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ABSTRACT 

Multidrug resistance (MDR) is a major healthcare concern triggered by the extended 

subtherapeutic clinical conduct of infectious diseases. The resistant infections are 

responsible for the death of more than 0.7 million people every year and accordingly, the 

expected rate of death of people from drug resistant infections in 2050 is 10 million/ year. 

Nanoscale manipulation of metal nanoparticles has notable potential to address this concern 

by the tuning of nanobio interface to attack bacteria. Among the metals explored, Ag is the 

most effective due to certain physicochemical and morphological factors such as shape, size, 

composition, colloidal stabilization, aggregation behavior, surface/volume ratio, surface 

corona, surface coating, which when rightly tuned could benefit against numerous 

pathogenic bacteria by giving broad-spectrum killing profile. 
In this regard, branched polyethylenimine-decorated silver nanoclusters (bPEI−Ag NCs) 

were produced to kill MDR pathogenic bacteria selectively by coupling the antimicrobic 

potential of silver with the selective virulence of bPEI towards bacteria. These Ag NCs were 

found very effective to kill 12 MDR clinical bacterial strains (uropathogenic) at minimal 

concentration of ~1 nM compared to human fibroblast and red blood cells. The dreadful 

pathogens i.e., P. aeruginosa further challenge the situation of MDR by their innate ability 

to form biofilms. In this study, decrease of bacterial action and virulence through the 

network of extracellular amyloids was explored using silver nanoclusters (AgNCs) and 

nanoparticles (AgNPs) having same surface chemistry. The comparative study of these 

nanomaterials revealed that with the change in surface charge and size of nanoparticles, 

their bactericidal and antibiofilm properties can be tuned. It was further observed that at 

the concentration of 1 µM or lower, both the bactericidal and antibiofilm potential of 

nanomaterials was linked with their structure-based bionano connections but not with silver 

ions discharge. This study demonstrated the biocidal ability of safe nanotechnology through 

the unique direction of amyloidosis inhibition. Similarly, the emerging health issue related 

to MDR in pneumococcal cells was also addressed by the design/development of smart and 

effective nanocapsules encapsulating antibiotic and silver NCs coated with organic ligands 

to guide the nanocapsules to the desired target. These nanocapsules have shown their 
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potential of efficient targeting, delivering and retaining hydrophobic drug in the desired 

pneumococcal strains by breaking resistive barriers electrostatically at concentrations safe 

to mammalians cells. This method is quite simple and easy to modify according to specific 

application.  

Overall, this thesis supplement the available literature and suggests that silver based 

nanomaterials are being recognized as starting point for the development of novel inorganic 

materials based potential antibiotic candidates to address MDR. 
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 خالصہ

� متعدی ب�مار�وں  (ا�م۔ڈی۔آر)، صحت عامہ کا ا�ک گھمب�ی مسئلہ �� جس � بڑی وجہ مزاحمتکث�ی االدو�ایت 

۔ استعمال ذ�� �ث�ی الم�عادیکا  ادو�اتمںی   عالج ف � ز�ادە افراد � موت  0.7انف�کشن ہر سال  یت یہ مزاحم �� ملںی

ح افراد � اموات � متوقع متاثرە انف�کشن � ا��مںی  2050دار ہںی اور  ذمہ � ف  10 �ش اس �ش��ش  ۔�� ساالنہ  ملںی

ف دھاتمںی  کو دور کر�ف  �ا  � عمل � وڑتوڑ ان مںی ج کیونکہ  ذرات کا �ف موثر ثابت ہو سک�ت ہںی  وں � انتہایئ مہںی ب�کڻ�ی

۔ ف ذرات موثر ، چاندی � دھاتوں مںی  کھو�� جا�ف وا� اب تکپر حملہ کر�ف � قابل ذکر صالح�ت موجود �� مہںی

ک�م�ایئ اور ساخیت خواص ج�سا کہ شکل، حجم، ترک�ب، سطح اور حجم � -ت��ن پا�ئ گ�ئ ہںی کیونکہ اپ�ف طب�

ە ۔   تناسب وغ�ی �ا � مختلف انواع کو ہال� کر سک�ت ہںی  مںی ردو بدل � وە ب�کڻ�ی

ف � مہل� پن اور چاندی � اینیٹ ب� ف امںی ، پو� اتھائ�لںی ، مزاحمیت اس تناظر مںی �ل صالح�ت کو �کجا کر�ت ہو�ئ کڻ�ی

ف گچھ� ف  � س�� چاندی � مہںی ف امںی ، شا�ف پو� اتھائ�لںی �ا کو ہال� کر�ف � ل�ی ۔  ب�کڻ�ی ا�م  گچھ�  یہ ت�ار ک�ی گ�ئ

�ا � بارە انواع ڈی آر  ۔nM 1 کو کم � کم   ب�کڻ�ی انواع مہل�  مقدار مںی مار�ف � ل�ئ بہت امت�ازی ثابت ہو�ئ ہںی

ف م بنا�ف � فطری صالح�ت � ذر�عہ ا�م ڈی آر � صورتحال کو م��دفلبائیو  اپیف   ایروجینوزا ۔یپ  ج�سا کہ کر�ت   سنگںی

۔ ف ذرات کو  اس تحقیق مںی  ہںی ف گچھوں اور مہںی  ا�س�ٹ ا  �کساں سط� ک�م�ایئ خواص رکھ�ف وا� چاندی � مہںی

�ایئ  جال�  ام�الئڈز  س�لولر  ف مادوں ۔ال�ف � ل�ی کھوجا گ�ا مںی ک�  مہل� پناور  عمل� ذر�عہ ب�کڻ�ی �  ان مہںی

ف ذراتتقاب� مطال� � انکشاف ہوا �� کہ  ش  حجمچارج اور   سط�� مہںی
�
مںی تبد�� � ساتھ، ان � جراث�م ک

۔ بدال  ب� اور اینیٹ بائیوف�لم خصوص�ات کو � �ا اس � کم   µM 1مشاہدە ک�ا گ�ا �� کہ  م��د یہ ب� جاسکتا ��

ف مادوں، مںی  مقدار  �ل�   مہںی ف�سان � ساخت پر مبیف بایو نینو  یتںی اور اینیٹ بائیوف�لم دونوں صالح اینیٹ ب�کڻ�ی   ان�ٹ

۔ اخراج�  چاندی � برق پاروںل�کن � منسل� تھںی  ف ت�کنالو�� (نینو محفوظ یہ مطالعہ  � منسل� نہںی مہںی

( ۔  ح�ات کش خواص کا �ڻ�کنالو�� کوکل خلیوں مںی ا�م ڈی آر � متعلق ابھر�ت ہو�ئ صحت �مو ا� ط�ح، نمظہر ��

ف اور موثر  ف کیپسولوں� مسئ� کو ب� ذہںی ف کیپسولوں مںی حل ک�ا گ�ا ��   ت�اری ��  مہںی اینیٹ  پوش�دە  ۔مہںی

ف گچھوں س��  �  مرکباتنام�ایت  � بائیوڻک ۔ گیئ ر�نمایئ �  طرف �   �شا�ف مطل��ہ  � مدد   � چاندی � مہںی �� 

ف کیپسولوںان  �ف مطل��ہ نمو کوکل � انواع  کو حدف بنا�ف اور ان مںی آب ترس دوایئ � ترس�ل اور برقراری مںی  مہںی

ترم�م  وں � حصول � ل�ی اس مںی مخصوص فائد اور  اور آسان ��  سادە یہ ط��قہ بہت. اپیف افاد�ت ثابت � �� 

۔ ب� اکرن  آسان ��
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Chapter 1. 

Introduction and Background 

1.1. Multidrug Resistance 

Bacterial Resistant infections are responsible for the death of more than 0.7 million people 

every year and accordingly, the expected rate of death of people from drug resistant 

infections in 2050 is 10 million/ year.1  

Multidrug resistance (MDR) is the tendency of bacteria to develop broad-spectrum tolerance 

against drugs/antimicrobials, and in return make treatments ineffective resulting in 

persistent infections.2 It is a global concern, and a coordinated action is needed to control 

the emergence and spread of MDR.3 In United States,  resistant bacteria are responsible for 

60% of nosocomial infections.4 P. aeruginosa, a Gram-negative bacterium, is a major cause 

of infections and death in people with compromised immune system, for example cystic 

fibrosis patients and hospital acquired infections.5, 6 Almost 40% of S. aureus strains 

collected from hospitals are MRSA, methicillin-resistant S. aureus and a few are even 

resistant to a wide range of antibiotics such as vancomycin and carbapenems. If bacterial 

species continues to develop resistance to drugs, then even simple infections such as 

common cold as hospital acquired infections, can prove to be fetal for humans in addition 

to surgeries. Insusceptibility to conventional antibiotics is expected to keep on increasing, 

and the condition may get more worst with the growth of MDR bacteria strains.7, 8 MDR, 

therefore, intensifies the general cost of treatment and resource depletion to fight resistant 

infections.  

According to WHO report after epidemic of typhoid fever in Pakistan since November 

2016, over-all 5274/8188 cases have been testified as extremely drug resistant (XDR), which 

is the susceptibility of bacteria to just one/two antimicrobial categories compared to 

multidrug resistant (MDR) bacteria which were non-susceptible to atleast one antibiotic. Out 

of these XDR isolates, 30 were linked to patients with Pakistan travel history, and this XDR 
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strain of S. typhi has now made people sick globally. As Pakistan is among the least spending 

nations on healthcare all round the world, these epidemics will result in complete disaster; 

and since infectious diseases respect no borders, this could circumvent other countries too. 

The quick actions were needed to protect our health care system from complete disaster 

against these superbugs.9 Likewise, every year in United States, two million patients are 

empirically treated against hospital-acquired contaminations with 99,000 expiries at charge 

of about $35 billion.10 Virtually, 30% of these contagions are Methicillin-resistant S. aureus, 

and these are resistant to penicillin, methicillin and all other β-lactams. Additionly, 440,000 

novel cases of MDR-TB emerge every year globally, instigating at-least 150,000 demises.11 

Gonorrhea is heading for top incurable bacterial infection, as failure of most recent 

generation cephalosporin has been stated from 10 nations.12  

1.2. Antibiotics: Possible Candidates to Control Microbial Infections 

The“golden era” of antibiotic development, which began in 1928  with Fleming's discovery 

of penicillin was followed by rapid commercialization and manufacture of many new 

antibiotics like streptomycin, sulfonamide. With this advancement, it then seemed like that 

infectious diseases would soon be a memory of past.13 However, as correctly indicated by 

Fleming, the bacteria continued to evolve and, once susceptible bacteria started to develop 

resistance.  

Antimicrobials belong to two large categories including bactericidal drugs- that causes 

bacterial death and the bacteriostatic drugs that prevents bacterial growth.14 Among 

bactericidal drugs, Quinolones target bacteria by inhibiting DNA replication through DNA–

topoisomerase complexes as this process is catalyzed by topoisomerases.15 Rifampicins also 

target bacteria by inhibiting RNA synthesis via blocking transcription process through binding 

with β-subunit of RNA polymerase. Antibiotics can also work by interrupting translation of 

proteins by using 50S and 30S inhibitors. 50S inhibitors like clinolamides, amphenicols, and 

macrolides work by blocking initiation step of translation, whereas 30S inhibitors like amino 

cyclitols block the entry of aminoacyl tRNAs into ribosomes. Nowadays, many of us take 

antibiotics for granted that any infective disease is treatable by antibiotic therapy. 
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Antibiotics are produced at an estimated annual production of ~100,000 tons worldwide, 

and their frequent usage has an immense influence on the life of bacteria on earth.16  

1.3. Emergence of Multidrug Resistance 

The scientists were capable to temporarily control the outburst of epidemics by the 

introduction of antibiotics (e.g. Penicillin and its derivatives) and consequently improve the 

quality of life. Although, finding of penicillin in the beginning of 20th century led to a 

substantial drop in infectious diseases, till 1991 when 1.3% of strains were tested to be 

penicillin resistant by the Center for Disease Control and Prevention, USA. The ratio of 

resistant bacterial strains continued to rise universally and presently reported occurrence of 

only penicillin resistance is 12.7% (Latin America), 14.7% (Europe) and 15.9% (North 

America), respectively. Later, strains resistant to penicillin were also seen resistant to other 

antimicrobials such as macrolides, whereas macrolides resistance have more medical 

significance than penicillin.17, 18 Advent of drug resistance is the supreme frightening 

situation in the era of chemotherapy. Chemotherapy is the forefront approach to put down 

most of the human ailments but this survival battle between pathogenic microorganisms 

and humans makes many of the microorganisms resistant to most of the vulnerable drugs.19 

In 2011, WHO declared MDR microorganisms in top three threats to humans.20, 21 The Lancet 

Infectious Diseases Commission by Laxminarayan and colleagues have cautioned about the 

antibiotic usage and their resistance, that “we are at the dawn of a post antibiotic era”, with 

“almost all disease causing bacteria resistant to the antibiotics commonly used to treat 

them”.22 

1.4. Factors Contributing to Evolving Resistance Situation 

In low and middle-income countries (LMICs), MDR is the foremost health concern and is 

linked with a lot of aspects, some of them are listed in Figure 1.1. In underdeveloped 

countries like Pakistan, medicines are accessible over-the-counter, and are generally 

consumed arbitrarily without doctor’s prescription. Additionally, doctors prescribed 

medicines are also not taken and recommended by the doctor and are discontinued on 
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disappearance of symptoms. This unrestrained usage of non-prescribed drugs increases the 

selection pressure and causes resistance.23-26 In 1976, Stamey et al. stated the appearance 

of resistance against floroquinolones owing to under-dosage of antibiotics. The optimization 

of appropriate antibiotic dosages can help significantly in this regard.27 Furthermore, 

bacteria present in the environment are also exposed to different harsh environment which 

include, nutritional competition with other common dwellers of the same niche, exposure 

to reactive oxygen species and heavy metals.  Such conditions, in the absence of 

antimicrobials, serves as selective pressure for bacterial mutations.  Mutations thus made 

can also contribute to antimicrobial resistance by mechanisms that are not known yet. 
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Figure 1.1 Schematic illustration of steps involved in appearance of multidrug resistance in 
bacteria. 1- Improper dosage induces competition in bacteria and they started developing 
resistance, 2- Resistant bacteria flourish with more strength, 3- Spreading of resistance in 
medical care or by gene transfer.23 

Increased rate of hospitalization can also lead to the spread of infections. The careful 

observation and separation of patients is required to control the spread of MDR microbes. 
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In addition, bacterial cells can transfer genetic material by vertical (parents to siblings) and 

horizontal gene transfer (conjugation, transduction, transformation) among same or 

different bacterial species. For instance, there are millions of deaths reported back in 1968 

in Guatemala owing to the spread of Shigella containing a plasmids with several antibiotic 

resistant factors.28 Extreme usage of antimicrobial drugs in dairy, poultry and farming 

enhances exposure of microorganisms/ cells to them, which makes them more prone to 

resistance.29 The wastewater treatment plants, communal or industrial waste heaps, foods 

rich in bacteria are all other important causes of bacterial transmission and indirect reasons 

behind the appearance of MDR.30 

1.5. Mechanism of Drug Resistance Including Multidrug Resistance 

Microbial infections, particularly drug resistant infections, are posing serious healthcare 

challenge across the globe. The appearance of multidrug resistant (MDR) strains of microbes 

with the shortage of novel and effective antibiotics is a distressing phenomenon for the 

entire humanity. The rapid increase of multiple antibiotic resistant microbial strains calls for 

the development of new biocidal agents and approaches to obstruct growth of microbes. 

The resistant microorganisms are constantly evolving in an effort to preserve their 

existance.11, 13 Towards that, bacteria have developed several mechanism to evade killing by 

antimicrobials.  For example, in United States, Pseudomonas aeruginosa was the prominent 

cause of casualities due to gram-negative bacteria. At first this bacterium, developed 

inherent resistance by means of fluctuations in genetic makeup. This drops outer membrane 

permeability, which results in improved basal minimal inhibitory concentration making it 

useless against many communal antibiotics. This triggers several secondary adaptive 

resistance procedures like enzymatic drug alteration and stimulation of efflux pumps. 

Additionally, acquisition of transmissible traits by horizontal gene transfer further worsten 

the situation. General ways to acquire resistance by bacteria are listed below in Figure 1.2. 
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Figure 1.2 Diagrammatic illustration of general mechanisms adopted by bacterial cells to 
acquire resistance against therapeutics. 

1.5.1. Changes in Bacterial Membrane 

The foremost resistive structures in case of bacteria are capsule, cell wall and cell membrane, 

which prevent the entry of drug enter into bacterial cell to perform its action. In gram 

negative bacteria, cell membrane is composed of lipid bilayer and is further covered by outer 

membrane of lipopolysaccarides presenting a primary obstacle to the entrance of 

hydrophilic drug molecules. The bacterial cell is further covered by cell wall, which comprises 

of several layers of peptidoglycan. The β-lactam antibiotics target cell wall production in 

bacteria by preventing peptide bond formation via blocking assembly of glycan subunits 

resulting in bacterial cell lysis.31 These small hydrophilic antibiotic molecules get their entrey 

into cell via porin channels in the outer membrane. The decrease in the number of porins 
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resulted in reduced entry of corresponding antibiotic and hence resistance is developed to 

the corressponding class of antibiotics by changes in membrane structure.32  

1.5.2. The Overexpression of Efflux Pumps in Multidrug Resistant Cells 

The major and most predominant mechanism of drug resistance consists of overexpression 

of efflux pumps in cells surface, which actively transfer drug molecules outside the cell 

thereby increasing minimum inhibitory concentration. The efflux pumps belongs to five key 

families i.e., the resistance-nodulation cell-division family, small MDR family (SMR), 

multidrug, toxic and antibiotics compound extrusion family, major facilitator family and ATP-

binding cassettes family (ABC). The most important efflux pumps to target MDR are P-

glycoprotein (P-gp) pumps, which comes in ABC binding cassettes category. P-gp are 

uniporter, propelling pumps that are derived by ATP hydrolysis.(Figure 1.3) Regular role of 

P-gp is to safeguard against noxious chemicals however, their excessive expression in MDR 

cells promotes chemotherapy failure.13 

                   

Figure 1.3 Schematic illustration of P-gp efflux pumps playing vital role in pushing drug out 
of the cell via ATP hydrolysis and causing drug resistance.           

1.5.3. Modification in Target Sites 

Many strategies were opted by microorganisms to change drug target sites to minimize the 

interaction of drugs with target site. It may include protection or modification of targeted 
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site. There are many genetic factors found in bacterial chromosomes that code for specific 

proteins. The best example of target protection is tetracycline resistance factors, developed 

in various plasmids with broad-range transposons. Another method to cut antibiotics action 

is the modification in target points for related antibiotic families. These may involve 

mutations in genes coding for target sites, bypassing of target sites or chemical alterations 

of the metabolic pathways using several enzymes, which are normally attached with 

antibiotics to abolish their influence.11  

1.5.4. Drug Modification 

The chemical modification of the therapeutic molecules by various enzymes is the most 

effective approach adopted by bacteria. Various enzyme-catalyzed chemical responses 

includes phosphorylation (chloramphenicol, aminoglycosides), adenylation (lincosamides, 

aminoglycosides), and acetylation (streptogramins, chloramphenicol, aminoglycosides). 

β-lactam resistance is the destruction of antibiotic moieties with β-lactamases. β-lactamases 

ultimately break cyclic amide bond (called lactam ring) and make lactam ring in 

antimicrobials useless.33 

1.5.5. Horizontal Gene Transfer 

Horizontal gene transfer is one of the important mechanisms used by resistant bacteria to 

spread the infection. The contaminations triggered by penicillin-resistant S. aureus disclosed 

that mechanism behind this resistance is the transmission of strains via penicillinase-

encoded plasmid, which result in rapid spread of resistant microbes.34 

All above-mentioned features contribute towards the multidrug resistance (MDR). It is 

clear that the emergence of resistance is a trend and the bacteria are poised to develop 

resistance against each antibiotic group sooner or the later. For this reason, in addition to 

developing new class of antibiotics (possibly inorganic nanoparticles), there is a genuine 

need to develop drug delivery vehicles to control the efficient transport of 

antibiotics/therapeutic agents at the targeted site to deliver accurate dose to the bacteria 

by bypassing above-mentioned pathways (Figure 1.4). 
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Figure 1.4 General mechanism of interaction of nanocarriers with bacterial cells by 
overcoming drug resistance. 

1.6. Multidrug Resistance in Bacteria and Biofilms 

 Multidrug resistant (MDR) organisms are mostly hard to treat, in particular Gram-negative 

organism.   Colistin, a lipopeptide and fellow of the polymyxin family, is presently employed 

as a last-line medicine for the control of MDR Gram-negative microbial infections. Bacterial 

cells generally grow in two arrangements i.e., planktonic, which involves free swimming 

isolated bacterial cells that are not bound to any surface. The other arrangement is biofilm, 

which includes multicellular sessile cells living in the form of communities.35, 36   

Microbial biofilms are extremely resistant bacterial communities that are very difficult to 

destroy (Figure 1.5). These strong biofilms are commonly found on artificial implantations 

and indwelling curative devices like dental implants, arthro-prostheses and urinary 
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catheters. The spread of biofilm can happen on dead or alive tissues, resulting in chronic 

wounds, otitis media and endocarditis. These stubborn infections and their associated 

ailments are difficult to handle due to strong resistance in biofilms against host immunogenic 

responses and also the extracellular polymeric materials in these biofilms hinder the 

permeation of antibiotics. Present practices to eradicate biofilms on synthetic surfaces 

consist of sterilizing the site using bleach or any other corrosive means. These biomedical 

biofilms are much more challenging to treat due to increased health maintenance expenses 

and rare patient’s approval owing to the hostile treatment options. This problem is further 

intensified by the dramatic rise in the spread of drug resistant microbes.37, 38 

 

Figure 1.5 Diagrammatic illustration of general mechanism opted in biofilms to evade killing 
effect of antibiotics.39 
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1.7. Previous Strategies to Control Multidrug Resistance 

To address MDR, it was essential to adjust pharmacokinetics and pharmacodynamics of 

drugs to enhance their efficacy, reduce toxicity and, meanwhile, limit the possibility of 

developing resistance. Some of the previously adopted strategies in this regard are 

highlighted below. 

1.7.1. Development of New Drugs 

The development of new drugs was originally thought to target resistance, but it is an 

extensive, laborious and costly process with limited possibility of success (Figure 1.6).24 Over 

the past several decades, the drug discovery and development have been falling swiftly. 

Approximately, 16, 14, 10, and 7 novel antibiotics were approved during 1983–1987, 1988–

1992, 1993–1997, and 1998–2002, whereas just 5 and 2 were approved during 2003–2007, 

2008–2012, and 2012-onwards is the end of the golden age in which older drugs were 

reconsidered or used in combinations, respectively.40 Inappropriately, pharmaceutical 

companies are hesitant to put in substantial resources for the discovery of novel antibiotics 

because pathogens are likely to redevelop resistance within a short time. 

 

Figure 1.6 A graphical illustration of time and phases involved in discovery & development 
of a successful medicine, which shows that it is a long developmental process with limited 
probability of success.41 
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1.7.2. Modification of Previous Drugs 

A race started in synthetic chemistry to increase the potency of already reported drugs by 

introducing new functional moieties, while keeping the family same. As a result, numerous 

new compounds were produced with slight modifications. The resistant microbes, however, 

are very smart in developing resistance even against related families of drugs. The situation 

turned out to be even worse when novel structurally linked antibiotics were found not much 

effective to treat resistant infections. These findings and the reluctance of pharmaceutical 

companies to develop new antibiotics are posing a real threat to medicinal chemistry.42 

1.7.3. Drug Combinations 

Combinatorial action of an antiseptic cocktail is known to collectively regulate the action of 

respective components by pursuing bacteria from two different faces. This effective 

technique could be offered to bacteria as a next tough evolutionary barrier to cross.43 

However, the infectious pathogens can evolve over time, many of them have acquired 

resistance to the prescribed and almost all new antibiotics.44 Combination therapy for the 

time being overwhelmed the problematic resistance and was immensely valued in treating 

extremely invasive pathogenic infections.45 It may include antibiotic-antibiotic mixing or 

antibiotic-adjuvant mixing (Augmentin) and was quite useful in targeting various channels of 

resistance instantaneously. The right model of antibiotic-antibiotic mixing is the 

management of M. tuberculosis contagions by using four separate drugs in combination, 

directing four different goals whereas, augmentin is best example of antibiotic-adjuvant 

amalgamation.46 The problematic part in combination therapy is that it is likely to modify 

the pattern of antimicrobial resistance in a predictable way, which may decrease its efficacy 

with time. Steering several paths of resistance by combination therapy, might just speed up 

evolution, where microbes will discover altered biological routes to persist. 

The multidrug resistance is an area of universal concern. Consequently, there is vital need 

to develop means that can either be used to potentiate the outcome of present drugs or can 

be used openly to destroy pathogens, without prompting resistance in them.   
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1.8. Other forms of Multidrug Resistance  

Different microorganisms/ cells opt different strategies to become resistant to various drugs. 

Some of these forms are discussed below. 

1.8.1. Multidrug Resistance in Other Microorganisms 

The microbial membrane behaves as the primary defence line against foreign attack. World 

Health Organization (WHO) has reported that, in the previous 4 years, 12 countries in Asia, 

Africa and the Americas have exceeded suitable levels of drug resistance against the two 

backbone drugs of HIV treatment: nevirapine and efavirenz. This form of drug resistance in 

viruses could emerge due to patchy or poor delivery of drugs and is totally unacceptable.47 

Fungi are important for the conservation of global ecological balance, but they can also 

target particular hosts and cause damage. Fungicides are available and mostly used against 

fungal infections but the appearance of multidrug resistant (MDR) fungal infections is also 

posing a big threat to public health.48 

1.8.2. Multidrug Resistance in Cancer Cells 

One of the severe danger to human well-being, causing universally tens of millions of expiries 

annually, is cancer and chemotherapy is the finest means to approach it. Although, most of 

the chemotherapeutic approaches display toxicity and specificity concerns which are leading 

to multidrug resistance.49, 50 In cancer, multidrug resistant cells become resistant to 

chemotherapeutic drugs, which results in minimal cell death along with spreading of tumors. 

This is the major obstacle in clinical treatment of cancer as it results in cross-resistance to 

many mechanically and structurally different chemotherapeutics. Chemosensitization is the 

pathway used now a days to make tumor cells more sensitive to chemotherapeutic drugs by 

simultaneously delivering the drug and inhibiting the pathway used to develop 

resistance.51, 52 Although many delivery carriers can upregulate the concentration of the 

drug in cancer tissue, resistance mechanisms and cellular obstacles may still limit the general 

efficacy of the chemotherapeutics.53 Chemotherapeutic delivery systems are also 

susceptible to other limitations such as sudden release and possible off-site toxicity.54 Each 

year, ~90,000 fresh cases for breast tumor are spotted in Pakistan with 47 % demise rate.55 
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The condition is not even respectable in the advanced world making it a severe universal 

health problem but the developed countries are considering it extremely serious unlike the 

developing/deprived world.56 The failure of current tumor healing approaches by means of 

small molecules is largely due to the delayed diagnosis of the emerging cancer, small 

circulation period of the therapeutic agents, absence of the directed delivery of the 

chemotherapeutic agents to the damaged cells/ tissues and the successive intake of 

anticancer drugs by the tumorous tissues/ cells.57 Drug resistance and the toxicity of 

chemotherapeutics to the healthy cells are even more distressing and cause serious health 

problems together with poor efficiency and serious side effects such as reduced white blood 

cell number and even the failure of heart in few cases. In order to address this issue, first 

liposomal nanomedicine i.e., Doxil, was introduced in the market in 1995, which is actually 

doxorubicin enclosed in liposomal protective coating. It shows improved antitumor activity 

with reduced toxicity as compared to doxorubicin.58 Doxil and abraxane are amongst the few 

US FDA permitted antitumor drugs, which provide enhanced therapeutic efficacy and 

comparatively fewer side effects owing to the conjugation of directed groups with DOX and 

paclitaxel respectively, but even these drugs are not much capable to address numerous 

concerns including multidrug resistant tumor cells.59, 60  

1.9. Advent of Nanomaterials 

At present, nanotechnology seems to be ready to invade several aspects of our lives. It is 

already presenting favorable soultions to the challenges in several fields of biomedical 

sciences and technology.61 For example, it improves the activity of convenience goods like 

antifog layers on lenses and glasses, skin-maintenance products, stain or wrinkle-resistant 

dresses and several others. It is playing an effective role in various parts of clinical and 

medical research, for example timely detection and monitoring of various diseases and their 

subsequent treatment, and the development of vaccines and more effective therapeutics. 

In recent times, nanomaterials have emerged as the most stimulating and proficient 

candidates to monitor and guard human wellbeing and address ailments.62 The 

nanoparticulate based formulations have been demonstrated as encouraging platforms for 
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the management of microbial infections.63, 64 The nanostructured materials hold numerous 

benefits, which make them powerful candidates for building improved approaches to fight 

pathogens, even the resistant ones. 

1.9.1. Properties of Nanomaterials 

Nanomaterials possess unique chemical and physical properties depending on their 

nanoscale features that make them attractive candidates for many intriguing applications 

including those in biomedical sciences (Figure 1.7). Some of the factors affecting the 

properties of nanomaterials are briefly discussed below: 

 
Figure 1.7 Diagrammatic illustration of the properties of nanoparticles, which make them 
suitable candidates by alteration/modification to target resistant cells.65 

1.9.1.1. Size of Nanoparticles 

Nanomaterials are extremely competent transporters in biological systems owing to their 

small size (at least one facet in nano regime), fine matching with biomolecules which allows 

them to bypass biological obstructions efficiently. It is further known that the biocidal 

potential of AgNPs is enhanced as their surface area increases i.e., reducing their size. 

Smaller the size of nanoparticles, the more active moieties they have on their surface, which 
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enhance their antibacterial potential.66-76 Atomically precise nanoparticles synthesized by 

efficient control over their size and structure are called as nanoclusters.77 Metallic 

nanoclusters having several to hundred atoms possess unique molecule-like properties. 

Small molecule protected nanoclusters hold stronger potential in biomedical applications as 

compared to the larger ones. These are new class of functional nanomaterials having 

applications in energy, sensing, environment, catalysis, medicine and imaging. Commonly 

used synthetic methodologies for nanoclusters are direct metal reduction in the presence of 

strong capping ligands, ligand exchange or metal exchange reactions.78 The NPs in 5–50 nm 

size regime are known to be bacteriostatic and bactericidal at different doses. 

1.9.1.2. Surface Charge of Nanoparticles 

The initial nanomaterials interaction with cellular membranes includes electrostatic grip to 

interact with the anionic lipid head groups with subsequent insertion aided by its 

hydrophobic remainders into the hydrophobic membrane interior. Both sides of the 

bacterial cytoplasmic membranes are full of anionic lipids, such as, phosphatidylserine, 

cardiolipin and phosphatidylglycerol. However, the external leaflet of eukaryotic 

cytoplasmic cell membrane is made of zwitterionic lipids such as cholesterol or 

phosphatidylcholine and phosphatidylethanolamine. The alterations in cytoplasmic 

membranes charge can perhaps be best to exploit for selective killing of bacteria and this 

can be achieved by the adjustment of surface charge and hydrophobicity of nanoparticles.79  

1.9.1.3. Shape of Nanoparticles 

The shape of nanoparticles has a dominant influence on their properties. Studies related to 

the antibacterial properties have shown reduced nanotoxicity of silver nanospheres in 

comparison to nanowires.80 Composite materials, such as Ag NPs impregnated silicon 

nanowires, are also effective antimicrobials.81 Similarly, Ag nanoparticles based carbon 

nanotubes are quite beneficial to hit antibiotic resistant microbes with insignificant 

cytotoxicity.82 The star-like silver nanoparticles also demonstrate significant antibacterial 

properties.83 Sadeghi et al. have demonstrated that nanoscale Ag plates manifest enhanced 

bactericidal potential for S. aureus and E. coli in comparison to Ag nanorods and 
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nanoparticles.84 The prismatic silver nanoparticles reported by Fouzia et al. present 

outstanding antimicrobial properties. The spherical AgNPs are more prone to target bacteria 

due to their high probability to attach and disrupt membrane permeability.85 These findings 

demonstrate that the antibacterial potential of given nanoparticles are significantly 

enhanced by increasing their anisotropy, all other factors being constant. 

1.9.1.4. Surface Modification of Nanoparticles 

The selection of the nanoparticle exterior coating can be chemically tuned to attain target 

specificity and selective delivery of antibiotics to the required spot. The surface modulation 

of nanoparticles can be exploited to trick the resistant micro-organisms to uptake hidden 

drug. Nanoparticles chemistry offers surface conjugation with a variety of small organic 

molecules to articulate the toxicity concerns. The studies show that tuning the surface 

chemistry of NPs exterior can control their communication with bacteria and in-turn 

promote their antimicrobial efficiency both in single and mixed therapies. In contrast, the 

hydrophobic part of surface ligands of NPs/NCs supports their entry into the lipid bilayer of 

bacteria and results in indiscriminate toxicity. A decent control over the charge to 

hydrophobic proportion of ligands on NPs/NCs surface has been a common and fairly 

successful approach to enhance their bactericidal efficiency. 

1.9.1.5. Chemical Nature of Nanomaterials 

The intrinsic properties of the nanoparticles (e.g., optical, redox and magnetic, etc.) are 

estimated by the chemical composition of the internal core. The generation of free radicals 

by metal NPs/NCs is dependent on the nature of their core and there is enough primary 

evidence that some forms of metal NPs/NCs are highly effective to kill even the resistant 

microbes by the creation of free radicals in their surrounding area upon interaction with an 

external stimulus (e.g. light).86 

1.9.2. Types of Nanomaterials 

The splendid range of therapeutics has produced a plethora of diverse nanoparticle based 

chemotherapeutic materials comprising of polymers, lipid-based formulations, dendrimers, 
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inorganic nanoparticles, or carbon nanostructures, and many formulations including 

additional categories, such as nanoparticles encapsulated in polymer capsules to enhance 

their biocompatibility, stability and targeted delivery (Figure 1.8). Some of these categories 

are briefly described below. 

 

Figure 1.8 Schematic illustration of different types of nanomaterials based on composition 
and their suitable properties to target MDR.87 

1.9.2.1. Liposomes  

Liposomes are globular vesicles having a diameter ranging from 20 nm to micrometers, 

comprising of single or additional phospholipid bilayers, and having hydrophilic surface and 

interior cavity. The key benefit is that they are prepared from natural, non-immunogenic, 

non-toxic, and recyclable phospholipids and can encapsulate or bind various drug molecules 

in their cavity, hydrophobic assembly and even on their surface. Liposomes are among the 

best known and extensively explored platforms for drug delivery systems. Apart from their 

multiple benefits, liposomal antibiotics are prone to a few limitations such as their instability 

and low loading in the liposomes. Another important problem is the synthetic limitation of 

stable liposomes. The purification techniques used for liposomal antibiotics do not permit 
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the use of high temperature, radiations or chemicals, as lipids are usually unstable towards 

heat and simply undergo unwanted hydrolysis and oxidation reactions.88 

1.9.2.2. Polymeric Nanomaterials 

Polymeric nanomaterials were initially introduced in order to increase stability and drug 

loading efficiency of nanoscale materials. The rich chemistry of polymer nanoparticles 

facilitates the physical capture, enacapsulation or chemical conjugation of a wide range of 

bioactive agents. The polymers used in nanomaterials are either synthetic or natural. For 

example, poly(lactide-co-glycolide) (PLGA) copolymers have been permitted by FDA for 

numerous biomedical applications. It has been demonstrated that co-encapsulation of 

isoniazid, rifampicin and pyrazinamide in PLGA nanoparticles displays comprehensive 

fumigation in only 4 doses and were comparable to 46 oral doses of free drug.89 Even though 

polymeric nanomaterials have revealed their capability to improve the transport of 

antibiotics both intracellularly and extracellularly, a lot more efforts are needed to realize 

their clinical presentations. 

1.9.2.3. Metallic Nanomaterials 

Various metals in size regime of nanoparticles are extremely effective for many 

pharmacological actions, but exploring their therapeutic efficiency is essential with 

reference to their toxicities. Among metals as nanoparticles, gold, silver, copper/ copper 

oxide are considered much better for biomedical applications over other metals, thanks to 

their good renal clearance and low toxicity. The suitable functionalization of AuNPs with 

small molecule ligands can control antimicrobial resistance in bacteria by modulating genes 

expression as reported by Feldheim and coworkers.90 Gu et al. also reported vancomycin 

decorated gold nanoparticles, which manifests improved antimicrobial activity against 

vancomycin resistant bacteria.91 In a recent study, CuO NPs also demonstrated their 

antimicrobial potential by the generation of holes in bacterial cell wall, which is related to 

their electrostatic interaction and the successive reduction of Cu on bacterial surface.92, 93 In 

addition ROS based bacterial killing by Cu ions is also reported when applied in wound 

bandages to the resistant infections.94 More recently, copper nanoparticles have also been 
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reported as efficient material for lipid peroxidation, protein oxidation and DNA 

degradation.95, 96 Copper oxide nanoparticles generally display decent antimicrobial 

properties but are less effective than silver nanoparticles except in a few cases i.e. B. subtilis 

and B. anthracis were found highly vulnerable to CuO whereas E. coli and S. aureus are highly 

susceptible to Ag. Silver has extensively been used in antimicrobials and by further decrease 

in size in the form of nanoparticles, enhances its surface area and antimicrobial properties. 

Among other metals, iron oxide, zinc oxide and manganese oxide nanoparticles have also 

been tested as good biocidal agents especially with reference to their size, shape and surface 

chemistry.95, 97 In general, metal NPs play important role to manipulate usual antibiotic 

resistance pathways like efflux pump facilitated exclusion of antibiotics from the bacterial 

cells. The combination of NPs and antibiotics offers a good alternative method to hit MDR 

bacteria by escaping the regulatory problems linked with former bioconjugate assemblies, 

which additionally improves existing therapeutic approaches. These reports highlighted that 

the toxicological and pharmacological power of metal nanoparticles in health sector is based 

on the nature of core material, particles shape, size and their surface chemistry. 

1.9.3. Silver Nanoparticles as Potential Candidates to Adderss Multidrug Resistance 

Silver nanoparticles are promising antimicrobial candidates at concentrations where they 

are not toxic to human cells. This emerging property of silver nanoparticles is adjusted by 

size and surface functionalization to tune bio-nano interface interactions. The antibacterial 

efficacy of AgNPs increases with decrease in size owing to enhanced potential to release Ag 

ions and atoms.98 There is also a direct connection between the surface charge and biocidal 

property of AgNPs, specifically the more positive are generally considered to be more toxic. 

AgNPs are capped with positively charged ligands due to their ability to promote membrane 

permeability and reduce drug efflux in bacteria.99 The actual problem with these metals is 

toxicity when used in excess. Silver is considered to break the resistance by ion releasing 

effect and thus has extraordinary multipharmacological, antimicrobial potential even against 

resistant variants.100 The silver-based nanomaterials are finding an increased usage as 

antimicrobials due to the exceptional chemistry of silver interfacing with microbes.101 Raulin 

was the first one to report the antibacterial ability of silver in 1869. He witnessed that there 
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is complete stop in growth of A. niger in silver vessels.102 Elvio Amato synthesized glutathione 

(GSH) stabilized AgNPs showing MIC of 180 and 15 μg/mL against S. aureus and E. coli, 

respectively. He inferred that this antimicrobial potential was due to AgNPs instead of Ag 

ions.103 Kaiyuan Zheng designed a hybrid by the conjugation of AgNPs with an antibiotic. This 

hybrid displayed an enhanced bacterial killing than controls. These NPs use membrane 

disruption and DNA disinfection to kill bacterial cells as manifested by LIVE DEAD and TUNEL 

assay. The continuous generation of ROS further restrict microbes to develop resistance.104A 

large number of reports are already available to validate AgNPs antimicrobial potential 

against resistant pathogens i.e. E. coli, E. faecalis, B. subtilis, P. aeruginosa and 

K. pneumonia. All these findings show that silver based nanomaterials have great potential 

to be used as broad spectrum antibiotics with minimum bacterial resistance reported.  

1.9.4. Nanoclusters: Promising Next Generation Candidates  

Metal nanoclusters (NCs) display distinct chemical and physical properties in between single 

atoms and bulky nanocrystals.105 Commonly used synthetic methodologies for nanoclusters 

are direct metal reduction in the presence of ligands, ligand exchange or metal exchange 

reactions. Small molecule protected nanoclusters hold stronger potential in biomedical 

applications as compared to the larger ones.93, 106 Since the first report by Burst et al. a series 

of gold nanoclusters (Au19, Au24, Au25,) have been efficiently synthesized and 

characterized.107, 108  Many reports are available for silver nanoclusters synthesis as well (Ag9, 

Ag11, Ag44), but they are still facing challenges in terms of their reproducible synthesis and 

precise control over their composition which limit their applications.109, 110 Numerous 

reports are available on antibacterial role of metal nanoclusters especially of Ag, which are 

widely exploited in this regard. These metal nanoclusters (NCs) enter the resistant cells 

owing to their reduced size and biocompatible surface chemistry and break resistance by 

using multiple mechanisms.111, 112 Few of the distinctive electronic properties of NCs can be 

credited to the binding of organic ligands to metal atoms. Many proteins and other bioactive 

molecules have been widely used as stabilizing/capping agents for metal nanoparticles 

because of strong metal-thiol interactions.113-115 The living organisms take in metal species 

to make their mineral structures by a natural process of biomineralization.116, 117 Inspired by 
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this method, microorganisms have natural ability to intake inorganic metals and reduce 

them into zerovalent metal nanoparticles.118, 119 

1.10. Mechanism of Action of Silver Nanoparticles 

Nanoparticles own a universal way of toxicity to bacteria, which is mostly missing for 

mammalian cells.120 In this respect, AgNPs have gained much consideration and have been 

demonstrated as efficient antimicrobial against approx. 650 microorganisms. Metal 

nanoparticles are referred as next-generation antimicrobials due to their remarkable 

potential to target MDR bacteria. Metal nanoparticles/nanoclusters generally lead to 

membrane disruption in bacteria by directly connecting to it whereas eukaryotic cells 

phagocytose them and afterwards expel/degrade them via lysosomal fusion. Mostly 

nanomaterials act on bacterial cells by direct surface connection without deep penetration 

and by inducing reactive oxygen species generation. Both of these action mechanisms have 

absolute power to address major resistance mechanisms used by bacteria and for that 

reason are, less liable to resistance than previous antibiotics.121 The mechanism behind 

AgNPs action is rather complex. The silver nanoparticles first stick to the cellular envelope, 

and then breach into the microbial cell, promoting the production of ROS and finally inducing 

discrepancies in transduction of signals to destroy cells. There are four distinct mechanisms 

used by AgNPs for antibacterial action (Figure 1.9), which are briefly described below. 
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Figure 1.9 Schematic illustration of antibacterial mechanism of NPs: (A) cell membrane 
disruption with subsequent cytoplasmic lysis; (B) interaction and dissociation of intracellular 
constituents; (C) disturbance in electron transport triggering electrolyte imbalance and (D) 
production of reactive oxygen species (ROS).122 

1.10.1. Membrane Disruption 

At first, cationic silver nanoparticles stick to bacterial cells via electrostatic interactions, as 

microbial membrane is composed of lipid bilayer and has overall negative charge (Figure 

1.10).123 This adherence results in changes in cell morphology followed by cell rupture and 

lysis. In addition to electrostatic interactions, silver nanoparticles can also interact with 

sulphur group containing proteins in membranes, attributed to increased affinity of Ag with 

sulphur, and cause irreversible changes. These membrane disruptions can be viewed as pits 

on bacterial cells surface and have been confirmed by TEM.124-126 
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Moreover, silver can also act by disturbing transport of potassium ions, causing increased 

membrane permeability that leads to further pronounced outcomes i.e., cellular leakage of 

ions, sugars, proteins and energy basins.  This antimicrobial potential of silver nanoparticles 

is based on the cell wall composition and the presence of outer membrane. The increased 

vulnerability of Gram-negative bacteria to silver based antimicrobials is because of 

difference in membarane composition of bacterium compared to Gram-positive bacteria. 

 

Figure 1.10 The electrostatic mode of communication of bacteria with cationic silver 
nanoparticles that results in targeting bacteria through membrane disruption mechanism. 

1.10.2. Targeting Biomolecules and Intracellular Components 

After initial adherence to cellular membrane, nanoparticles penetrate deep inside the cells 

and almost disturb all cellular machineries. Due to high affinity of AgNPs with mercapto 

group, it leads to deactivation and denaturation of proteins, DNA, ribosomes and other 

biomolecules. This DNA disinfection indirectly affects cell division. Ribosomes play a very 

important role in protein synthesis and their denaturation leads to inhibition of translation. 

Similarly, AgNPs can also spoil sugar metabolism by deactivating phosphomannoses by 

releasing Ag+ ions causing strong bactericidal outcomes.127  
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1.10.3. ROS Generation 

In cells, ROS were generated normally by mitochondria and Fenton reaction. Like other 

heavy metals, silver also intensifies oxidative stress via production of additional reactive 

oxygen moieties and many other free radicals. The amplified ROS generation leads to cell 

death. Silver ions further disturb the cellular oxidative levels by inhibiting respiratory 

enzymes and affecting mitochondrial membrane. This increase in ROS production results in 

hyper-oxidation of lipids, protein and DNA leading to the death of bacteria.128 

1.10.4. Disrupting Metabolic Pathways 

Silver nanoparticles may also affect cellular growth by disrupting many metabolic pathways. 

For example, they interfere with bacterial growth by dephosphorylating tyrosine residues on 

peptide chains and subsequently target cellular signaling. Phosphorylation and 

dephosphorylation of proteins play a major part in cell cycle, DNA’s recombination, 

replication and cellular metabolism. Therefore, interruption in these pathways affects 

enzymatic action and finally bacterial growth inhibition.129  
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Chapter 2. 

Literature Review and Scope of Thesis 

2.1. Synopsis 

This chapter comprises of two parts. The 1st part covers literature review highlighting the 

importance of silver-based nanoparticles. The 2nd part presents scope of this thesis to assist 

in breaking MDR in different bacterial varieties through silver-based nanomaterials. 

2.2. Literature Review 

Silver has been used since long as an antimicrobial to prevent spoilage and fight 

infections, and Ag ions and Ag-based materials are known to be lethal for Gram-positive and 

Gram-negative microbes.130 Initially, this might appear intuitive as metals and their 

complexes were usually recognized for application as catalysts or materials and are 

frequently linked with toxicity.131 In the late 19th century, the earliest scientific paper relating 

the therapeutic usage of silver is accredited to F. Crédé, who used 1% silver nitrate solution 

as an eye drops in infants, removing blindness triggered by postpartum eye infections, and 

to treat internal antisepsis in 1901.132 Later in 1965 0.5% silver nitrate was used for the 

management of burn injuries.133 This treatment worked well at this stage to govern 

P. aeruginosa infection, but then the appearance of resistance to silver nitrate134 provoked 

a variation in formulation leading to the use of silver sulphadiazine – a mixture of 

sulphonamide and silver instead.135 Klasen suggested that such combinations function by 

slow discharge of Ag+ as the major antiseptic whereas sulfadiazine assists generally to retain 

Ag+ in solution form and avoid the formation of light-sensitive black colloidal Ag0 on the skin 

- once more a severe cosmetic issue with AgNO3-based stuff as patients reported skin 

blackening issues. On the other hand, Klasen also recommended that microbial resistance to 

silver-sulphadiazine established quickly primarily due to the antibiotic constituents.136 

Recently, the British National Formulary approved the use of silver nitrate (40–95%) and 
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silver sulphadiazine (1%) for exterior use for management of infections on wounds.137 These 

pre-historic benefits of silver in different forms supports its active role in antimicrobials.  

The appearance of resistance in bacteria against antibiotics is quite challenging for the 

drug companies and healthcare professionals. In the previous decades, however, the merely 

permitted antiseptic along with newly exposed teixobactin was linezolid.138 One of the major 

way to develop microbial resistance is the alteration of antibiotics target.139 For instance, 

alteration of cell wall constituents induces resistance against vancomycin, whereas 

alterations in structure of ribosomes hinder tetracycline.140 In the same way, bacteria can 

also overexpress enzymes like aminoglycosides and β-lactamases to destroy antibiotics. 

Moreover, increased expression of efflux pumps supports bacteria to escape several 

antibiotics simultaneously. Numerous pathogens, for example C. pneumonia, exist within 

the cellular compartments in host cells to protect themselves from antibiotics which are 

usually limited to extracellular space.141, 142 So, there is a dier need of new category of 

materials to target micro-organisms by overcoming different barriers simultaneously. 

The antibacterial formulations as nanoparticles (NPs) can be suitable candidates to 

interact with bacteria intimately and could be employed as efficient bactericidal materials 

owing to their improved reactivity because of higher surface to volume ratio.143, 144 There 

are approx. 100 nanomedicines permitted by FDA and many are under clinical trials.145 To 

start with, researchers varied the essential core of nanomaterials to produce antimicrobials 

with varying mode of action. The silver nanoparticles play an extraordinary oligodynamic 

role among all other metals.146, 147 Bajaj et al. stated the development of antibacterial 

dipeptide-functionalized Ag or Au nanohybrids. They observed improved MIC (0.37–0.93µM) 

by Ag nanoparticles capped with dipeptides against S. aureus compared to the dipeptides or 

Ag nanoparticles alone (controls), respectively. A synergistic response was observed by 

dipeptides and Ag combination nanoparticles. In comparison, the dipeptide-decorated Au 

nanoparticles presented no bactericidal response suggesting that the core material plays a 

vital role.148 The Sun group has also reported a series of comprehensive studies on the mode 

of action and targets of silver based antimicrobials.149, 150 All these studies supports the use 

of silver based nanomaterials in connection with their prehistoric antimicrobial applications. 
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Silver in nano-size manifest better antibacterial potential than bulk metal and ionic 

silver.151, 152 For instance, silver-based nanoparticles use free Ag+ ions as an active agent to 

work as antimicrobials. Alvarez and co-workers proved that anaerobic environment prevent 

Ag(0) oxidation and thus Ag+ leakage in Ag NPs suspension, and hence no detectable 

antibacterial effects on E. coli even at thousands of times (7665 times) increased 

concentration than the minimum harmful concentration of Ag+ ions (0.025 mg/L), whereas 

under aerobic environment these Ag NPs displayed thousands of times improved minimum 

lethal concentration: 

Ag(0) + O2    →   AgO2 

1/2AgO2 + H+  →   1/2Ag+ + H2O 

This finding led to the conclusion that the biocidal potential could be managed by controlling 

the Ag+ release profile by adjusting the silver nanoparticles shape, size and surface chemistry 

together with the apparent coating.153, 154 Xiu et al. reported similar findings for AgNPs acting 

as antimicrobials against E. coli under aerobic vs anaerobic conditions. They concluded that 

their antibacterial action solely depends on Ag+ ions release instead of AgNPs themselves 

even at thousands of times elevated concentrations.155 Later on studies revealed that Ag+ 

and Ag NPs both can pass through the bacterial cell membrane using porin proteins resulting 

in rupturing of cell membrane, pit formation and cytoplasmic escape.156 This all resulted in 

recommendation by Alvarez and coworkers to use Ag NPs as antimicrobials because of their 

reduced ability to bind with naturally occurring ligands compared to Ag+ and therefore 

resulted in improved delivery of Ag+ in bacterial cytoplasm using the acidic cell membrane.157  

The current scenario of MDR emphasizes the growing scientific interest to reconsider 

silver nanomaterials owing to their wonderful therapeutic history.158 AgNPs were widely 

used as antibacterials against various MDR and non-MDR varieties of bacteria owing to their 

decreased sensitivity in contrast to free ions.159 They acquire their bactericidal action 

through a lot of opposing metabolic and biochemical routes, thus manifesting MDR reversal 

in a variety of MDR resistant strains. The AgNPs show a variety of biological activities due to 

their innate antibacterial potential for both antibiotic sensitive and resistant strains.160 In 

recent times, AgNPs appeared to have profound scientific interests by offering innovative 
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pathways for reversing microbial resistance and are being suggested as novel class of 

antibiotics.161 Normally, the antibiotics can only target one fixed feature of bacteria while 

silver ions can bind non-specifically to various proteins and DNA etc. by different ways, thus 

targeting bacteria at once in several components of their structure and metabolism.162 It is 

well-known that free Ag ions, leached from silver nanomaterials, generally stick to the cell 

membrane moieties, disrupt their membrane potential and cause excessive proton 

seepage.163, 164 Pal et al. further supported that the inorganic metal nanoparticles are also 

responsible to form irregular pits on bacterial wall to support ions penetration into the 

cytoplasm.165 So, the AgNPs are quite suitable candidates compared to silver ions, bulk silver 

and other inorganic metals to target MDR bacteria. 

With reference to the synthesis of AgNPs in this thesis, chemical reduction approach was 

used which generally involved the transformation of Ag+ ions into colloidal and stable 

monodispersed nanoparticles by inorganic or an organic reducing agent in a suitable 

aqueous/organic medium containing an appropriate stabilizing agent. Usually, ascorbate 

ions or citrate ion  or a powerful reducing agent like borohydride can change the Ag+ ions to 

metal atoms.166-168 Consequently, the initially formed Ag0 atoms aggregate to form 

oligomeric clusters that grow during the course of reaction to produce AgNPs.169 The 

stabilizing agents with -COOH, -OH, or –SH functional groups display significant interactions 

with the nanoparticles surface.170-172 They also accelerates the particle growth while it is 

binding to the nanoparticles surface and inhibit their agglomeration in solution form.173 The 

capping agents preserve the dispersed state of nanoparticles without affecting their surface 

attributes. Dondi et al. planned a simple single-step synthetic method for the production of 

size and shape controlled AgNPs by tollens reagent by a principal resorcinol ether core 

enclosed by triazole sugar ligands, which stimulate nucleation, growth, and dispersion 

phases for the synthesis of AgNPs. This scheme is useful for the preparation of AgNPs in the 

size range from 25 to 50 nm.174 To get further reduction in the size of nanoparticles to make 

nanoclusters, the ratio of ligand to metal was increased along with the optimization of 

various reaction conditions like temperature, reaction time, stirring rate etc. 
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Silver nanoparticles are already well acknowledged for their antibiotic potential in 

reduced concentrations against different multidrug resistant varieties of E. coli, 

P. aeruginosa, P. mirabilis, and S. enterica.175 They show increased antibacterial power due 

to high affinity with bacteria which is attributed to their high surface area/volume ratio, 

tunable surface chemistry, and the ability to load various drugs.176 AgNPs capped with 

various ligands i.e., glucosamine (Figure 2.1), polyethyleneimines, peptides, and chitosan 

usually presented an improved antibacterial activity, which is relatable to their increased 

intake by bacterial cells due to better binding capacity of nanoparticles.177-179 Similarly, 14 

nm spherical Ag NPs having chitosan as a stabilizer were made by slow addition of NaBH4 to 

a fast stirring metal salt solution (500 rpm). These AgNPs act as strong disinfectant at 25 µM 

concentration, which is quite high compared to this thesis findings, against Salmonella 

bacteria of concentration 108 colony-forming units (CFU) mL−1.180 There is still room available 

in optimization of AgNPs to attain nanoparticles/nanoclusters with further size reduction to 

have improved antibacterial potential. 
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Figure 2. 1 The interaction of glucosamine functionalized silver nanoparticles (GlcN-AgNPs) 
with Gram negative and positive bacterial cell wall surface.177 

Banerjee et al. described that the bactericidal potential of AgNPs can be uplifted by 

coating them with a variety of polymers such as cationic polysaccharides and chitosan 

(Figure 2.2).181 Li’s group reported the synthesis of positively charged polymer (2-

(dimethylamino)ethylmethacrylate (DMAEMA) functionalized silver nanoparticles 

(AgNPs@PDMAEMA-C4) by silver nitrate reduction, which showed good antibacterial 

activity at concentrations that were not lethal to the mammalian cells. The bactericidal role 

of these nanoparticles (AgNPs@PDMAEMA-C4) was greatly increased due to the joint 

antibacterial and multivalent action of the nanoparticles and polymer. These nanoparticles 

improved the cytoplasmic membrane permeability and successive penetration into the 

bacterial cells to obstruct intracellular enzyme functioning, leading to the cell death.182 
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Similarly, compared to the anionic hyaluronic acid-modified particles, aminocellulose coated 

nanoparticles with a cationic surface presented improved interaction with microbial 

membranes, causing more cell wall deterioration and antibacterial activity.183 Recently, 

nanoparticles have been functionalized with cationic and hydrophobic alkyl chains to 

improve bacterial membrane injury. The longer alkyl chains play important role in improving 

hydrophobicity of nanoparticles that facilitated their uptake through the cell membrane and 

thus resulted in lowering their bacterial minimum inhibitory concentration (MIC).184 All this 

shows positively charged silver nanoparticles with hydrophobic capping works as efficient 

antimicrobials.  

 

Figure 2. 2 Schematic illustration of the anticipated antibacterial mechanism of iodinated 
chitosan-Ag NP composite.181 

Improving the stability of silver nanoparticles in the growth medium promotes their 

toxicity by giving them more time for retention on bacterial media, otherwise, the 

aggregation of nanoparticles lead to the reduced biocidal potential.185, 186 Gnanadhas et al. 

decorated AgNPs with the bovine serum albumin (BSA) to enhance their stability in a variety 

of intracellular pH and and showed great potential as antimicrobials and drug delivery 

systems.187 Conversely, a few ligand-functionalized silver nanoparticles even though have 

better stability and are fairly uniform in size but were found less bioactive because the 

capping agent slowed down the discharge of silver ions.188 Kooti et al. observed that coating 

of graphene oxide on Ag nanoparticles inhibited their aggregation quite effectively and this 

nanocomposite can also release loaded ciprofloxacin in a controlled way. The zone of 
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inhibition for this nanocomposite was improved over 2-fold in comparison to the control 

without ciprofloxacin, and far more than that of the ciprofloxacin alone. Hence, properly 

coated AgNPs show improved stability and antibacterial activity.189 
 Morones et al. have evaluated antibacterial role of silver nanoparticles ranging in size 1–

100 nm against E. coli by growing them to mid-log phase. They observed that the 

nanoparticles in 1-10 nm range were the best in showing direct interaction with bacteria and 

the concentrations higher than 75 µg mL-1 were deadly for bacteria.190 So, smaller the size of 

silver nanoparticles higher is their antibacterial potential. 

Moreover, AgNPs reportedly show a significant synergism with a few well-known 

antibiotics (Figure 2.3).191 The therapeutic formulation of AgNPs with the relatively 

ineffective antibiotics showed a pronounced synergistic outcome along with playing a broad-

spectrum role.192 Ping et al. observed that the least administrable dose of the drug also 

dropped as a result of AgNPs in the combination.193 Similarly, Deng et al. reported a four-

step route to reveal the AgNP-antibiotic synergistic mechanism by employing β-lactam 

antibiotics: kanamycin, tetracycline, enoxacin, and neomycin. They found that the AgNPs 

make complex with antibiotics thus improving their interaction with the targeted cells. It 

increases the level of Ag+ ions nearby the target cells ultimately causing their death.194 These 

antibiotic combinations with AgNPs not just increases the absorptivity of the antibiotics to 

the respective cells, but also improves their bioavailability. In addition, Sharifi-Rad et al. used 

a combination of allicin (a naturally occurring bactericidal compound rich in garlic) with 

biocidal Ag nanoparticles in mice for the treatment of MRSA skin infection. This ointment 

showed a good synergistic response against MRSA infection. The bacteria shows no growth 

for the combination treatment compared to AgNPs alone, allicin alone, and control 

bacteria.195, 196 So, such combination treatments are also good alternatives to work against 

MDR bacteria. 



35 
 

 

Figure 2.3 Schematic representation of the synergistic antibacterial pathway of tetracycline 
decorated AgNPs against multidrug resistant bacteria. A four-step procedure was suggested 
as the major pathway leading to cell death. Pathway II represents a minor pathway and 
Pathway III is not operational due to tetracycline resistance by Salmonella.194 

The Gram-positive bacteria are often tested to be less prone to silver nanoparticles 

compared to Gram-negative owing to the difference in composition of peptidoglycan 

layer.197, 198 In Gram-positive bacteria, the increased negative charge due to phosphates and 

carboxylates of the polymeric techoic acids deactivates the bioactive  Ag+ ions released by 

AgNPs thus rising the AgNPs resistance.199 Furthermore, the Gram-negative bacteria with 

hydrophobic lipopolysaccharide-loaded outer membranes provide additional defense 

against the penetration of various hydrophilic bactericidal agents.200, 201 Bacteriological 

infections usually present much low pH (4.5) because of their hypoxic environment. The 

acidic atmosphere of microbial infectious spots can be coupled to the designing of pH subtle 

drugs. The histidine residues in pegylated poly L-histidine micellar nanoparticles get 

protonated at 6.5 pH and develop strong interactions with the anionic bacterial cell 

membrane, so silver NPs coated with histidine/ groups which can be protonated like amines 

can work as better antimicrobial agents. 
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Some bacterial strains have developed additional protective measures to escape the 

AgNPs mediated loss by the construction of biofilms. A dense glycocalyx sheath in these 

biofilms sticks bacterial cells colony to a hard sedentary surface through loose van-der Waals 

forces and accelerates the maturation of microbial biofilm.202 This highly viscous glycocalyx 

matrix increases antibiotic resistance in bacterial strains by hindering antibiotic molecules 

diffusion to deeper bacterial community using a range of routes.203 In this context, a variety 

of coatings on silver nanoparticles have been evaluated with useful results and some of 

these are summarized below: 

(i) Starch coated AgNPs disrupt biofilms developed by S. aureus and P. aeruginosa;204 

(ii) Citrate functionalized AgNPs of variety of sizes were found to prevent biofilms formation by  

P. aeruginosa;205 

(iii) Polyvinylpyrrolidone (PVP) coated silver NPs revealed good antibacterial potential against 

P. aeruginosa, S. aureus, E. coli and B. subtilis;206 

(iv) β-cyclodextrin is also an active functionalizing and stabilizing ligand that enhances 

anti-biofilm activity of AgNPs while decreasing their toxicity against mammalian cells.207 

Kalishwaralal et al. observed 95%-98% decrease in biofilm formation against 

S. epidermidis and P. aeruginosa using AgNPs. Hence, it was deduced that AgNPs have 

potential to detach S. epidermidis and P. aeruginosa quite rapidly and effectively, 

introducing clinical alternative therapies.204  

A few reports relating the AgNPs attacking bacterial biofilms without affecting the 

mammalian cells sustainability are also available. For example, citrate-functionalized AgNPs 

exhibit synergistic response with aztreonam against biofilms of P. aeruginosa. This response 

is the result of an increased permeation of the drug into biofilm matrix.205 Various AgNPs 

coated medical devices and surgical masks, are now in clinical trials with quite favorable 

outcomes.208-210 In addition, the biocidal potential of silver nanoparticles is also dependent 

on the type of bacterial strain, concentration and structure of cell wall.211 As stated 

earlier, dose/concentration is a key factor for the application of nanoparticles as an 

antibacterial agent. Generally, the toxicity of Ag NPs is dependent on their concentration. 

The average dietary exposure of Ag-NPs is predicted as 70–90µg/day. The oral nanoparticles 
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that skip the absorption route reach the colon where they possibly affect the structure and 

function of gut microbes, upsetting the toxicity and production of bacterial metabolites.210 

Vila et al. observed a concentration of 100 µg/mL of 8 nm sized Ag-NPs to show 20% 

cytotoxicity against Caco-2 cells.213 Another study presented that most of the Ag NPs were 

dissolved before reaching the stomach and most of the discharged ions were bound to the 

food matrix. This makes silver ions less bioavailable and consequently reduced toxicity.214 

Moreover, the low therapeutic indices of AgNPs against host mammalian cells can restrict 

their extensive practice in biomedical applications. For this purpose, zebrafish embryos were 

tested by different concentrations of silver nanoparticles for 4 days and merely a rise in 

toxicity was detected for 40 nm nanoparticles. This could be attributed to the holding of 

silver in intestine, which is dependent on the size of particles and agglomerates.215 Wilding 

et al. tested oral administration of 20 and 110 nm silver nanoparticles capped with PVP and 

citrate for 28 days in mice and found no effect on gut microbiome at antimicrobial 

concentrations.216 This shows that effectively caped AgNPs of different sizes were quite safe 

against gut microbes compared to free Ag ions. 

Researchers also fabricated zwitter ionic ligands decorated silver NPs with varying charge 

positions, one with cationic outermost layer and the other with cationic inner termini of the 

ligand. It was observed that NPs with positive charge on the surface showed improved 

antibacterial potential compared to the NPs with cationic inner side. Hence, silver 

nanoparticles with cationic surface act as potent antimicrobials. 

The NPs surface chemistry plays an important role in making them soluble in the blood 

stream and thus giving them a ‘‘stealth effect’’ against the body’s usual defense system. The 

phagocytic system can remove the nanoparticles from blood unless they were suitably 

engineered to skip recognition. Another significant biological hurdle to nanoparticle-based 

systems is the opsonization. In the blood, opsonin proteins quickly stick to the nanoparticles, 

letting the macrophages from the defense system to bind and eliminate NPs from 

circulation.217 To address this issue, various pathways have been employed to hide 

nanoparticles from the natural defense system. Among these approaches, the preferred one 

is the covering of polysaccharides e.g., chitosan or the grafting or adsorption of hydrophilic 
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polymers for example poloxamers (e.g. pluronic-F68) or PEG on the nanoparticles 

surface.218-220 These coverings build an ‘uncharged cloud’ of hydrophilic groups on the 

surface of particle that prevent plasma proteins adsorption and improve the retention time 

of nanoparticles in the circulatory system. When Ag-NPs come in connection with proteins, 

a protein corona is formed on their surface and this reduces their entry into cells and 

consequently losses cellular toxicity.221 Gil-Sánchez et al. assessed that the glutathione-

capped silver nanoparticles show less agglomeration compared to nanoparticles with 

polyethylene glycol capping and were also less lethal to colon cells.222 Hence, capping of 

AgNPs with ligands having balanced hydrophobic and hydrophilic constituents is important. 

2.3. Scope of this Thesis 

The major focus of this thesis is on the designing of silver-based functional nanoscale 

materials as substitute and non-conventional materials to address the multidrug resistance 

challenge. It is of supreme interest to inspect the antibacterial potential of ultra-small silver 

nanoclusters and nanoparticles to acquire a proper knowledge of its mechanism of action. 

With the decrease in particle size, there is an increase in specific surface area exposing a big 

number of atoms on the surface accessible for photochemical, biochemical, and redox 

reactions along with physicochemical connections with cells. Cationic nanoparticles firmly 

stick to the bacterial cells surface, leading to their merging in cell wall, whereas no adherence 

is noticed for the anionic nanoparticles in Ag nanoparticles case. The shape is likely to play a 

significant role in dealing with the bacterial interaction. The spherical shaped ultrafine AgNPs 

give an increased surface area for interaction with the membrane and bacterial cell wall 

quite effectively. 

The bottom up method is generally used for the synthesis of silver nanoparticles. In this 

method, NPs/NCs are produced by self-assembling of atomic scale components. The best 

approach employed here to control specificity, cytotoxicity, and breaking resistance through 

nanomaterials is shielding of bioactive portion of NPs/NCs with biocompatible polymers like 

polyethylenimine. These nanometerials are employed in targeting multidrug resistant 

bacteria and their resistant biofilms. There is an increased interest and demand for the 
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introduction of non-conventional supplies, which can not only increase the 

pharmacokinetics and bioavailability of the pre-existing drugs and their derivatives, but can 

also target the bacteria by methods that limit the possibility to grow resistance against 

them.223 In this regard, nanoclusters (NCs) are also used efficiently in making stabilized 

nanocapsules to load resistant antibiotics. These nanocapsules are used to effectively target 

resistant bacteria. This technology have great potential to be expanded to therapeutic 

surface engineering of nanostrucutres and more potent systems, with the ultimate goal to 

develop clinically viable products. 

The overall objectives of this thesis are: 

 Synthesis and characterization of silver nanoclusters and nanoparticles functionalized with 

polyethylenimine. 

 Testing of silver nanoclusters against multidrug resistant bacterial strains and evaluation of 

their killing mechanism. 

 Comparative study of silver nanoclusters and nanoparticles against P. aeruginosa resistant 

biofilms and evaluation of their working mechanism. 

 Design, synthesis and characterization of silver nanocluster based levofloxacin loaded 

nanocapsules and their testing against different pneumococcal strains with evaluation of 

their working mechanism. 
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Chapter 3. 

Experimental 

3.1. Synopsis 

This chapter comprises of two parts. The 1st part covers the materials, experimental 

protocols and the basic characterization of the nanomaterials reported in this thesis. The 2nd 

part presents brief description of the basics of different analytical techniques and methods 

used for the analysis of nanomaterials. 

3.2. Materials 

Hyperbranched polyethylenimine (bPEI) (Mr 800, 99%), silver nitrate, 4-

(2hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), formaldehyde (30 wt %), 

phosphate-buffered saline (PBS 7.4 pH), levofloxacin, sodium dodecyl sulfate (SDS), 

peppermint oil, resazurin, yeast extract, Todd hewitt broth, cation-adjusted Mueller-Hinton 

broth CAMHB (BD, Sparks, MD, USA), crystal violet and dialysis membranes (molecular 

weight cut-off (MWCO) 1 kD) were obtained by Sigma-Aldrich. All the solvents used in study 

were of analytical grade. Millipore water with a resistivity of 18.2 MΩ was used to prepare 

all aqueous formulations. All bacterial strains in chapter 4 were harvested in the Cooley 

Dickinson Hospital Microbiology Laboratory (Northampton, MA, USA). NIH 3T3 cells (ATCC 

CRL1658) and Dulbecco’s modified Eagle’s medium (DMEM) (DMEM; ATCC30-2002) were 

purchased from ATCC, and fetal bovine serum (SH3007103) was purchased from Fisher 

Scientific. FapC was produced from P. aeruginosa (PAO1) according to reported literature 

and stored in 6 M GdmCl. All bacterial strains (chapter 6) were collected from Chughtai 

Lab (CL). All CFU counts in chapter 6 were log-transformed before analysis and multiple 

comparison between groups mean log10 CFU counts were made by one way analysis of 

variance (ANOVA) with Bonferroni’s post-test.  
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3.3. Methods 

3.3.1. Synthesis of Polyethylenimine Silver Nanoclusters (bPEI− Ag NCs) 

Nanoclusters (bPEI−Ag NCs) were prepared using a modified silver mirror reaction (Scheme 

3.1). Briefly, 1 mL aqueous solution of bPEI (0.094 g), 50 μL of HEPES (1 M), and 950 μL of 

H2O were vigorously stirred for 2 min followed by a dropwise addition of 2.5 mL of AgNO3 

(0.01 M). Silver ions were first sequestered in bPEI forming a bPEI−Ag complex, which is 

resistant against reduction under basic conditions (pH 9.0) even with NaBH4. The pH was 

adjusted to 7 with the HEPES buffer, resulting in a change of solution color from colorless to 

light yellow because of the formation of a complex. At neutral pH, the reduction potential 

for the Ag+/Ag system is 0.799 V, whereas that for Ag(NH3)+/Ag is 0.379 V.224, 225, 226 

Formaldehyde (100 μL) (30%) was then slowly added, and the reaction mixture was stirred 

for 10 min at 70 °C. PEI can etch the larger Ag NPs to smaller Ag NCs; hence, upon prolonged 

incubation of the reaction mixture (24 h), polyethylenimine coated silver nanoclusters 

(bPEI−Ag NCs) were obtained.227 The bPEI−Ag NCs were purified by dialysis in deionized 

water using a 1 kD (MWCO) membrane for 24 h and stored in dark at 4 °C for further use. 

UV−vis absorption spectra of bPEI−Ag NCs show absorption peaks at 268 and 354 nm, which 

correspond to Ag NCs; however, pure PEI shows only one absorption peak at 260 nm, which 

overlaps with that of the absorption of glass cell. The complete wavelength scan showed 

that the corresponding excitation and emission wavelengths for bPEI−Ag NCs were 375 and 

430 nm, respectively. Pure bPEI also displayed similar excitation and emission peaks, but the 

fluorescence intensities were about 1/60th of those exhibited by bPEI−Ag NCs. 



42 
 

 

Scheme 3.1 A general schematic route for the synthesis of blue fluorescent AgPEI NCs by 
silver mirror reaction and their purification by dialysis. 

3.3.2. Synthesis of Polyethylenimine Silver Nanoparticles (bPEI− Ag NPs) 

For the synthesis of bPEI-capped AgNPs, an aqueous solution of bPEI (0.1 M, 5 mL) was 

heated up to 90 °C followed by a quick addition of AgNO3 (0.15 M, 5 mL). The reaction 

mixture was stirred continuously at 90 °C for 1 h, resulting in a change of color from colorless 

to yellow and then dark brown. The bPEI-capped AgNPs were cooled down to room 

temperature, purified by centrifugal washing (3×, 16,000 g for 30 min), and dispersed in 

water (Scheme 3.2). The UV-Vis spectra of the resulted particles displayed a peak around 

415 nm indicating the formation of AgNPs.228 The nanoparticles were stored in dark at 4 °C 

for further use. The Ag NCs were synthesized at 70 °C, and the absorption peaks at 268 and 

354 nm due to Ag NCs were disappeared upon further increasing the temperature and a new 

absorption peak emerged at 400 nm (surface plasmon resonance), which corresponds to 

silver nanoparticles. 
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Scheme 3.2 A general schematic route for the synthesis of AgPEI NPs by chemical reduction 
method and their purification by precipitation method. 

3.3.3. Synthesis of bPEI− Ag NCs based Empty and Drug Loaded Nanocapsules 

A total of 50 µL peppermint oil, SDS (50 µL, 70mg/ mL) and 14 µL of PEI- Ag NCs (37 µM) was 

added in 890 µL of a water and agitated by an amalgamator at 5000 rpm for 100 s to form 

an emulsion. 1 mL of emulsion was added in 4 mL of deionized water and incubated for 

10 min to afford nanocapsules (Ag-NCps). Similarly, levofloxacin loaded nanocapsules (L-Ag-

NCps) were prepared by using 50 µL of peppermint oil drug solution (10mg/1mL) instead of 

peppermint alone. These nanocapsules were lyophilized for further characterization and 

activity (Scheme 3.3). 
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Scheme 3.3 A general schematic route for the synthesis of AgPEI NCs based empty 
(E-Ag NCps) and levofloxacin-loaded nanocapsules (L-Ag NCps) by emulsion dispersion 
method and their purification by lypholization. 

3.4. Physical Characterization of Nanomaterials 

A UV −visible spectrophotometer (Shimadzu; UV-1800) was used to measure UV−visible 

absorption spectra of nanomaterials and drug loading efficiency of nanocapsules in the 

wavelength range of 200−800 nm. Fluorescence measurements of nanoclusters were carried 

out using a fluorescence spectrophotometer coupled with a multiplate reader (PerkinElmer; 

Enspire 2300). The thermogravimetric analysis (TGA) were conducted using a Shimadzu DTG-

60AH analyzer to quantify organic ligand grafted on the nanoparticle surfaces. The dynamic 

light scattering (DLS) measurements of nanomaterials were conducted to confirm their size 

and stability using a Zetasizer system (Malvern, Nano ZSP) at room temperature (25 °C) with 

folded capillary zeta cells, and were recorded with Zeta software 7.03. The concentrations 

of silver in nanomaterials was determined using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (iCAP 6000 Series, Thermo Scientific). Transmission electron 

microscopic analysis was performed using a JEOL 7C transmission electron microscope 
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operating at 80 keV. The interaction of bacteria with Ag NCs at different time intervals was 

studied using a field-emission scanning electron microscope (FEI; Nova Nano SEM-450) 

equipped with a STEM detector operating at 10 kV. In chapter 5, the interactions between 

nanoparticles and bacterial amyloid protein (FapC) was studied via transmission electron 

microscopy (TEM, aggregate morphology assessment), energy-dispersive X-ray spectroscopy 

(EDAX, for elemental analysis), high-angle annular darkfield (HAADF) imaging (for elemental 

imaging and analysis), and circular dichroism (CD) spectroscopy (for analyzing secondary 

structure of protein). In addition, TEM, helium ion microscopy (HIM) and fluorescence 

microscopy was used for more detailed study of P. aeruginosa (PAO1) biofilm architecture. 

3.5. Brief Explanation of Principles Behind Used Physical Techniques and 

Methods 

3.5.1. UV-Visible Spectroscopy 

This technique was employed here:- 

1. To confirm nanocluster/ nanoparticle synthesis by peak location (λmax) and number of peaks. 

2. To estimate drug loaded into nanocapsules using drug as standard. 

3. To check optical density of bacteria which was used to estimate their concentration. 

Silver nanoparticles show prominent surface plasmon peak at 400-500 nm as mentioned in 

Chapter 5, which shift towards longer/shorter wavelength with increase/decrease in size. 

The formation of silver nanoclusters were confirmed by the appearance of cluster of peaks 

in lower UV region along with the absence of surface plasmon peak.229 This response 

changes with variation in size, shape and dispersity of nanoparticles.230, 231 In Chapter 6, the 

concentration of corresponding drug loaded into nanocapsules was estimated by comparing 

absorbance at λmax of control drug i.e. levofloxacin. Similarly, optical density (OD) is the 

measurement of time taken by light of specific wavelength, in this case 600 nm, as it is safe 

for bacterial cells, to pass through sample. It is used in this thesis to estimate concentration 

of bacterial culture in all in-vitro bacterial analysis. 
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3.5.2. Zetasizer  

Hydrodynamic diameter is the size of a particle in solution state including surface 

functionalization or coatings. The measurement of hydrodynamic size and zeta potential is 

quite useful to determine overall size of nanomaterials (including the surface coating and 

surface bound solvent molecules on nanoparticles in solution) and surface potential for  

many biological applications including the development of nanomedicine where 

nanoparticles are required to interact physiologically with proteins.232 A very dilute (PDI<0.5) 

and clean/filtered solution of silver nanoclusters, silver nanoparticles and nanocapsules was 

used to measure their size and zeta-potential in a folded capillary cell. 

3.5.3. Thermogravimetric Analysis 

This technique is generally used to analyze the purity of sample and to quantify organic 

coating (in this case bPEI) grafted on the nanoparticle surfaces.233 For this purpose, 100 µL 

solutions of AgNCs or AgNPs were placed on a platinum pan. The samples were kept at 80 

°C for 30 min to remove water and then the weight losses were measured from 80 to 700 °C 

at a rate of 10 °C/min under inert atmosphere of nitrogen. The measurements were 

conducted using a Shimadzu DTG-60AH analyzer. 

3.5.4. Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical 

technique used for elemental detection and quantification. The plasma is used as an 

ionization source, which is generated by flowing high frequency alternating current in 

induction coils surrounding quartz torch filled with argon. The resulting alternating magnetic 

field generates ignition in torch and initiates ionization of argon gas. These charged particles 

move in circular patterns under the influence of magnetic field, resulting in increased 

collisions with neutral atoms and generate stable plasma of about 6000-7000 K. The sample 

is injected by peristaltic pump into the spray chamber through a nebulizer. In this chamber, 

samples undergo atomization and ionization. The electrons undergo many excitations in 

these samples due to high temperature and then relax to give characteristic emissions. These 

emissions are recorded as emission spectrum through spectrometers. The emitted light is 



47 
 

passed through optical chamber, where it is separated into specific wavelengths. Finally, the 

intensities of all wavelengths are measured through detectors. The concentration of Ag in 

AgNCs and AgNPs was determined using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (iCAP 6000 Series, Thermo Scientific). The samples (1 mL) were 

digested by adding 9 mL of HNO3 (68%) and heating at 190, 150 and 100 °C (30 min at each 

step). The dried layer was reconstituted in 1 mL (4%) HNO3 and analyzed by ICP-OES. The 

corresponding concentration of Ag in AgNCs and Ag NPs is 8.95 μg/mL and 0.034 µg/mL. 

3.5.5. Transmission Electron Microscopy and Scanning Transmission Electron Microscopy 

Transmission electron microscopy is a microscopic technique, which uses high voltage 

electrons beam to pass through the sample and observe size and morphology of the 

nanoparticles, and also to analyse their interaction with the bacterial cells. Scanning 

transmission electron microscope (STEM) is a combination of TEM and SEM technique. It 

enables simultaneous measurement of secondary electrons, scattered electrons, 

characteristic X-rays and transmitted electrons. This makes STEM suitable for annular dark 

field imaging and energy dispersive X-ray mapping (EDX). One of the modification of dark 

filed STEM is high-angle annular dark field imaging (HAADF). It gives high contrast images 

with good resolution.  

The sample used for TEM needs proper preparation. The dilute solution of nanomaterials 

were analyzed by preparing sample grid by placing a 5 µL drop of each sample on a glow-

discharged copper grid and then blotting it off after 1 min. The grid was negatively stained 

for 30 s with uranyl acetate (1%) and excess stain was blotted off. The prepared grid was air 

dried and imaged byTEM using an FEI Tecnai F20 microscope operated at 200 kV. Similarly 

in chapter 5, FapC was incubated with AgNCs or AgNPs at the same molar ratios as for the 

ThT assay and incubated for 120 h to analyse their interaction with TEM. 

The TEM samples of treated and untreated bacterial cells in chapter 5, were prepared by 

incubating the cells with nanoparticles for 24 h, and washing them via repeated 

centrifugation. The grid was prepared by using 5 µL of each sample as described for the 

nanoparticles. This was done to see the clear effect of nanoparticles on morphology of 

bacterial cells and their biofilms. 
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3.5.6. Scanning Electron Microscopy 

The samples for SEM were prepared by placing a drop of a clean and dilute solution of 

nanoclusters/nanoparticles/nanocapsules incubated with bacteria on carbon coated copper 

grids, followed by air-drying. The bacteria on copper grids were then fixed using 2.5% 

solution of glutaraldehyde (prepared in normal saline), followed by subsequent dehydration 

using a series of acetone dilutions, i.e., 30, 50, 70, 80, 90, and 100% for 10 min each.234 The 

obtained SEM micrographs gives illustration of the interaction of silver nanomaterials with 

bacterial cells. 

3.5.7. Energy-Dispersive X-ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) uses basic phenomena of X-ray emission. After 

radiating the sample with electron beam, the emitted X-rays are used for the composition 

analysis of samples.235 The similarly prepared copper grid for TEM was used to image EDX 

mapping spectra for silver nanomaterials with an FEI Tecnai F20 microscope. The spectra 

show characteristic peaks for Ag and Cu (grid), with no impurity. 

3.5.8. Helium Ion Microscopy (HIM) 

Helium ion microscope uses helium ion beam as a source of illumination. The mass of He is 

~104 times more than that of electron, and at the same voltage its wavelength is 100 times 

shorter. This property of He is used in HIM to acquire images with high-resolution using low 

energy beams.31 Helium ion microscopy (HIM) was performed to image the surface 

morphology of fixed bacterial cells and their biofilms. Briefly, bacterial cells were treated 

with the nanoparticles for 24 h and then fixed by adding 200 µL of 2.5% paraformaldehyde. 

The bacterial cells were washed thrice via centrifugal washing and resuspended in PBS (0.1 

M, pH 7.4). The bacterial cells were placed on poly-L-lysine-treated glass slides and 

incubated for 1 h. The slides were washed with excess DI water and then dehydrated with 

gradually increasing concentration of ethanol, i.e., 10, 20, 30, 50, 70, 90, 100 and 100% with 

30 min incubation at each step. The slides were dried and imaged under HIM (Orion 

NanoFab, Zeiss, USA). 
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3.5.9. Fluorescence Microscopy 

Fluorescence microscopy is the type of optical microscopy and is used to image fluorescent 

samples or the samples labeled with fluorescent dyes (fluorophore). In chapter 5, a 

fluorescent strain of P. aeruginosa (AH298-GFP) was employed to visualize the biofilm 

formation and viability of bacteria treated with AgNPs and AgNCs, respectively. After 24 h 

incubation of the bacteria with 1 µM of the nanoparticles (with respect to Ag content), 5 µL 

(100 µM) of ThT dye was added to the culture and incubated for another 10 min. Excess ThT 

dye was removed by centrifugal washing (5,000 g for 5 min, thrice) and bacterial cells were 

suspended in PBS (0.1 M, pH 7.4). 10 µL of this bacterial suspension was placed on poly-L-

lysine-coated cover slips and imaged under the GFP channel of a fluorescence microscope 

(Nikon, Eclipse Ti).  

3.5.10. Hyperspectral Imaging 

Hyperspectral imaging (HSI) was performed to detect the surface plasmon resonance (SPR) 

spectra of AgNPs in AgNPs-treated bacteria. For this, bacterial cells were incubated with 

AgNPs for 24 h and then 10 µL of the culture was placed on a poly-L-lysine-coated glass slide, 

covered with a coverslip and imaged under an HSI dark field microscope (CytoViva) attached 

with a PixelFly CCD camera. Images were processed via ENVI 4.8 software. AgNPs alone were 

used as a control and a spectral library generated from AgNPs was averaged to single mean 

spectra and scanned against AgNPs-treated bacterial samples. No scattering spectra were 

observed from untreated bacterial control.236 

3.5.11. ThT Kinetic Assay 

ThT kinetic assay involves the use of benzothiazole salt to picture and quantify the existence 

of protein aggregates in bacterial biofilms termed as amyloids. Thioflavin T (ThT) consists of 

a benzathiole and a benzylamine ring linked through a C-C bond. When ThT is excited at 

440 nm, the free rotation of rings result in quenching of excited state. However, when they 

are in connection to amyloids, they show characteristic emission at 485 nm due to the 

immobilization of rings. 

https://en.wikipedia.org/wiki/Benzothiazole
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A ThT kinetic assay is described in chapter 5 and was performed by preparing a 50 µL 

aqueous solution containing 75 µM ThT and 50 µM of FapC, in the presence or absence of 

AgNCs or AgNPs (1 µM), in a 96-well plate. The plates were incubated at 37 °C for 120 h 

without agitation and ThT fluorescence (excitation: 440 nm/emission: 485 nm) was recorded 

at different time points. ThT kinetic parameters of rate of fibrillization (k), time to reach half 

of the saturation point (T1/2) and lag time were calculated as described.237 

3.5.12. Circular Dichroism Spectroscopy 

The CD spectroscopy was used in this study for secondary structure (α-helix, β-sheets, β-

turns, random coils) elucidation of Fap C protein in chapter 5. The peptide bonds backbone 

of proteins usually absorb in far-UV region (180-250 nm). They mostly show two absorption 

bands including high intensity π to π* transitions at ~190 nm and low intensity n to π* 

transitions at ~210 nm. To determine the secondary structure of FapC monomers, fibrils and 

FapC fibrillated with or without AgNCs/AgNPs, 200 µL of each sample, same as for the ThT 

assay, was transferred into a CD cuvette. CD spectra were recorded from 190-240 nm, with 

a 1 nm step size. The data were deconvoluted and percentage secondary structures were 

obtained by Dichroweb.238 

3.5.13. Antibacterial Studies  

Planktonic bacteria are a form of bacteria, which cause disease in human beings; they also 

contaminate medical devices and food items. The silver nanoparticles/nanoclusters were 

used to destroy these planktonic bacteria, together with multidrug resistant strains. The 

methods commonly used for assessing the antibacterial action of nanoparticles comprise of 

minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), broth 

dilution assay, colony-forming unit (CFU) quantification and live/dead assay. The standard 

protocol is generally modified by changing the culture media, temperature, treatment 

periods and bacterial counts in different studies for the optimization of a variety of 

nanoparticles against different bacterial strains.239 MIC value is marked as the lowermost 

concentration of the antibacterial agent (nanoparticles/nanoclusters/antibiotics) that 
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prevents the visible growth of the tested bacteria, and it is generally expressed in mg/L or 

µg/mL. The antibacterial activity increases with the decrease in MIC.239 

Serial dilution approach is the most suitable one for the estimation of MIC. The simplest 

antibacterial vulnerability testing approach is broth micro-dilution method.241 This method 

was used in this study to quantitatively measure the concentration of nanoparticles needed 

as an antibacterial agent against bacteria in the broth medium. It is well recognized that the 

kind of growth medium, the inoculum preparation technique, size of inoculum and 

the incubation time can impact MIC values. This approach allows the bioassay to be 

executed as a standardized methodology in order to value clinical relevance of these results. 

This process involves making two-fold dilutions of the nanoparticles in a growth medium 

distributed in a 96-well microtitre plate. Then, each well is inoculated with bacterial culture 

of specific  OD600 prepared in the similar medium. After mixing well, the inoculated plate is 

incubated under appropriate conditions depending upon the nanoparticles nature and 

bacterial type. The key advantages of the micro-dilution approach are the reproducibility 

and the miniaturization of the test that favors economy in context of reagents and space. 

For the estimation of MIC endpoint, inspecting devices can support reading micro-dilution 

plate and recording outcomes with high aptitude to determine bacterial growth in the wells 

(Scheme 3.4).241 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/incubation-time
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Scheme 3.4 A schematic illustration of various steps involved in antibacterial study including 
culturing, purification, inoculation and estimation of bacteria. 

For this purpose, as described in Chapter 4, different bacterial strains were grown overnight 

in the lysogeny broth and their optical density (OD) was measured at 600 nm after washing 

them with PBS to separate viable bacteria. A solution of bPEI−Ag NC was prepared in eight 

different concentrations ranging from 16−0.03 nM by serial dilution method.20 The Ag NCs 

were incubated with 5 × 105 cfu/mL bacteria (Table 4.1) for 16 h in an incubator at 37°C on 

shaking platform maintained at 275 rpm. The media and bacteria without bPEI−Ag NCs were 

employed as negative and positive controls, respectively. Finally, after 16 h, the OD600 was 

measured again to check the concentration of living bacteria.242 

Furthermore, numerous colorimetric procedures based on the use of different dyes have 

been established. Tetrazolium salts, 2,3-bis {2-methoxy-4-nitro-5-[(sulfenylamino) 

carbonyl]-2H-tetrazolium-hydroxide} (XTT) and 3-(4,5-dimethylthiazol-2-yl)-2,5-

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/calorimetry
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/tetrazolium
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/3-4-5-dimethyl-2-thiazolyl-2-5-diphenyltetrazolium-bromide
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diphenyltetrazolium bromide (MTT) are frequently used for the detection of MIC endpoints 

in antibacterial micro-dilution assays. To detect bacterial viability after 16 hour incubation, 

the flow cytometry technique was used.  Briefly  bacteria were mixed with, double stains 

containing propidium iodide (PI), an intercalating agent and a fluorescent dye.  The 

experiment works on the following principal where, live bacteria with intact cell membranes 

will only be stained with FITC- the green fluorescent dye.  The dye is small and is freely 

diffusible through the bacterial membrane.  Propidium iodied which is an interclating 

reagent will only get inside the cell if the membranes are already compromised.  Binding of 

Propidium iodide will stain the DNA red.  Dead or dying cells will stain bringht red due to 

significant influx of Propidium iodide where as cells that are intermediate will stain orange 

indicating some retention of FITC along with PI.  Cells staining green are alive cells where the 

membranes are intact enough to keep the propidium out of the cell. In this perspective in 

Chapter 5, P. aeruginosa (wild-type reference strain PAO1) was freshly subcultured onto 

cation-adjusted Mueller-Hinton agar (CAMHA, containing 25 mg/L Ca2+ and 12.5 mg/L Mg2+) 

and incubated at 35 °C for 24 h. Random colonies (2-3) were selected and grown in 10 mL 

cation-adjusted Mueller-Hinton broth (CAMHB,  containing 25 mg/L Ca2+ and 12.5 mg/L 

Mg2+) overnight, from which early-log-phase growth was obtained. The OD600 of the culture 

was adjusted to 0.5 MacFarland standard and 100 µL of the bacterial suspension was mixed 

with 100 µL of different concentrations of AgNPs or AgNCs (prepared by dilutions in CAMHB) 

and incubated for 24 h at 35 °C. A bacterial viability assay was performed by propidium 

iodide (PI) staining. Briefly, 1 µL of 2 mg/mL PI solution was added to each well and incubated 

for 20 min. Excess dye was removed by centrifugal washing at 5,000 g for 5 min and bacterial 

cells were resuspended in phosphate-buffered saline (PBS, 0.1 M, pH 7.4). Fluorescence 

corresponding to the PI-stained dead cells was recorded by excitation at 535 nm and 

emission at 617 nm. The percentage dead cells were recorded relative to the positive (0.1% 

Triton X 100) and negative (untreated) controls.243 

The minimum bactericidal count (MBC) is marked as the lowermost concentration of 

nanoparticles required to destroy 99.9% of the final bacterial inoculum. The MBC can be 

calculated after running broth micro-dilution assay by sub-culturing some sample from wells, 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/3-4-5-dimethyl-2-thiazolyl-2-5-diphenyltetrazolium-bromide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/flow-cytometry
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/propidium-iodide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/intercalating-agent
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and producing negative bacterial growth after 24 h incubation on the non-selective agar 

plates to estimate the number of viable bacterial cells (CFU/mL). In Chapter 6, different 

pneumococcal strains were inoculated in 5 mL tube in THY medium and grown to OD600 0.2 

(stationary phase) at 37°C. These cultures were then collected by centrifugation (5000 g, 

4 min) and washed thrice with PBS and finally suspended in 15 mL of THY to get stock 

solution. 50 µL of diluted culture was pipetted out in each well in 96 well plate and incubated 

with different concentrations of nanocapsules (L-Ag-NCps, E-Ag-NCps and drug). Further, 

30 µL of THY was added as a media in all dilutions. The plate was incubated at 37˚C for 2 h 

in triplicates; however, similar experiment was repeated twice on separate days. After 

incubation, all of the samples were further diluted 10 folds to calculate CFU by plating. 

Finally, plated NCps concentration ranged from 13 nM to 128 nM. All these steps were used 

to calculate MBC for respective samples. 

3.5.14. Antibiofilm Assay 

In addition to planktonic bacteria, biofilm formation also play a vital role in letting down 

clinical therapeutic treatment. Biofilms are bacterial aggregates enclosed in extracellular 

polymeric matrix, and are communal adaptations opted by most of the bacterial varieties in 

pathological and natural habitats. They provide a defensive system leading to the existence 

of microorganisms in harsh situations. Biofilms are responsible for considerable increase in 

drug resistance among bacteria and biofilm-related toxicities are also hard to treat. 

In chapter 5, biofilm formation was assessed by crystal violet assay. Briefly, 100 µL of 

bacterial suspension (OD600 adjusted to 0.5 MacFarland standard) was incubated at 35 °C 

with 100 µL of different concentrations (1-0.03125 µM) of AgNPs or AgNCs. The medium was 

gently removed after 24 h and the wells were washed with PBS (0.1 M, pH 7.4) thrice. The 

microplates were air dried and then biofilms were stained with crystal violet (0.1%, 200 µL) 

for 15 min. Excess crystal violet dye was removed and the wells were washed again with PBS 

(0.1 M, pH 7.4) to remove traces of unbound dye. The biofilms stained with crystal violet 

were dissolved in acetic acid (200 µL, 33%) and transferred to new microplates. The 

absorbance was recorded at 595 nm, corresponding to the crystal violet-stained biofilms. 
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Percentage biofilm formation was calculated relative to the positive and negative controls, 

similar to the viability assay. 

3.5.15. In-vitro Cytotoxicity  

Cytotoxicity is an essential safety parameter to assess the practical usage of nanomaterials. 

There are numerous possible methods to expose AgNPs to individuals like dermal 

application, blood circulation (intravenous inoculation), inhalation (respiratory tract 

exposure), oral administration (gastrointestinal tract exposure), etc.244 All of these routes 

ultimately lead silver nanoparticles to blood circulation, which resulted in their accumulation 

in various organs like liver, kidney, lungs, and brain etc. Cell viability assessment is the most 

frequently used technique to estimate the toxicity profile of Ag NPs/NCs.245 Usually, the ratio 

of dead cells is related directly to the cellular toxicity of nanoparticles. In general, these tests 

use chemicals and are related to differential exclusion, inclusion, or conversion of dye or dye 

precursors, which can be converted enzymatically to visible colour of dye in viable cells. In 

chapters 4 and 5, cytotoxicity potential of Ag NCs and Ag NPs were estimated by assays 

alamarBlue and live/dead cells assays. The Alamar blue assay (resazurin), a fluorometric 

indicator of cellular metabolic activity, involves the reduction of resazurin form to resorufin 

using mitochondrial enzymes, like NADPH dehydrogenase. Resazurin is blue in color and is 

non-fluorescent molecule while resorufin is red and highly fluorescent molecule. The 

corresponding fluorescence of these components can be observed at 560/ 590 nm 

excitation/ emission wavelengths to estimate cell viability.246, 247  

In Chapter 5, live/dead assay is used for the estimation of cell viability similar to the previous 

bacterial viability protocol. Human embryonic kidney 293 (HEK 293 from ATCC) cells were 

cultured in complete Dulbecco’s modified Eagle’s medium (DMEM) with 15% fetal bovine 

serum (FBS) to estimate cellular viability. For this assay, poly-L-lysine (70 µL) was coated on 

a costar black/clear bottom 96 well plate, incubated for 30 min at 37 °C and washed with DI 

water. 200 µL of the cells (density: 10,000 cells) were added to the wells. The cells were 

incubated at 37 °C for 24 h to attain 70-80% confluency. After replenishing the media, 1 µM 

propidium iodide (PI) dye, dissolved in DMEM, was added to the wells and incubated for 30 

min. Samples of 25 µM FapC and 5 µM AgNCs or AgNPs (200 µL) were added into the wells. 
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All samples were observed in triplicate in two repeats and estimated in a live cell chamber 

(5% CO2, 37 °C) by Operetta (PerkinElmer, microscope objective: 20× PlanApo; numerical 

aperture: 0.7) after 14 h of treatment. The ratio of dead to total cell count was calculated by 

a built-in function, bright-field mapping of Harmony High-Content Imaging and Analysis 

software. The measurement was performed at 5 reads/well. Untreated cells were used as 

the control.  

Nanoparticles are ultimately expected to come into systemic circulation and possibly 

interact with circulatory components like blood vessels, blood cells, and the heart.248 In 

chapter 4, the compatibility of Ag PEI NCs was tested against human erythrocytes. Citrate-

stabilized human whole blood (pooled, mixed gender) was purchased from Bioreclamation 

LLC, NY, and immediately processed. For this purpose, 10 mL of phosphate-buffered saline 

(PBS) was added to the blood (2 mL) and centrifuged at 5000 rpm for 5 min. The supernatant 

was carefully discarded, the red blood cells (RBCs) were dispersed in 10 mL of PBS, and the 

solution was kept on ice during the procedure. The RBC solution (0.1 mL) was added to 0.4 

mL of the bPEI−Ag NC solution in PBS in a 1.5 mL centrifuge tube (Fisher) and mixed gently 

by pipetting. RBCs incubated with PBS and water were used as negative and positive 

controls, respectively. All bPEI−Ag NC samples as well as controls were prepared in triplicate. 

The mixture was incubated at 37 °C for 30 min with gentle shaking at 150 rpm. After 

incubation, the solution was centrifuged at 4000 rpm for 5 min and 100 μL of the 

supernatant was transferred to a 96-well plate. The absorbance of the supernatant was 

measured at 570 nm using a microplate reader (Spectra Max M2, Molecular Devices) with 

absorbance at 655 nm as a reference.249 

3.5.16. Reactive Oxygen Species Generation Study  

Reactive oxygen species (ROS) are the usual byproducts of metabolism produced by 

respiring organisms. Although slight changes in ROS levels can be adjusted by cells natural 

antioxidant defenses such as glutathione/glutathione disulfide ratio (GSH/GSSG), surplus 

ROS production possibly lead to oxidative stress. These extra free radicals can target 

membrane lipids and initiate membrane breakdown, DNA damage and also affect 

mitochondrial functioning. Metals like Ag behave as catalysts and produce ROS in the 
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presence of dissolved oxygen. In this perspective, silver nanoparticles can also catalyze 

reactions using oxygen producing surplus free radicals. Carlson et al. suggested that silver 

nanoparticles in eukaryotic cells may hinder the antioxidant security system by directly 

interacting with GSH, connecting GSH reductase or affecting other GSH conservation 

enzymes. All this could possibly bring drop in GSH/GSSG levels and, consequently, upsurge 

ROS cellular levels.250 

In this perspective, ROS generation study was done against different bacterial cells using 

2,7-dichlorofluorescein diacetate (DCFH-DA) or resazurin assay. For this purpose, bacterial 

cells were grown to a specific OD600 and incubated with Ag NPs, Ag NCs and controls for 

specific duration. The culture was then washed and their absorbance/ fluorescence was 

recorded at specific wavelength. 

3.5.17. Discrete Molecular Dynamics Simulations  

In Chapter 5, discrete molecular dynamics (DMD) simulations was done for studying 

molecular details of bacterial amyloid protein (FapC) and nanoparticles binding.  Discrete 

Molecular Dynamics is a rapid and predictive molecular dynamics algorithm, which has been 

used to study protein aggregation and nano-bio interface and detailed description of the 

DMD algorithm can be found elsewhere.236, 251-254 

Based on previous study, an AgNC comprising 38 silver atoms was reconstructed with a 

diameter of ≈1 nm.255 The Ag (111) surface with five layers of atoms was used to approximate 

the relatively flat surface of an AgNP with a much larger radius. Each layer comprised of 648 

silver atoms with a dimension of ≈7.0 × 6.8 nm2. To model the bPEI molecule, a generation-

3 PEI dendrimer was started with.254 Based on previous study, terminal ethylenimine groups 

were randomly deleted iteratively until reaching the MW of ≈800 Da as in the experiment. 

To construct the bPEI–AgNC complex, initial binding simulations of one AgNC were 

performed with 9 bPEI molecules at 300 K. Up to 3 bPEI molecules were found to bind the 

AgNC strongly. For the bPEI–AgNP complex, an initial DMD simulation started with 12 bPEI 

molecules covering the surface, and it was found that only 9 bPEI molecules were able to 

stay bound. Thus, an AgNC bound with 3 bPEI molecules and the nano-sized Ag (111) surface 

covered with 9 bPEI molecules approximating an AgNP were used in the further simulations. 
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In addition to the N-terminal signaling sequence, FapC is comprised of three homologous 

repeat sequences (R1-R3) separated by two linker regions (L1-L2). We used the R1L1R2L2R3 

region from the FapC sequence of the Pseudomonas strain UK4 (175 amino acids in total) in 

our computational modeling. For the full-length FapC (R1L1R2L2R3), equilibrated 

conformations were obtained with initial relaxation simulations at room temperature 

starting from a fully-stretched conformation. A cubic box with the periodic boundary 

condition and a dimension of 12 nm was used. To ensure sufficient sampling, 10 independent 

simulations with different initial configurations were performed for a FapC monomer with 

and without the presence of a bPEI-capped AgNC. Each independent simulation lasted 

350 ns at room temperature. 

The two fragments i.e., L1R2 and L2R3 were used separately to model the dimerization 

process in FapC aggregation and evaluate the impact of the bPEI-capped AgNC on FapC 

aggregation. For each dimer simulation in the presence and absence of the bPEI-capped 

AgNC, 20 independent simulations each of 300 ns were performed. A simulation box with 

each dimension of 15 nm was used. The last 50 ns trajectories of all independent simulations, 

where the corresponding steady states were reached, were used in statistical analysis. 
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Chapter 4. 

Synthesis and Characterization of Polyethylenimine Capped Silver 
Nanoclusters and Evaluation of their Antibacterial Activity 

4.1. Synopsis 

This chapter presents polyethylenimine stabilized silver nanoclusters (bPEI-Ag NCs) as 

potential candidates to target pathogenic bacteria. The 1st part covers the introduction and 

background of this project. The 2nd part includes the discussion of results of physical and 

chemical characterization, antibacterial activity, cytotoxicity study against fibroblast cells 

and erythrocytes, and the mechanistic study supported by SEM and live/dead assay of these 

nanoclusters.  

4.2. Introduction 

Pathogenic bacteria with acquired resistance are responsible for millions of infections and 

thousands of deaths worldwide.256 The prominent clinical reason for the development of 

MDR bacterial strains as  previously mentioned is the long-term, subtherapeutic exposure of 

microbes to antibiotics.257, 258 Multidrug resistant “superbugs”, both Gram-positive (such as 

E. faecium) and Gram-negative (including K. pneumoniae, A. baumannii, P. aeruginosa, and 

Enterobacter) species, lead to serious community health hazards. In the United States alone, 

annually 2 million patients are victimized by hospital-acquired infections with 99 000 annual 

deaths, causing economic burden of $35 billion a year.259, 260 Significantly, ∼60% of 

nosocomial (hospital-related) infections in the United States are caused by multidrug 

resistance (MDR) bacteria.261, 262 Recently, in developing countries like Pakistan, 71% 

infections of newborn babies are caused by MDR bacteria. Initially, the development of new 

antibiotics and antibiotic combinations was sufficient to address different pathways of 

resistance simultaneously.259, 260 However these strategies are changing the pattern of 

antibacterial resistance in a predictable manner, resulting in the loss of efficacy of current 

clinical treatments.263 This continuous rise of multiple-antibiotic-resistant bacterial strains 
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drives the search for new antimicrobial agents and methods to control the growth of MDR 

bacterial strains. The eventual goal of this study was to develop cost-effective, potent, safe, 

readily available, and easily synthesized alternatives to the conventional antibiotics that are 

increasingly becoming ineffective against MDR pathogens.264−266 

Targeting bacterial membrane using cationic, hydrophobic nanoparticles (NPs); 

peptidoglycan-recognizing agents; metals; and inhibitors of ATPase can provide an efficient 

strategy to control these superbugs.20, 267, 268 Nanoparticles provide an efficient platform to 

target MDR bacteria owing to their high surface-to-volume ratio, facile surface modification, 

and controllable size.201, 269 The nature of the core material, size, and surface chemistry play 

significant roles in the antibacterial properties of nanoparticles. The configuration of 

nanoclusters makes them highly reactive, which in combination with their small dimensions 

(comparable to the size of most active biological species e.g., DNA, proteins) can induce 

serious damage to the cells and microorganisms.270 For example, nanoparticles have been 

reported to be responsible for the generation of reactive oxygen species (ROS), the depletion 

of intracellular ATP and the inhibition of DNA replication.258 Moreover, they can interfere 

with respiratory enzymes in microbes and alter the membrane potential causing their death.  

Metals, especially silver (Ag), have promising antimicrobial potential arising from 

dissolved Ag+ ions that are effective against a wide range of MDR strains.271 Decreasing the 

size of NPs improves their surface-to-volume ratio, leading to an enhancement in their 

dissolution and hence antimicrobial activity.272−274 Surface charge is also important, with 

cationic nanoparticles serving as efficient self-therapeutic antimicrobial candidates that 

induce cellular membrane disruption.184, 275 This ability to lyse bacteria with reduced 

mammalian cell toxicity involves the adjustment in the proportion of surface charge and 

hydrophobicity.184, 266, 276 Increasing the biocompatibility of cationic antimicrobial agents 

through a rational design by encapsulating bioactive molecules using biocompatible 

polymers like polyamidoamine, chitosan, and branched polyethylenimine (bPEI) is an 

attractive research direction in this regard.277-281 

BPEI is a positively charged and highly basic polymer widely used in non-viral gene delivery 

and therapy both in-vivo and in-vitro. Due to high cellular uptake and endosomal escape, it 
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shows good transfection efficiency.282 Higher toxicity of high molecular weight bPEI (HMW 

bPEI) limits its applications, whereas lower molecular weight bPEI (LMW bPEI) shows less 

toxicity but poor transfection ability as well. Furthermore, LMW bPEI shows enhanced 

cellular uptake and transfection ability but reduced cytotoxicity, when it is conjugated to 

inorganic carriers i.e., silica, iron oxide, and gold etc.283 Combinations of antimicrobials can 

synergistically increase the therapeutic efficacy.284  

We, therefore, set out to use a combination of PEI and silver in the form of silver 

nanoclusters (Ag NCs) to target MDR bacteria (Figure 4.1).282 In this work, we synthesized 

blue fluorescent cationic silver nanoclusters coated with low molecular weight bPEI 

(bPEI−Ag NCs) and characterized these polymer-coated nanoclusters using optical 

measurements and electron microscopic techniques. The prepared nanoclusters 

demonstrated pronounced antibacterial activity against 12 multidrug uropathogenic 

(pathogens associated with urinary tract infections) strains of bacteria. Scanning electron 

microscopy (SEM) imaging showed that bPEI−Ag NCs target bacteria through the membrane 

disruption mechanism. Significantly, these silver nanoclusters exhibited minimal hemolysis 

toward red blood cells and low toxicity against mammalian cells at doses lethal to the 

bacteria, making them promising therapeutics for bacterial infections. 

 

TOC 4.1 Table of content presenting the pictorial view of bacterial cell targeting with 
bPEI-Ag NCs. 
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4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of bPEI−Ag NCs 

The bPEI−Ag NCs were synthesized through a one-pot, single-step chemical reduction 

method (Scheme 4.1). 

 

Scheme 4.1 A general scheme presenting the synthesis of blue fluorescent branched 
polyethylenimine-coated Ag NCs (bPEI−Ag NCs) by chemical reduction method and their 
potential bactericidal action. 

These silver nanoclusters were further characterized for their absorption and 

photoluminescence properties, sizes, and morphologies. The solutions of bPEI−Ag NCs were 

light yellow under visible light and displayed blue fluorescence under UV illumination at 

365 nm. The absorption spectrum showed two absorption bands at 268 and 354 nm 

(Figure  4.1a). The absorption peak at 354 nm corresponds to the oligomeric silver species. 

The absence of the surface plasmon resonance band of larger Ag NPs between 400 and 

500 nm indicates the formation of smaller Ag nanoclusters.285 The maximum fluorescence 

emission of bPEI−Ag NCs was 430 nm at an excitation wavelength of 365 nm, which confirms 

the synthesis of silver nanoclusters (Figure 4.1b).224 The hydrodynamic size of these 

nanoclusters was found to be ∼3 nm (Figure 4.1c) with a ζ-potential of +30 mV showing their 

decent stability. High-resolution transmission electron microscopy (HRTEM) analysis 

revealed isotropic and spherical morphology of Ag NCs with an average core diameter of 

∼2 nm (Figure 4.1d). The amount of elemental silver in the as-made clean bPEI−Ag NC 

solution was determined to be 8.95 μg/mL using inductively coupled plasma mass 

spectrometry and TGA.286 This estimation was helpful to prepare concentrations of controls 

to make the antibacterial assay more reproducible.  
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Figure 4.1 (a) UV−visible absorption spectrum of polyethylenimine silver nanoclusters 
(bPEI−Ag NCs) and polyethylenimine (PEI) showing multiple absorption peaks for Ag 
nanoclusters compared to those for PEI, and the inset shows bPEI−Ag NCs in 4-(2-
hydroxyethyl)piperazine-1ethanesulfonic acid (HEPES) buffer (pH 7.0−9.0) is yellow under 
visible and blue fluorescent under UV, (b) Photoluminescence spectrum of blue fluorescent 
bPEI−Ag NCs showing excitation at 375 nm and emission at 430 nm, (c) Dynamic light 
scattering (DLS) analysis showing an average hydrodynamic diameter of 3 nm, (d) TEM 
micrographs of bPEI−Ag NCs showing size of 2 nm. 

4.3.2. In-vitro Studies of bPEI−Ag NCs 

The antibacterial activity of cationic bPEI−Ag NCs was explored against lab strains of 

P. aeruginosa (ATCC 19660, Gram-negative) and A. azurea (Gram-positive) and 12 

uropathogenic clinical MDR isolates (Table 4.1). The minimum inhibitory concentration 

(MIC) of bPEI was 32 nM, whereas that of AgNO3 was around 2−0.125 nM against different 

lab strains. The MIC of bPEI-coated Ag NCs was, however, found to be 2- to 3-fold better 

than that of AgNO3 alone. bPEI−Ag NCs could selectively suppress the growth of these 
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pathogens, with MICs ranging from 0.25 to 0.015 nM. Functionalized bPEI−Ag NCs could 

inhibit the growth of resistant superbug methicillin-resistant S. aureus (MRSA) at a 

concentration as low as 0.015 nM. Similar MIC values for clinical MDR and lab strains 

suggested that bPEI−Ag NCs could possibly share the common mechanism of targeting 

bacterial resistance.287, 288 The antibacterial activity of bPEI−Ag NCs can be attributed to the 

cationic nature of surface ligands composed of hydrophobic segments that facilitate the 

contact of bPEI−Ag NCs with bacterial cells that causes membrane damage, as well as the 

release of Ag+ ions from the bPEI−Ag NCs. The increased surface area of the bPEI−Ag NCs 

could increase the sustained dissolution of the Ag+; a process distinctively different from a 

burst release of Ag+ ions when directly used in the form of AgNO3.289 The bactericidal activity 

of PEI due to its cationic nature adds to the bactericidal activity along with Ag+, resulting in 

the observed broad-spectrum antibacterial activity of bPEI−Ag NCs.290, 291  
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Table 4.1 A table presenting MIC data of polyethylenimine silver nanoclusters (bPEI−Ag NCs) 

 

4.3.3. Cell Viability and Haemolysis Assay 

The selectivity of antimicrobial agents to bacteria as opposed to mammalian cells is 

essential for their therapeutic efficacy.292 A total of 20000 NIH 3T3 (ATCC CRL-1658) 

fibroblasts were cultured in Dulbecco’s modified Eagle medium (DMEM) with 10% bovine 

calf serum (BSA) and 1% antibiotics at 37 °C in a humidified atmosphere of 5% CO2 for 48 h. 

Old media was removed, and cells were washed with phosphate-buffered saline (PBS) before 

the addition of bPEI−Ag NCs in pre-warmed 10% BSA in media. The silver nanoclusters and 

cells were then incubated for 24 h at 37 °C under a humidified atmosphere of 5% CO2. Cell 

viability was determined using the alamar blue assay following the manufacturer’s 

protocol.293 Briefly, cells washed with PBS were treated with 220 μL of 10% alamar blue in 
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BSA serum containing media and incubated at 37 °C under a humidified atmosphere of 5% 

CO2 for 3 h. After incubation, 200 μL of solution from each well was transferred into a 96-

well black microplate. Red epifluorescence intensity, resulting from the alamar blue solution, 

was measured (excitation/emission: 560/ 590 nm) using a Spectro Max M5 microplate 

reader (Molecular Devices) to determine the cellular viability. Cells without bPEI−Ag NCs 

were considered as 100% viable. Each experiment was performed in triplicate. bPEI−Ag NCs 

showed low dose-dependent cytotoxicity against fibroblasts. IC50 for bPEI−Ag NCs against 

fibroblasts was 38 nM, indicating their safe therapeutic window. It can be seen from 

Figure 4.2 that concentrations <25 nM are quite safe to use against these cells. 

 

Figure 4.2 Fibroblast cell viability test of polyethylenimine silver nanoclusters (bPEI−Ag NCs) 
to test their cytotoxicity against fibroblasts, which show their safe therapeutic window. 

Haemolysis is a process of destruction of red blood cells, which results in escape of 

haemoglobin in the environment. The interaction of some materials with the erythrocyte 

membrane can cause its damage, which leads to the escape of haemoglobin from the cell. 

Consequently, when developing new pharmaceutical preparations, the test on the 

haemolytic activity is a necessary component, together with checking of their antibacterial 

activity. The wide use of a number of antibacterial preparations is limited as a result of their 

high haemolytic activity. Hemolysis assays were performed to examine the biocompatibility 

of bPEI−Ag NCs with human red blood cells, as RBCs are highly susceptible to lysis upon 

systemic administration of nanomedicine.286 In the complete range of MIC concentrations 

of bPEI−Ag NCs against bacteria (0.25− 0.015 nM), silver nanoclusters showed minimal 
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hemolytic activity. HC50 i.e., the concentration of Ag NCs required to lyse 50% of RBCs, was 

much higher than ∼500 nM, with the resulting therapeutic index (HC50/MIC) > 2000 

(500/0.25). This indicates that these Ag NCs can be injected safely through blood without 

causing hemolysis of the RBCs. Previous studies on hemolysis by PEI and silver ions indicate 

that the polymer shows high hemolytic activity at therapeutically relevant concentrations, 

whereas bPEI−Ag NCs show minimal hemolytic activity, as shown in Figure 4.3, further 

corroborating the biocompatibility of Ag NCs.294 

 

Figure 4.3 Hemolysis study of polyethylenimine silver nanoclusters (bPEI−Ag NCs) to test 
their compatibility with red blood cells. 

This observed high selectivity of bPEI−Ag NCs against bacterial cells may be attributed to 

the bacteria having more negatively charged surface than that of the mammalian cells. 

Moreover, mammalian cell membranes are highly stabilized because of the presence of 

cholesterol that makes them less vulnerable to antimicrobial metal NCs.249, 295 

4.3.4. Scanning Electron Micrographs 

First and most readily noticeable effect on exposure of cells to any material is the change 

in cell shape or morphology. In order to see the interaction of bPEI−Ag NCs with the bacterial 

membrane; the morphology of Ag NC-treated bacteria was studied using TEM. Microscopic 

observation of E. coli cells treated with bPEI−Ag NCs clearly revealed their abnormal 
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morphology, whereas untreated bacterial cells as control appeared normal (Figure 4.4a). 

bPEI−Ag NC-treated cells appeared to be stressed, and membrane distortion was observed. 

The probable mechanism for the interaction/ penetration of bPEI−Ag NCs through the 

bacterial membrane is the formation of breaks called pits.282 The pit formation has been 

observed for E. coli using scanning TEM (STEM) (Figure 4.4b).283, 289 The morphology was 

completely changed with a total loss of integrity after 8 h (Figure 4.4c).293 These Ag NCs act 

by forming a direct contact with the bacterial membrane, without penetrating deep into 

their cells, resulting in the failure of antibiotic resistance of bacteria, and are thus potential 

candidates to address serious global healthcare challenges like MDR because they might be 

less prone to resistance than antibiotics.296 

 

Figure 4.4 SEM micrographs showing interaction of E. coli with bPEI-AgNCs at: (a) 0 h-control, 
(b) 4 h incubation, and (c) 8 h incubation. 

4.4. Conclusions 

In summary, branched polyethylenimine silver nanoclusters were synthesized by a chemical 

reduction method and are found to be potential candidates to target MDR in various 

pathogenic and nonpathogenic strains of bacteria. They showed multiple-fold improved 

bactericidal effects compared to those of controls, which is attributed to their smaller size, 

surface chemistry, and cationic nature. The bPEI−Ag NCs act as broad-spectrum antibiotics 

by targeting bacteria using the membrane disruption mechanism with limited toxicity 

against mammalian and red blood cells. They have broader implications of developing 

nanocapsules to carry and deliver drugs against multidrug-resistant bacterial infections, in 

vivo, because of the combinatorial effect. These bioinorganic bPEI− Ag NCs, therefore, have 

the potential to provide therapeutics for antibiotic-resistant pathogens. 
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Chapter 5.  

Comparative Study of Design, Synthesis and Evaluation of Silver 
Nanoclusters and Nanoparticles against P. aeruginosa Resistant 
Biofilms 

5.1. Synopsis 

This chapter presents comparative study of polyethylenimine stabilized silver nanoclusters 

(bPEI-Ag NCs) and nanoparticles (bPEI-Ag NPs) as potential candidates to target 

P. aeruginosa amyloids involved in their resistant biofilm formation. The 1st part covers the 

introduction and background of this project. The 2nd part includes the discussion of results 

of the chemical and physical characterization, in-vitro study, in-silico study, antibiofilm study, 

cytotoxicity study against HEK cells, and the mechanistic study by TEM, HIM, HSI, 

fluorescence microscopy and ROS study of these nanoparticles.  

5.2. Introduction 

Bacterial infections are a major source of human diseases and mortality, while the gut 

microbiota are a key constituent of the gut-brain axis implicated in the physio-pathogeneses 

of neurological disorders, type 2 diabetes, obesity, depression and cancer.297-301 Current 

antibiotic strategies usually target bacterial cell wall as well as their translational and gene 

replication machineries, but some bacteria can evade virtually all antibiotics by enzymatic 

degradation, modifications to the cell wall and cellular organelles, as well as elevated 

expression of efflux pumps.302, 303 As a result, multidrug resistance (MDR) of bacteria has 

become a major public health threat, and alternative strategies involving novel mechanisms 

are urgently needed.  

5.2.1. Bacterial Amyloidosis 

Conventionally, amyloidosis refers to the aggregation of proteins and peptides into toxic 

oligomers, protofibrils and cross-beta amyloid fibrils, a hallmark of Alzheimer’s disease, 

Parkinson’s disease and type 2 diabetes.304 Functional amyloidosis, in contrast, is a relatively 
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new concept, exemplified by melanin synthesis via Pmel-17 aggregation in the skin against 

UV exposure, as well as by the formation of bacterial amyloid network/biofilm.305, 306 A 

biofilm is a multicellular community in which bacteria lives happily by releasing extracellular 

matrix (ECM).307 Biofilms are highly stable communities of bacteria and their robustness is 

attributed to the encasing of an extracellular polymeric matrix.308 Biofilms are responsible 

for 60% of healthcare associated and intensive care infections. The bacterial amyloid 

provides support for polysaccharides deposition to reinforce the encased community,enable 

cell adhesion, motility, cell-cell interaction and quorum sensing, and hinder penetration of 

antimicrobial agents.309-311 This bacterial biofilm formation is one of the major cause of 

antimicrobial resistance.312-314 FapC, in particular, is a main protein component of the 

extracellular amyloid network of P. aeruginosa, a Gram-negative opportunistic pathogen 

inhabiting plants and animals, including humans.305, 315 P. aeruginosa has a particularly large 

armamentarium of resistance mechanisms and can become resistant against all currently 

available antibiotics (in monotherapy). Furthermore, P. aeruginosa strains commonly form 

biofilm, which makes infections by this pathogen even more challenging to treat. The 

aggregation of FapC into amyloid fibrils is similar to the assembly of CsgA of the curli system 

in the amyloid biogenesis of E. coli.315, 316 Amyloid fibrils have many features that make them 

attractive targets for nanotechnology: they self-assemble from their component 

peptides/proteins, are incredibly strong and robust, and the physicochemical properties of 

the fibril core and surface can be controlled with relative ease by changing the amino acid 

sequence of the peptides.304 FapC fibrils strengthen the bacterial biofilm mechanically, and 

small molecules which remodel or dissociate FapC fibrils weaken the biofilm against 

antibiotics and reduce biofilm formation to an extent which correlates with their ability to 

inhibit FapC fibrillization in-vitro.317-319 Accordingly, controlling bacterial amyloids may entail 

new antimicrobial strategies. 

5.2.2. Silver Nanoparticles: Efficient Candidates to Target Bacterial Biofilms 

Nanotechnology offers unique advantages in bactericidal development, as the versatile 

and tunable physicochemical properties of nanomaterials facilitate their adsorption and 

penetration into bacterial membranes, biocatalysis, drug delivery and ion release. Indeed, 
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gold, silver and zinc oxide nanoparticles and nanoclusters are common antimicrobial agents 

utilizing their strong capacity in inducing membrane damage and toxic ion release.303, 320-323 

Recently, silver nanoclusters (AgNCs) packed with daptomycin have shown improved 

potency and synergy in compromising bacterial membrane integrity, eliciting DNA damage, 

and generating reactive oxygen species (ROS).273 In another study, silver bromide 

nanoparticle-pyridinium polymeric composites adhered onto glass substrates and exhibited 

long-term biocidal properties against airborne and waterborne bacteria.324 Furthermore, 

lanthanum hydroxide-graphene oxide nanocomposites (La@GO) conferred strong 

bactericidal effects on both wild-type and antibiotic-resistant E. coli, L. crispatus, S. aureus 

and P. aeruginosa strains.325 

Within the context of amyloid inhibition, the catalytic or inhibitory effects of metal 

nanoparticles depend upon the surface functionalization, metal core, and size of the 

particles.326-328 For example, gold nanoparticles (AuNPs) capped with citrate or polyethylene 

glycol (PEG) accelerated amyloidosis, while AuNPs coated with milk proteins inhibited the 

fibrillization of amyloid proteins.329-333 Larger metal nanoparticles elicited a stronger 

inhibitory effect on amyloidosis than smaller nanoparticles of similar surface 

functionalization.327 Silver nanoparticles (AgNPs) capped with citrate, chitosan, or natural 

products have also been reported to inhibit the aggregation of amyloid proteins.334-336 

The surface charge and antimicrobial property of silver nanoparticles (AgNPs) often 

correlate. For example, cationic AgNPs are more toxic to the net negatively charged bacterial 

cells, as they promote membrane permeability and reduce bacterial drug efflux.337 In 

comparison, ultra-small silver nanoclusters (AgNCs, <3 nm) can target MDR bacteria by a 

membrane disruption mechanism and act as a broad spectrum antimicrobial agent.338 

Motivated by the tremendous health implications of the gut microbiota as well as the urgent 

need to develop safe and potent nanobactericides against a range of human diseases, here 

we examined the interactions between P. aeruginosa biofilms and AgNPs/AgNCs from the 

unique perspective of FapC amyloidosis. In this study, we tried to compromise bacterial 

viability by weakening the bacterial biofilm through a reduction of functional amyloid 

formation by AgNPs/AgNCs. 
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While AgNPs/ AgNCs have been studied for their tremendous potential against wild-type 

and drug-resistant bacteria, the toxicity associated with AgNPs/AgNCs hinders their clinical 

implications.339-341 Here, we exploited the antiamyloid activities of AgNPs/ AgNCs at sub-

bactericidal doses to inhibit biofilm formation. Our working hypothesis is that we can 

compromise bacterial viability by weakening the bacterial biofilm through a reduction of 

functional amyloid formation. AgNPs/AgNCs were synthesized via a chemical reduction 

method by adjusting the ligand to reductant ratio, and were functionalized with cationic 

branched polyethylenimine (bPEI) polymer.337 bPEI coating enhances the interaction of 

nanoparticles with amyloid proteins and negatively charged P. aeruginosa,342, 343 and is 

known for its interaction with bacterial surface and its associated bactericidal activities 

(TOC 5.1).344, 345  

 

TOC 5.1 Table of content illustrating the pictorial view of targeting P. aeruginosa biofilm 
using Ag NCs and AgNPs. 

Herein, we synthesized silver nanoparticles of two different sizes, functionalized with 

cationic polymer branched polyethylenimine (bPEI) and interfaced them with FapC 

amyloidosis (Figure 5.1). Silver nanoparticles were synthesized via a chemical reduction 

method by adjusting the ligand to reductant ratio.339 The nanoparticles of 2 nm size were 

designated as silver nanoclusters (AgNCs), and nanoparticles of 10 nm size were designated 

as silver nanoparticles (AgNPs). The interactions between AgNPs/AgNCs and FapC were 

studied via a thioflavin T (ThT) assay (for amyloidosis and inhibition), transmission electron 
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microscopy (TEM, for effect on aggregate morphology), high-angle annular darkfield 

(HAADF) imaging (for elemental imaging and analysis), energy-dispersive X-ray spectroscopy 

(EDAX, for elemental analysis), circular dichroism (CD) spectroscopy (for protein secondary 

structure), and cytotoxicity (for biocompatibility of bactericides), complemented by discrete 

molecular dynamics (DMD) simulations (for molecular details of FapC–AgNC binding). In 

addition, bacterial cell cultures of P. aeruginosa (PAO1) in the presence of AgNPs/AgNCs 

were examined with a biofilm assay (for viability), fluorescence microscopy (for biofilm 

architecture), TEM, and helium ion microscopy (HIM) (for more detailed biofilm 

architecture). Our results demonstrated a safe and facile new antimicrobial strategy through 

amyloidosis inhibition with nanomaterials. 

 

Figure 5.1 A diagrammatic represention of Ag NPs. inhibiting P. aeruginosa biofilms by 
targeting bacterial amyloid proteins (FapC). 
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5.3. Results and Discussion 

5.3.1. Synthesis and Characterizations of bPEI-Capped AgNPs and AgNCs  

Cationic branched polyethyleneimine (bPEI)346 was employed to graft two types of Ag 

nanostructures (Figure 5.2A,B) by chemical reduction.281, 347 The size, morphology and zeta 

potential of the nanoparticles are summarized in Figure 5.2C-H. The nanoparticles of ~2 nm 

in size and exhibiting UV-Vis absorption peaks at 268 nm and 354 nm were designated as 

bPEI-capped AgNCs, while the nanoparticles of ~10 nm in size and possessing a definite 

surface plasmon peak at 420 nm were labelled as bPEI-capped AgNPs (Figure 5.2C,D). TEM 

micrographs revealed that both the AgNCs (2 nm) and AgNPs (10 nm) were well dispersed 

and near spherical (Figure 5.2E,F). Dynamic light scattering (DLS) measurements indicated 

the corresponding hydrodynamic diameter and zeta potential for the bPEI-capped AgNCs 

and AgNPs were 6.2 nm and +33 mV, and 18.6 nm and +15 mV, respectively, and the 

nanoparticles were relatively uniform with a polydispersity index (PDI) of < 0.4 (Figure 

5.2G,H). ICP-OES was used to quantify the concentrations of Ag in AgNCs and AgNPs. The 

samples were digested in aqua regia and the Ag contents were quantified to be 0.37 × 10-3 

and 34 × 10-3 M for AgNCs and AgNPs, respectively. The bPEI contents were quantified via 

thermogravimetric analysis (TGA), at 0.95 × 10-3 M for AgNCs and 13.2 × 10-3 M AgNPs, 

accordingly.  
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Figure 5.2 Physical characteristics of bPEI-capped AgNCs and AgNPs. Graphical illustrations 
of bPEI-capped A. AgNCs and B. AgNPs. UV–vis absorption spectra of bPEI-capped C. AgNCs 
and D. AgNPs. TEM micrographs of bPEI-capped E. AgNCs and F. AgNPs. Zeta potentials and 
hydrodynamic diameters of bPEI-capped G. AgNCs and H. AgNPs were measured twice with 
three repeats and no significant difference was observed in them as per one-way ANOVA 
analysis. 

5.3.2. In-vitro Interactions Between FapC and bPEI-Capped AgNPs and AgNCs 

Amyloidosis inhibition with nanomaterials is an emerging frontier against amyloid 

diseases,328, 331, 348, 349 but has rarely been attempted before for antimicrobial purposes.346 

Here the effects of bPEI- capped AgNPs or AgNCs on FapC fibrillization were systematically 

investigated to inhibit biofilm formation by P. aeruginosa. FapC monomers (50 µM) were 

incubated alone or with bPEI-capped AgNPs or AgNCs (equivalent to 1 µM Ag) for 5 days at 

37 °C. In the absence of agitation, FapC fibrillization (monitored by the fluorescence of the 

amyloid-binding ThT) was slow and showed a lag time of 50 h, after which it reached a 

plateau within the next ~25 h (Figure 5.3A). When FapC was incubated with bPEI-capped 

AgNPs, FapC fibrillization was completely inhibited. In contrast, AgNCs shortened the lag 

phase to ~25 h but also reduced the end-level ThT fluorescence by 4-fold (Figure 5.3A). CD 

spectroscopy revealed changes in the secondary structure of FapC before and after 

fibrillization, in the presence and absence of AgNPs or AgNCs (Figure 5.3B). According to the 

deconvolution program DichroWeb, the α-helical content of FapC was decreased from 28.4% 

(monomers) to 5.9% (fibrils), while the β-sheet content was increased from 15.6% 

(monomers) to 47.7% (fibrils). When incubated with AgNPs, the secondary structure of the 
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AgNPs + FapC complexes was similar to that of FapC monomers, at 25% for α-helices and 

18% for β-sheets. This suggests that the AgNPs inhibited FapC fibrillization by sequestering 

monomeric FapC (Figure 5.3C).334 The secondary structure contents of the AgNCs + FapC 

complexes appeared to be between that for FapC monomers and fibrils, indicating limited 

formation of cross-β amyloid fibrils (Figure 5.3B,C). Similarly, the zeta potential of the AgNCs 

+ FapC complexes was -25 mV, compared to a zeta potential of -36 mV for FapC amyloid 

fibrils and +30 mV for AgNCs, indicating the presence of fibrils in the AgNCs + FapC complexes 

(Figure 5.3D). Also, the zeta potential of AgNPs dropped from +16 mV to +10 mV, after 

binding with FapC, confirming sequestration of FapC by AgNPs. The influence of 

AgNPs/AgNCs on FapC amyloidosis was further studied by TEM. No FapC amyloids were 

observed in the FapC + AgNPs sample, indicating full inhibition of FapC amyloidosis by AgNPs 

(Figure 5.3E), while AgNCs were clustered together with FapC monomers and supported the 

formation of short FapC fibrils (Figure 5.3F). The white signals from the HAADF images 

(Figure 5.3G,H) indicated the presence of Ag metal (EDAX mapping spectra in Figure 5.3I,J). 

The Cu signal was from the Cu grid. The presence of AgNCs in the core of clustered AgNCs + 

FapC complexes was further confirmed by HAADF imaging (Figure 5.3H). Figure 5.3K,L 

presents graphical illustrations of the binding between FapC and AgNPs or AgNCs. bPEI and 

AgNO3 did not elicit any effect on FapC fibrillization, at a concentration equivalent to 1 µM 

(with respect to Ag) of AgNPs/NCs. No toxicity of FapC was observed against HEK 293 cells, 

while AgNPs and AgNCs were biocompatible at 1 µM Ag equivalent concentration. 

The differences in the size and curvature of AgNPs and AgNCs can explain their differential 

behavior against FapC fibrillization. The large size of AgNPs (10 nm) matched the cross 

sections of single amyloid fibrils (~5-10 nm) and also provided a surface area large enough 

to physically interface with FapC monomers,304 thereby enabling surface-assisted binding 

with the protein to prevent FapC from aggregation.330, 331 In case of AgNCs, their small size 

(3 nm) resulted in the formation of hetero-aggregates with FapC that may act as nucleation 

sites for early FapC fibrillization, leading to a shortened lag phase. However, due to the 

heterogeneity of the AgNCs + FapC aggregates, elongation of FapC protofibrils into fibrils 
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could be entropically unfavorable, leading to a reduced yield of fibrils compared with FapC 

alone (Figure 5.3A). 

 

Figure 5.3 Binding between FapC and bPEI-capped AgNPs or AgNCs. A. ThT kinetic assay of 
FapC mixed with AgNPs or AgNCs. B. CD spectra and C. percentage secondary structure of 
FapC monomers, fibrils, and FapC monomers after incubation with bPEI-capped AgNPs or 
AgNCs, calculated using DichroWeb. D. Changes in the zeta potential of FapC monomers 
before and after incubation with bPEI-capped AgNPs and AgNCs. TEM micrographs of E. FapC 
+ AgNPs and F. FapC + AgNCs. The inset shows control FapC fibers. Panels, G-H. and I-J. 
present the respective HAADF images and EDAX spectra of FapC + AgNPs and FapC + AgNCs. 
Panels K. and L. represent graphical illustrations of bPEI-capped AgNPs and AgNCs 
interacting with FapC. 

5.3.3. In-silico Interactions of bPEI-Capped AgNC with FapC Monomer and FapC Fragment 

Dimer 

In an early study,255 the effect of large AgNPs was modelled by a nano-sized (111) silver 

surface with five atom layers, where each layer comprised of 648 atoms occupying a 

dimension of ≈7.0 × 6.8 nm2. In contrast to the 38-atom AgNC coated with three bPEIs, only 

9 bPEIs with strong electrostatic repulsion with each other were able to bind the nano-AgNP 

surface due to differences in radii and thus surface curvatures of the two types of 



78 
 

nanostructures (Experimental Section). Compared to AgNC, the lower bPEI coating density 

of the simulated AgNP was consistent with its smaller zeta potential observed 

experimentally (Figure 5.2).  

In the dimer simulations of both L1R2 (Figure 5D–F) and L2R3, the bPEI-capped AgNC 

preferred to bind the linker regions as also observed in the monomer simulations. Compared 

to the full-length FapC (Figure 5.4A), fragments had a lower overall β -sheet content. 

Nevertheless, with the addition of a bPEI-capped AgNC, significant inhibition of β sheets and 

promotion of α helices were observed for fragment L1R2 (Figure 5.4D–F). Similarly, the bPEI-

capped AgNC also significantly inhibited the formation of β sheets by the L2R3 dimer. In the 

presence of bPEI-capped AgNP, stronger inhibition of β sheets and promotion of coil were 

observed for both L1R2 (Figure 5.4D–F) and L2R3. Compared to bPEI-capped AgNC, the low 

coating density of bPEI molecules in AgNP resulted in more surface silver atoms exposed to 

interact with the peptides. As a result, bPEI-capped AgNP could bind more FapC regions than 

bPEI-capped AgNC (Figure 5.4E), leading to the observed stronger inhibition of β sheets and 

promotion of coils. Overall, the dimer simulation results were consistent with the CD 

measurement showing increased α-helices and decreased β-sheets upon addition of bPEI-

capped AgNCs or AgNPs (Figure 5.3B,C), and also consistent with the experimental 

observation that bPEI-capped AgNPs rendered stronger inhibition against the formation of 

β-rich aggregates. The analysis of interpeptide contact frequencies indicated that the linker 

regions (especially L1) played an important role in dimerization by forming interpeptide β 

sheets in the absence of the AgNC or AgNP. By binding to the linker regions multivalently 

(e.g., typical snapshots in Figure 5.4F), the bPEI-capped AgNC disrupted β -sheet formation 

with a long-range order to mitigate FapC fibrillization. In the case of bPEI-capped AgNP, the 

binding with additional regions than the linkers in FapC resulted in stronger disruption of 

intermolecular β -sheet formation and subsequent FapC fibrillization. 
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Figure 5.4 DMD simulations of a bPEI-capped AgNC interacting with a FapC monomer and a 
FapC fragment dimer. A–C. Full-length FapC monomer (R1L1R2L2R3) with and without the 
presence of the bPEI-capped AgNC. A. Overall secondary structure contents of the full-length 
FapC monomer. B. The bPEI-capped AgNC-binding probability, and the β -sheet and α -helix 
propensities of each residue. C. Three representative structures of FapC in the absence 
(upper) and presence (lower) of the AgNC. The peptide shown as cartoon is colored rainbow 
from blue (N-terminus) to red (C-terminus). The core of the AgNC is shown as spheres and 
bPEIs as sticks. D,E. A L1R2 dimer with and without the presence of the bPEI-capped AgNC. 
D. Overall secondary structure contents of the dimer. E. The binding probability with bPEI-
capped AgNC or AgNP, and the β -sheet and α -helix propensities of each residue. F. 
Representative structures of the L1R2 dimer in the absence (upper) and presence of the 
bPEI-capped AgNC (lower left) and AgNP (lower right). The two peptides are colored 
differently. 

5.3.4. Effect of bPEI-Capped AgNPs and AgNCs on Biofilm Formation 

Following the in-vitro characterizations of FapC interactions with AgNPs or AgNCs, the 

effect of such interactions on P. aeruginosa biofilm formation was studied by incubating the 

nanoparticles with the bacteria in microtiter plate wells as triplicates for 24 h in duplicate 

experiments. The statistical analysis was done to confirm reproducibility of experiments by 
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one-way ANOVA (Bonferroni test) using Prism 5 software. First, the effects of AgNPs and 

AgNCs on biofilm formation and planktonic bacterial viability were studied. AgNCs 

completely suppressed biofilm formation ≥ 500 × 10−9 M (Figure 5.5A), but below 500 × 10−9 

M AgNCs, the bactericidal effect diminished (Figure 5.5B). At all concentrations, biofilm 

formation correlated with bacterial viability (Figure 5.5C). In contrast, 250 × 10−9 M to 1 × 

10−6 M AgNPs suppressed biofilm formation (Figure 5.5A’) while displaying an insignificant 

bactericidal effect (Figure 5.5B’). Below 250 × 10−9 M, the antibiofilm activity of AgNPs 

became less prominent while the bacteria remained intact. At concentrations higher than 1 

µM, the bactericidal activity of AgNPs eliminated the availability of viable bacteria from 

establishing biofilm (Figure 5.5C’). 338 The in-vitro anti-FapC activities of AgNPs/AgNCs were 

correlated with their antibiofilm activity. The relative bactericidal and antiFapC activity of 

AgNCs and AgNPs can be explained based on their sizes and surface areas per particle. The 

larger AgNPs (10 nm) have more contact area per particle, which enabled them to sequester 

more FapC molecules per AgNP to mitigate FapC fibrillization. This is consistent with the 

literature where larger nanoparticles were more efficient amyloid inhibitors than their 

smaller counterparts.351, 352 However, in terms of antibacterial efficacy, smaller AgNPs have 

been shown to be more efficient, as they possess a greater affinity for bacterial cell wall and 

can be efficiently internalized by bacteria.353, 354 
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Figure 5.5 The effects of bPEI-capped AgNCs and AgNPs on the biofilm formation of 
P. aeruginosa. Relative biofilm formation and bacterial viability of P. aeruginosa PAO1 in the 
presence of different concentrations of bPEI-capped A,B. AgNCs and A’,B’. AgNPs. C is the 
overlapped A & B to see the comparative response of AgNCs and C’ is the overlapped A’ & 
B’ to see the comparative response of AgNPs. All of these experiments were done in 
triplicates in two repeats and the P values were assigned by one-way ANOVA (Bonferroni 
test). The statistically significant viability is indicated by P values (*, P > 0.01; **, P ≥ 0.001; 
***, P < 0.001). Each error bar represents standard errors of means. 

To image the interactions of the nanoparticles with P. aeruginosa, a fluorescent strain of 

P. aeruginosa (AH298-GFP) was incubated with AgNPs or AgNCs while ThT dye was used to 

stain the biofilm. Consistent with Figure 5.5C,C’, individually dispersed bacterial cells and no 

biofilm mass were observed with AgNPs (Figure 5.6A), while debris of dead bacteria was 

evident in the AgNC-associated sample (Figure 5.6B). Intact bacteria embedded in biofilm 

mass were present in the untreated control (Figure 5.6C). HSI spectra derived from the SPR 
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of AgNPs, bacterial cells + AgNPs and untreated control are presented in Figure 5.6D-F. The 

SPR spectra of AgNPs were observed in the sample of bacterial cells + AgNPs with no traces 

of biofilms. 

 
Figure 5.6 Fluorescence microscopy images of P. aeruginosa AH298-GFP incubated with 
1 × 10−6 M of A. AgNPs and B. AgNCs and C. untreated control that formed biofilms. A 
fluorescent strain of P. aeruginosa was used for fluorescence microscopy and ThT dye was 
used to stain the biofilms. Panels D–F. represent the hyperspectral images (HSI) along with 
the SPR spectra of AgNPs, P. aeruginosa incubated with 1 × 10−6 M AgNPs, and P. aeruginosa 
control, respectively. 

The morphologies of control bacterial cells as well as cells exposed to AgNPs or AgNCs 

were also imaged via HIM and TEM. Intact bacterial cells with no biofilm or fibrillary 

aggregates were observed with AgNPs (Figure 5.7A,B), while dead bacterial cells displaying 

flattened, blebbing, dents and protrusions in the outer membranes were found for the 

AgNCs-treated sample (Figure 5.7C,D). In untreated control, fibrillar aggregates of FapC 

biofilms were evident between the cells (Figure 5.7E,F). Furthermore, to determine the 

oxidative effect conferred by AgNPs or AgNCs to bacterial cells, ROS production in the cells 

was quantified. AgNPs and AgNCs induced ROS generation in a concentration dependent 

manner (Figure 5.7G) but to very different extents, consistent with their respective 

bactericidal activities (Figure 5.5C,C’). This further indicates that biofilm inhibition by AgNPs 

was based on the inhibition of FapC fibrillization and not by their bactericidal activity as was 



83 
 

the case with AgNCs. AgNO3 and bPEI alone were used as controls at concentrations 

equivalent to their concentration in AgNCs/NPs. At 1 µM concentration, specifically, soluble 

Ag+ released by AgNO3 did not induce any bactericidal or antibiofilm effect. This is quite as 

expected, as the minimum inhibition concentration (MIC) of AgNO3 reported against P. 

aeruginosa is 17.6 µM.355 This indicates that the bactericidal effect of AgNCs and the 

antibiofilm effect of AgNPs were associated with their nano-sized architectures and not with 

ion release at this given silver concentration. The enhanced bactericidal activity of AgNCs 

can be attributed to their ultrastructural disruption of the outer membranes followed by 

ROS generation, a mechanism that is shared with Ag+ released from AgNPs.273, 355, 356 

 

Figure 5.7 Helium ion microscopy (HIM) and TEM micrographs of P. aeruginosa incubated 
with AgNPs (HIM: panel (A), TEM: panel (B)), P. aeruginosa incubated with AgNCs (HIM: 
panel (C), TEM: panel (D)), and P. aeruginosa control (HIM: panel (E), TEM: panel (F)). ROS 
generation by P. aeruginosa, relative to positive control (H2O2), upon incubation with AgNPs 
and AgNCs (panel (G)). 

5.4. Conclusion 

We have examined the antibiofilm and antimicrobial potentials of bPEI-capped AgNPs and 

AgNCs, at concentrations below their toxicity thresholds for mammalian HEK 293 cells. As 

revealed by the ThT kinetic assay, both types of nanoparticles inhibited the amyloid 

aggregation of FapC, the protein constituent of the extracellular amyloid network of 

P. aeruginosa, through electrostatic interaction as well as H-bonding and hydrophobic 

interaction between the bPEI polymer and the protein. AgNPs sequestered FapC monomers 
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while the much smaller AgNCs clustered with FapC monomers to render short amyloid fibrils, 

as revealed by TEM, HAADF and EDAX experiments. These biophysical phenomena entailed 

contrasting consequences in the antibiofilm application of the nanoparticles. Specifically, 

with increased nanoparticle concentrations, AgNPs inhibited P. aeruginosa biofilm 

formation without killing the bacteria, through suppression of FapC amyloidosis and their 

associated extracellular amyloid network. In comparison, AgNCs impaired biofilm formation 

and were rendered bactericidal through structural-based disruption of cell membranes as 

well as elevated ROS production. Previously, AgNPs of biogenic origin were supposed to 

inhibit the bacterial biofilm formation by interfering with exopolysaccharides synthesis.286 

Here, we demonstrated that AgNPs at low concentrations directly sequestered FapC to 

inhibit the bacterial biofilm activity. In agreement with previous work targeting functional 

amyloid to compromise biofilm,318, 319 this study demonstrated the potential of exploiting 

functional amyloidosis inhibition with nanomaterials as a safe and facile antimicrobial 

strategy. 
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Chapter 6.  

Design, Synthesis and Evaluation of Silver Nanocluster Based 
Levofloxacin Loaded Nanocapsules Against S. pneumoniae. 

6.1. Synopsis 

This chapter presents antibacterial role of polyethylenimine stabilized silver nanoclusters 

(bPEI-Ag NCs) based nanocapsules loaded with levofloxacin (L-Ag NCps) as potential 

candidates to target various strains of S. pneumoniae. The 1st part covers the introduction 

and background of this project. The 2nd part includes the discussion of results related to the 

physical and chemical characterization of nanoclusters/nanocapsules, in-vitro study, and the 

mechanistic study supported by SEM and ROS study of these nanocapsules.  

6.2. Introduction 

Pneumococcal pneumoniae is the most prevalent childhood and community-acquired 

pneumonia.357 It kills nearly 1 million children annually, and over 80% of these losses are kids 

of age under 2 years.5 The reported ratio of S. pneumoniae with compromised susceptibility 

to fluoroquinolones among infants is almost 24-34 % in even developed countries like United 

States (Figure 6.1).358 It will be unfortunate, and terrible indeed, if the increase in drug-

resistant microbial cells leave us as susceptible to germs as we were 130 years back due to 

the dominance of these infectious diseases, and the variation in the liability of commonly 

used drugs.359 
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Figure 6.1 Occurrence of pneumonia in different areas of the world.360 

In 1881, Louis Pasteur and George Sternberg first discovered S. pneumonia from saliva. 

Later in 1800s, Christian Gram recognised it as Gram-positive bacterium using gram staining. 

During early 1900s, bacterial structure and communication with immune system was 

revealed. In 1913, anti-pneumococcal serum therapy decreased the mortality rate from 25% 

to 7.5%. In 1923, Heidelberger and Avery reported the production of antibodies by B cells in 

immune system to abolish bacteria. The first line antibacterial agent, sulfapyridine, was used 

to control pneumonia in 1930, which was substituted by penicillin. The prevailing situation 

of resistance against almost all major antibiotics further aggravated the problem. The 

mechanism behind the resistance to cephalosporins and penicillin in pneumococcal cells 

involves changes in their molecular targets in cell wall and penicillin-binding proteins (PBPs) 

(Figure 6.2).361 The first vaccine introduced in 1977 was pneumococcal polysaccharide 

vaccine (PPV) followed by pneumococcal conjugate vaccine (PCV) in 2000. These vaccines 

took almost 3 years until licensure of an S. pneumoniae vaccine that costed $240 million at 
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that time.362, 363 The recurring infections from escaped microbes is responsible for 

appearance of MDR. Aside from bouncing chemotherapy, prompt metabolic clearance of 

drugs, reduced oral availability and incapability to penetrate deep into target site all this 

leads to advancement in MDR. It is, therefore, highly desired to develop smart and effective 

strategies to treat infections by deceiving all resistant mechanisms.364  

 
Figure 6.2 Pneumococcal structure showing its various important components which was 
used by antimicrobials to target them.  

Several ‘nanodrugs’, especially liposomal nanoformulations have been permitted by FDA 

and are in clinical use against many diseases. Correspondingly, various therapeutics can be 

used to encapsulate inside the nanomaterials, which increases their therapeutic efficiency 

resulting in reduced dosage requirements and decreased host toxicity. The levofloxacin 

loaded in silver core mesoporous silica nanovehicles (Ag@MSNs@LEVO) showed good 

synergistic response against E. coli MDR isolates.365 Similarly, nanocapsules are a type of 

vesicular systems exhibiting core-shell type structure and have ability to load different cargo 

inside their core. They are important vectors for many active substances i.e., harmones, 

DNA, siRNA, vitamins, drugs.366 In order for payload to play its role, it needs to be available 

in cytosol of bacterial cells by endosomal escape and breaking resistance. In this chapter, we 

present very simple materials to address the emerging health issues related to MDR in 
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S. pneumoniae by the design/development of nanocapsules comprising of Ag NCs 

conjugated with PEI and an antibiotic. These cationic nanocapsules with decent amphiphilic 

balance can manifest effective antibacterial effects with reduced cytotoxicity. This medicinal 

chemistry approach to address MDR is very cost-effective and therapeutically superior 

alternative strategy. 

6.3. Results and Discussion 

The silver nanoclusters (Scheme 6.1A) were successfully synthesized by chemical 

reduction method as mentioned in chapter 4. Nanocapsules (NCps) of Ag were synthesized 

via emulsification method by the stabilization of NCs at the interface of water and oil phase 

as shown in Scheme 6.1B.367 Peppermint oil was used as an oily phase due to its 

biocompatible nature. These NCps were stabilized due to electrostatic interactions with the 

help of surfactant (SDS). A hydrophobic drug (levofloxacin) was loaded inside NCps by co-

dissolving it in hydrophobic phase (oil), to form Levofloxacin loaded silver nanocapsules 

(L-Ag-NCps), whereas, the unloaded NCps i.e. empty silver nanocapsules (E-Ag-NCps) were 

used as control. Ultra-sonication and amalgamation was employed to control the size and 

emulsification behaviour of NCs to form Nanocapsules as shown in Figure 3.3. These 

nanocapsules after basic characterization using UV-visible spectroscopy, DLS measurements 

and scanning electron microscopy were employed to target different pneumococcal strains 

as shown in Scheme 6.1B,C. 
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Scheme 6.1 Schematic illustration includes A. synthesis of bPEI−Ag NCs, B. emulsification to 
form nanocapsules (E-Ag-NCps and L-Ag-NCps), C. targeting of pneumococcal strains by 
nanocapsules (E-Ag-NCps and L-Ag-NCps). 

The UV-visible absorption spectrum of L-Ag-NCps along with controls (drug, E-Ag-NCps, 

AgNCs) confirmed the loading of Levofloxacin with λ-max at 283 nm in common with the 

drug, whereas E-Ag-NCps and AgNCs shows no such peak (Figure 6.3A). The effective 

synthesis of NCps was confirmed by DLS size measurement and TEM (Figure 6.3B,C). The 

hydrodynamic size of E-Ag-NCps and L-Ag-NCps checked by zetasizer was 180 and 193 nm 

as shown in Figure 6.3B. The polydispersity Index, measured by Zetasizer, for all samples was 

< 0.5. The stability of nanocapsules was checked for 48 h by DLS-size analysis and were found 

quite stable. The TEM size measurements of Ag NCs, E-Ag-NCps and L-Ag-NCps was 2, 160 

and 185 nm as shown in Figure 6.3C(a,b,c), respectively. Surface morphology was spherical 

and smooth as observed in all of the STEM images (Figure 6.3C). The size of L-Ag-NCps was 

greater than E-Ag-NCps and were even more stable.341 This size of NCps was based on their 

intrinsic ability to encapsulate drug. It is the most stable size obtained for L-Ag-NCps, and 

their stability decreases with further increase in the amount of loaded drug. It was observed 

that E-Ag-NCps are smaller than L-Ag-NCps, which may be attributed to the loading of drug, 

which also makes them more stable due to strong electrostatic interactions, by the 

nanoclusters. 
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Figure 6.3 The characterization of PEI-Ag NCs, E-Ag-NCps and L-Ag-NCps using A. UV-vis 
spectroscopy showing λ-max at 283 nm for the drug and the corresponding peak for L-Ag-
NCps, B. DLS- Zetasizer displaying size of 180 and 193 nm for L-Ag-NCps and E-Ag-NCps, C. 
Transmission electron micrograph showing (a) PEI-Ag NCs with 2 nm, Scanning electron 
micrographs showing (b) E-Ag-NCps with 160 nm and (c) L-Ag-NCps with 185 nm size, 
respectively. 

6.3.1. Drug Loading Efficiency of L-Ag NCps 

Drug loading was estimated by UV-visible spectroscopy (Figure 6.3A). It is expected that 

drug loading efficiency of L-Ag-NCps depend on the quantity of adsorbed drug together with 

the adsorbed/tangled drug in the strands of PEI. The drug carrying efficiency was estimated 

by removing the free/loosely bound drug on L-Ag-NCps by centrifuging the NCps formulation 

for 10 min at 5000 g at 4 °C.  Hydrophobic unentrapped drug pelleted down and the quantity 

of encapsulated drug in L-Ag-NCps was measured by determining the absorbance of 

levofloxacin at 283 nm respectively (Figure 6.3A). For this reason, L-Ag-NCps were mixed in 

chloroform:methanol (1:4) mixture and quickly sonicated for 1 min to break the NCps and 

release the entrapped levofloxacin in solvent system. Drug loading efficiency was estimated 

to be 20 % by following expression:  

Encapsulation efficiency (%) = [Levofloxacin in supernatant after breaking L-Ag-NCps / 

[total levofloxacin added to formulation] × 100 
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6.3.2. Anti-Pneumococcal Activity of Nanocapsules 

The frozen stocks of S. pneumoniae were maintained at 80°C in Todd-Hewitt Broth with 

5% yeast extract (THY) and glycerol (10%). A small portion of these frozen stocks was 

inoculated on blood agar plates and set for overnight incubation in a candle jar at 37°C. A 

loopful of pneumococci were scraped from the plate, resuspended into THY broth and 

incubated at 37°C to attain an  optical density (OD600) of 0.2 (early exponential phase). The 

final pellet of bacteria were harvested via centrifugation and washed thrice with PBS before 

resuspending into THY. The different strains of bacteria were first incubated with drug and 

AgNCs to determine their respective MIC by plating. Pneumococcal strains demonstrated 

variability in killing by AgNCs and drug, where the MIC for AgNCs and drug ranged from 

8.19  µM and 512 µM for type 2 strain, 16.4 µM and 204.8 µM for type 13 strain, 8.19 µM 

and 32 µM for type 16F strain, and 16.4 µM and 102.4µM for type 19F strain respectively, as 

shown in Table 6.1A. After this drug-loaded nanocapsules (L-Ag-NCps) and empty 

nanocapsules (E-Ag-NCps) with drug/AgNC concentrations quite lower compared to their 

MIC (Table 6.1B), along with drug (Levofloxacin) as control were incubated with actively 

growing cultures of S. pneumoniae. The three of the tested serotypes 16F, 2 and 19F were 

susceptible to fluoroquinolones, whereas type 13 is a resistant strain. The 2 h incubation at 

37°C was followed by serial dilution of bacteria and their plating on blood agar to estimate 

viable CFU counts. These CFU counts were converted into log10 values to normalize the 

comparison. The Log10 CFU killed was determined by subtracting log10 CFU value of samples 

from log10 CFU value of control pneumococci. All of the experiments were done as triplicates 

in two repeats to ensure reproducibility. The statistical analysis was done by comparing 

average of these triplicates for two independent experiments of all three samples 

(L-Ag-NCps, E-Ag-NCps, Drug). P values were assigned using one-way ANOVA (Bonferroni 

test). This analysis was done using Prism 5 analytical software. 
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Table 6.1 A. MIC of AgPEI NCs and drug against four different pneumococcal serotypes B. 
The concentration of AgPEI NCs and drug loaded into E-Ag-NCps/L-Ag-NCps used for anti-
pneumococcal activity. 

 
In case of type 16F, at higher concentrations both E-Ag-NCps and L-Ag-NCps showed 

comparable killing and almost 2 Log times increased killing compared to drug control (Figure 

6.4). This increased targeting of E-Ag-NCps at lower concentrations in this strain is attributed 

to more sensitivity of this strain towards Ag NCs as indicated by their lower MIC compared 

to other strains in Table 6.1A.  
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Figure 6.4 Anti-pneumococcal activity of A. empty nanocapsules (E-Ag-NCps), B. levofloxacin 
loaded nanocapsules (L-Ag-NCps), C. drug against serotype 16F, D. Represents overlapped A 
& B to see the comparative effect of E-Ag-NCps and L-Ag-NCps on type 16F, while E. 
represents overlapped B & C to see the comparative effect of L-Ag-NCps and drug on type 
16F. Each error bar represents standard errors of means. The statistically significant Log CFU 
killing was represented by P vaues (*, > 0.01; **, ≥ 0.001). 

In case of type 13, which is also levofloxacin resistant, L-Ag-NCps showed best response 

of 1 Log times increased killing compared to E-Ag-NCps and 2.5 Log times increased killing 

compared to drug control (Figure 6.5). This might be because of resistance of type 13 strain 

against drug, whereas L-Ag-NCps showed increase response by crossing the resistive barrier 

and release drug inside the bacterial cell due to their smaller size and biocompatible shell. 

In Figure 6.5F, pneumococcal colonies can be seen growing visibly on blood agar plates in 

control and E-Ag-NCps compared to L-Ag-NCps against type 13 strain. 
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Figure 6.5 Anti-pneumococcal activity of A. empty nanocapsules (E-Ag-NCps), B. levofloxacin 
loaded nanocapsules (L-Ag-NCps), C. drug against serotype 13, D. Represents overlapped A 
& B to see the comparative effect of E-Ag-NCps and L-Ag-NCps on type 13, while E. 
represents overlapped B & C to see the comparative effect of L-Ag-NCps and drug on type 
13. Each error bar represents standard errors of means. The statistically significant Log CFU 
killed was represented by P values (*, > 0.01; **, ≥ 0.001; ***, < 0.001). F. Pictorial view of 
colonies grown on blood agar plates after 2 h incubation of treatments with type 13 showing 
increased death of colonies in L-Ag-NCps compared to controls.  

In case of type 19F, L-Ag-NCps showed 0.5 Log increased killing compared to E-Ag-NCps 

in lower concentrations and 0.5 Log increased killing compared to drug at all concentrations. 

This might be attributed to increased internalization of drug into the bacteria by L-Ag-NCps. 

However, at higher concentrations both E-Ag-NCps and L-Ag-NCps showed compareable 

killing due to complete lysis of bacterial cells because of high Ag NCs concentration in these 

nanocapsules (Figure 6.6). 
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Figure 6.6 Anti-pneumococcal activity of A. empty nanocapsules (E-Ag-NCps), B. levofloxacin 
loaded nanocapsules (L-Ag-NCps), C. drug against serotype 19F, D. Represents overlapped A 
& B to see the comparative effect of E-Ag-NCps and L-Ag-NCps on type 19F, while E. 
represents overlapped B & C to see the comparative effect of L-Ag-NCps and drug on type 
19F. Each error bar represents standard errors of means. The statistically significant Log CFU 
killed was represented by P vaues (*, > 0.01). 

An increase of two-log killing was observed in case of type 2 by L-Ag-NCps compared to 

E-Ag-NCps and drug. This can be linked to the controlled drug discharge inside the bacterial 

cell by L-Ag-NCps (Figure 6.7). In Figure 6.7F, pneumococcal colonies can also be seen 

growing visibly on blood agar plates in control and E-Ag-NCps compared to L-Ag-NCps 

against type 2 strain. 
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Figure 6.7 Anti-pneumococcal activity of A. empty nanocapsules (E-Ag-NCps), B. levofloxacin 
loaded nanocapsules (L-Ag-NCps), C. drug against serotype 2. D. Represents overlapped A & 
B to see the comparative effect of E-Ag-NCps and L-Ag-NCps on type 2, while E. represents 
overlapped B & C to see the comparative effect of L-Ag-NCps and drug on type 2. Each error 
bar represents standard errors of means. The statistically significant Log CFU killed was 
represented by P vaues (*, > 0.01; **, ≥ 0.001; ***, < 0.001). F. Pictorial view of colonies 
grown on blood agar plates after 2 h incubation of treatments (L-Ag-NCps, E-Ag-NCps, drug) 
with type 2 showing increased death of colonies compared to controls. 

The antibacterial activity results demonstrated that the nanocapsules showed good 

pneumococcal inhibition, which increases with an increase in amount of nanocapsules 

similar to control drug (Levofloxacin). It was observed that E-Ag-NCps was quite effective 

carrier utilizing killing properties of Ag NCs but with loading of levofloxacin in L-Ag-NCps, we 

observed a good combined response in few pneumococcal strains (type 13, type 2 and type 

16F), so this drug releasing property/ anti-pneumococcal response is dose and strain 

dependent. This enhanced activity is credited to antimicrobial potential of silver along with 

enhanced loading and drug releasing properties of NCps inside pneumococcal cells.368 

6.3.3. Mechanistic Study by Scanning Electron Microscopy and Reactive Oxygen Specie 

generation 

The initial contact of L-Ag-NCps with surface lipids, which built cell wall portions of 

bacteria, is the basis for their extensive non-specific action even for the drug resistant 

strains. S. pneumonea possess six layers thick lipid built outside the casing of peptidoglycan 

with negatively charged teichoic and lipoteichoic acid, thus major contact of NCps with 
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pathogen can be expected (Figure 6.2). This was infact evidenced by SEM analysis. It was 

observed that pneumococcal serotype 2 cells were living initially in the form of chains Figure 

6.8A(a). After 2 h of incubation, bacterial cells were having nanocapsules sticked on their 

surface creating pits Figure 6.8A(b,b’) and after 5h, complete lysis of pneumococcal cells can 

be seen with debris everywhere Figure 6.8A(c). According to the literature, cationic 

nanocapsules show electrostatic interaction with negatively charged groups like teichoic 

acid and lipoteichoic acid on the bacterial cell wall, which is accountable for nasophyngeal 

colonisation of host and after getting into the cell they kill bacteria by ROS generation 

(Figure 6.8B).369 The ROS estimation was done using resazurin assay and is done as 

duplicates in two repeats. These measurements were further analysed statistically using 

one-way Anova. This extent of reactive oxygen species (ROS) supports that the antimicrobial 

potential of nanocapsules (L-Ag-NCps) at concentration (13 nM) against serotype 2 was 

attributed to the Ag content of nanocapsules. The combined release of Ag NCs, Ag ions and 

drug from the nanocapsules also result in significant parallel pharmacological processes with 

intracellular biomolecules accordingly limiting the bacteria capacity to develop resistance to 

fight with them, as it normally does for other drugs. The expected mechanism is likely to 

involve the initial contact of Ag content in nanocapsules with –SH containing proteins and 

carboxyl groups of teichoic and lipoteichoic acid at the exterior of pneumococcal cells. This 

resulted in direct entry of NCps through membrane fusion into the bacterial cytosol by 

bypassing endosomal entrapment. The successful entry of NCps lead to successive reactive 

oxygen species (ROS) production and drug discharge that can trigger membrane rupture and 

various other processes deactivating the functioning of cellular machinary.370 In addition, all 

the materials used in nanocapsule synthesis were biocompatible and the nanoclusters were 

also biocompatible in such lower concentrations as previously reported.  
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Figure 6.8 The possible mechanism involved in killing of bacterial cells was studied by (A) 
SEM images of (a) Pneumococcal serotype 2 control cells, (b) pneumococcal cells showing 
stress response in the form of long chains, (b’) pneumococcal cells with pits on their surface 
due to L-Ag-NCps targeting, (c) the complete lysis of pneumococcal serotype 2 cells with 
designed nanocapsules (L-Ag-NCps), (B) and ROS generation playing effective role in 
pneumococcal serotype 2 targeting, which is truly attributed to silver content of 
nanocapsules (L-Ag-NCps). Each error bar represents standard errors of means. The 
statistically significant killing by ROS production was indicated by P vaues (**, ≥ 0.001). 

6.4. Conclusion 

In this study we explored the usage of drug loaded nanocapsules by comparing it with 

controls and observe the capacity of bacterial cells to uptake and respond to them. The 

levofloxacin loaded silver nanocapsules (L-Ag-NCps) proved as good alternative anti-

bacterial agent to address MDR in pneumococcal cells by membrane disruption and ROS 

generation, by utilizing combined potential of silver and drug (Levofloxacin). These 

nanocapsules found to be potential antibacterial candidates, which act by endosomal 

escaping and break resistance in bacterial cells. Such nanomaterials based solutions, though 

still in infancy, are highly desired to address MDR and will be highly appreciated globally, 

especially in the third-world/developing countries, which are currently at the brink of 

resistant microbe’s dominance. 
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Chapter 7. 

Summary and Future Perspectives  

Ag based nanoclusters were quite unexplored until 2009 despite of their wonderful 

therapeutic efficiency. We, therefore, set out to explore the applications of silver 

nanoclusters to address a serious global healthcare challenge i.e., multidrug resistance. The 

findings of this study offer the fundamental knowledge and a potential use to address MDR 

using silver-based nanoclusters coated with cationic ligands such as polyethylenimine. These 

nanoclusters have provided remarkable therapeutic applications at concentrations safe to 

mammalian cells, which aided in understanding the mechanistic profile and demonstrating 

the cellular interactions of such nanomaterials with normal and resistant bacterial cells. The 

small size (2 nm), stable nature (more than a month), organic capping (PEI), compact coating, 

selective targeting (electrostatically), sustained discharge of Ag+ ions and the positive surface 

potential (+30mV) are the key attributes of these nanoclusters to demonstrate their ability 

to kill different MDR bacterial strains. These Ag NCs were found very effective to kill 12 MDR 

clinical bacterial strains (uropathogenic) at minimal concentration of ~1 nM. 

In another related application, the silver-based nanoclusters (3 nm) were used in 

comparison with silver nanoparticles (10 nm) to target P. aeruginosa biofilms via their 

network of extracellular amyloids. Both of these nanoparticles were prepared by chemical 

reduction method. Their anti-bacterial and antibiofilm study was done against P. aurgenosa. 

The mechanistic analysis was done with the help of TEM, SEM, HIM, flouoresence 

microscopy, ROS study, HSI. The comparative study of these nanomaterials revealed that 

with the change in surface charge and size of nanoparticles, their bactericidal and antibiofilm 

properties can be tuned. It was further observed that at concentrations of 1 µM or lower, 

both the bactericidal and antibiofilm potential of nanomaterials was linked with their 

structure based bionano communications but not with the discharge of silver ions. This study 

demonstrated the biocidal ability of safe nanotechnology through the unique direction of 

amyloidosis inhibition. 
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In another study, the emerging health issue related to MDR in pneumococcal cells was 

addressed by the design/development of smart and effective nanocapsules encapsulating 

antibiotic and silver NCs coated with organic ligands to guide the nanocapsules to the 

desired target. These NCps were synthesized using emulsion stabilization method and were 

quite stable with 20% of drug loading efficiency. The designed/developed nanocapsules have 

shown their potential of efficient targeting, delivering and retaining hydrophobic drug in the 

desired pneumococcal strains by breaking resistant barriers at concentrations safe to 

mammalians cells. This method is quite simple and easy to modify according to specific 

application.  

The study of relationship of size, structure, drug loading, metal and type of the surface 

coated organic ligands, and the ability of bacterial cells to uptake such nanomaterials and 

respond to them in regard of anti-bacterial activity have generated a considerable 

knowledge. Moreover, these silver-based nanomaterials have great potential for additional 

structure-activity investigations by controlling their size, shape and surface chemistry and 

identifying the best possible materials with enhanced antibacterial activity. Such studies may 

also bring basic insights regarding the response of MDR bacterial strains against 

nanomaterials, and potentially viruses. At economical scale, cost involved in medicinal 

chemistry approaches to address MDR may be reduced by exploring such cost-effective and 

therapeutically superior alternative strategies.  

One of the most important concern for the use of AgNPs in targeting bacteria is their effect 

on gut microbiota, out of which 99% are beneficial for us. In Chapter 5, for the first time we 

explored the effect of AgNPs on FapC amyloidosis, which is an important component of 

P. aeruginosa matrix. Similar proteins are also present in various other gut microbes so, they 

are also very likely to be affceted. For this purpose, there is still a need for more selective 

approach design metarials that can only target the pathogenic bacteria without affecting the 

useful bacteria. This study also prompted the need to explore gut-brain axis with reference 

to the influence of gut microbiota on various neurological disorders and vice versa. It has 

been observed that the various bacterial endotoxins plays a vital role in progression of 

neurological disorders.371 For the future design of Nanomedicine, it is essential to consider 
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their effect in relation to gut microbes and the resulting implications on brain.372 In this 

regard, Javed et al. has recently beautifully demonstrated an increase in Aβ and IAPP 

amyloidosis by bacteria endotoxins and successive mitigation of amyloidosis by amphiphilic 

carbon quantum dots via H-bonding and hydrophobic interactions with amyloid peptides.373 

Additionaly for future work, in-vivo and cytotoxicity studies of these nanomaterials need to 

be done on mouse models as well. 

Another aspect that needs further attention for the use of AgNPs for any such applications 

is their specific targeting. The design and synthesis of Ag NPs with controlled surface 

chemistry and high bacterial selectivity might be an attractive strategy to address these 

problems. The coupling of nanocapsules with CRISPRs, a comparatively new technology, is 

very likely to offer the desired activity required to combat multidrug-resistant bacteria with 

enhanced selectivity.374 
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