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I came to Finland in January 2015. My very first day to Aalto University 
was Monday, January 5th. I arrived at the Department of Materials Sci-
ence and Engineering, Aalto University at 07:30 am. The building was 
still quiet. I came outside and found a person standing beside his car, in 
the darkness. I asked him and made a joke whatever this building is the 
right place, “I can only find the rocks.” He laughed and asked me friendly, 
“who are you looking for?” I replied, “Prof. Simo-Pekka Hannula.” He 
continued his friendly chat that it is the right place. A sound inside me 
said that if the Finns are like this nice person, I will absolutely see good 
days in Finland. This first person to meet in Aalto was Prof. Markus 
Linder, and now my story as a doctoral candidate in Aalto is ending with 
Prof. Hannula, Prof. Katrina Nordström (Kati) and Prof. Markus! Let’s 
narrate the story. 

I have started working in Aalto University as a visiting doctoral student 
for five months funded by the Finnish government scholarship pool (KM-
14-9074) from the Centre for International Mobility (CIMO), which I
would like to gratefully acknowledge, and hosted by Prof. Simo-Pekka
Hannula. My background was mainly in the Veterinary Medicine (biology
side). I have been eagerly interested in the interdisciplinary work ap-
proach that criss-crosses the boundaries of different disciplines from Ma-
terials Science, Chemistry, Pharmacology, and Biology to finally link the
different disciplines of the jigsaw puzzle into clinical applications. This
approach grows on par with the expansion of the multidisciplinary quest
of Aalto University for uncovering the interactions of different disci-
plines. In the second meeting with Prof. Hannula, I directly asked him to
apply for the doctoral position in the Department of Materials Science
and Engineering, School of Chemical Engineering (formerly, School of
Chemical Technology), Aalto University, and suggested to him, different
collaborators. I remember that Prof. Hannula said something near to that
“I have to see how you work and what you have previously done in
China before coming to Finland, and who can collaborate with us in
Aalto for the biology side (Microbiology).” I then suggested to him Kati.
He replied, “I know her.” Prof. Hannula was also interested in opening
the third wing of collaboration with Tsinghua University, through Prof.
Qingling Feng. Within three months, I have convinced Prof. Hannula,
and applied for the doctoral position. It has been my honor and privilege
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to work in the group of Prof. Hannula, gaining profound knowledge in 
the Materials Science and Chemistry disciplines and interacting with dif-
ferent colleagues in different departments and universities. I genuinely 
appreciate the opportunity that Prof. Hannula has offered to me. There is 
a considerable probability that I was not going to currently be here, in 
Finland, without his chief support and his belief in me within a brief time. 
I have then granted my full-time doctoral study rights in Aalto on 27th of 
April.2015 in the group of Prof. Simo-Pekka Hannula (Advanced Func-
tional Materials) as my thesis supervisor and with Prof. Katrina 
Nordström (Microbiology, research group) as my thesis advisor. I am 
grateful to the funding support offered by the School of Chemical Engi-
neering from mid-2015 to mid-2016 through the tenure package of Prof. 
Hannula and from July 2016 to the end of 2017 through the tenure pack-
ages of Prof. Hannula and Prof. Nordström.

I gratefully thank Kati for being as a precious diamond balance during 
my doctoral studies, every interference of you balanced and positively en-
hanced my situation in Aalto on all perspectives, scientifically, finan-
cially, and pedagogically. Your strategic instructions and technical 
knowledge, besides your boundless enthusiasm and elegance as a lady, 
have always inspired me. Whenever I needed help, you were available as 
a haven to me, listening and offering your genuine advice and help. Kiitos 
paljon, Kati kaikesta. Sinä olet tosi kaunis nainen! I thank Mr. Olli Natri 
for the fruitful discussions at the set-up of the antibacterial experiments. 
I acknowledge all the members of the group of Prof. Nordström, espe-
cially Mr. Marko Närhi for his help at starting the work with Kati. Thanks, 
Kati for your excellent suggestion of Prof. Airi Palva as a collaborator, 
when I needed to work on pathogenic bacteria in a Biosafety level-2 la-
boratory. I have then started working in the University of Helsinki with 
Prof. Airi Palva and Dr. Ulla Hynönen, which has been a leap in the pro-
gress of this thesis work. I gratefully thank Airi for giving me the access 
to all the facilities in the Division of Veterinary Microbiology and Epide-
miology. Ulla, my warmest and cordial thanks exclusively go to you. I 
have learned from you many things, i.e., being very precise to follow and 
revise the work. Your invaluable suggestions and insights have been the 
stairs that I have climbed over them to progress as a scientist. I would 
genuinely say that I have been lucky to work with you throughout three 
years. You played an essential role in the acceptance of the first and 
fourth articles of this thesis for publication and the completion of this 
thesis by accepting to be on the thesis advisory board. Thanks also for 
your efforts to revise the first draft of this thesis. 

I sincerely thank Prof. Qingling Feng for accepting me to return, work-
ing in Tsinghua on the silica-gentamicin delivery systems as a novel drug 
delivery system in her group and for facilitating the path for me to make 
the in vivo toxicity experiments in a different laboratory in Tsinghua. In 
other words, you always believe in me, and I always appreciate your au-
thentic trust, help, and support. Moreover, your recommendation letter 
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at applying for the doctoral position in Aalto has also supported me, and 
more convinced Prof. Hannula to accept me as a doctoral student. In-
spired by your original pieces of advice from the time I have started work-
ing in Finland until now, I have got the courage and strength to pursue 
my studies. Thanks also for facilitating the work with my colleague and 
friend Dr. Wei He even after leaving your group as a post-doctoral re-
searcher in the University of Science and Technology Beijing, China. I 
acknowledge Wei He for being one of the most talented scientists to de-
sign and precisely perform the experiments. You are younger than me in 
age, and I’m always learning from you in science. Our discussions have 
always been fruitful. I also thank Miss Yaping Meng for her help and pro-
ductive discussions while conducting the in vivo toxicity experiments in 
the State Key Laboratory of Biomembrane and Membrane Biotechnol-
ogy, Department of Biological Sciences and Biotechnology, Tsinghua 
University. I cordially acknowledge Prof. Anming Meng and Dr. Shunji 
Jia for allowing me to use all the facilities of their laboratory and for 
kindly providing me with the embryos.  

In the group of Prof. Hannula in the Department of Chemistry and Ma-
terials Science (formerly, Department of Materials Science and Engineer-
ing), I had an excellent opportunity to learn more on the preparation and 
characterization of the materials (nanodelivery systems), making good 
colleagues, friends, and even my Finnish family. I would first start with 
my most precious Finnish family. Minun Suomalinen äiti, Leena Lari 
(Leelu), minä rakastan sinua. I don’t know what I was going to do without 
you in Finland. One day you have given me woolen socks that have been 
knitted by your sweetheart mother, you told me “if you kept your feet 
warm, then you could stand the cold weather of Finland.” These socks 
keep all of me warm all over the year. Your lovely presents always made 
my days in Aalto. One day, was quite challenging for me. I then found on 
my disk your lovely Christmas present. This present was the shine of my 
day, and your kind words were the tissue that wiped my tears. Dr. Ilkka 
Pentinen (IP), minun Suomalinen isä, you are all the love. The year that 
I shared with you, the same office was one of the best years for me in 
Aalto. I saw the worry of the father in your eyes when I narrated to you 
some of my troubles. One day after submitting the fourth article of my 
thesis, I went to you and asked you to wish me good luck. You told me 
literally: “Dina, you are talented, and you don’t need the good luck.” Kii-
tos, IP siitä ja kaikesta. This is what the father tells and encourages his 
daughter. The most important thing, IP, please remember that if I found 
the lucky guy in Finland, we would torture him together. It should be a 
group work! Ilkka Aaltio, thanks for being such a kind and helpful col-
league. I was always admiring you being cheerful and open to the others. 
Then, after meeting your beloved mother and father, I realized that you 
have such a kind family behind your such a great character. Your apart-
ment helped me a lot during my studies. Kiitos, Ilkka sinulle ja sinun koh-
telias perheelle. I warmly thank Dr. Yanling Ge and Dr. Henrika 
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Granbohm for the excellent collaboration and the pleasure time that we 
spent together working on the chemistry and characterization of the ma-
terials. I would also like to thank Prof. Michael Gasik for the fruitful dis-
cussions and the collaborative work on Publication [2]. Dr. Saima Ali, 
your kindness and white heart always impressed me. Dr. Riina Ritasalo, 
Mr. Juho Lotta, Mr. Erkin Cura, Dr. Frans Nilsén, Dr. Liu Xuwen, Dr. 
Eero Haimi, Dr. Qian Chen, Dr. Nariman Elbaly, Dr. Shima Moosakhani, 
and Dr. Ajai Iyer, thank you for being such great company and thanks for 
Mr. Joonas Lehtonen for being a great colleague and the friend who 
picked me from the airport at my very first day in Finland.   

In June 2017, I met Prof. Markus Linder, and Kati was also going to start 
her sabbatical. I have quite admired how Markus handled my situation. 
The day (September 15th, 2017) at which Markus has informed Kati and 
me that he has accepted me as a part of his group, he gave me his hand to 
continue my doctoral studies in Finland. I gratefully thank all the people 
who have helped me during this time, especially Miss Leena-Kaisa 
Paananen, Mrs. Sirje Liukko, Mrs. Riitta Hynynen, and Prof. Janne 
Laine. Two days later, (September 17th, 2017) it was the Espoo 
Rantamarathon, while running I found someone calling me “hi Dina.” It 
was Markus, again, and he informed me that at the end of the marathon, 
the group would gather near to the shore. I have then joined them and a 
sound inside me, again, said that this is an exciting start, our first group 
meeting is sportive and healthy after the marathon. At our gathering, it 
was a perfect chance to meet some of the new members of our group in a 
friendly atmosphere, i.e., Mr. Pezhman Mohammadi (and his sweetheart 
wife Sara), Dr. Nonappa Nonappa, and Dr. Jinguang Hu. 

Starting from October 2017, I have officially joined the group of Prof. 
Markus Linder (Biomolecular Materials) in the Department of Bioprod-
ucts and Biosystems, at which I have already known some people that I 
would like to thank, i.e., Kati and Dr. Heli Viskari, sincerely for the excit-
ing time during 2016 and 2017 that I have spent on the curriculum plan-
ning and as a teaching assistant for the Microbiology section of the Biolab 
I course (CHEM-E3110). I thank all the master students enrolled in this 
course in 2016 and 2017 for spending an avalanche of pleasant moments 
together. This teaching has come with extensive experience to me and 
triggered me to seek more pedagogical information. In the A! Peda Intro 
in English (PED-131.1000) and the Multicultural Competence for Teach-
ers at Aalto (PED-131.8700), I have met many colleagues that I would 
also like to thank for the excellent teaching experience that we had spent 
together, i.e., Dr. Petri Uusi-Kyyny, Prof. Jaakko Timonen, and Prof. Iiro 
Jääskeläinen. Thanks, Petri for being such supportive and helpful friend 
and thanks for your darling wife, Heli, who lightened my little apartment 
when both of you honored me with your visit. Thanks, Jaakko for offering 
your time for discussion and your sincere advice when it was needed. 
Thanks, Iiro for showing me the kind, humble, and friendly side of the 
professor.  
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I am eternally thankful for the funding support of 2018 offered by the 
Alfred Kordelin Foundation for the personal working grant (170297) and 
School of Chemical Engineering through the Aalto CHEM funding for 
completing the doctoral thesis manuscript. In the group of Prof. Linder, 
I have started to learn new exciting topics during regular work meetings. 
I have also interacted with new colleagues and friends that have offered 
magnificent support. I would like to especially thank Mr. Pezhman Mo-
hammadi who had helped and facilitated the environment for me to fi-
nalize the experiments of the fourth article of this thesis. Miss Laura 
Lemetti, I thank you for being always there to help me as a new member 
of the group. I always feel as if you are my younger sister that I love a lot, 
not just a kind and supportive colleague. I acknowledge all the members 
of Prof. Linder’s group, i.e., Dr. Suvi Arola, Dr. Sesilja Aranko, Dr. Piotr 
Batys, Dr. Nonappa Nonappa, Dr. Jinguang Hu, Mr. Bart Rooijakkers, 
Mr. Christopher Jonkergouw, Dr. Bartosz Gabryelczyk, Miss. Pihla Sav-
ola, Miss Yin Yin, Miss Meryem Kaya, Mr. Elias Veijola, Dr. Mohammad 
Mubinur, Dr. Rama Velagapudi, Mr. Jianhui Feng, Dr. Ekaterina Os-
mekhina, Dr. Julie-Anne Gandier, and Mr. Saleh Khan, for the great com-
pany. I was also lucky to share an office with two beautiful ladies, Dr. 
Heidi Salminen and Dr. Wenwen Feng, whom I would like to thank for 
making our office an excellent working environment, helping me to con-
centrate on my work without distractions and with happy moments. Be-
cause of both of you, our office (D429) deserves to be the beautiful office 
in the chemistry building that worked at it, three ladies! I would also like 
to thank Mr. Ahmed Ahmed for the subsequent sharing of the office. 

I would like to express my most profound gratitude to Markus for the 
time that I have been his student. I have learned a lot and gained a lot of 
experience from you. Your in-depth knowledge and intelligence have pos-
itively impressed me to the degree that I have drawn you with a note, de-
scribing you as the perfect supervisor and leader. Sometimes, I have 
talked to myself that I had been lucky to end up being your student, learn-
ing from you and progressing in my life. Thanks, Markus also for sup-
porting me and introducing me to the HYBER community, at which I 
have met new colleagues and friends that we have intellectually inter-
acted on both wings, the scientific side, and human (friendship) side. In 
this perspective, I would like to especially thank Miss Janika Lehtonen 
and Dr. Jukka Hassinen. I have much enjoyed our discussions after the 
HYBER meetings. On the one hand, we got neither the chance nor the 
time to continue the work collaboration. On the other hand, I shortly con-
sidered both of you as my friends. Thanks, Jukka also for facilitating my 
presentation “Antibacterial Nanomaterials” in the HYBER meeting 
(March 29th, 2018), before the Easter holiday. I would also like to thank 
Mr. Antti Korpi for his aid in the dynamic light scattering measurements. 

Last but not least, I would like to cordially and soulfully thank my best 
friend in Finland, Dr. Robab Najafi Jabdaraghi (Leila). Thanks, Leila for 
being in Finland. Yes, “a friend in need is a friend indeed,” and you have 
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even exceeded that in coming into the level of a sister. To the level that I 
cannot find the right words to express how much I’m grateful to you. 
There is a considerable probability that I could not make it in Finland 
without your support, kindness, and understanding. Our friendship jour-
ney and sharing the happy and sad moments throughout the years of this 
Ph.D. could be written in a separate book. Kiitos, Leila kaikesta. I would 
like to genuinely thank Prof. Mady Elbahri for his support not only as a 
professor but also as an older original brother, whose presence always 
comfort me and his kind words always relieved and supported me. I 
thank all my friends in Finland, who have made this journey enjoyable, 
i.e., Miss Lizzete Ruth Torres, Miss Lubna Dada, Miss Rima Baalbaki, 
Miss Dina Alfaouri, Dr. Marthe Emelie Melandsø Buan, Miss Alessandra 
Griffo, Miss Negin Karimi, and Dr. Jairan Nafar Dastgerdi. 

The theses are usually dedicated to the family, and I know that my fam-
ily does not wait for such dedication. My family only wants to see me 
happy and safe. The words are now tiny to express my emotions and grat-
itude towards my sweetheart family. Thanks, mama for offering your 
sheer love and eternal energy. No matter how the challenges were, your 
kind voice over the phone, a trip to Egypt and a big warm hug from you 
are always sufficient to cross all the challenges. Thanks, daddy for being 
the perfect father, or even a king, and for being my vertebral column and 
the key of my laughter. I know, you are worried about me, as you are get-
ting older and want to see me in the white dress, and you made it difficult 
for me, daddy! I then hope from my full heart that this thesis can draw a 
smile of happiness, first in your heart and secondly over your kind face. I 
thank my brother, Mohamed, for spurring me during my most challeng-
ing time of this Ph.D. onto continuing my path towards accomplishing 
this thesis. I also thank you and your sweetheart wife for bringing the 
most precious pearl to our family, my niece and the first granddaughter 
in our little family, princess Dyala. Many thanks to Sherin (my younger 
sister), who has the big heart of a supportive older sweetheart sister. 
Thanks, Totta (my aunt and my second mother) and uncle Adel for your 
endless love and support. I thank all my colleagues in the Animal Health 
Research Institute, Egypt, for facilitating my studying sabbatical in Egypt 
to indulge throughout the years in working on this Ph.D. in Finland. I also 
thank my big family and friends in Egypt, especially Yasmeen and Yousra, 
and their sweetheart children, who have provided me with all the love, 
laughter, and support to continue this Ph.D. journey. 

I have read in an Arabic novel (Azazeel, 39th Edition, 2018) for the au-
thor, Youssef Zeydan, what when translating the quotation means that 
“in life and the whole world, everything is circular and returns to the 
point that it has started from it.” As I have started my story with Markus, 
I would like to also tie its end with him, which might be construed as clo-
sure tips that might presage enjoyable doctoral journeys for the younger 
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1. Introduction

1.1 Background

“Microbiologists have been barking on the wrong tree since the time of 
Pasteur”, said Costerton, director of Center for Biofilm Engineering 
(CBE) at Montana State University, Bozeman. Microbiologists started to 
recognize that bacteria aggregate forming biofilms, which infect medical 
implants and kill humans (Potera, 1996). Biofilms are clusters of bacterial 
cells enclosed in polymeric matrices (Costerton et al., 1999; Stewart and 
Costerton, 2001; Hall-Stoodley et al., 2004; Wu et al., 2014; Mauffrey et 
al., 2016), assembling the cells in formations resembling spaghetti and 
anchoring them to surfaces (Potera, 1996). Consequently, a protected 
mode of bacterial growth is formed that facilitates the survival of bacte-
rial cells in harsh environments and enables the dispersion of cells to 
other surfaces resulting in further colonization (Hall-Stoodley et al., 
2004). Bacterial amyloid fibers also help the bacteria to stick together 
and to the surfaces, forming biofilms (Wu et al., 2014). Development of 
biofilms has been shown to proceed as follows: i) initial attachment of 
bacterial cells to surfaces and aggregation to microcolonies, ii) matura-
tion of the attached microcolonies to mature exopolysaccharide-encased 
biofilms, and iii) detachment of parts of biofilms giving rise to dispersed 
planktonic cells, which could colonize new surfaces (Costerton et al., 
1999). The exact developmental sequence of events of the formation of 
biofilms is shown in Figure 1.  



2

Figure 1. Detailed developmental steps of biofilm formation: 1) a reversible initial at-
tachment of planktonic bacterial cells to a surface. 2) Irreversible attachment to the 
surface by the production of extracellular polymeric substances. 3) The prolifera-
tion of bacterial cells in the biofilm. 4) The maturation of biofilms. 5) The disper-
sion of planktonic cells from the biofilms to the surrounding environment. Repro-
duced with permission from reference, Van Houdt and Michiels (2005) and refer-
ence, Stoodley et al. (2002).  

The extracellular polymeric substances (EPS) of biofilms are composed 
of polysaccharides, proteins, and nucleic acids, constitute 80% of the to-
tal mass of biofilms and the bacterial cells of the biofilms constitute the 
remaining 20% (Rhoads et al., 2008). The development of biofilms is as-
sociated with communication of bacterial cells together in a process 
known as the quorum sensing.  This communication allows for the devel-
opment of biofilm architecture, the growth rate, the bacterial virulence 
and the antibacterial resistance at the site of infection (Percival et al., 
2015). The complex nature of biofilms makes them less susceptible to an-
tibacterial agents even in the absence of plasmid-mediated resistance 
genes (Harrison et al., 2007). The poor penetration of antibiotics to bac-
terial cells in biofilms, the resistance of bacterial metabolism to the ef-
fects of antibiotics, and the presence of persister cells are factors orches-
trate the failure of antibiotics to successfully eradicate biofilms (Rhoads 
et al., 2008). Dead cells in biofilms could also form niches, which act as 
hubs for changing the physiological microenvironment and be responsi-
ble for the non-uniform pH distribution in biofilms (Harrison et al., 
2007). Furthermore, bacteria which survive treatment with antibiotics 
may use the dead cells as a nutritional source, restoring the biofilms 
within hours (Costerton and Stewart, 2001). Different mechanisms of an-
tibiotic resistance of bacterial cells in biofilms are illustrated in Figure 2. 
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Figure 2. Different mechanisms of antibiotic resistance of bacterial cells in biofilms are 
illustrated in different colors as follows: 1) yellow area, showing the poor penetra-
tion of antibiotics to deeper layers of the biofilms, where antibiotic action is re-
stricted only to the surface layers of biofilms. 2) Green bacterial cells, representing 
the resistant bacterial phenotypes. 3) Pink area, representing the changed micro-
environment with depleted nutrients and accumulated waste. Reproduced with 
permission from reference, Stewart and Costerton (2001).  

In the clinical settings, biofilms are a serious risk factor for patient care, 
as biofilm formation, i.e., on the surfaces of implanted devices as well as 
in wounds, may result in unexpected complications and even death.  
Moreover, visual detection of biofilms in wounds is often difficult, before 
clinical signs of infection have already appeared except for the extensive 
progressive stage of mature biofilms (Thet et al., 2015). Surgical wound 
infections could be delayed, leading further to a change in the mechanical 
properties or an infection of orthopedic implants (Hope et al., 1989). Bac-
teria could adhere to orthopedic implants, altering the susceptibility of 
bacteria to antibiotics from susceptible, preoperatively, into resistant 
strains (Anagnostakos et al., 2008). Prosthetic joint infections are usually 
caused by bacteria growing in biofilms (Zimmerli et al., 2004; Mauffrey 
et al., 2016) and S. aureus is a main etiological agent for implant-associ-
ated infections (van de Belt et al., 2001a). Ultimately, the poor penetra-
tion of systemic antibiotics into bone tissues could result in a continued 
treatment of infection for the rest of the patient’s life (El-Ghannam et al., 
2005). Furthermore, methicillin-resistant Staphylococcus aureus 
(MRSA) could survive, persisting in both wounds (tissue) and antibiotic-
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loaded orthopedic implants (Anagnostakos et al., 2008). Deep wound in-
fections, from previous hip surgery, could even develop different bacte-
rial hip infections (Fitzgerald et al. 1973). According to Thet et al. (2015), 
S. aureus was the most prevalent bacterium in pathogenic wound infec-
tions, and an estimated 71% of wounds were “at risk” of infection. The
complexity of the problem is highlighted also by other antibacterial
agents other than antibiotics, such as Ag ions (Ag+). Namely, Escherichia
coli cells in biofilms with inactivating mutations in the genes regulating
bacterial cellular defense against oxidative stress have lower cell viability
after exposure to Ag+ than their wild-type counterparts, drawing a sug-
gestion on the role played by the bacterial cellular defense in protecting
the bacterial biofilms from the hostile Ag+ (Harrison et al., 2007). This
resistance of bacteria and their biofilms in wound infections has triggered
the trend for the prevention of wound infections using new therapeutic
modalities, i.e., using Ag-treated wound dressings to prevent the bacte-
rial growth and biofilm formation in wounds (Paladini et al., 2016). Em-
ploying novel strategies to combating the antibiotic resistance and bacte-
rial biofilms are sought for (Camporotondi et al., 2013) and therapeutic
systems, targeting the drugs to bacterial biofilms and preventing the for-
mation of bacterial biofilms, would be an excellent arsenal against biofilm
infections (Costerton, et al., 1999) in both wounds and orthopedic im-
plants.

1.2 SiO2-drug delivery systems

A wide array of drug-delivery systems have evolved and been developed 
throughout history, from chewing of leaves and inhalation of the smoke 
of burned medicinal plants (Barbé et al., 2004) to silica nanoparticles 
(SiO2 NPs). These SiO2 NPs currently constitute a very promising array 
for nanodevices and nanocarriers intended for the controlled release of 
drugs, owing to their surfaces that can be elegantly functionalized 
(Trewyn et al., 2007; Simovic et al., 2011; Camporotondi et al., 2013). Sol-
gel processed SiO2 is also of interest because it allows for ambient pro-
cessing temperature, suitable for the cargo of organic molecules (Barbé 
et al., 2004). SiO2 are poised to become delivery systems for Ag NPs, pre-
venting their aggregation and prolonging their antibacterial effects (Tian 
et al., 2014). Nie et al. (2018) have demonstrated the prolonged release 
of Ag+ ions and prolonged antibacterial effects for 14 days against MRSA 
of Ag-SiO2 composite (5% incorporated 10 to 50 nm-Ag NPs in SiO2 ma-
trix), and the biodegradability of the composite in the phosphate-buff-
ered saline solution (PBS) within this time frame (14 days). Chien et al. 
(2018) have investigated the antibacterial effects of Ag NPs confined to 
SiO2 matrix (with a ratio of Si to Ag as 100 to 5) and found that its mini-
mum inhibitory concentration (MIC) was as high as 2.5 to 5 mg/mL. 
Moreover, SiO2 also offers the possibility to be delivery systems for anti-
biotics, targeting effective antibiotic concentrations in bone tissue and 
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prolonging their antibacterial effects (Radin et al., 2001; Xue and Shi, 
2004; El-Ghannam et al., 2005; Radin and Ducheyne, 2007). SiO2 deliv-
ery systems can also play an essential role in avoiding the disadvantages 
of systemic antibiotic administrations due to toxicity or limited tissue ex-
posure (Xue and Shi, 2004; Simovic et al., 2011; Camporotondi et al., 
2013). From the antibiotics, gentamicin has been an object of extensive 
research as an essential drug in the local delivery systems. It has been 
used in orthopedic implant infections owing to its chemical stability, 
broad-spectrum action, and more-prolonged release from cement com-
pared with other antibiotics (Elson, 1985; van de Belt et al., 2001a). Perni 
et al. (2018) have shown that the release of gentamicin from the SiO2 NPs 
depends upon the synthesis procedure adopted. The entrapped gentami-
cin in the SiO2 NPs was not completely released. The adsorbed gentami-
cin to the unfunctionalised SiO2 NPs was released within only the first 
few hours. The adsorbed and conjugated gentamicin to the functionalised 
SiO2 NPs (with amino or carboxyl groups) exhibited a sustained gentami-
cin release for at least 48 h. Another perspective for the release of gen-
tamicin has been attributed to the pH as detected by Xu et al. (2018), who 
have shown the slow release of gentamicin from the gentamicin loaded-
hollow mesoporous SiO2@zeolitic imidazolate framework within 10 h un-
der acidic conditions (pH 5). Regarding the antibacterial properties of 
SiO2-gentamicin delivery systems, Alvarez et al. (2014) have demon-
strated that gentamicin-loaded SiO2 collagen nanocomposite (with 0.25 
M SiO2 concentration) had antibacterial effects against P. aeruginosa 
over 1 day that had been prolonged over 7 days, at which a complete re-
lease of gentamicin had been achieved. Mebert et al. (2016) have pre-
pared SiO2 core-shell systems that facilitated the dual delivery of gen-
tamicin and rifamycin with antibacterial effects, using agar diffusion as-
says, of 1.5 times superior to the two systems with only one loaded anti-
biotic, against S. aureus. Balaure et al. (2016) have demonstrated that 
tyrosine-SiO2-gentamicin nanocomposite (with 5% tyrosine concentra-
tion) have better antibacterial and anti-biofilm effects than the pristine 
gentamicin. Tyrosine-SiO2-gentamicin nanocomposite had a significant 
less MIC, i.e., 3.9 μg/mL, than the pristine gentamicin of 7.8 μg/mL 
against S. aureus. The biofilm inhibition of S. aureus had been achieved 
at a concentration of only 7.81 μg/mL for the tyrosine-SiO2-gentamicin
nanocomposite, while increased to 125 μg/mL for the pristine gentami-
cin. Mebert et al. (2018) have demonstrated a prolonged, i.e., 10 days, 
antibacterial effects against S. aureus for the double-loaded core-shell 
collagen-silica nanocomposite with gentamicin and rifamycin. The first 
release was attributed to the rifamycin found on the outer surface of the 
nanocomposite, while the core gentamicin was assumed to maintain the 
prolonged antibacterial effects of the nanocomposite. On the other hand, 
a general risk associated with the local delivery of antibiotics in orthope-
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dic implants is the incapability to remove the antibiotic in case of sensi-
tivity. However, this risk could be excluded by a preoperative sensitivity 
testing (Levin et al., 1975). 

Consequently, in this dissertation, SiO2-drug (-Ag or -gentamicin) de-
livery systems were prepared and the prolonged release of drugs was in-
vestigated under neutral and physiological pH conditions, respectively. 
These mimic the conditions under which prolonged actions would take 
place in wound dressings and orthopedic applications, respectively, with 
regards to their antibacterial and anti-biofilm effects. Furthermore, the 
biocompatibility of the SiO2-gentamicin nanohybrids was sought for. 

1.3 Objectives and scope

This dissertation is composed of two thematic research areas covering the 
preparation and characterization of the SiO2-drug delivery systems and 
investigating their prolonged release for eliciting antibacterial and anti-
biofilm effects in wound dressings and orthopedic applications, respec-
tively. The specific thematic research areas are delineated as follows: 
The first thematic research area focuses on wound dressing applications, 
where the synthesis of a SiO2-Ag delivery system (nanocomposite) and 
the prolonged antibacterial effects of this system against MRSA and E. 
coli, two medically important bacterial species in wound infections are 
demonstrated. This includes comparison with a commercial Ag-contain-
ing dressing (CSD) for controlling wound infections. The antibacterial 
mechanisms of the delivery system are also elucidated through detailed 
interactive bacterial studies with the nanocomposites, using transmis-
sion and scanning transmission electron microscope analyses. This 
theme is outlined in Publication [1]. 

The second thematic research area focuses on the orthopedic applica-
tions where: i) a SiO2-G delivery system (nanohybrids) is synthesized and 
the prolonged release of gentamicin is demonstrated. In vitro release 
studies are performed intended for the elucidation of targeted antibacte-
rial effects that are concurrently studied against both Gram-positive and 
Gram-negative bacteria. Furthermore, the antibacterial actions facili-
tated by the SiO2-gentamicin nanohybrids in comparison with pristine 
gentamicin and SiO2 NPs is also studied. This specific research area is 
outlined in Publication [2]. 
ii) The antibacterial effects of the nanohybrids on planktonic MRSA are
studied. This is the most common bacterial strain involved in infections
of orthopedic applications. Moreover, the anti-biofilm effects of the na-
nohybrids against MRSA and E. coli biofilms are elucidated to compare
the effects of the SiO2-gentamicin nanohybrids on these two different
types of bacterial cells in biofilms. This theme is outlined in Publication
[4].
iii) The toxicities of the SiO2-gentamicin nanohybrids are evaluated
firstly in vitro on the osteogenic differentiation of Human osteoblast-like
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SaOS-2 cells. The SaOS-2 cells are used to collect relevant data with re-
gards to the safety of the nanohybrids in potential orthopedic applica-
tions. Secondly, the in vivo toxicities of the nanohybrids are also assessed 
in zebrafish embryos to provide a more complete toxicity assessment. 
These specific research areas are outlined in Publications [3] and [4]. 

1.4 Research outline

This dissertation follows a study design on SiO2-drug (-Ag or -gentami-
cin) delivery systems, with in-depth analysis of their prolonged drug re-
lease and possible applications. The research was conducted as follows 
(Figure 3): 

i) Preparation of the SiO2-drug delivery systems and characteri-
zation of the prepared materials.

ii) Detection of the prolonged release of the drug (Ag or gentami-
cin) from the SiO2 substrates.

iii) Determination of the antibacterial and anti-biofilm effects of
the SiO2-drug delivery systems intended for wound dressings
and orthopedic applications, respectively.

iv) Evaluation of the in vitro and in vivo toxicities of the SiO2-gen-
tamicin delivery system, which could be used for orthopedic
applications.

The overall aim of this thesis work is to provide a means for the practical 
applications of the prepared SiO2-drug delivery systems in wound dress-
ings and orthopedic applications based on their prolonged drug release, 
antibacterial and anti-biofilm effects, and their in vitro and in vivo safety 
assessments. 
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Figure 3. Schematic illustration of how the research was conducted by synthesizing 
two SiO2-based drug delivery systems, namely SiO2-Ag nanocomposite and SiO2-G 
nanohybrids. The prolonged release of the drug from the SiO2-carriers was evalu-
ated. The antibacterial and anti-biofilm effects were examined for the SiO2-Ag 
nanocomposite and SiO2-G nanohybrids for possible use in wound dressings and 
orthopedic implant applications, respectively.   
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2. Literature review

2.1 Biofilms

Early prevention of bacterial infections is important to avoid subsequent 
formation of recalcitrant biofilms. “Once a biofilm is established, it is ex-
tremely hard to cure, and you have to remove the device. Prevention is 
the best way to go.” Stated Rabih Darouiche, a specialist of Infectious 
Diseases at the Veterans Administration Medical Center in Houston (Po-
tera, 1996). The validity of such statement is echoed by a recent review 
(Mauffrey et al., 2016), which has mentioned that successful treatment of 
biofilms on orthopedic implants is the surgical removal of the implant 
together with local and systemic antibiotic therapies, and the preventive 
strategies of biofilm formation are sought for. Not only antibiotics display 
poor efficacy against biofilms (Bayramov and Neff, 2017), but also chlor-
hexidine and quaternary ammonium compound (Pyrisept) used as 
wound care antiseptics display poor efficacy against S. aureus biofilms 
(Vestby and Nesse, 2015). Moreover, bacterial infections may persist on 
the implanted antibiotic-loaded orthopedic beads. This persistence sce-
nario is exacerbated by the difficulty to immediately remove the orthope-
dic implants due to risks associated with another surgical intervention 
within a short period of time (Anagnostakos et al., 2008). Furthermore, 
surgical removal might not be an option for patients that cannot undergo 
another surgical intervention or for those who are entirely dependent on 
the functioning of the implant (Bayramov and Neff, 2017).  
 The seriousness of biofilms has been illustrated by several statements 
spanning across the last decades, and which are equally relevant even to-
day and have been summarized in a review by Potera (1996) as follows: 
“The microbiology community is finally realizing that everything they 
know was circumstantially gained by investigating suspended cells. 
Unfortunately, 99% of all microbial activity in an open ecosystem is [in 
biofilms] stuck to surfaces.” Stated James Bryers, Chemical Engineer, co-
director of the CBE. “The polysaccharide coating is a like a coat of ar-
mor, and the different types of bacteria collaborate to make themselves 
much more powerful. Much of biofilms in medicine are a disaster.” 
Stated David C. White, executive director of the Center for Environmen-
tal Biotechnology at the University of Tennessee, Knoxville. One of the 
most eminent researcher in biofilm research, William Costerton at-
tributed the tenacity of biofilms fighting against the immune system to 
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the large diameter of biofilms (50 to 100 μm), which hinders their engulf-
ment by the smaller white blood cells (diameter of ~15 μm). “If you're 
unfortunate enough to aspirate a biofilm, the bacteria have a 100% 
chance of surviving in your lungs,” stated Costerton.  

Although biofilms can be traced back to ancient times ( 3.25 billion 
years ago) in the “living fossils” of dividing branches of the phylogenetic 
tree, no complete understanding exists for the mechanisms of bacterial 
cell growth in biofilms (Hall-Stoodley et al., 2004), especially that the 
formation of biofilms on surfaces is governed by several factors including 
bacterial strain, growth medium and the surface characteristics 
(Bjarnsholt et al., 2018). To date questions have remained on: i) the for-
mation of more successful biofilms by some bacteria than others, ii) the 
exact resistance mechanisms of biofilms against antibiotics (Potera, 
1996; Mauffrey et al., 2016), and iii) whether the mechanisms of the de-
velopment of biofilms from attachment and formation of microcolonies 
are similar even though the characteristics of the surfaces are different 
(Costerton et al., 1999). Since that time, 1999, (Costerton et al., 1999) 
once Costerton attributed the persistence of some chronic infections to 
biofilms, the biofilm-related infections have received considerable criti-
cal attention trying to decipher the mechanisms of such infections (Mauf-
frey et al., 2016). Drenkard and Ausubel (2002) have argued that the phe-
notypic variants of P. aeruginosa cells in biofilms and the regulatory pro-
tein (PvrR) are both key factors responsible for the antibiotic resistance 
of P. aeruginosa biofilms. The same study has shown that the resistant 
colonies to kanamycin are smaller than the wild-types ones and display 
rough small-colony phenotypes (RSCV, rough small colony variants) that 
also have a higher degree of surface hydrophobicity. This facilitates more 
efficient attachment of bacterial cells to surfaces than do the wild-type 
colonies. Furthermore, the biofilms of RSCV formed faster and were 
more resistant to the continuous flow of tobramycin (200 g/mL) than 
the biofilms of the wild-types. The most important finding from this 
study is that the activation of PvrR, switching the phenotypic cells from 
antibiotic-resistant to antibiotic-susceptible phenotypes, can prevent the 
formation of biofilm and as well increase the susceptibility of bacterial 
cells in biofilms to antibiotics.  

2.2 Persister cells in biofilm population 

Nutrient depletion among the biofilm matrix can develop starvation-in-
duced dormancy and the generation of a subpopulation of so-called per-
sister cells (Drago & Toscano, 2017). This subpopulation of persister cells 
forms ~0.1 to 10% of the biofilm population and invokes multidrug toler-
ance (Harrison et al., 2007), and are also phenotypic variants in the pop-
ulation. Deep dormant bacterial cells in the biofilm matrix are more tol-
erant to antibiotics than superficial cells and can persist, resulting in a 
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recurrent infection (Bayramov and Neff, 2017). There are some similari-
ties between persister cells and viable but non-culturable cells (VBNC, 
which are non-culturable on routine media and undetected by CFU 
counting on plates) cells. VBNC cells are also antibiotic tolerant and show 
morphological changes, such as cell rounding that differs from their char-
acteristic shapes in the exponential growth phases. A consequence of 
these similarities, there is a lack of reliable data that would show that per-
sister and VBNC cells are different from each other, or even variants of 
the same population. More importantly, VBNC cells constitute a public 
health hazard due to the undetected viable cells in clinical samples (Li et 
al., 2014). In a review by Li et al. (2014) 51 human pathogens that exhibit 
a VBNC state were listed including S. aureus and E. coli. They suggest 
that VBNC state is an adaptive response induced by stress factors, such 
as starvation. Antibiotic treatments kill most of the bacterial cells in bio-
films, and the immune system synergizes with the antibiotics to eradicate 
the remaining persisters. Persister cells are worrisome when the immune 
system is not working, taking into account that the biofilm exopolymers 
also protect the cells from the insults of the immune system (Lewis, 
2001). When there is simultaneously a decrease in the antibiotic concer-
tation, the persister cells will flourish to reform biofilms, shedding off 
new planktonic cells (Lewis, 2001), as shown in Figure 4. Therefore, per-
sister cells could be considered as the stem cells of biofilms, maintaining 
the physical barrier of biofilms and dispersing new bacterial cells that 
colonize new surfaces (Mauffrey et al., 2016).  

Figure 4. Biofilm resistance depicted with reference to the survived persister cells. An-
tibiotic treatment kills the majority of normal bacterial cells (red-colored) in both 
planktonic and biofilm forms. The immune system kills the planktonic persister 
cells (blue-colored), whereas the biofilm exopolymeric matrix protects the persister 
cells in biofilms. A decrease in the antibiotic concentration triggers the persister 
cells in biofilms to flourish and repopulate the biofilms. Reproduced with permis-
sion from reference, Lewis (2001). 



13

2.3 Wound dressings in infection control

A key issue in wound management is providing suitable environment for 
renewal of epidermis by prevention of wound infections and further skin 
injury (Ghosh et al., 2013). Excellent wound dressing allows the exchange 
of gases and promotes moisture within the wound (Percival et al. 2002). 
On the other hand, wound dressings create a closed environment for 
wounds. Biofilms are formed in particular niches on wound surfaces and 
obtain their nutrients from the underlying damaged tissues and exudate 
of wounds (Thet et al., 2015). Biofilms are the main reason behind the 
delayed healing of chronic wounds (Percival et al., 2015). Accordingly, it 
is of critical importance to develop would dressings that do not allow the 
formation of biofilms on wound surfaces (Rhoads et al., 2008).  
The spread of MRSA has generated renewed interest in Ag in wound 
management. In this context, two main concerns should be addressed: i) 
would the increase of using Ag result in Ag resistance? ii) The credibility 
of testing the antibacterial effects of Ag in the absence of standardized 
testing methods and breakpoints, especially with the different chemical 
and physical forms of Ag. Therefore, when it comes to the point of choice 
of clinicians, they should at least choose dressings that are rapidly releas-
ing high levels of Ag+ to avoid a selection of Ag resistance especially if the 
released Ag+ are sub-lethal (Chopra, 2007). Caution in the clinical use of 
Ag dressing should also prevail as i) the clinical efficacy of such dressings 
coming into contact with wound exudates containing chloride ions (Cl-) 
could influence the efficacy of Ag+, and ii) there are risks associated with 
the possible Ag resistance if administrated at sub-lethal dosages (White 
et al., 2006). Sütterlin et al. (2012) have shown that Ag encoding re-
sistance genes are evident in Enterobacter cloacae after only three weeks 
of treating chronic leg ulcers with Ag-based dressing (Aquacel®).  
 Wright et al. (1998) studied the antibacterial effects of three forms of 
Ag, namely silver nitrate (AgNO3), silver sulfadiazine cream and Ag-
coated dressing against MRSA and found that Ag-coated dressing was the 
most efficacious, reducing the viable bacterial counts, within 30 min, to 
less than the detection levels, whereas AgNO3 was the least efficacious in 
the same study. A previous study (Jones et al., 2004) on Ag-containing 
hydrogel fiber® dressing has shown the importance of the rapid killing of 
the MRSA by dressing, within 30 min, using the zone-of inhibition meth-
ods. This rapid killing is as an attribute of an ideal dressing. These zone-
of inhibition methods could also simulate the killing ability of the dress-
ing at the wound dressing interfaces at their clinical administration. 
 Ip et al. (2006) have examined the antibacterial effects of five CSD and 
noted that Contreet and Acticoat commercial dressings have bactericidal 
effects against MRSA. The most rapid killing activity was reported for 
Contreet, reducing the bacterial growth by ˃10 000 CFU/mL after only 4 
h. A prior study (Paladini et al., 2016) has noted the importance of coat-
ing Ag NPs onto cotton gauzes in the prevention of S. aureus infection
and their biofilms, as a representative model of wound infections,
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through the reduced adhesion of bacterial cells to the cotton fibers and 
the reduction of ˃3 logs of the bacterial biofilm densities after treatment 
with Ag-treated cotton gauzes. GhavamiNejad et al. (2015) developed 
electrospun nanofibers containing Ag NPs of less than 20 nm for wound 
dressing applications and showed the following: i) Ag was quickly re-
leased, after 24 h, from the nanofibers followed by a sustained release 
over 5 days, ii) the nanofibers containing Ag NPs had more enhanced an-
tibacterial effects against E. coli and P. aeruginosa than against S. aureus 
owing to the thicker peptidoglycan layer of the latter, limiting the pene-
tration of Ag NPs. Dressings facilitating the sustained release of Ag vali-
date the premise of less frequent change of dressings. Consequently, this 
also increases patient compliance and acts as a barrier against commu-
nity-acquired MRSA infections (Leaper, 2006). It has conclusively been 
shown in an in vivo clinical trial that nanocrystalline Ag dressings formed 
a 67% effective anti-MRSA barrier. MRSA penetration had only been de-
tected in two wounds while no penetration had been detected for the 
other seven wounds that were colonized by MRSA and covered by the 
nanocrystalline Ag dressings (Strohal et al., 2005). As mentioned in the 
study of Holder et al. (2003), Acticoat®, a Ag-coated dressing, was tested 
for its barrier function against S. aureus and E. coli and it was found that 
Acticoat® is an antibacterial barrier. It did not allow the penetration nor 
the growth of bacteria on the agar surfaces under the inoculated Acti-
coat® samples.  

2.4 Infections associated with orthopedic implants

Infections of orthopedic implants are due to i) bacteria from implant 
surfaces, ii) the surgical team, the skin of patient, or the environment in-
troducing infections, and iii) the hematogenous spread of infections 
(Bayramov and Neff, 2017; Melton & Anderson, 2018). Orthopedic im-
plant infections are routinely prevented and treated using two surgical 
approaches. Namely: i) one surgical intervention (i.e., the implant is re-
tracted, debrided, and new implanting prosthesis is implanted; ii) two 
surgical interventions (i.e., as above but with the prosthesis implanted a 
few weeks after). Antibiotics could be administered as concomitant pre-
ventive and treating agents with the aforementioned two approaches 
(Odekerken et al., 2017). Hope et al. (1989) have tethered the exercise of 
one surgical intervention with elderly patients suffering uncomplicated 
infections, and the two surgical interventions with the failure of first sur-
gical intervention due to a severe infection, or a need for an extensive 
bone grafting and necrosis. The high number of hip and knee prostheses 
is associated with increased risks of infections, in which biofilms could be 
ultimately formed (Drago & Toscano, 2017). Biofilms are also commonly 
encountered as a complication of treating orthopedic infections. Even 
though a precise surgical approach is adopted, contamination, avascular 
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tissue, and necrotic bone could remain. Bacteria tend to dwell to avascu-
lar niches at which systemic antibiotics would be of less efficacy (Elson, 
1985; Winkler and Haiden, 2016). Biofilms formed on the implant sur-
faces are usually regarded as being untreatable, and the only solution is 
the removal of the implant (Bayramov and Neff, 2017; Wu et al., 2014). 
Therefore, antibacterial medical devices should be designed in a manner 
that prevents the formation of biofilms following implantation (Bay-
ramov and Neff, 2017), and biomaterials releasing local antibiotics could 
provide successful treatment of orthopedic infections (van Vugt et al., 
2017). 

2.4.1 Carriers for antibiotics 

Buchholz & Engelbrecht (1970) were the first to use preventive admin-
istration of antibiotic-loaded acrylic cement (ALAC), allowing for the pro-
longed local release of antibiotics after joint replacement operations. 
Later in 1979, Klemm demonstrated the prolonged local release of gen-
tamicin from polymethyl methacrylate (PMMA)-beads and -chains at a 
high concentration that could not be reached by systemic administration 
of gentamicin. The same study also showed the complete cure of the 
91,4% of patients suffering chronic osteomyelitis after treatment with 
these local gentamicin-PMMA-beads. More recently, Anagnostakos et al. 
(2008) have shown the persistence of Staphylococcus epidermidis 
strains isolated from gentamicin-loaded PMMA beads. Surprisingly, one 
of the isolated strains of S. epidermidis developed resistance to gentami-
cin postoperatively, even though this strain was susceptible to gentamicin 
preoperatively. It was concluded that gentamicin-loaded PMMA beads 
could be less valuable in a second surgical intervention owing to the pos-
sible development of gentamicin-resistance after the first surgical inter-
vention. In a previous study some 2o years ago Hope et al. (1989) already 
raised concern about this gentamicin resistance. They showed that coag-
ulase-negative staphylococci (C-NS) developed gentamicin resistance 
due to gentamicin-containing cement used in a prior surgery. Contrary to 
the above-mentioned side effects for the beads and cement containing 
gentamicin, Ding et al. (2018) have found that the electrospun hybrid 
scaffolds containing sol–gel-derived SiO2 and a cargo of levofloxacin have 
antibacterial effects against S. aureus and E. coli and a more enhanced 
mineralization content of MG-63 osteoblast-like cells elicited by the SiO2, 
which favors bone tissue applications. In the same vein, Gounani et al. 
(2018) have demonstrated antibacterial effects for the mesoporous SiO2 
NPs loaded with polymyxin B against E. coli, Acinetobacter baumannii, 
and P. aeruginosa almost as same as the pristine polymyxin B. Interest-
ingly, the polymyxin B-loaded mesoporous SiO2 NPs generated less reac-
tive oxygen species in Human embryonic kidney 293 cells (HEK 293) 
than the pristine polymyxin B did. Therefore, the polymyxin B-loaded 
mesoposrous SiO2 NPs developed both antibacterial effects and im-
proved biocompatibility. The higher antibacterial effects of antibiotic-
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loaded functionalized SiO2 than the pristine antibiotic has also been elu-
cidated in a recent study by Andrade et al. (2018). In this study, they have 
found that mesoporous SiO2 hydroxyapatite-based composite with 
loaded ciprofloxacin demonstrated higher antibacterial effects than the 
pristine ciprofloxacin against S. aureus, E. coli, and P. aeruginosa, and 
showed a high bone affinity for bone tissue. However, the composite-
loaded ciprofloxacin decreased the cell viability of HEK 293 cells at a con-
centration of more than 100 μg/mL.  

2.4.2 Biocompatibility of SiO2 

Some questions have to be addressed regarding the biocompatibility of 
SiO2 as a delivery system. In the study of Duan et al. (2013a), SiO2 NPs 
(62 nm) were cytotoxic to human umbilical vein endothelial cells in a 
dose and time-dependant manner. A previous study evaluating the effects 
of amorphous SiO2 NPs on human fibroblast cells had observed cytotoxic 
effects on human fibroblasts with a cell viability of 60 to 80% at a con-
centration of 667 μg/mL (Chang et al., 2007).  Another study which had 
been carried out by using L929 mouse fibroblasts has shown that the cy-
totoxicity depends on the concentration of SiO2 NPs. Gentamicin loaded-
SiO2 collagen nanocomposite of 500 nm-sized SiO2 NPs showed no de-
crease in the cell viability at a concentration of 0.05 M and 0.25 M of SiO2 
NPs, whereas the cell viability significantly decreased as the concentra-
tion of SiO2 NPs increased to 0.5 M and 1 M (Alvarez et al., 2014). On the 
contrary, other cell lines have demonstrated no toxicity for the SiO2-de-
livery systems such as Xu et al. (2018) who have found 95% viability of 
the Michigan Cancer Foundation-7 cells after treatment with hollow mes-
oporous SiO2@zeolitic imidazolate framework for 24 h, suggesting the bi-
ocompatibility of such system to deliver gentamicin. Balaure et al. (2016) 
have also found no effects on the viability of human mesenchymal stem 
cells, when using 10 μg/mL of the tyrosine-SiO2 nanocomposite. How-
ever, in vitro cell cultures cannot fully imitate in vivo systems. Mebert et 
al. (2018) have shown an absence of any adverse reactions in histological 
examination of uncontaminated wounds of male Wistar rats that had 
been treated with 200 μL of double-loaded core-shell collagen-silica 
nanocomposite with gentamicin and rifamycin. This supports the notion 
of the biocompatibility of the nanocomposite. Duan et al. (2013b) used 
zebrafish embryos as a quick and simple animal model, mimicking the 
responses in humans, to evaluate the toxicity of SiO2 NPs. It was found 
that increasing the exposure concentration of SiO2 NPs (62 nm) to 100 
and 200 μg/mL increased the mortality rates of zebrafish embryos sig-
nificantly and decreased the hatchability rates, delaying the embryonic 
development, in a dose- and time-dependent manner. Zebrafish embryos 
have been proposed to serve as a model for assessing the toxicity of na-
noparticles. They undergo rapid embryonic development, and their 
transparency facilitates microscopic non-invasive visualization of inter-
nal organs and nanoparticles (Fent et al. 2010). Furthermore, the high 
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conservation of the key regulators of bone formation between mammals 
and zebrafish argues for the extrapolation of the findings to mammalian 
osteogenesis and tissue mineralization (Renn et al., 2006; Spoorendonk 
et al., 2010). The above-mentioned dose- and time-dependent toxicity is 
contrary to the findings of Fent et al. (2010) who have found no toxic ef-
fects of fluorescent SiO2 NPs (~60 and ~200 nm) on zebrafish embryos. 
They detected the fluorescent SiO2 NPs aggregated only on the chorion of 
the embryos and they were not taken into the embryo nor did they affect 
the survivability of the embryos. To further support the previously-men-
tioned findings of absence of toxicity, Sharif et al. (2012) found no signif-
icant toxicity in zebrafish embryos treated with a concentration of 10 
μg/mL of 200 nm SiO2 NPs at 48 hours post fertilization (hpf) in com-
parison to the control group treated with only PBS, and therefore con-
cluded that SiO2 NPs is as an excellent delivery system when adminis-
trated in low concentrations.  
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3. Materials and Methods 

This chapter presents the major materials and methods used in this thesis 
work. The preparation and characterization of the SiO2-drug delivery sys-
tems are described with reference to their prolonged release, antibacte-
rial and anti-biofilm effects, and their toxicity evaluation. The details of 
the experiments can be found in Publications [1] to [4]. 

 
 

3.1 Preparation of SiO2-drug delivery systems 

 
Preparation of SiO2-Ag delivery system. For the preparation of 

SiO2-Ag delivery system, a modified Stöber method (Stöber et al., 1968) 
was adopted as follows: mixing of 1000 mL ethanol (96.1 vol%, Altia), 
100 mL deionized water, 100 mL ammonium hydroxide (25% JT Baker), 
and 2 g of silver nitrate (≥99%, Sigma-Aldrich) under magnetic stirring. 
After mixing, 50 mL tetraethyl orthosilicate (≥99%, Sigma-Aldrich) was 
dropwise added, changing the color of the solution to white during the 2 
h reaction time. Once, the reaction time was ended, the precipitate was 
collected by centrifugation at 3500 rpm. After centrifugation, the pow-
ders were dried at room temperature and then heat-treated at 300 ºC for 
75 min. Pristine SiO2 [1], namely SiO2 [1] was prepared following the 
same above-mentioned procedure without the addition of silver nitrate.  

Preparation of sol–gel SiO2-gentamicin delivery system. For 
the preparation of SiO2-gentamicin xerogels, the base-catalyzed precipi-
tation route was adopted following Corrêa et al. (2014) as follows: dis-
solving 500 mg of gentamicin sulfate (Sigma-Aldrich) in 10 mL of tetra-
ethyl orthosilicate (Aldrich® chemistry). After dissolving, 20 mL of am-
monium hydroxide (28%–30%, Sigma-Aldrich) was added and mixed for 
20 min under magnetic stirring and until precipitation. After precipita-
tion, the material was dried overnight at room temperature and then 
ground with a mortar and pestle. Pristine SiO2 [2], namely SiO2 [2] was 
prepared following the same above-mentioned procedure without the ad-
dition of gentamicin sulfate.  
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3.2 Characterization of SiO2-drug delivery systems

X-ray diffraction (XRD) measurements were performed to study the
structure of the SiO2-drug delivery systems using PANalytical X’pert 
Powder Pro diffractometer (Almelo, The Netherlands) with Cu Kα radia-
tion (λ = 1.54 Å) over the 2θ range of 20º to 90º for SiO2-Ag and SiO2 [1] 
and over the range of 10º to 90º for SiO2-G and SiO2 [2]. With respect to 
the shape and size-distribution, transmission electron microscope (TEM) 
analyses were performed using Tecnai F20 G2 (Eindhoven, The Nether-
lands) operated at 200 kV accelerating voltage for SiO2-Ag and SiO2 [1] 
and using a Hitachi TEM (H-7650B, Japan) and a JEOL TEM (JEM-
2800, Japan) microscopes operated at 80 kV and 200 kV, accelerating 
voltages, respectively, for SiO2-G and SiO2 [2]. To study the surface mor-
phology of the SiO2-G delivery system and SiO2 [2], scanning electron mi-
croscope (SEM) analyses were performed using a Zeiss Sigma VP SEM 
(Germany). The size of the SiO2 [2] was detected on the obtained TEM 
images and the size of the SiO2-G nanohybrids was detected on the ob-
tained SEM and TEM images, attempting to catch less aggregated parti-
cles. The size analysis was performed using Fiji ImageJ software. The zeta 
(ζ) potentials (surface charges) were detected in de-ionized water using 
Zetasizer Nano ZS (Malvern, UK) for SiO2-Ag and SiO2 [1] and using SZ-
100 nanopartica Zetasizer for SiO2-G and SiO2 [2]. 

In order to identify the functional groups of SiO2-G nanohybrids, SiO2 
[2], and pristine gentamicin (G), Fourier-transform infrared (FTIR) spec-
troscopy was conducted using a TENSOR II FTIR spectrometer (Optik 
GmbH, Ettlingen, Germany) in the attenuated total reflectance (ATR) 
mode, with a resolution of 4 cm-1 and a scan range of 4,000 to 400 cm-1.  

Thermogravimetric analysis (TGA) was performed on the SiO2-G na-
nohybrids and SiO2 [2], using a simultaneous thermal and spectral anal-
ysis, a STA449C Jupiter (Netzsch Gerätebau GmbH, Selb, Germany) cou-
pled with a Tensor-27 FTIR spectrometer (Bruker Optics, Ettlingen, Ger-
many). The analysis range was from 30 to 500 ºC at a rate of 10 ºC/min 
in an argon atmosphere (flow rate of 20 mL/min). Aluminum crucibles 
without lids were used in the analysis, and an empty crucible was used as 
a reference. 
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3.3 Prolonged drug release from the SiO2 substrates 

Ag release from the SiO2-Ag delivery system. The concentrations 
of Ag released from the SiO2 substrate were measured by an inductively 
coupled plasma-optical emission spectrometer (PerkinElmer Optima 
7100 DV, Waltham) over three successive days. To begin the measure-
ments, the first step was to detect the Ag concentration in the non-filtered 
stock, 1 mg/mL, of an aqueous suspension of SiO2-Ag. The second step 
was to shake this stock at 150 rpm (Lab-Therm, Fennolab, Kühner, Swit-
zerland) for 0, 24, 48, and 72 h and then filter it at these above-mentioned 
time points using 0.2 μm cellulose acetate membranes to remove the SiO2 
substrates and measure the Ag concentrations in the filtered suspensions. 
The measurements were performed in triplicate. 

Gentamicin release from the SiO2-G delivery system. The gen-
tamicin released from the SiO2 substrate was detected in a suspension of 
PBS (pH 7.4) in a concentration of 10 mg/mL. The SiO2-G suspensions 
were incubated at 37 ºC and shaken at 150 rpm for 24, 48, 72, 96 and 120 
h. Following incubation, the suspensions were centrifuged at 5000 rpm 
(Centrifuge 5424, Eppendorf AG, Hamburg, Germany) for 5 min. Then, 
PBS medium was discarded and 2 mL of fresh PBS (pH 7.4), 2 mL of iso-
propyl alcohol (Sigma-Aldrich, Steinheim, Germany) and another 2 mL 
of phthaldialdehyde reagent (Sigma-Aldrich) were added. The measure-
ments were then executed using indirect spectrophotometric analysis, in 
which phthaldialdehyde reagent acted as the derivatizing agent, interact-
ing with the amino groups of gentamicin, producing a chromophoric 
product detected at 332 nm (Phromsopha et al., 2010) by an UV-vis spec-
trophotometer (Hitachi, U-2000, Hachioji City, Tokyo, Japan). Gentami-
cin standards were prepared by dissolving different concentrations of 
gentamicin (10, 100 μg/mL and 1 mg/mL) in PBS. The measurements 
were performed in triplicate. 

 

3.4 Antibacterial and anti-biofilm experiments 

The antibacterial and anti-biofilm experiments were aseptically per-
formed inside a class II microbiological safety cabinet. 

Experiments for the wound dressing applications. The design 
of the susceptibility tests of the SiO2-Ag delivery system for wound dress-
ing applications was based on the following: cutting quadrate pieces (1 
cm × 1 cm) of sterile gauze (Mepore) and soaking them in a vial contain-
ing 1 mg/mL suspension of the SiO2-Ag composite for 15 min, to create 
the nanocomposite-impregnated gauze (Ag–SiO2-G). Cutting another 
quadrate pieces of the same sizes from the commercial Ag-containing 
dressing (CSD, Hansaplast) and pristine gauze (Control negative) and 
soaking them in vials containing sterile Milli-Q water. All the quadrate 
pieces were placed on the surface of the inoculated Mueller-Hinton agar 
(MHA) plates [inoculation by 100 μL of MRSA and E. coli suspensions; 
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~1 to 2 × 108 colony-forming units (CFUs)/mL) per plate]. The corrected 
inhibition zones (CIZs) were calculated after overnight incubation based 
on the measured horizontal and vertical inhibition zones and the sizes of 
the dressings. 

Prolonged antibacterial experiments were employed for the SiO2-Ag de-
livery system as follows: the quadrate pieces of the prepared Ag-SiO2-G, 
CSD, and the pristine gauze were pre-treated in sterile test tubes contain-
ing 800 μL of sterile de-ionized water for 10 min. Following pre-treat-
ment, 2.2 mL of Mueller-Hinton broth (MHB) and aliquots of 10 μL of 
MHB-bacterial suspensions (~1 to 2 × 108 CFU/mL) were added to the 
test tubes containing the dressings and incubated at 37 ºC with shaking 
(200 rpm). Test tubes containing only MHB and only MHB-bacterial sus-
pensions were used as negative and positive growth controls, respec-
tively. The prolonged antibacterial effects were visually detected for tur-
bidity and quantitatively measured for optical density (OD) at 600 nm 
every 24 h. 

To decipher the mechanisms of the antibacterial effects of the SiO2-Ag 
delivery system, TEM and scanning transmission electron microscope 
(STEM) studies were performed on the MRSA treated with the nanocom-
posite and the SiO2 [1]. Luria–Bertani (LB)-MRSA suspensions (~1 to 2 
× 108 CFU/mL) were incubated at 37 ºC overnight with shaking (200 
rpm). Following incubation, aliquots of 500 μL of the nanocomposite and 
SiO2 [1] were added to the test tubes containing 5 mL of the MRSA sus-
pensions and further incubated for another 24 h. After the last incuba-
tion, bacterial cells were centrifuged and washed, and the samples were 
fixed first by 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4 
ºC for 24 h, and secondly by 1% osmium tetroxide at room temperature 
for 1 h. Following fixation, the samples were dehydrated, infiltrated and 
polymerized as reported in Publication [2]. After polymerization, the 
epon blocs were cut into 60 nm thick sections using a Leica ultramicro-
tome (EM Ultra Cut UC6ei, Leica Mikrosysteme GmbH, Vienna, Austria). 
The cut sections were then drop-cast on grids (formvar-coated 200-mesh 
EM copper grids, Electron Microscopy Sciences, Hatfield, PA, USA) and 
first stained with 0.5% uranyl acetate, and secondly with 3% lead citrate. 

Experiments with relevance for orthopedic applications. The 
biofilm susceptibilities were detected using the Calgary biofilm device 
(CBD), commercially known under the theme of MBEC™ (minimum bio-
film eradication concentration) biofilm inoculator with a 96-well base 
and hydroxyapatite-coated pegs (product code: 19131). The CBD was ob-
tained from Innovotech Inc. (Edmonton, Canada) and the tests were em-
ployed following the procedural manual of MBEC™ version 1.1 (2015). 
Briefly, MRSA and E. coli dilutions (150 μL; ~105 to 106 CFU/mL) were 
added into the wells of the 96-well microtiter plates and incubated in a 
shaking incubator (110 rpm) for 24 h at 35 ºC to allow the formation of 
biofilms on the pegs of the MBEC™ lid. The peg lids were rinsed with 
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sterile saline (0.9%) for 2 min, removing the dispersed cells from the bio-
films. The peg lids were then challenged with the materials tested for 24 
h in the shaking incubator. The concentrations of the materials tested 
were set as 1×, 2×, and 4× of their MICs against planktonic cells of MRSA 
and E. coli, i.e., the concentrations of the SiO2-G nanohybrids were 500, 
1000, and 2000 μg/mL and 250, 500, and 1000 μg/mL against the bio-
films of MRSA and E. coli, respectively. The challenging concentrations 
of the pristine gentamicin were 125, 250, and 500 μg/mL and 7.8, 15.6, 
and 31.3 μg/mL against the biofilms of MRSA and E. coli, respectively. 
Following challenge, the peg lids were rinsed again as mentioned above. 
The peg lids were then neutralized in a recovery plate containing 200 μL 
of a neutralizing solution per well. The neutralization was performed to 
reduce the toxicity of the materials tested and recover the remaining bio-
film on the lids following the challenge. The recovery plates were shaken 
(160 rpm; 30 min) to detach the biofilms, which were then quantified for 
the viable counts per peg by serial dilutions and spot plating (20 μL) us-
ing Equation (1). Afterward, fresh MHB medium (20 μL) was added to 
the wells of the recovery plates, which were sealed and incubated for an-
other 24 h. The lowest concentration of challenge with no visible growth 
after 24 h was then ascribed as the minimum biofilm eradication concen-
tration (MBEC).  

Log10 (
CFU
Peg

) = Log10 [
X
B

D +1] (1) 

X, CFU counted on spot plate; B, volume plated; D, dilution factor 

The biofilms formed onto the CBD pegs were analyzed by SEM. Follow-
ing antibacterial challenge and rinsing, the specified pegs were broken by 
sterilized pliers and rinsed for 15 min in sterile saline (0.9%) to remove 
the dispersed planktonic cells. After rinsing, the pegs were first fixed by 
5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4 ºC for 24 h, 
washed with cacodylate buffer and then sterile distilled water for 15 min. 
The pegs were secondly fixed with 1% cacodylate-buffered osmium te-
troxide (pH 7.4) at room temperature for 1h. The pegs were further dehy-
drated and critical point-dried at 1200 bar pressure at 40 ºC using liquid 
CO2. The prepared pegs were finally mounted on aluminum stubs, sput-
ter coated with a Pt target for 4 min, and analyzed by the Zeiss Sigma VP 
SEM. 
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3.5 In vitro and in vivo toxicity experiments

3.5.1 In vitro toxicity of SiO2-G nanohybrids 

Cell culture and exposure to the materials tested. Human oste-
ogenic sarcoma cells (SaOS-2) were purchased from China Infrastructure 
of Cell Line Resources. The cells were cultured in McCoy’s medium 
(Thermo Fisher Scientific, Waltham, MA, USA) and supplemented with 
15% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1% penicil-
lin/streptomycin to allow expansion of cells (“normal culture medium”). 
An osteogenic induction medium (the normal culture medium containing 
10-7 M dexamethasone, 10 mM β-glycerophosphate disodium, and 50
μg/mL ascorbic acid) was used to allow osteogenesis. The cells were in-
cubated in a 5% CO2 humidified incubator at 37°C.

SiO2-G nanohybrids (1 mg/mL) were suspended in the cell culture me-
dium and ultrasonicated for 1 h, and then further diluted to 250, 125, 
62.5, and 31.25 μg/mL as the final concentrations to be tested. Following 
incubation for 72 h, the medium was changed to fresh medium without 
the nanohybrids. SiO2 [2] and pristine gentamicin were also tested for 
their effects on the osteogenic differentiation of SaOS-2 cells at the con-
centrations of 250 and 62.5 μg/mL and 9.65 and 6.26 μg/mL, respec-
tively. The concentrations of gentamicin tested represent the concentra-
tion of gentamicin released from 250 μg/mL of the SiO2-G nanohybrids 
after 24 and 72 h, respectively that were detected in Publication [2]. The 
cells incubated in medium without any addition were used as a negative 
control.  

Cell viability. The cell seeding density in the 96-well plates (Corning 
Incorporated, Corning, NY, USA) was 2 × 104 cells/cm2. The plates were 
incubated for 24 h to allow the cells to attach. Following attachment, the 
cells were treated with the nanohybrids or SiO2 [2] suspended in the cell 
culture medium for 72 h and treated with pristine gentamicin for the 
whole incubation period. Cell viability was detected using the Cell Count 
Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) for the cells cultured in the 
normal culture medium, i.e., on days 1, 3, and 5 after treatment, and in 
the osteogenic induction medium, i.e., on days 7 and 14 after induction. 
The procedure was conducted as follows: 10 μL of CCK-8 was added to 
the 100 μL of the medium containing the cells in each well and incubated 
for 1 h at 37 °C. Aliquots of 100 μL of the solution were then transferred 
to a new 96-well plate, and the absorbance was detected by a multimode 
plate reader (EnSpire; PerkinElmer Inc., Waltham, MA, USA) at 450 nm. 

Alkaline phosphatase (ALP) activity. The cell seeding density of 
SaOS-2 in the 48-well plates (Corning Incorporated) was 2 × 104 
cells/cm2 in the normal culture medium. The normal culture medium 
was replaced by the osteogenic induction medium (with the materials) 
when the cells had reached 90% confluency. The cells were treated with 
the nanohybrids or SiO2 [2] for 72 h and with pristine gentamicin during 
the whole incubation period. Following osteogenic induction, i.e., for 7 
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days, the cells were washed with PBS (twice) and lysed with radioim-
munoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) 
for 15 min on ice. The lysate was centrifuged at 12,000 rpm for 10 min. 
Following centrifugation, the supernatant was analyzed by an ALP testing 
kit (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, 
China). Total protein content was determined using the BCA protein as-
say (Aidlab Biotechnologies Co., Ltd., Beijing, China) and the ALP levels 
were normalized to the total protein content. The cells were also washed 
with PBS and then fixed with 4% paraformaldehyde for 30 min for qual-
itative analysis. 

Extracellular matrix (ECM) mineralization. The cell seeding and 
treatment were adopted as mentioned above. Following osteogenic in-
duction, i.e., for 14 days, ECM mineralization of cells was examined using 
Alizarin Red S staining as follows: the cells were twice washed with PBS. 
The cells were then fixed with 4% (w/v) paraformaldehyde and stained 
with 1% Alizarin Red S (pH at 4.2) each for 30 min at ambient tempera-
ture. The cells were finally washed frequently with distilled water. An in-
verted optical microscope (Olympus IX81; Olympus Corporation, Tokyo, 
Japan) was used to take the images. The plates were also photographed 
using a digital camera. The quantification of ECM mineralization results 
was carried out by dissolving the stain in 10% cetylpyridinium chloride in 
10 mM sodium phosphate buffer. The absorbance was then measured at 
562 nm by using a multimode plate reader. Normalization of the ECM 
mineralization of cells to the cell viability detected by CCK-8 was then 
carried out. The experiments were conducted in triplicate. 

3.5.2 In vivo toxicity of SiO2-G nanohybrids 

Zebrafish and exposure to SiO2-G nanohybrids. The experi-
ments were conducted using the Tübingen strain of zebrafish (Danio 
rerio). The adults were maintained at the light: dark photoperiods of 
14h: 10h. The adults were allowed to spawn naturally. Following spawn-
ing, the embryos were collected into Petri dishes and examined by a ste-
reomicroscope, discarding the dead embryos, incubated in Holtfreter’s 
medium at 28 ± 2 ºC, and staged for embryonic developmental stages 
according to Kimmel et al. (1995). After 4 hours post fertilization (hpf), 
the embryos were then assigned to three groups (30 embryos per group) 
namely; a negative untreated control group exposed to pristine Holt-
freter’s medium (3 mL, without any addition), and another two groups 
exposed to concentrations of 500 and 1000 μg/mL SiO2-gentamicin na-
nohybrids in Holtfreter’s medium, respectively. The pristine Holt-
freter’s medium or the medium containing SiO2-gentamicin nanohy-
brids was exchanged every 24 h until the end of the experiment, i.e., 5 
days post fertilization (dpf). 
Mortality, hatching, and cardiac rates. Zebrafish embryos/larvae 

were assessed for the in vivo toxicity of SiO2-G nanohybrids in terms of 
mortality, hatching, and cardiac rates. The mortality rates were detected 
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as the percentage of dead embryos/larvae of all embryos in the group, 
starting after 24 hpf. The hatching rates were detected as the percentage 
of hatched embryos after 72 hpf of all the living embryos in the group. 
The cardiac rates were the counted heart beats per min under a stereomi-
croscope (Nikon SMZ 1500, Japan), starting after 72 hpf. The experi-
ments were conducted in duplicate. 

Sub-lethal malformations of embryos/larvae. The sub-lethal 
malformations of zebrafish embryos/larvae exposed to the SiO2-G nano-
hybrids were assessed every 24 h as the percentage of malformed em-
bryos/larvae of all living embryos in the group, starting after 24 hpf. The 
malformed embryos were mounted in 3% methylcellulose on the top of a 
depressed glass slide, anesthetized by 0.1% tricaine, and captured using 
a stereomicroscope with Nikon Digital Sight camera (Ds-Ri1, Nikon Cor-
poration, Japan). The sub-lethal endpoints were determined according to 
the morphology of pericardial sacs, yolk, spine, and tail, and the extent of 
body growth in comparison with the negative control group. The experi-
ments were conducted in duplicate. 
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4. Results and discussion

This section shows the key results on the characterization of the prepared 
SiO2-drug delivery systems as well as their prolonged drug release. More-
over, the most interesting antibacterial and anti-biofilm effects with re-
gards to the wound dressings and orthopedic applications, respectively, 
are presented. The in vitro and in vivo assessments of the SiO2-G nano-
hybrids are also elaborated on. 

4.1 Characterization of the prepared SiO2-drug delivery sys-
tems 

Figure 5 shows the amorphous structure of the pristine SiO2 prepared, in 
both delivery systems, by a modified Stöber method (SiO2 [1]) and by the 
base-catalyzed precipitation method (SiO2 [2]). The amorphous structure 
can be seen as the humps around 25º and 24º (2θ) in both patterns of 
Figure 5 (A and B), respectively. This amorphous structure is favorable 
as the amorphous form of silica usually is less toxic and produces less 
pulmonary fibrosis than crystalline SiO2 (King et al., 1953). As shown in 
Figure 5A, no diffraction peaks are detected for the crystalline Ag, which 
can be due to the small size of Ag NPs (5 ± 2 nm) as shown in the TEM 
images of Figure 6. These results are consistent with data obtained in 
other studies for small Ag NPs, i.e., <10 nm and lacking diffraction peaks 
(Chen et al., 2005; Perkas et al., 2013). The TEM images (Figure 6) also 
show the stabilization of non-aggregated Ag NPs all over the SiO2 matrix. 
This absence of aggregation is essential as the aggregation causes the loss 
of the antibacterial effects of Ag NPs due to the reduction of their active 
surfaces (Lok et al., 2007; Kim et al., 2007).    

It is apparent from the SEM images of Figure 7 that there is a difference 
in the surface morphology of SiO2 [2] and SiO2-G nanohybrids. The 
loaded gentamicin shows surface roughness of the nanohybrids. This sur-
face roughness has been shown to facilitate the release of gentamicin (van 
de Belt et al., 2000; van de Belt et al., 2001b) particularly at the initial 
stages after orthopedic surgery, preventing orthopedic infections (Stall-
mann et al., 2006). The loaded gentamicin is also detected as thin layers 
on the surfaces of SiO2, marked in the TEM image of the nanohybrids 
(Figure 7D). All the SEM and TEM images of the SiO2 [2] and SiO2-G na-
nohybrids (Figure 7) were taken at the same magnification of 10 000 ×. 
This loaded gentamicin also increased the surface charge of SiO2 [2] from 
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-61.6 ± 0.9 mV to be -9 ± 1.5 mV for the nanohybrids (Figure 7E). The
zeta potential represents the particle surface charge, which can only be
changed by the fraction of antibiotic loaded on the outer surface of parti-
cles. Furthermore, the positively charged molecules as gentamicin can
have electrostatic interactions with the negatively charged SiO2 NPs (Al-
varez et al., 2014). A recent study has also demonstrated a slight increase
in the zeta potential of the gentamicin-entrapped in SiO2 NPs in compar-
ison to the unloaded SiO2 NPs. The zeta potential of the carboxyl acid
functionalized SiO2 NPs also increased after adsorption or conjugation of
gentamicin. Such later processes affect the outer surface of the SiO2 NPs
by reducing the number of carboxyl groups on the surface of SiO2 NPs
available for dissociation, thus reducing the negative charge (increasing
the surface charge) (Perni et al., 2018). Consequently, the present in-
crease in the surface charge of the SiO2-gentamicin nanohybrids could be
attributed to the surface loaded gentamicin, which could also reduce the
number of the negatively charged silanol groups on the SiO2 surface. Re-
garding the size and size distribution, the TEM images show the SiO2 [2]
NPs (Figure 7C) are almost monodispersed and with a mean size of 293
± 21 nm and a size distribution of 254 to 325 nm. On the contrary, the
SiO2-G nanohybrids (Figure 7B and D) are united and form aggregated
networks with a remarkable increase in their mean size reaching 879 ±
264 nm and a great variation in their size distribution of 453 to 1248 nm
(Figure S1B of Publication [4]). It can be also assumed that the increase
in the zeta potential of the nanohybrids after the gentamicin loading also
plays a role in the decrease in the repulsive forces of the nanohybrids,
allowing for more aggregation of the nanohybrids.
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Figure 5. XRD patterns of the amorphous SiO2 in both delivery systems (A) SiO2-Ag 
and (B) SiO2-gentamicin. Reproduced with permission from Publication [1] and 
Publication [2], respectively. 

Figure 6. TEM images of SiO2-Ag nanocomposite, showing Ag decorating the SiO2 sub-
strate, at different magnifications. Reproduced with permission from Publication 
[1]. 
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Figure 7. SEM images of (A) SiO2 [2] and (B) SiO2-G nanohybrids, showing surface 
roughness. TEM images of (C) SiO2 [2], and (D) SiO2-G nanohybrids, with the 
loaded gentamicin marked red. All the images were taken at the magnification of 
10 000 ×. (E) The zeta potential of SiO2 [2] and SiO2-G nanohybrids in deionized 
water. Reproduced with permission from Publication [4]. 

FTIR is used to identify drugs (Sarabia-Sainz et al., 2012). FTIR spectra 
of the SiO2 [2], pristine gentamicin, and SiO2-G nanohybrids are shown 
in Figure 8A. The SiO2 [2] shows a broad prominent peak at 3,422 cm-1 
represents the Si-OH stretching. The sharp peak at 1,104 cm-1 represents 
the asymmetric Si-O-Si stretching. The peaks at 953, 800, and 472 cm-1 
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represent the symmetric stretching vibrations of the Si-O-Si bond. These 
results are consistent with those of Radin et al. (2002), Balaure et al. 
(2016), and Nie et al. (2018) for the absorption peaks of SiO2 matrix. The 
pristine gentamicin shows a peak at 3,424 cm-1 represents the stretches 
of the N-H amino groups. The two peaks at 1,629 and 1,529 cm-1 represent 
bending vibrations of N-H, stretching vibrations of C-H and stretching 
vibrations of C-N (Sharma et al. 2016).  The peak at 618 cm-1 represents 
a typical band for gentamicin (Sarabia-Sainz et al., 2012). The FTIR spec-
trum of the SiO2-G nanohybrids shows a peak at 3,441 cm-1 that most 
probably represent the same stretches of both the Si-OH and N-H amino 
groups, but with less intensity. The spectrum shows also peaks at 1,632, 
957, 795, and 465 cm-1, with almost unchanged positions from the peaks 
of SiO2 [2] but with less intensity. The spectrum of the nanohybrids 
shows also a new peak at 618 cm-1 that is typical for gentamicin and con-
sequently represents the successful loading of gentamicin. Further anal-
ysis using TGA has shown that the loaded gentamicin constitutes ~11.7 
wt% of the SiO2-G nanohybrids (Figure 8B). First, weight losses of 6.94% 
and 3.18% of SiO2 [2] and SiO2-G nanohybrids were recorded upon heat-
ing up to 100 ᵒC, respectively, demonstrating the removal of water con-
tent. Secondly, SiO2-G nanohybrids demonstrated a weight loss of 4.4% 
at 215 ᵒC that can be denoted as the start of aminoglycoside decomposi-
tion. Previous studies have reported the loss of gentamicin at the temper-
ature above 150 to 200 ᵒC (Perni and Prokopovich, 2014) and the loss of 
amikacin sulfate at 190 to 270 ᵒC (Sharma et al., 2014). Thirdly, a final 
weight loss of 13.25% of SiO2-G nanohybrids at the range of 220 to 500 
ᵒC was recorded, which can be attributed to the removal of glycosidic 
moieties (Agnihotri et al., 2015). Regarding the SiO2 [2], the total mass 
loss was recorded as 12.96% upon heating to 500 ᵒC. The mass loss of 
SiO2 [2] after subtracting the removal of water content is ~6%. The gen-
tamicin content in the SiO2-G nanohybrids can, therefore, be detected by 
subtracting the mass loss of SiO2 [2] from the mass loss of SiO2-G nano-
hybrids after eliminating the mass loss of the removal of water content in 
both samples and presuming that the SiO2 generally absorbs an equal 
amount of water. Gentamicin then forms ~11.7 wt % of the SiO2-G nano-
hybrids.      
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Figure 8. (A) FTIR spectra of SiO2 [2], SiO2-G nanohybrids, and pristine gentamicin, and 
(B) TGA of SiO2 [2] and SiO2-gentamicin nanohybrids. Reproduced with permission and
modifications from Publication [3] and Publication [2], respectively.

4.2 Prolonged drug release from SiO2 substrates 
In Publication [1], the in vitro release of Ag from the SiO2-Ag nanocompo-

site was investigated using inductively coupled plasma-optical emission spec-
trometer (ICP-OES) throughout three successive days. A close inspection of 
Figure 9A shows an initial fast release of Ag, over the first 24 h, representing 
~38.2% from the stock suspension of the nanocomposite. This trend of initial 
fast release was followed by a trend of a slower sustained release after 48 h 
and 72 h, releasing ~46.9% and ~49.1%, respectively, of the stock suspension. 
The results of this experiment implicate the following: i) the present nano-
composite could be used as an ideal material for wound dressings, providing 
rapid and prolonged antibacterial effects. ii)  There is a considerable concen-
tration of Ag that has not been released after 72 h, therefore, the wound dress-
ings containing such nanocomposite should be removed before the release of 
sub-inhibitory Ag concentrations. In this context, it has been previously rec-
ommended that the prolonged use of Ag dressings should be prohibited if 
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there is no clinical improvement after the dressings has been changed 3 to 5 
times within a period of 10 to 15 days (Cutting et al., 2007). 

In Publication [2], the in vitro release of gentamicin from the SiO2-gentami-
cin nanohybrids was investigated using indirect spectrophotometric analysis. 
As shown in Figure 9B, there is a clear trend of an initial fast gentamicin re-
lease over the first 24h, releasing 21.4% of the loaded gentamicin in the stock 
suspension of the nanohybrids. This initial fast release is followed by a sus-
tained slower release to reach a release of 43.9% of the total amount of the 
loaded-gentamicin sulfate after 120 h. The initial fast release could be at-
tributed to the release of gentamicin from the surfaces of SiO2. Afterward, the 
slower subsequent release could be attributed to the depletion of gentamicin 
from the surfaces of SiO2. This trend of release was also reported by Shi et al. 
(2009) who have demonstrated initial bursts of gentamicin release (60%) 
from the mesoporous SiO2-hydroxyapatite composite during the first hour 
owing to the release of adsorbed gentamicin from the surfaces, after which a 
slower release was detected during the following 11 h. The results of the pre-
sent experiment indicate that SiO2 facilitated: i) the initial fast gentamicin 
release that is desired following orthopedic surgery, and ii) a subsequent pro-
longed release of gentamicin that is also needed for successful clinical re-
sponses in orthopedic applications. However, it is important to bear in mind 
that there is a considerable concentration of gentamicin that is not released 
after the 5 days of the experiment. Therefore, caution should be exerted in 
possible clinical applications to avoid the release of sub-inhibitory concentra-
tions of gentamicin that can elicit for gentamicin resistant bacterial strains in 
practical orthopedic applications. Regarding this alarming gentamicin re-
sistance, gentamicin-resistant coagulase negative staphylococci were found 
in patients after total hip replacements and using gentamicin loaded acrylic 
bone cement (Sanzén and Walder, 1988). 



35

Figure 9. (A) In vitro release of Ag from the SiO2-Ag nanocomposite, demonstrating initial 
fast release after 24 h followed by a slower sustained release after 72 h. (B) In vitro 
gentamicin release from the SiO2-G nanohybrids, demonstrating an initial fast release 
after 24 h followed by a slower sustained release after 120 h. Reproduced with permis-
sion and modifications from publications [1] and [2], respectively. 

4.3 Antibacterial results for wound dressings 
To assess the credibility of the nanocomposite to be applied in wound 
dressings, agar diffusion assays were used to study the inhibition of bac-
terial growth in vitro. Figure 10 presents the susceptibilities of MRSA and 
E. coli to the nanocomposite impregnated-gauze (Ag–SiO2-G). Distinct
inhibition zones (IZs) are evident for the Ag–SiO2-G. As can be seen from
Figure 10, neither the pristine gauze nor the CSD inhibited MRSA. CSD
showed also low inhibition of the growth of E. coli. The nanocomposite-
impregnated gauze had been administered on the inoculated MHA agar
plates after being soaked in the nanocomposite suspension for only 15
min, which shows that the nanocomposite-impregnated gauze has fast
antibacterial effects. Furthermore, both the pristine gauze and the CSD
had also been soaked in sterile Milli-Q water, mimicking the moist wound
environment. The implications of the results are summarized as follows:
i) nanocomposite-impregnated gauze produced fast antibacterial effects
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against both the Gram-positive MRSA and the Gram-negative E. coli and 
had more pronounced antibacterial effects than the CSD. ii) The agar sus-
ceptibility tests serves as a good model and can be used to mimic the clin-
ical administration of dressings. It is likely that the same trend of bacte-
rial growth inhibition will be elicited at the wound-dressing interface, as 
hydration (i.e., soaking in the present results) is required for the release 
of Ag+ from Ag-containing dressings, resulting in antibacterial effects 
(Jones et al., 2004; Kostenko et al., 2010).  

Figure 10. Agar susceptibility tests of the wound dressings. Nanocomposite-impreg-
nated gauze (Ag-SiO2-G) has inhibited MRSA (A) and E. coli as indicated by the 
horizontal and vertical inhibition zones (white numbers) and the sizes of the dress-
ings (black numbers) (B) and the CSD faintly and only inhibited E. coli as indicated 
by the white arrow (B). (C) Corrected inhibition zones (CIZs) of the wound dress-
ings. Reproduced with permission from Publication [1]. 

Figure 11 presents the prolonged antibacterial effects of the SiO2-Ag 
nanocomposite impregnated-gauze (Ag-SiO2-G). Inhibition of the 
growth of MRSA and E. coli after 24 h and a major reduction in the 
growth of these bacteria is seen after 48 h. These prolonged antibacterial 
effects are ideal attributes for wound dressing applications as dressings 
with these properties would need to be changed less frequently (Interna-
tional consensus, 2012). The bacterial growth after 72 h lends support to 
the notion that the antibacterial effects of the Ag-SiO2-G are attributed to 
the released Ag+ from the nanocomposite rather than the whole Ag in the 
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nanocomposite of the impregnated gauze. However, the exact Ag concen-
tration within the gauze after impregnation and within the CSD have not 
been determined. Quantitative measurements at the OD of 600 nm 
showed the same trend of bacterial inhibition for the nanocomposite im-
pregnated-gauze (Ag-SiO2-G). However, there was a minor delay in the 
bacterial growth after 24 and 48 h for the CSD, showing that it was less 
efficient than the Ag-SiO2-G (this is presented in Figure 7 of Publication 
[1])  
 

 

 
 
Figure 11. Turbidity assays showing the clear prolonged growth inhibition of MRSA 

(A) and E. coli (B) after 48 h for the SiO2-Ag nanocomposite impregnated-gauze 
(Ag–SiO2-G) compared to the clear MHB in the negative control tubes (-C). Tur-
bidity (visible bacterial growth) is visualized for the CSD and pristine gauze (G) 
even after 24 h compared to the positive control turbid tubes containing the bacte-
rial suspensions in MHB (+C). Reproduced with permission from Publication [1]. 
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To apply the SiO2-Ag composite as a potential delivery system in 
wound dressing applications, the mechanisms underlying its antibacte-
rial effects were deciphered using TEM and STEM. Figure 12 shows the 
normal morphology of the untreated MRSA and the MRSA treated with 
SiO2 [1] (Figure 12A and 12B, respectively). In comparison, the MRSA 
treated with the nanocomposite (Figure 12C, and 12D) suffers a myriad 
of morphological malformations. These malformations are: i) gaps be-
tween the bacterial cell walls and cytoplasmic membranes (yellow ar-
rows); ii) the release of cytoplasmic contents from the bacterial cells with-
out the destruction of bacterial membranes (blue arrows); iii) the disrup-
tion and loss of bacterial membranes (red arrows); and iv) the central 
condensation of the bacterial DNA (green arrows). Figure 12E demon-
strates the high-angle annular dark-field scanning transmission electron 
microscope (HAADF-STEM) image of the MRSA treated with the nano-
composite. The energy dispersive X-ray (EDX) spectra of the marked ar-
eas of image 12E are demonstrated in panel 12F. Interestingly, the EDX 
spectra show the appearance of Ag peaks with phosphorus (P) and sulfur 
(S).  

The release of cytoplasmic contents without destruction of bacterial 
membranes can be explained by the ability of Ag+ ions to penetrate bac-
terial cells through ion channels without destroying the bacterial mem-
branes (Yamanaka et al., 2005). Ag+ can then interact with P of bacterial 
DNA, which consequently results in an inability of the bacteria to repli-
cate. Ag+ can also interact with thiol groups of bacterial proteins, inacti-
vating them and resulting in loss of cell walls (Feng et al., 2000). The 
present findings suggest that Ag+ of the SiO2-Ag nanocomposite delivery 
system are the key factors determining the antibacterial effects of the 
nanocomposite, most likely by interaction with P of bacterial DNA and S 
of thiol groups of proteins. 

The most important findings to emerge from the antibacterial results 
for wound dressings are that: i) nanocomposite-impregnated gauze elic-
ited fast, prolonged (48 h) and superior antibacterial effects in compari-
son with the CSD.  ii) Ag+ were responsible for the antibacterial effects of 
the nanocomposite delivery system. 
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Figure 12. TEM images of (A) normal untreated MRSA and (B) normal MRSA treated 
with SiO2 [1], and (C and D) MRSA treated with the SiO2-Ag nanocomposite reveal-
ing morphological changes marked with coloured arrows. Yellow arrows, gaps be-
tween the bacterial cell walls and cytoplasmic membranes; blue arrows, the release 
of cytoplasmic contents from the bacterial cells; red arrows, the disruption and loss 
of bacterial membranes; and green arrows, the central condensation of the bacte-
rial DNA. (F) EDX spectra of the two selected areas in the HAADF-STEM image of 
Panel (E). Reproduced with permission from Publication [1]. 
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4.4 Antibacterial and anti-biofilm results for orthopedic implants 
In order to study the possibility of using SiO2-G nanohybrids in orthope-
dic applications, their anti-biofilm effects were investigated against 
MRSA biofilms and E. coli biofilms, which are usually implicated in or-
thopedic implant infections. Viable counts of bacterial cells in biofilms 
after neutralization and plating are presented in Figure 13. Interestingly, 
Log10 numbers of the viable counts of MRSA cells were not reduced (Fig-
ure 13A) after treatment with the different concentrations (1×, 2×, and 
4× of the MICs recorded for the planktonic MRSA cells. These MICs are 
presented in Figure 3 of Publication [4]) of SiO2-G nanohybrids and pris-
tine gentamicin. On the contrary, the E. coli cells in biofilms (Figure 13B) 
are significantly reduced compared with the positive control cells in bio-
films after treatment with the same multiples of MICs (these MICs are 
presented in Table 2 of Publication [2]) of SiO2-G nanohybrids and pris-
tine gentamicin. Similar MBEC and MIC, 250 μg/mL, were recorded for 
the SiO2-G nanohybrids against E. coli cells in biofilms and planktonic E. 
coli cells, respectively. This similarity indicates the efficient diffusion of 
antibiotics through the biofilms (Lewis, 2001). 
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Figure 13. Anti-biofilm effects of the SiO2-G nanohybrids and pristine gentamicin (G) 
against (A) MRSA and (B) E. coli expressed as means of log10 numbers of the viable 
cells (CFU/peg) counted by spot plating after neutralization. The error bars are the 
standard errors of the means. The data presented is a representative of two sepa-
rate experiments. * (p<0.05) and ** (p<0.01) indicate significant differences com-
pared with the control (C) using Student’s t-test (two-tailed, unequal variance). Re-
produced with permission from Publication [4]. 

With respect to the SEM analyses of the pegs of CBD, no differences 
were observed between the architecture of the control untreated MRSA 
biofilms and MRSA biofilms treated with the SiO2-G nanohybrids and 
pristine gentamicin (Figure 14A and 14B). On the contrary, there were 
rather much differences between the architecture of the control un-
treated E. coli cells in biofilms and the biofilms treated with the SiO2-G 
nanohybrids and pristine gentamicin (Figure 14C and 14D). E. coli cells 
in biofilms are destructed with the SiO2-G nanohybrids, i.e., suffered 
from complete deterioration of cell shapes and reduction of sizes and 
complete damage and wrinkling of their cell walls. E. coli cells in biofilms 
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treated with pristine gentamicin presented a scattered distribution of a 
few cells with a faint deformation of their ultrastructure. This destruction 
could mean that the SiO2-G nanohybrids had more enhanced anti-biofilm 
effects than pristine gentamicin. These more enhanced effects could be 
attributed to the role of surface charge. A previous study (Hou et al., 
2017), has shown that the positive charge of a lysozyme-associated lipo-
somal gentamicin allowed for an electrostatic attraction to the negative 
charge of alginate in the biofilm matrix and consequently, the exertion of 
anti-biofilm effects. This surface charge finding is contrary to another 
previous studies (Shigeta et al., 1997; Ishida et al., 1998), which have sug-
gested that the inhibition of diffusion of the positively charged pristine 
gentamicin (aminoglycoside) through biofilm layers is facilitated by its 
binding to the negatively charged alginate of the biofilm matrix. In the 
present thesis, an increase in the surface charge after loading the gen-
tamicin from -61.6 ± 0.9 mV to -9 ± 1.5 mV for the pristine SiO2 NPs and 
SiO2-G nanohybrids, respectively (Figure 5E) was detected. This increase 
in the surface charge points towards the feasibility of SiO2-gentamicin 
nanohybrids as a delivery system allowed for the effective using of the 
gentamicin released to defeat preformed E. coli cells in biofilms, rather 
than being intensely inhibited by the negative charge of the biofilm ma-
trix. It should be also noted that SiO2-gentamicin delivery system can 
only inhibit planktonic MRSA cells. However, was not effective as a de-
livery system to inhibit MRSA in preformed biofilms. Another point of 
the difference in the susceptibility of E. coli and MRSA in biofilms to the 
SiO2-G delivery system could be the difference in the bacterial species. A 
previous study (Khan et al., 2010) has even added more argumentation 
on the biofilms of P. aeruginosa by showing that mutant strains (not pro-
duce polysaccharide of the biofilms) were more resistant to gentamicin 
by 4-fold increase in their MBC more than the planktonic cells. However, 
the other mutant strains (producing excessive polysaccharide in their 
biofilms) developed the same MBC of gentamicin for biofilms and plank-
tonic cells, concluding that the polysaccharide of biofilms is not respon-
sible to the resistance against gentamicin. 
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Figure 14. SEM images of the susceptibility of preformed biofilms to the SiO2-G nano-

hybrids and pristine gentamicin (G), in comparison with the untreated control, 
against (A and B) MRSA cells in biofilms and (C and D) E. coli cells in biofilms. 
Magnifications of 5 000× (A and C) and 10 000× (B and D). Red circles present the 
intact ultrastructure of the MRSA cells in biofilms even treated with the SiO2-G 
nanohybrids. Violet ellipses present the scattered E. coli cells with a faint defor-
mation of their ultrastructure at treatment with G. Reproduced with permission 
from Publication [4]. 
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4.5 In vitro toxicity of SiO2-G nanohybrids 
The next question to be asked before the possible application of SiO2-G 
nanohybrids in orthopedic applications is their cytotoxicity in osteoblast-
like SaOS-2 cells. Therefore, the toxicity of SiO2-G nanohybrids, SiO2 [2], 
and pristine gentamicin was investigated using SaOS-2 cells. Figure 15A 
provides an overview on the viability of cells in the normal culture me-
dium after treatment with the materials tested. SiO2-G nanohybrids in-
duced a decrease in the cell viability as follows: after 1 day, the viability 
of SaOS-2 cells decreased to 97% ± 2%, 91% ± 2%, 78% ± 5%, and 68% ± 
0% at treatment with 31.25, 62.5, 125 and 250 μg/mL of SiO2-G nanohy-
brids, respectively. Turning now to the viability of cells at treatment with 
SiO2 [2], the cell viability was recorded as 97% ± 3% and 90% ± 4%, at 
treatment with 62.5 and 250 μg/mL of SiO2 [2] respectively. With regards 
to the toxicity of pristine gentamicin, no significant changes from the con-
trol were recorded for treatment with 6.26 and 9.65 μg/mL of pristine 
gentamicin. The cell viability decreased with the progress in time for the 
treated groups with the SiO2-G nanohybrids and SiO2 [2]. After 5 days, 
the cell viability decreased to only 25% ± 1% for treatment with 250 
μg/mL of SiO2-G nanohybrids, indicating severe cytotoxicity. Figure 15B 
provides the same overview of the dose- and time-dependent cytotoxicity 
for treatment with the SiO2-G nanohybrids and SiO2 [2] but for the cells 
incubated in the osteogenic induction medium. The most important find-
ing to emerge is that both SiO2-G nanohybrids and SiO2 [2] induce dose- 
and time-dependent cytotoxicity, with more pronounced cytotoxicity in-
duced by the SiO2-gentamicin nanohybrids than the SiO2 [2] for the same 
concentrations tested. Comparison of the findings with those of other 
studies confirms the dose- and time-dependent cytotoxicity of SiO2 NPs 
in human umbilical vein endothelial cells (Duan et al., 2013a) and dose-
dependent cytotoxicity in human cervical cancer cells (HeLa) (Vivero-Es-
coto et al., 2010) and in human melanoma cells (A375) (Huang et al., 
2010). According to these previously mentioned studies, the cytotoxicity 
of SiO2 NPs is not only affected by the dosage and incubation time of SiO2 
NPs but also by other attributes that play a role in the cytotoxicity, i.e., 
the size and shape of the SiO2 NPs. This may imply that after the loading 
of gentamicin to the SiO2 NPs, the modification in the physicochemical 
properties of the nanohybrids from the SiO2 [2] caused more pronounced 
cytotoxicity in SaOS-2 cells. Some of the issues emerging from the pre-
sent finding relate specifically to the previously mentioned more en-
hanced antibacterial and anti-biofilm effects of the SiO2-gentamicin na-
nohybrids than the pristine gentamicin. Therefore, the toxicity of SiO2-G 
nanohybrids towards the SaOS-2 cells or the planktonic MRSA cells or 
the E. coli cells in biofilms is more enhanced after the loading of gentami-
cin to the SiO2 carriers, forming the SiO2-G nanohybrids. 
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Figure 15. Cell viability of SaOS-2 cells, by CCK-8 assay, incubated in the normal cul-
ture medium after 1, 3, and 5 days (A) and in the osteogenic induction medium 
after 7 and 14 days (B). The values represent the means ± SD. * (p<0.05) and ** 
(p<0.01) indicate significant differences compared with the control using one-way 
analysis of variance (ANOVA) followed by post hoc comparisons with the least sig-
nificant difference method. Reproduced with permission from Publication [3].  

Figure 16 shows the qualitative and quantitative assessment of ALP ac-
tivity expressed after 7 days of osteogenic induction. There is an evident 
significant decrease in the ALP activity only at the high concentrations of 
treatment with SiO2-G nanohybrids and SiO2 [2]. In other words, no sig-
nificant differences in the ALP activity were recorded between treated 
cells with low concentrations of SiO2-G nanohybrids (concentrations of 
31.25 and 62.5 μg/mL), SiO2 [2] (concentration of 62.5 μg/mL) and the 
control group. Once the exposure concentrations increased to 250 μg/mL 
of SiO2-G nanohybrids and of SiO2 [2], the ALP activity decreased to less 
than one-third of the control group and 38% of the control group, respec-
tively. On the contrary, the pristine gentamicin-treated cells demonstrate 
no significant differences in ALP activity compared with the control 
group, relating the effect of SiO2-gentamicin nanohybrids on the ALP, as 
an enzyme associated with the pre-osseous cellular metabolism and the 
formation of bone matrix (Siffert, 1950), most likely to the SiO2 NPs. In 
accordance with the present results, a previous study has also demon-
strated a decrease in the ALP activity, after 7 days of culture, in the bone 
marrow mesenchymal stem cells of rats treated with pristine SiO2 NPs 
(Zhou et al., 2015). Consequently, the present results infer that the de-
crease in the ALP activity might be attributed to the severe cytotoxicity 
that was caused by the SiO2-G nanohybrids and SiO2 [2] in the osteogenic 
induction medium as has been recorded in Figure 15B. The same notion 
is still delivered that SiO2-G nanohybrids are more cytotoxic also under 
osteogenic induction and induce less ALP activity than the SiO2 [2]. 
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Figure 16. ALP activity in SaOS-2 cells using (A) optical microscopic images and (B) 

macrographs of ALP staining. (C) ALP activity of SaOS-2 cells after osteogenic in-
duction for 7 days. The values represent the means ± SD. ** (p<0.01) indicate sig-
nificant differences compared with the control using one-way analysis of variance 
(ANOVA) followed by post hoc comparisons with the least significant difference 
method. Reproduced with permission from Publication [3]. 

 
Figure 17 shows the ECM mineralization of SaOS-2 cells after 14 days of 

osteogenic induction using Alizarin Red S staining and their quantifica-
tion. The ECM is mostly the same for all the treated groups with the ex-
ception of the treated groups with a high concentration (250 μg/mL) of 
SiO2-G nanohybrids and SiO2 [2], which developed more mineralized 
nodules. These mineralized nodules were also demonstrated by the quan-
tification results, which show twofold and fivefold increase in the ECM 
mineralization of SaOS-2 cells treated with 250 μg/mL of SiO2-G nano-
hybrids and SiO2 [2], respectively, in comparison with the control group. 
A recent study has demonstrated that poly(lactic-co-glycolic acid)/SiO2 
composite electrospun fibers had positive effects on the osteogenesis of 
SaOS2 cells, increasing their ALP activity and their ECM mineralization 
with the increase in the amount of incorporated SiO2 NPs that release 
more silicon (Si) ions (Yang et al., 2018). In the studies of this thesis, the 
release of Si ions from the SiO2-G nanohybrids was less than that from 
the SiO2 [2] at 250 μg/mL (this is presented in Figure S1 of Publication 
[4]), which can be postulated to explain the present less ECM minerali-
zation reported for the SiO2-G nanohybrids than SiO2 [2]. Generally, os-
teoblast differentiation is marked by an increase in the ALP activity (Ha 
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et al., 2014) and an enhanced ECM mineralization of cells (Shi et al., 
2015). A prior study (Yang et al., 2016) has recorded positive effects on 
the osteogenic differentiation of human mesenchymal stem cells 
(hMSCs) at treatment with 250 μg/mL of SiO2 NPs. This was seen as an 
increase in the ALP activity (hydrolysing phosphate ester and providing 
the phosphate groups required for the deposition of hydroxyapatite) after 
7 and 14 days of treatment, and an enhanced ECM (orange-red products) 
after 21 days of osteogenic induction. The orange-red products are 
formed after the adsorption of Alizarin Red S stain on hydroxyapatite by 
chelate and salt formations (Moriguchi et al., 2003).  The same study 
(Yang et al., 2016) has also shown no cytotoxicity for SiO2 NPs to hMSCs 
even at a treatment concentration of 500 μg/mL (cell viability of around 
90% in comparison to the control) after 24 h. Moreover, no cytotoxicity 
was evident after osteogenic induction after 7 and 14 days of treatment 
with 250 μg/mL of SiO2 NPs (cell viability higher than 95%). In the stud-
ies of the present thesis, even enhanced mineralization was recorded; 
however, this does not disregard the decrease in the ALP activity that was 
more severe for the SiO2-G nanohybrids than SiO2 [2] at 250 μg/mL. Fur-
thermore, the severe cytotoxicity detected in the present studies is in line 
with a previous study by Lu et al. (2011), who has shown less than a 20% 
cell viability of human HepG2 hepatoma cells of the control after treat-
ment with 320 μg/mL of SiO2 NPs (20 nm) for 48 h. Another study (Kim 
et al., 2015) has also shown a severe cytotoxicity of mouse embryonic fi-
broblast NIH/3T3 cells to reach only 4.55 ± 1.75% and 1.30 ± 0.26% of 
the control after treatment with 500 μg/ml of SiO2 NPs (60 nm) for 24 
and 72 h, respectively. Overall, based on the present results, it is evident 
that caution should be undertaken before the possible orthopedic admin-
istration of the present SiO2-G nanohybrids for prolonged antibacterial 
and anti-biofilm effects.  There is a risk of severe cytotoxicity in conjunc-
tion with their negative impact on osteogenic differentiation (low expres-
sion of ALP) regardless of the enhanced ECM mineralization.  
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Figure 17. ECM mineralization of SaOS-2 cells using (A) optical microscopic images 

and (B) macrograph of Alizarin Red S staining after osteogenic induction for 14 
days. (C) The quantification of the ECM mineralization using the Alizarin Red S 
retention. The values represent mean ± SD. ** (p<0.01) indicate significant differ-
ences compared with the control using one-way analysis of variance (ANOVA) fol-
lowed by post hoc comparisons with the least significant difference method. Re-
produced with permission from Publication [3]. 

 

4.6 In vivo toxicity of SiO2-G nanohybrids 
The Safety profiles of SiO2-G nanohybrids for future applications in or-

thopedic implants have not been previously reported.  Accordingly, one 
of the objectives of this thesis is to identify the in vivo possible toxicity of 
SiO2-G nanohybrids in zebrafish embryos to assess their safety for future 
potential application in orthopedic implants. The exposure concentra-
tions (500 and 1000 μg/mL) represent the multiples of the MIC of the 
planktonic MRSA cells (1× and 2×) and MBEC of E. coli biofilms (2× and 
4×), respectively. Figure 18A presents the mortality rates of the treated 
groups of zebrafish embryos in comparison with the control untreated 
group. The treated groups demonstrate a non-significant increase in the 
mortality rates recorded mainly 24 hpf as 13.4 ± 9.4% and 15 ± 7.1% for 
500 and 1000 μg/mL of SiO2-G nanohybrids, respectively, in comparison 
with only 3.3% in the control group. On the one hand, the mortality rate 
demonstrates only a faint increase over time (120 hpf) at treatment with 
500 μg/mL of the nanohybrids, reaching 16.7 ± 9.4%. On the other hand, 
neither the group treated with 1000 μg/mL of the nanohybrids, nor the 
control group show changes in the mortality rates over time. Therefore, 
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the SiO2-G nanoybrids do not cause a time-dependent increase in the 
mortality rates. On the question of the hatching rates, all the embryos 
treated with SiO2-G nanohybrids hatched normally after 72 h similar to 
the control group. In terms of the cardiac rates, Figure 18 B presents a 
faint non-significant increase in the cardiac rates in the embryos/larvae, 
forging a possibility of a faint cardiac arrhythmia could be induced by 
SiO2-G nanohybrids in this testing model. 

It is somewhat surprising that the present results show neither dose- 
nor time- dependent increase in mortality rates and normal hatchability 
rates. A previous study by Duan et al. (2013b) has reported a dose- and 
time-dependent increase in the mortality and hatching rates of zebrafish 
embryos treated by SiO2 NPs with a diameter of 62 nm. Furthermore, in 
publication [3], a significant time-dependent decrease in the viability of 
human osteoblast-like SaOS-2 cells was reported with only 25 ± 1% of 
cells viable after 5 days of treatment with an even lower concentration of 
the SiO2-G nanohybrids (250 μg/mL). These differences can be explained 
in part by the size of SiO2-gentamicin nanohybrids (879 ± 264 nm) with 
regards to in vivo toxicity experiments and the diameters of the chorionic 
pores of the embryos. Lee et al. (2012) have demonstrated a passive dif-
fusion of Ag NPs (30 to 72 nm) via the chorionic pore canals (0.5 to 0.7 
μm) of the embryos and a clogging of the pores when Ag NPs get aggre-
gated. Apparently, in the current thesis, the chorionic pore diameter did 
not allow for the full diffusion of the large-sized nanohybrids into the em-
bryonic tissues and consequently, a non-significant increase in mortality 
rates was only recorded and mainly after 24 hpf. Regarding this sensitive 
developmental time frame of 24 hpf, it echoes to some extent the findings 
of Lee et al. (2013) who have identified an embryonic stage-dependent 
nanotoxicity as i) the embryonic late-segmentation stage (21 to 23 hpf) is 
the most sensitive stage with the highest mortalities induced by Ag NPs 
(13.1 ± 2.5 nm). ii) The embryonic hatching stage (48 to 50 hpf) is the 
most resistant stage to the NPs.  
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Figure 18. (A) Mortality and (B) cardiac rates of zebrafish embryos/larvae treated with 
SiO2-G nanohybrids (500 and 1000 μg/mL) in comparison to the control, C, un-
treated group. The mortality rates show a non-significant increase mainly 24 hpf 
and the cardiac rates show a faint tachycardia after treatment with the nanohybrids 
(500 and 1000 μg/mL). The error bars are the standard errors of the means of two 
separate experiments, 30 embryos in each group. Reproduced with permission 
from Publication [4]. 

Turning now to the sub-lethal malformations induced by the SiO2-G na-
nohybrids (Figure 19), a significantly different incidence of malformation 
compared with the control group was only recorded 24 hpf for SiO2-G 
nanohybrids (1000 μg/mL), which is correlated to the non-significant 
higher mortality rates detected 24 hpf for the SiO2-G nanohybrids (1000 
μg/mL). This trend of sub-lethal malformations suggests a possibility of 
dose-dependent sub-lethal toxicity only 24 hpf. This observation sup-
ports the hypothesis that late-segmentation stage is the most sensitive 
stage to the toxicities elicited by SiO2-G nanohybrids. Since only the sub-
lethal toxicity reached a significant level at 24 hpf, whereas the mortality 
rates only increased but failed to reach significant levels even at the 
higher exposure concentration (1000 μg/mL). This suggests that the 
large size of SiO2-gentamicin nanohybrids hindered their diffusion into 
the embryonic tissue. 
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These results add more complexities to the understanding of the drug-
delivery systems by highlighting the following: 1) the non-significant 
mortality rates detected in the zebrafish embryos give preliminary evi-
dence that SiO2-G nanohybrids could prove to be biocompatible as deliv-
ery systems to be applied in orthopedic applications. 2) The significant 
incidence of sub-lethal malformations detected 24 hpf indicates that 
other animal models such as rodents could be more suitable for testing of 
the in vivo induced toxicity of the nanohybrids, which specifically could 
detect more toxicity over time. 3) The discrepancies that we have identi-
fied between the severe cytotoxicity of the nanohybrids in SaOS-2 cells 
and the possible biocompatibility of the nanohybrids in zebrafish em-
bryos raises a question about the safety issues. This question is associated 
with the potential practical applications of SiO2-G nanohybrids in ortho-
pedic implants and the complexities of interpreting these discrepancies. 
Therefore, further studies are required to better understand the safety 
implications of SiO2-G nanohybrids as a delivery system before their 
practical administration in future orthopedic applications. In this context 
it is worth mentioning that the main critical points to be considered in 
the field of local antibacterial drug-delivery systems are the following: 1) 
the controlled local drug delivery, 2) preventing the formation of biofilms 
and eradicating the preformed ones, and 3) the non-toxicity of the deliv-
ery system to the cells required in the healing progress (Bayramov and 
Neff, 2017). In the current thesis, the prolonged release of gentamicin 
from the SiO2-G nanohybrids and the killing of planktonic MRSA cells 
and the eradication of preformed E. coli biofilms have been fulfilled. 
However, the nanohybrids were cytotoxic to SaOS-2 cells but biocompat-
ible as tested for zebrafish embryos. That is why more studies are called 
for to study the biocompatibility of the SiO2-G nanohybrids before their 
future orthopedic applications.   

Figure 19. Frequencies of malformations of zebrafish embryos/larvae induced by SiO2-
G nanohybrids (500 and 1000 μg/mL) at different developmental stages. The error 
bars are the standard errors of the means of two separate experiments, 30 embryos 
in each group. * (p<0.05) indicate significant difference compared with the control 
(C) using Student’s t-test (two-tailed, unequal variance). Reproduced with permis-
sion from Publication [4].
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5. Conclusions and future directions  

This thesis was undertaken to design silica-drug delivery systems and to 
evaluate i) the prolonged release of the drug (Ag and gentamicin) from 
the delivery systems, ii) the antibacterial, and both antibacterial and anti-
biofilm effects of the SiO2-Ag composite and SiO2-G nanohybrids, respec-
tively, iii) the in vitro and in vivo toxicities of the SiO2-G nanohybrids. 
The foremost clinical uses of such silica-drug delivery systems would be 
in wound dressings and orthopedic applications (for SiO2-Ag and SiO2-G 
delivery systems, respectively). 

The main findings emerged from the present study are:  
1. In the present thesis, two SiO2-drug delivery systems; namely, a SiO2-

Ag nanocomposite (prepared by a modified Stöber method) and SiO2-
G nanohybrids (prepared by the base-catalyzed precipitation method) 
have been successfully prepared and characterized, by a variety of in-
strumental tools. This thesis has provided a deeper insight into the 
prolonged release of the drug from these SiO2 delivery systems. In 
Publication 1, we have demonstrated that the immobilized Ag was 
rapidly released over the first 24 h (~38.2%) from the stock suspen-
sion of the nanocomposite followed by a slower prolonged release af-
ter 48 h (~46.9%) and 72 h (~49.1%). In Publication 2, we have 
demonstrated that gentamicin was also rapidly released over the first 
24 h (~21.4%) from the stock suspension of the nanohybrids and also 
followed by a slower prolonged release after 120 h (~43.9%). This 
rapid initial release of Ag and gentamicin is an important attribute, 
providing high drug concentrations and rapid antibacterial effects, in 
ideal wound dressings and orthopedic applications (i.e., required di-
rectly after orthopedic surgery), respectively. The prolonged release 
of Ag and gentamicin lend further support to the intended applica-
tions, providing a decreased frequency of changing wound dressings 
and prolonged local antibacterial effects in the specific site of the or-
thopedic implant. However, an uncontrolled factor is the possibility 
that these delivery systems could release sub-inhibitory concentra-
tions after the controlled periods of the experiments because the Ag 
and gentamicin had not entirely been released after the 72 h and 120 
h of the experiments, respectively. 

2. The SiO2-Ag and SiO2-G delivery systems destroyed (i.e., MICs of 250 
μg/mL and 500 μg/mL, respectively) the notorious planktonic MRSA 
cells. Excellent antibacterial effects were shown for the released Ag 
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(~5.5 μg/mL) and gentamicin (~12.5 μg/mL) concentrations, respec-
tively. It can be hypothesized that Ag+ elicit the antibacterial effects of 
the nanocomposite delivery system, finally causing the loss of bacte-
rial membranes. The SiO2-G nanohybrids can entirely eradicate (i.e., 
MBEC of 250 μg/mL) E. coli cells in biofilms, causing complete defor-
mation of the shape and reduction of the size of E. coli cells and wrin-
kled cell walls; and can kill planktonic MRSA cells on orthopedic im-
plants.  

3. This thesis provides the first comprehensive in vitro assessment 
of the SiO2-G nanohybrids on the osteogenic differentiation of human 
osteoblast-like SaOS-2 cells to provide a safe means for their orthope-
dic applications. In Publication [3], we have shown the negative im-
pacts of the SiO2-G nanohybrids (250 μg/mL), as they caused a sig-
nificant decrease of the cell viability of SaOS-2 cells in a time-depend-
ent manner (i.e., 68 ± 0% after 24 h; and 25 ± 5% after 5 days, demon-
strating severe cytotoxicity), and a significant reduction of the expres-
sion of ALP (i.e., < 1/3 of the control group), however, an enhanced 
ECM mineralization was evident. The present thesis has been the first 
attempt to thoroughly investigate the biocompatibility of SiO2-G na-
nohybrids, to be safely applied in orthopedic applications, by also in-
vestigating the in vivo toxicity of such delivery system in zebrafish 
embryos. In Publication [4], in comparison with the results of Publi-
cation 3, we have shown the biocompatibility of the SiO2-G nanohy-
brids (500 and 1000 μg/mL), demonstrated by the recorded non-sig-
nificant increases in the mortalities of zebrafish embryos (i.e., only 
13.4 ± 9.4 and 15 ± 7.1%, respectively), mainly detected 24 hours post 
fertilization (hpf). The mortalities were only detected as 16.7 ± 9.4 and 
15 ± 7.1% after 5 days for the concentrations of 500 and 1000 μg/mL, 
respectively. These non-significant mortality rates demonstrate the 
biocompatibility of such delivery system even though twice (500 
μg/mL) and four times (1000 μg/mL) as high the concentrations as in 
Publication [3] (the in vitro assessment) were used in Publication [4]. 
This thesis, therefore, found distinct differences between the in vitro 
and in vivo toxicities of the SiO2-G delivery system. These distinct tox-
icity differences advocate the uncertainties associated with the safety 
of the clinical application of such delivery systems in orthopedic im-
plants and infections.  

4. After the assessment of the SiO2-G delivery system from different per-
spectives (gentamicin release, antibacterial and anti-biofilm effects, 
and the in vitro and in vivo toxicities), the following critical conclu-
sive remarks can be made for such delivery system. i) SiO2-G nanohy-
brids demonstrate prolonged release of gentamicin under physiologi-
cal conditions favorable for orthopedic surgery. Their antibacterial 
and anti-biofilm effects are superior to that of pristine gentamicin.  
However, the amount of gentamicin that has not been released after 
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the 5 days of experiment could promote gentamicin resistance of bac-
terial strains. ii) SiO2-gentamicin nanohybrids are biocompatible in 
zebrafish embryos and induce enhanced ECM mineralization in 
SaOS2-cells. However, the severe cytotoxicity elicited in SaOS-2 cells 
renders the nanohybrids require further examination on stem cells 
and in rodents with orthopedic implants. Therefore, the results of the 
present studies show that the application of the SiO2-G delivery sys-
tem for orthopedic implants requires further modification of the syn-
thesis strategy to enable the full release of gentamicin from the nano-
hybrids.  Moreover, these modifications must lead to proven biocom-
patibility with stem cells and in rodents with implants.   

The findings of this thesis direct the attention to some fruitful areas 
for future investigations as follows: 
1. A future work harnessing different techniques to separate sub-bacte-

rial populations of cells (of different sizes) in the biofilms and to ex-
amine their underlying mechanisms of growth and resistance will be 
tremendous enthusiastic process, paving a logical path to answer the 
nebulous questions of biofilm resistance. Research is also needed to 
decipher the differences between persister cells and VBNC cells and 
the underlying mechanisms of these states to shun the risks for hu-
man health caused by infections.  

2. A reasonable approach to achieve the goal of using the SiO2-Ag com-
posite in hospitals in wound dressings is to first investigate the possi-
ble cytotoxic effects of the composite on skin cells. Secondly, to clini-
cally investigate the in vivo wound healing capacity of the nanocom-
posite-impregnated dressings in animal models challenged with bac-
teria and their biofilms to mimic the clinical applications in hospital 
environments. Further studies focusing on the development of more 
biocompatible brilliant wound dressings coupling the dual action of i) 
diagnosis of wound infection, and ii) targeted sustained delivery of the 
antibacterial agent would be worthwhile. This development would en-
able the treatment of the detected wound infection and would prevent 
the formation of wound biofilms.  

3. Challenge studies, in which rats and mice are provided with orthope-
dic implants, treated with the local SiO2-G delivery system, and then 
subjected to intravenous injections of suspensions of S. aureus iso-
lated from patients suffering osteomyelitis. These challenging studies 
would enhance the understanding of both the clinical therapeutic ef-
ficacy of such delivery system, and the interactions between clinical 
bacteria and biofilms with orthopedic implants in clinical settings. 
Moreover, more artificial tissue models should be made available to 
further predict the clinical biomechanics of orthopedic implants and 
their interactions with the delivery systems and the bacteria and their 
biofilms. Greater efforts are also needed to ensure the sage strategy of 
prevention and treatment of orthopedic implant infections, as the ad-
ministration of antibiotics could trigger the patients to rotate in the 
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futile circles of possibly resistant bacterial strains and their nasty bio-
films colonizing the implants. 
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Erratum 

Publication 4 
 
The labeling of the images in Figure 1 should be: “A, B, C, and D.” 
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