4 Outlook for future work 151

tion because their multifunctional properties and involved complex processes/?*?!; based
on this specific situation, there is a potential for future work to be carried out on the de-
tailed exploration of interactions of specific concentration ROS species with stem cells fate
regulation[??3], discovering the possibility of g-C3Ny4 hydrogel-based platform to tune the host
immune response in immunotherapy!?>*!, even improving the survival ratio of transplanted

stem cells to realise a synergistic method with both cell-therapy and chemotherapy.
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